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1. Purpose. The purpose of this manual is to provide guidance and
information related to the instrumentation of concrete structures and
the measurement of structural behavior.

2. Applicability. This manual applies to all field operating activities
having responsibility for the design of Civil Works projects.
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field operations or those operating as contracting officers represent-
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CHAPTER 1

INTRODUCTION

l-l. Purpose and Scope. This manual is issued as a guide for use by
individuals and organizations in the Corps of Engineers engaged in the
planning of instrumentation programs and in the preparation, installa-
tion, and collection of data from instruments and devices for measure-
ment of structural behavior installed on or embedded within concrete
gravity prototype structures for civil works projects. The manual de-
scribes new techniques which have evolved from recent technological ad-
vances in electronic instrumentation as well as methods which have been
developed over a long period of time for the preparation, fabrication,
protection, and installation of instruments and the collection of data
therefrom. Efforts to improve the techniques will be continued, based
on field experience and laboratory investigations, and the manual up-
dated when appropriate. Instruments described include those installed
for the measurement of strain, stress, joint movement, pore pressure,
interior concrete temperature, uplift pressure, leakage, structural de-
flection, head loss, and distance measurement.

1-2. Applicability. The provisions of this manual are applicable to
all field operating activities having Civil Works design responsibilities.

1-3. References.

a. Other Engineer Manuals. Portions of the following manuals
relate to aspects of structural design and behavior to which the instru-
ments and devices described herein relate.

EM 1110-2-1802

EM 1110-2-1908, parts 1 and 2

EM 1110-2-2000
EM 1110-2-2200
EM 1110-2-2300

EM 1110-2-2501
ER 1110-2-100

ER 1110-2-103

ER 1110-2-1802
ER 1110-2-1150

Subsurface Investigations - Geophysical
Explorations
Instrumentation of Earth and Rock-Fill
Dams
Standard Practice for Concrete
Gravity Dam Design
Earth and Rock-Fill Dams General Design
and Construction Considerations
Wall Design (Floodwalls)
Periodic Inspection and Continuing Evalua-
tion of Completed Civil Works Structures
Strong Motion Instruments for Recording
Earthquake Motions on Dams
Reporting Earthquake Effects
Post Authorization Studies

1-1
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b. Other Technical Publications. Appendix A consists of a se-
lected bibliography of literature pertaining to instruments for and
measurement of structural behavior of prototype concrete gravity struc-
tures.

1-4. Program Planning and Execution.

a. Responsibility. Structural behavior instrumentation programs
may be proposed by a field agency when necessary to measure the struc-
tural integrity of a concrete structure or when an opportunity exists to
obtain data which will add to basic knowledge, check design assumptions
or aid in the solution of incompletely solved problems. When a program
is considered desirable, a recommendation should be forwarded to the
Chief of Engineers through channels indicating the scope and objective
of the proposed program, estimated cost, and justification. The Chief
of Engineers may also direct that such a program be initiated by a field
agency when a need exists. Planning structural behavior investigation
programs for concrete structures, development of guides for the installa-
tion and observation of instruments, and assembling, processing, and
dissemination of collected data are responsibilities of the Engineering
Divisions in the U.S. Army Engineer Districts. Installation of the in-
struments and collection of data during construction in accordance with
prescribed procedures are the responsibilities of the Construction Divi-
sions in the Districts. Collection of data from the instruments after
construction is the responsibility of the Operations Divisions. Coordi-
nation, review, approval, and termination of such programs are functions
of the Chief of Engineers.

b. Guide to Critical Readings. Threshold limits will be estab-
lished for each safety-related instrument in the structural behavior
program. These critical values (usually maxima) should directly reflect
design criteria, be derived from design data, or represent engineering
judgment and experience. Quantitative limit values will be developed
prior to completion of construction, and may be subsequently modified
as the performance history of the structure is established.

c. Disposition of Results. Preparation of graphical history
plots, schematic diagrams, or tabulations based on the processed data is
required for all approved Structural Behavior Instrumentation installa-
tions. Results shall be available for examination during the scheduled
periodic inspections, and where appropriate, summaries included as a
part of the formal periodic inspection reports.

1-2
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1-5. Contract Work.

a. General. The general policy of the Chief of Engineers is to
perform all civil works by contract unless it is in the best interest of
the United States to accomplish the work by Government forces. However,
the specialized nature of instrumentation facilities and the care re-
quired in the preparation, calibration, and placement of test apparatus
demands that these features of work be retained under close operational
control of the Corps of Engineers. In view of these conditions, direct
procurement by the Government of embedded meters, cable, tubing, test
sets, microscopes, slide micrometers, scales, indicating or recording
equipment, and similar items not normally encountered in construction
work, and the utilization of Government personnel to accomplish certain
phases of the fabrication and installation work, such as embedment of
instruments and splicing of cables, is recommended.

b. Work Performed by Contractor. Work which may be accomplished
by the construction contractor should be limited to the following types:

(1) Furnish and install embedded conduit and supports for cable
leads.

(2) Furnish and install the basic terminal reading station
facilities, including cabinet, panel board, terminal strips, and power
or lighting outlets therein.

(3) Make cable connections at reading stations.

(4) Furnish and install uplift cell collector boxes, piping, and
all reading station facilities associated with uplift cells.

(5) Furnish and install pipe shafts for deflection plumb lines.

(6) Construct reference monuments in connection with precise
alignment facilities.

(7) Furnish unskilled labor required during the embedment of in-
struments and cable leads.

c. Plans and Specifications. Project plans should show the com-
plete instrument layout, supplemented by detail drawings covering the
size and location of cable conduit, terminal reading stations, panel
boards, terminal strips, uplift cell collector boxes, uplift piping, de-
flection plumb line shafts, and reference monuments.

1-3



EM 1110-2-4300
15 Sep 80

The project specifications should include a separate technical
section setting forth workmanship, materials,, codes, and standard prac-
tices, and similar installation requirements pertaining to items of work
for which the contractor will be responsible in connection with the in-
strumentation facilities. Government-furnished equipment should also
be listed.

d. Measurement and Payment. Establishment of units of measurement
for instrumentation facilities is generally not feasible, and payment
should be made by lump sum. A single lump sum payment item covering all
features of the structural instrumentation installation is recommended
for facilities of normal size and scope. For minor programs the work
performed by the contractor frequently may be included under one of the
larger concrete items, and no separate payment made.

1-6. Types of Instruments.

a. Relationship to Measurement of Safety Conditions. The instru-
ments described herein can be grouped into two main categories; those
that directly measure conditions that relate to safety and those that
indirectly measure conditions related to the safety of the structure.
A further category describes instruments that could be grouped into
either one of the two main categories.

b. Safety Related Instruments. Instruments that measure overall
movement, or phenomena that cause overall movement of the structure can
be grouped into the category of direct measurement of safety conditions.
Plumbing, alignment, and uplift pressure measuring instruments are in
this category. Seismic instruments measure the intensity and charac-
teristics of an earthquake as it is happening and therefore do not warn
of unsafe conditions before the fact. They can, however, tell the con-
ditions and forces experienced by the structure during the earthquake
which may be of importance in determining whether the structure is un-
safe after the shock.

c. Instruments Indirectly Related to Safety. Instruments that
measure quantities such as stress and strain, length change, pore pres-
sure, leakage, and temperature change are not directly related to safety
determination. They generally measure standard conditions of the struc-
ture which if they become extreme or unusual will indicate conditions
related to structure safety. Certain types of these instruments fall in
a category between the above mentioned two, that is they sometimes
measure structural safety conditions directly and at other times in-
directly. For example, crack and joint measuring instrumentation normally
measure expansion and contraction of joints which are an expected move-
ment, however, if these instruments are installed over a crack that has
developed unexpectedly, then they are primarily being used to monitor
structural movement related to safety.

1-4
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1-7. Instrument Uses. The instruments described in this manual serve
a variety of jobs, and for that reason, grouping them as to the jobs
they perform is also a helpful categorization. Table l-l is intended
to be used as a quick reference to indicate what instruments perform
what functions.

1-8. Collection of Complementary Data.

a. Related Data. The collection of related and supporting data
pertaining to structural behavior is an integral part of the instru-
mentation program, and should proceed concurrently with the readings of
the embedded instruments. Types of information required to support or
clarify the instrument observation results include:

(1) Construction Progress. Schematic concrete placing diagram
showing lift placement dates, concrete placing temperatures, and lift
thicknesses.

(2) Concrete Mixes. Cement contents, water-cement ratios, and
typical combined aggregate gradings for interior and exterior mixes,
typical fine aggregate gradings, before and after mixing, and amount of
entrained air, admixtures used, and how introduced.

(3) Cement. Type, source, or sources, physical and chemical
properties, including heat of hydration.

(4) Aggregates. Types, geologic classification, petrographic
description, source or sources, and chemical and physical properties.

(5) Curing and Insulation. Type and method of curing; type, lo-
cation, and duration of insulating protection.

(6) Temperatures. Daily maximum and minimum air temperatures.

(7) Pool Elevations. Daily reservoir and tailwater elevations.

(8) Concrete Properties. Specific heat, conductivity, diffusivity,
thermal coefficient of expansion, dynamic and static modulus of elasticity,
creep, compressive, flexural, and tensile strength.

(9) Temperature Control Procedures. Location, size, and arrange-
ment of embedded cooling pipes, cooling water temperatures, pumping
rates, and sequence or history of cooling operations; extent and method
of precooling concrete mixes.

(10) Foundation Conditions. Final rock elevations, unusual geo-
logic features.

1-5
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TABLE 1-1 

INSTRUMENT USE INDEX 
(Prepared by CE) 

STRAIN AND DEFLECTION MEASUREMENT 
Strain Measurement - Internal Gages 

Strain Meter 
Miniature Strain Meter 
Embedable Strain Gage 
Vibrating Wire Strain Gage 
Electrical Resistance Strain Gage 
Reinforced Concrete.Meter 

Strain Measurement - External Gages 
Whittemore Mechanical Strain Gage 
Mechanical Scratch Gage 
Vibrating Wire Strain Gage 
Monfore Standardizing Strain Gage 
Linear Variable Differential Transducer 
Electrical Resistance Strain Gage 

EXPANSION AND CONTRACTION MEASUREMENT 
Crack or Joint Movement - Internal Gages 

Joint Meter 
Multiple Position Borehole Extensometer 

Crack or Joint Movement - External Gages 
Relative Movement Indicator 
Monolith Joint Displacement Indicator 
Ball-N-Box Gage 
Multiposition Strain Gage 
"L" Shaped Gage 
Dial Gage 
Mechanical Scratch Gage 
Portable Crack Measuring Microscope 

(Linear Measurement) 
(Linear Measurement) 
(Linear Measurement) 
(Linear Measurement) 
(Linear Measurement) 
(Linear Measurement) 

(1 or 2 Dimensional) 
(Linear Heasurement) 
(Linear Measurement) 
(Linear Measurement) 
(Linear Measurement) 
(Linear Measurement) 

(Linear Measurement) 
(Linear Measurement) 

(3 Dimensional Measurement) 
(3 Dimensional Measurement) 
(3 Dimensional Measurement) 
(2 Dimensional Measurement) 
(2 Dimensional + Rotation) 
(Linear Measurement) 
(Linear Measurement) 
(Linear Measurement) 

Location 

Chapter 2 
Chapter 2 
Chapter 2 
Chapter 2 
Chapter 2 
Chapter 2 

Chapter 2 
Chapter 2 
Chapter 2 
.Chapter 2 
Chapter 2 
Chapter 2 

Chapters 2 and 5 
Chapter 5 

Chapter 5 
Chapter 5 
Chapter 5 
Chapter 5 
Chapter 5 
Chapter 5 
Chapters 2 and 5 
Chapter 5 
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TABLE 1-1 (Continued) 

STRESS AND PRESSURE MEASUREMENT 
Stress Measurement 

Stress Meter 
Vibrating Wire Stress Meter 

Pressure Measurement 
WES Pressure Gage 
Gloetzel Pressure Cell 
WES Pressure Measuring Telemetry System 
WES Hydrostatic Pressure Cell 
Vibrating Wire Piezometer 
Hydrostatic Pore Water Pressure Cell 
Hydrodynamic Pressure Gage 

Uplift Pressure Measurement 
Standpipe Uplift Cell 
Diaphragm Uplift Cell 
Water Level Indicator 

HYDRAULIC LEAKAGE MEASUREMENT 
Vee-Notch Weir 
Critical Depth Meter 

BENDING, TILTING, AND DEFLECTION MEASUREMENT 
Plumbness Measurement 

Plumb Lines 
Inverted Plumb Lines 
Optical Plummets 

Levelness Measurement 
Electrolevel 
Terzaghi Water Level Meter 
Precise Leveling 

(Concrete Stress Measurement) 
(Concrete Stress Measurement) 

(Hydrostatic Pressure Measurement) 
(Hydrostatic Pressure Measurement) 
(Hydrostatic Pressure Measurement) 
(Hydrostatic Pressure Measurement) 
(Hydrostatic Pressure Measurement) 
(Hydrostatic Pressure Measurement) 
(Hydrodynamic Pressure Measurement) 

(Hydraulic Pressure Head Measurement) 
(Hydraulic Pressure Head Measurement) 
(Used in Conjunction with Standpipe 
Uplift Cell) 

(Flow Measurement) 
(Flow Measurement) 

(Optical Measurement) 

(Spint Level Measurement) 
(Water Level Measurement) 
(Settlement Measurement) 

Location 

Chapter 2 
Chapter 2 

Chapter 2 
Chapter 2 
Chapter 3 
Chapter 3 
Chapter 3 
Chapter 3 
Chapter 8 

Chapter 3 
Chapter 3 
Chapter 3 

Chapter 3 
Chapter 3 

Chapter 4 
Chapter 4 
Chapter 4 

Chapter 4 
Chapter 4 
Chapter 6 
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PRECISE ALIGNMENT MEASUREMENT 
Alignment 

Laser Alignment Measurement 
Theodolite Alignment Measurement 
Triangulation 
Trilateration 

Settlement 
Precise Leveling 

Distance Measuring 
Electronic Distance Measurement 

SEISMIC MEASUREMENT 
Time History Measurement 

Strong Motion Accelerometers 
Peak Reading Accelerometers 
Hydrodynamic Pressure Gages 

Magnitude Measuring Device 
Seismoscope 

TEMPERATURE MEASUREMENT 
Resistance Thermometer 
Thermocouple 

TABLE 1-1 (Concluded) 

Location 

Chapter 6 
Chapter 6 
Chapter 6 
Chapter 6 

Chapter 6 

Chapter 6 

Chapter 8 
Chapter 8 
Chapter 8 

(No time History) Chapter 8 

Chapters 2 and 7 
Chapter 7 
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b. Time of Collection. Much of the preceding listed information
will usually be available from investigations carried out prior to and
during the project design stage or will be obtained under usual construc-
tion control operations. A special supporting laboratory program for the
determination of those concrete properties required in the analysis of
results may be necessary for the larger or more important instrumentation
installations.

c. Periodic Observation. Observers should be alert to detect
cracks or similar evidences of structural distress which may develop,
and record time of occurrence, initial size and extent, subsequent
changes in size and extent, and any corrective action taken.

1-9. Comments. It is requested that comments concerning the instru-
ments contained in this manual, or ones that should be included in the
next change, be furnished to the Department of the Army, Waterways Ex-
periment Station, Corps of Engineers, P. O. Box 631, Vicksburg,
Mississippi, 39180, ATTN: WESSC, and a copy furnished to HQDA (DAEN-
CWE-DC), WASH DC 20314. Two types of comments should be made: (a)
Recommendations concerning the format of the manual, and (b) Recommenda-
tions for additional information on instruments proposed to be included
in the manual.

1-9
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CHAPTER 2

TRANSDUCERS

Section I. Carlson Type Transducers

2-1. Description of the Instruments. Since the Carlson transducers
have been so universally accepted for use in concrete structures, these
transducers will be considered separately. The Carlson transducers
utilize two different electromechanical principles, namely changes in
wire tension cause change in the electrical resistance of the wire, and
also changes in the temperature of the wire cause change in its elec-
trical resistance. The strain meter, joint meter, stress meter, pore
pressure cell, and the reinforced concrete (R-C) meter utilize both
principles to measure deformation and temperature changes. In the
resistance thermometer temperature changes are measured by means of
resistance changes of copper wire.

2-2. Strain Meter.

a. Operating Principle. The standard Carlson strain meter can be
embedded in concrete or attached to a surface with saddle mounts. It
measures change in length (strain) and temperature with the help of a
simple Wheatstone-bridge test set or the Carlson Test Set. The meter,
Figure 2-1, contains two coils of highly elastic steel wire, one of
which increases in length and electrical resistance when a strain
occurs, while the other decreases. The ratio of the two resistances is
independent of temperature (except for thermal expansion) and, there-
fore, the change in resistance ratio is a measure of strain. The total
resistance is independent of strain since one coil increases while the
other decreases the same amount due to the change in length of the
meter. Therefore, the total resistance is a measure of temperature.

b. Lengths and Features. The standard strain meter is furnished
in three different lengths, from 8 to 20 in., but all have identical
sensing elements (Table 2-1). The meter has a 1/4-28 SAE tapped hole
in the end plug opposite the cable end to permit attachment to a spider
for mass concrete embedment, or for adding an extender to increase the
length and sensitivity. The body is covered with PVC sleeving to break
the bond with the concrete.

c. Temperature Correction. The frame of the meter is all steel,
making the temperature correction for thermal expansion of the frame 6.7
microstrains per degree F. This value is nearly the same as the thermal
expansion of the concrete making only a small temperature correction
necessary due to the change in length of the frame due to temperature
change.
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CARLSON ELASTIC WIRE STRAIN METER

Figure 2-1. Carlson Elastic Wire Strain Meter (Courtesy of Carlson
Instruments)

Table 2-1

SPECIFICATIONS - "A" SERIES, CARLSON STRAIN METER

Model Number
(a)

A8 A10 A10S(b) A20
Range, micro-strain 2600 2100 2100 1050
Least reading, micro-strain, max. 3.6 2.9 2.9 1.5
Least reading, temperature, °F 0.1 0.1 0.1 0.1
Gage length, in. 8 10 10 20
Weight, lb .8 1.3 1.3 1.8
(a) Normally set at factory for 2/3

range in compression. Within
limits, other settings may be
specified.

(b) Saddle mount. Mounting
diameter is l-1/16 in.

2-3. Miniature Strain Meter. The miniature meter (Figure 2-2) is for
embedment in concrete where small size and economy are essential. The
principle of operation is basically the same as the standard strain
meter. A feature of the miniature meter is that the basic 4-in. meter
can be extended to greater lengths by removing the end flange and adding
an extender without disturbing the sensing element, thus increasing its
sensitivity (Table 2-2). The body of the meter is covered with PVC
tubing to break the-bond to the concrete. The conductor cable for the
strain meter is 3 - conductor No. 22 AWG shielded with PVC insulation.
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CARLSON MINIATURE STRAIN METER

Figure 2-2. Carlson Miniature Strain Meter. (Courtesy of Carlson
Instruments)

Table 2-2

SPECIFICATIONS - M SERIES, CARLSON MINIATURE STRAIN METER

Model Number
(a)Range, micro-strain

Least reading, micro-strain
Least reading, temperature, °F
Gage length, in.
Weight, lb
(a) Normally set at factory for 2/3

to 3/4 of range in compression.
If specified, range may be
divided equally between compres-
sion and expansion.

M4 M8 Ml0
3900 2000 1600
5.8 2.9 2.3
.l .l .l

4.062 8 10
.19 .54 .71
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2-4. Joint Meter.

a. Operating Principle. The Carlson joint meter, Figure 2-3, is
similar to the strain meter except that it has a greater range. This is
accomplished by having a coil spring in series with each of two loops of
elastic wire. The joint meter is used mainly to measure the opening-of
joints, and therefore, it has most of its range in expansion (Table 2-
3). It measures temperature as well as expansion or contraction in the
same way as the strain meter does.

b. Lengths and Features. The dimensions of the joint meter are
about the same as those of the strain meter. A bellows near the center
of the length permits movement to be transmitted to the interior wires.
The bellows has a bursting pressure of 400 psi, but should normally not
be exposed to more than 100 psi hydraulic pressure. Polyolefin heat-
shrinkable tubing is placed over the bellows to prevent bonding or jam-
ming by concrete or mud.

c. Installation Sockets. The installation of joint meters is
facilitated by embedding a steel socket on one side of the joint, and
not inserting the joint meter until just before placing the concrete on
the second side. However, the joint meter can be ordered with or without
sockets.

CARLSON JOINT METERS AND FOUNDATION METERS

Figure 2-3. Carlson Joint and Foundation Meter. (Courtesy of Carlson
Instruments)
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Model Number JO.1(a) J0.25(a) J0.5(a) F0.1(b) F0.25(b) F0.5(b)

Range
Contraction, in.
Expansion, in.

.02 .01

.08 .24

Least Reading
Strain, in. .0002 .0005
Temperature, °F .1 .1

Weight, lb 1.2      1.2
Resistance, ohms (c) 64         64

(a) Designed for expansion.
(b) Designed for contraction.

0.1 .08 .24 0.4
0.4 .02 .O1 0.1

.001 .0002 .0005 .001

.1 .1 .1 .1

1.2 1.2 1.2 1.2
64 64 64 64

(c) Approximate resistance for two coils at room temperature.

Table 2-3
(Courtesy of Carlson Instruments)
SPECIFICATIONS - J & F SERIES,

CARLSON JOINT AND FOUNDATION METERS

2-5. Stress Meter for Concrete.

a. Description. The Carlson Concrete Stress Meter (Figure 2-4)
is designed for embedment in concrete to measure compressive stress in
concrete independent of shrinkage, expansion, creep, or changes in the
modulus of elasticity of the concrete. The Stress Meter is designed to
simulate as nearly as practicable a thin plate with a finite modulus of
elasticity.

b. Principle of Operation. The meter consists essentially of a
7-in. diameter plate with a strain meter sensing element mounted on one
face. The plate has a mercury film at its midthickness and a flexible
rim with the result that any stress through the plate is applied to the
mercury film. The mercury is in contact with the more flexible center
portion and deflects it elastically in direct proportion to the in-
tensity of stress. The measuring unit is a small, elastic, wire strain
meter as described in paragraph 2-2, again measuring the temperature
along with stress. The sensing element is isolated from the concrete by
being protected by a metal shield tube covered with PVC tubing.
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c. Installation Considerations. Since the design of the stress
meter requires that the modulus of elasticity of the plate through its
thickness be not less than half that of the concrete around it, (Table
2-4), it is essential that it be in intimate contact with the concrete
after embedment. Poor contact would be equivalent to a low modulus of
elasticity. Whenever possible, the C800 stress meter with a range of
800 psi should be used in preference to others because this combines the
most favorable design characteristics.

CARLSON STRESS METER FOR CONCRETE

Figure 2-4. Carlson Stress Meter. (Courtesy of Carlson Instruments)
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Table 2-4
(Courtesy of Carlson Instruments)

SPECIFICATIONS - C SERIES, CARLSON CONCRETE STRESS METER

Model Number C400 C800 Cl500
Range, psi(a) 400 800 1500
Least reading, psi 3 5 10 Least
Least reading, temperature, ºF .1

2x106
.1

Modulus of elasticity, psi
.1

4x106 6x106

Effective area of meter, sq in. 35 35 35
Weight, lb 6.7 6.7 6.7

(a) Higher ranges are available upon special order.

2-6. Pore Pressure Cell. The Carlson Pore Pressure Cell (Figure 2-5)
is designed to measure the pressure in the pores of any porous material.
It functions by allowing the water pressure to pass through a sintered
stainless steel disk to an internal diaphragm while holding back the
pressure due to other forces. The water pressure causes a very small
deflection of the internal diaphragm. The deflection is measured with
the same sensing element as used in the stress meters (paragraph 2-2).
The same electrical resistance wires which sense the deflection of the
diaphragm also sense the temperature. The conductor cable most commonly
used is the same as for the stress meter and standard strain meter. The
characteristics of the gage are given in Table 2-5.

Table 2-5
(Courtesy of Carlson Instruments)

SPECIFICATIONS - P SERIES, CARLSON PORE PRESSURE CELL

Least reading, psi
Least reading, temperature, ºF
Weight, lb

(a) Special ranges may be ordered.

P25 P50 P100 P200
25 50 100 200
.1 .2 .4 .8
.1 .1 .1 .1

2.25 2.25 2.25 2.25
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CARLSON PORE PRESSURE CELL

Figure 2-5. Carlson Pore Pressure Cell. (Courtesy of Carlson Instru-
ments)
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2-7. The Reinforced Concrete Meter. The reinforced concrete meter
(R-C meter) is a device for measuring the strain behavior of reinforced
concrete. It consists of a miniature strain meter encased in a 0.188-in.-
thick hollow steel bar of 1.06-in. diameter (Figure 2-6). It is used
for embedment in reinforced concrete and measures the average strain
over the rods length. The rod is 34.5 in. in length and the ends of the
rod are threaded to provide a bond surface to anchor the meter in the
concrete.

a. Advantage. This gage measures the average length change. This
is important in that it measures the stress as a function of the dis-
tance between threaded anchors at the end of the bar. Conventional strain
meters of shorter length would indicate a different result depending
upon whether a crack is within the gage length or just beyond it. Con-
sequently, a strain reading in the meter larger than the strain capacity
of the concrete is an indication of a tensile crack in the concrete.
Also, when the strain is below the tensile strain capacity, the meter
indicates both the tensile stress in the reinforcing and the strain in
the concrete.

THE R-C (REINFORCED CONCRETE) METER

SPECIFICATIONS

Range (micro-strain) # 950............. ...........................................................
Least Reading (micro-strain) ......................................................... 3.4
Least Reading, (stress in steel PSI) ...................................................... 100
Least Reading, temperature (°F) ......... ............................................ 0.1
Maximum Stress (PSI) ................................................................... 44,000
Weight (Ibs.) .................................................... ......................... 5.5

Figure 2-6. Reinforced Concrete Meter. (Courtesy of Carlson Instru-
ments)
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b. Installation. Since the sensing element is encased in a hol-
low steel chamber, the meter is quite rugged. It is most usually attached
to the reinforcements by means of wires attached between the meter and
the reinforcement at the meters ends. The cable lead from the meter
should be attached to the reinforcement in such a way that it will not
pull when the concrete is placed.

c. Temperature correction. The temperature correction can be
applied simply and accurately because the R-C meter is also a thermometer,
and the correction per degree is already a known factor.

2-8. Resistance Thermometer.

a. Description. The Carlson resistance thermometer (Figure 2-7)
is especially designed and constructed for embedment in concrete. The
resistance thermometer is simply a non-inductively-wound coil of enameled
copper wire enclosed in a vinyl mastic cover. The wire is wound on an
insulating spool in such a way that there will be no appreciable strain
changes as the temperature changes. The thermometers have a uniform
resistance of 39.00 ohms at 0°F and change 0.01 ohms per degree. The
temperature range on the thermometer is 0°F to 1800F (Table 2-6).

CARLSON RESISTANCE THERMOMETER

Figure 2-7. Resistance Thermometer. (Courtesy of Carlson Instruments)
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Table 2-6
(Courtesy of Carlson Instruments)

SPECIFICATIONS - TF1,
CARLSON RESISTANCE THERMOMETER

Model Number TF1
Range, °F(a) 0 to 180
Least reading, ºF 0.10
Weight, lb 0.5

(a) Thermometers are trimmed to
be within ± 0.5ºF.

b. Conducting Cable. Each thermometer is supplied with 30 in.
of three-conductor rubber-covered cable, size 16, Type SO. The three
conductors make it possible for special test sets to make an automatic
subtraction of the resistance of the leads by balancing one conductor
against another in adjacent arms of the Wheatstone bridge circuit.

2-9. Source. The six resistive-type instruments previously described
are shown on Figure 2-8. These instruments may be purchased from Carl-
son Instruments, 1190-c. Dell Avenue, Campbell, California, 95008.

2-10. Instrument Preparation.

a. Receipt. Strain meters, joint meters, and resistance ther-
mometers are carefully packed for shipment. Stress meters are shipped
in specially designed cartons which in turn are placed in a double
walled carton. Upon receipt of a shipment of instruments they should
be unpacked, inspected for damage, and checked for operability. Strain
meters and joint meters should be closely examined for oil leaks and all
instruments should be read and the readings checked against calibration
data furnished by the manufacturer. In the case of strain meters, stress
meters, joint meters, and pore pressure cells the ratio should be very
close to the neutral or no-load ratio given in the calibration data.
Instruments which show oil leaks, are unreadable, or give obviously
unreasonable readings, should be separated from the shipment and im-
mediately returned to the manufacturer for repair or replacement.
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Strain Meter Joint Meter

Stress Meter Pore Pressure Cell

Reinforced Concrete Meter Resistance Thermometer

Figure 2-8. Carlson Embedment Instruments (Courtesy of Carlson Instru-
ments).
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b. Instrument Storage and Protection. Stress meters and pore
pressure cells should be left in packing boxes for storage as illustrated
in Figure 2-9, secured as received. The inspection and reading check to
be made as outlined above can be completed without removing the strips
which secure the meters for shipment. For protection during cable
splicing operations and handling on the job, strain meters and joint
meters may be carefully repacked in the manner received or preferably
each meter may be placed in a protective container such as shown in
Figure 2-10. The container illustrated was made by cutting fiber con-
duit of appropriate size (about 2-1/2-in. id) into suitable lengths.
The meters are loosely wrapped with waste cloth or rags and placed
inside the container. Inside the container the instrument is surrounded
with wrapping paper and some end packing so that it is held securely and
cushioned against shock, which might damage it. The ends of the con-
tainer are taped with friction or other suitable tape to hold the meter
and the packing in place. No special protection is necessary for resis-
tance thermometers.

c. Identification. Each meter should be identified by a letter
prefix designating the type of instrument, and numbered consecutively
for each type. Thermometers usually are given the prefix T, joint
meters JM, strain meters SM, stress meters C, pore pressure cells PP,
and reinforced concrete meters, RC. Those instruments which are in-
stalled for a special purpose, such as "no-stress" strain meters placed
so as to be unaffected by stresses within the structure, should be fur-
ther identified by a letter suffix, usually X. To facilitate identifi-
cation of the instruments during the difficult and hurried operations
accompanying placement each meter should be plainly marked by lettering
its identification number on the temporary protective cardboard cover.
Those instruments not provided with such protectors may be marked by
fastening a large mailing tag, with the identification number lettered
thereon, to the meter.

d. Cable Identification. When the cable lead is spliced or
connected to a meter, a copper band with the instrument identification
number stamped or punched on it is crimped to the cable about 3 ft from
the meter and a similar band crimped about 1 ft from the free end of the
cable. In addition, in case this latter metal band is stripped off
during placement operations, a second marker consisting of the identi-
fication number marked on white tape, and covered with linen and fric-
tion tape, should be placed around the cable near the reading end.
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Figure 2-9. Stress Meter Packed for Shipment (Courtesy of Carlson Instru-
ments).

Figure 2-10. Strain Meter and Protecting Case (Courtesy of the Tennessee
Valley Authority).

2-14



EM 1110-2-4300

15 Sep 80

e. Alternate Identification. An alternative method of cable
identification has been used by Walla Walla District. Two types of heat
shrinking tubing are used. First, a white shrink-tubing is heat shrunk
around the cable. Identification markings are made on this tubing with
a Kingsly Wire Marking Machine. Secondly, for permanent protection, a
clear type of tubing is heat shrunk over the white tubing containing the
identification markings. Two tags are placed on each cable.

2-11. Waterproofing Treatment.

a. Method. Subsequent to being purchased each thermometer is
given an additional waterproofing treatment consisting of coating the
thermometer case and several inches of the attached cable lead with GE
Cable Joint Compound No. 227. This is done by dipping the thermometer
into a bucket of hot (325º-350º) melted joint compound, quickly removing
it, and immediately immersing it in a bucket of cold water to prevent
damage to the interior coils which might occur due to overheating. The
coated meter is then wrapped with ordinary friction tape as protection
to the coating during handling. While this additional treatment pro-
vides additional moisture-proofing, the coating also acts as undesirable
thermal insulation. For this reason only those thermometers which are
to be located more than 3 ft from any concrete surface (excluding walls,
roofs, and floors of galleries and interior rooms or recesses) should be
given the additional waterproofing treatment.

b. Exclusions. No coating should be applied to strain meters,
stress meters, joint meters, and pore pressure cells, since the tape and
joint compound would affect the bond with the concrete, and hence in-
fluence their response to stress or strain conditions.

2-12. Cable Leads.

a. Types. The Carlson meters are normally supplied with about
30 in. of No. 16 AWG three conductor, Type SO, neoprene rubber-covered
cable. This size is used for cable runs of up to 600 ft; larger gage
wire is used for longer runs. In most instances more cable will be
needed than that supplied with the instrument. It is recommended that
any type of cable splice be avoided when running these instruments from
point of embedment to the terminal station in a gallery. Splices are
viewed as sources of potential failure of embedded instruments and sub-
ject to deterioration that can disable the meter. To avoid field
splicing, adequate cable lengths can be ordered with the instrument.
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b. Cable Length. In estimating the length of cable to be added,
a suitable route between the point of embedment of the instrument and
the terminal station in the gallery is selected by study of the draw-
ings. In selecting the route, due consideration must be given to the
construction procedures involved in placing the concrete where the
instrument is to be embedded and to possible obstructions along the
chosen route. After the selected route has been verified the length of
cable required is estimated, and a small amount (usually 10 percent or 5
ft, whichever is larger) is added to allow for extra length required due
to normal variation from the selected route. This amount of cable
should be ordered with the meter at the time of purchase.

c. Splicing Procedures. Although splicing cables onto meters
is strongly discouraged, there are situations where splicing cannot be
avoided. In these cases lead cable should be Type SO neoprene jacketed
of appropriate gage and of three or four conductor as required. Field
splicing can be accomplished by using the technique described in Appen-
dix B.

2-13. Calibration Corrections.

a. Calibration Factors. Except for resistance thermometers,
each instrument is individually calibrated by the manufacturer and
calibration factors are furnished for all instruments. These factors
are normally obtained from calibration runs, using short 2-or 3-ft
leads, and calibration adjustments must be computed by the user to take
into consideration the ballasting effect of the added cable leads when
resistance ratios are involved in the instrument observations. The
instrument characteristics furnished by the manufacturer should be
recorded in a permanent file or ledger, together with the project identi-
fication number assigned to each meter and the results of the calibration
correction measurements described herein. These records will prove
invaluable later if necessary to trace some deviation in the readings,
and also serve to detect improper splices or malfunctioning of the meter
before it is installed. The calibration adjustments should be done by
fully trained personnel. It is suggested that the individuals responsible
for this work consult with either the manufacturer of the instruments
or the USAE Waterways Experiment Station (WES) to assure that proper
methods and equipment are used.

b. Strain Measuring Units. The transducer element in the strain
meter, stress meter, joint meter, pore pressure cell, and the R-C meter
is the basic elastic wire strain gage, requiring at least 3-conductor
color coded cable, shown on the wiring diagrams (Plates 2-1 and 2-2).
When 4-conductor cable is added, the fourth wire is connected to the
white conductor during splicing operations.
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c. Operation Check. In order to check the operation of the
meter, establish resistance values of various parts of the electrical
circuit for each instrument, and secure information for correcting or
checking the given calibration factors, a series of direct resistance
observations (Plate No. 2-3) is made in the shop by means of a Wheat-
stone bridge or portable test set.

(1) First. After the cable lead to be added to the instrument
has been cut to the required length and the conductor ends stripped and
tinned, the total resistance of each individual conductor in the cut
cable is measured and recorded.

(2) Second. Just prior to splicing the long cable to the short
leads on the instrument, total resistances of the instrument coils and
short leads are measured. These include -

(a) Expansion coil including white and green short leads.

(b) Contraction coil including black and green short leads.

(c) Expansion and contraction coils in series including black
and white short leads. In addition, using the conductor common to both
coils (green) as a leg of the Wheatstone bridge (Plate No. 2-2), the
resistance of each coil is measured.

(d) Expansion coil only.

(e) Contraction coil only.

Also, the ratio of the resistance of the two coils is determined directly
be means of the bridge.

(f) Resistance ratio at splice.

(3) Third. After the cable splice has been completed, a set of
six resistance measurements similar to the series just described is
made. These readings will include the effect of the full cable leads.

d. Data Sheet. Typical results of resistance calibration
measurements are shown on Plate No. 2-3. These values provide the
necessary information for correcting calibration factors, and, by proper-
ly combining the observed resistances, serve as a check on the operation
of the instrument and in detection of improper splices and defective
cable.
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2-14. Correction Factors.

a. Calibration Factor Correction. The calibration factor
furnished by the manufacturer (strain change per unit change in re-
sistance ratio for strain meters, and similar changes for stress meters,
joint meters, and hydrostatic pressure cells) is corrected by multiply-
ing the given factor by the ratio of the measured series resistance of
the two instrument coils and the entire cable leads to the measured
series resistance of the same two coils and the short cable leads. This
operation is shown on Plate No. 2-4. The correct calibration factor
will always be greater than the initial factor, since the long cable
leads introduce additional resistance into the circuit, thus demon-
strating that the added cable leads reduce the sensitivity of the
instrument. A correction factor ratio also may be calculated from the
individual resistance readings made during the operational checking of
the instrument, and it is even possible to arrive at a correction ratio
after the instrument is embedded in the structure. These values are
only approximate, and normally are used solely for checking the result
from the more accurate method.

b. Temperature Factor Correction. The total resistance of
strain units is frequently used to measure temperature at the instru-
ment. With either 3-conductor or 4-conductor leads, compensating test
set circuits may be arranged as shown on the wiring diagrams so as to
eliminate the resistance of the added cable leads, provided the in-
dividual resistances of all conductors in the cable are precisely equal.
Since this condition rarely exists with commercially available cable,
the given meter resistance at the base temperature (usually 0°F) must be
corrected to take into consideration the differences in resistance
between the individual conductors of the added cable. The direct re-
sistance measurements made previously of each added cable conductors are
used for this purpose as follows:

(1) For 3-conductor cable - add, algebraically, the quantity
(2r3- r1 -r2), to the given meter resistance at the base temperature.

(2) For 4-conductor cable- add, algebraically, the quantity

Where:
(r2 - r1) to the given meter resistance at the base temperature.

r1 = resistance of the conductor lead (black) connected to
the free end of the contraction coil

r2 =
resistance of the conductor lead (white) connected to
the free end of the expansion coil

r3 =
resistance of the conductor lead (green) common to the
contraction and expansion coils.

Normally no correction is applied to the given meter resistance change
per unit of temperature furnished by the manufacturer. Temperature
correction calculations are shown on Plate No. 2-4.
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2-15. Resistance Thermometer Calibration. A similar type of tempera-
ture calibration correction is necessary for the resistance thermometers
as for the strain units, but is accomplished by a more precise and
accurate method. After the conductor splices have been made but prior
to adding the insulation and completing the splice, the meter is im-
mersed in a bucket of water at room temperature and allowed to remain
long enough for the entire meter to reach a uniform temperature. Re-
sistance reading (3-conductor compensating circuit) are then made in the
usual manner at the splice and at the end of the added cable lead. The
exact temperature of the water bath is not significant, so long as it is
constant during the calibration readings of a thermometer. The cor-
rected resistance calibration of the meter at the basic temperature
(usually in ohms at 0ºF) is obtained by adding, algebraically, the
quantity (R'y - Rv) to the basic resistance value furnished by the
manufacturer,

where: R'y = Resistance reading from test set at end of
cable leads, ohms.

RV = Resistance reading from test set at the splice,
ohms.

Normally no correction is applied to the given meter resistance change
per unit of temperature furnished by the manufacturer.

2-16. Final Calibration Adjustments.

a. Cable Length Adjustments. Further correction of instrument
calibration factors is required whenever any appreciable length of
conductor cable is added to or cut off from the initial length of added
cable lead. Since all cable initially added to instruments has some
allowance for contingencies which might be encountered during embedment,
it is usually necessary to cut off some surplus cable when making perma-
nent connections at the terminal. To adjust for the effect of possible
changes in total conductor resistance and to detect changes in electri-
cal circuits resulting from terminal connection operations, a series of
resistance readings are made immediately prior to trimming off excess
cable and again after the permanent terminal board or strip connection
is completed.

b. Temperature Adjustments. Final adjustment of the temperature
factor (ohms at 0ºF) for resistance thermometers is obtained by measur-
ing the 3-wire resistance of the instrument before and after trimming
the cable lead. The previously corrected temperature factor (ohms per
°F) is then adjusted by adding, algebraically, to the factor the
measured instrument resistance after trimming minus the measured instru-
ment resistance before trimming. No adjustment is made of the tempera-
ture calibration (°F per ohm change).
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c. Strain Adjustments. For strain units the total resistance of
the expansion and contraction coils in series including the attached
conductors (black and white) is measured before and after trimming the
cable. The final adjusted calibration factor (strain change, or similar
stress, pressure or length change, per unit change in resistance ratio)
is obtained by multiplying the previously corrected calibration factor
by the ratio of the total resistance before trimming to the total re-
sistance after trimming. No adjust is made of the temperature factor
(ohms at 0ºF) or of the temperature calibration (ºF per ohm change) for
strain-type instruments, except when 4-conductor cable is used. In that
event the final adjustments are made in the same manner as is subsequent-
ly described for resistance thermometers.

2-17. Instrument Installation.

a. Personnel. The key man in all embedment operations is the
instrumentation group leader. Aided by an assistant, he should be able
to accomplish the placement of many of the thermometers, pore pressure
cells, joint meters, and single strain meters, providing all the instru-
ments are not to be embedded simultaneously within a lift. Where several
stress meters, strain meters, or thermometer groups, all of which require
considerable care in placement, are planned for a single concrete lift,
the group leader will require the assistance of as many as three junior
engineers or concrete technicians plus several unskilled laborers. The
engineers do the actual placing of the instruments, directing the laborers
in digging the required holes and cable trenches, and in backfilling
over the meters. In extensive installations within one lift, fatigue
and haste will usually cause a relaxation in the precision with which
the last few strain or stress meters are placed, and ample personnel
should be provided in order to avoid this situation.

2-20



EM 1110-2-4300
15 Sep 80

b. Preliminary Preparations. As soon as the group leader
responsible for the meter installation is designated, several weeks or
months prior to the time the first instrument is to be installed, de-
tails of meter placement and alignment should be worked out in the
project office. Locations of the instruments as indicated on the con-
tract drawings should be checked for errors or impractical arrangements,
and any necessary deviations presented to the District office for their
concurrence. When "spiders" are to be used to support strain meters in
their proper positions, they should be fabricated in the shop or pur-
chased from a commercial source. If the strain meters are to be located
and aligned by means of templates, these should be constructed. Block-
out boxes, used to form temporary cavities or working spaces in which
the groups of meters are to be placed, should be constructed of the
proper size and shape. Pipe supports for strain meter boundary groups
and for multiple thermometer assemblies should be fabricated. The
sequence of instrument embedment should be established so that proper
cable lengths can be ordered with the instrument to minimize the amount
of splicing that is necessary and calibration operations for each meter
can be scheduled in their proper order. In addition to providing for
material and equipment requirements, personnel who are to do the actual
embedment of stress meters and strain meters should become thoroughly
familiar with the techniques involved. It is essential that trial runs
of stress meter placement be made as part of the familiarization phase.
The conditions of embedment are such that there will be no opportunity
during meter embedment operations to consult written placement instruc-
tions, and a thorough knowledge of techniques is essential.

c. Final Preparations. Before concrete placement is started in
the lift to contain the instruments, the group leader should tour the
location, checking to see that cable conduits are available and clear
and that recesses and terminal box block-outs are made. Arrangements
should be made for such extra help as will be required during the in-
stallation. Survey points should be established and plainly marked so
as to be visible and clear of concrete operations. Block-out boxes,
templates, and instruments should be placed so as to be readily available.

2-18. Embedment Techniques. Installing strain meters is the most
difficult and precise job involved in a special instrumentation program.
Installing stress meters is somewhat less difficult, chiefly because
fewer are installed at any one location, and placement often may be done
following completion of a lift. Joint meters, resistance thermometers,
and pore pressure cells require only moderate care in placement. De-
tails of the established techniques for embedment of the Carlson trans-
ducer instruments described in this section (para 2-1 through 2-8) are
given in Appendix C.
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Section II: Terminal Facilities and Reading Equipment

2-19. Design of Terminal Recesses.

a. Location. Permanent facilities for making readings are
provided in terminal recesses usually located in block-outs on walls of
galleries nearest the instruments. It is customary to locate the
recesses near a monolith joint in order that vertical runs of cable can
be placed near bulkhead forms. The reading stations for all embedded
instruments in a monolith should be located in that monolith if pos-
sible, in order to avoid running cable leads across contraction joints.
sparate terminal recesses for cable leads from different types of
instruments are not required. Where a gallery of similar semiprotected
location is not available, a conveniently accessible exterior location
may be selected, and the facilities secured against unauthorized
tampering.

b. Size and Arrangement. Up to about 60 instruments may be
served conveniently by a single terminal recess. More than this number
create difficulty in bringing the cables into the recess and making
connections to the panel board or terminal strip. The recess need not
be lined, except that where only a small number of cables terminate at
one station a commercial flush-type steel cabinet is acceptable. Outside
reading stations require a weather-proof cabinet (Crouse-Hinds Co.,
1347 Wolf St., Syracuse, NY 13201, traffic control box or similar).
The bottom of the recess should be at a waist-level working height, and
at least 1 ft of clear working space provided on the sides of the panel
board or terminal strip to allow sorting and arranging of the cable
leads. The door may be hinged on the bottom, and held in a horizontal
position by chains when open to provide a convenient table space when
making readings. If the doors are side-hinged, additional space is de-
sirable within the cabinet for this purpose. A recess depth of at least
12 in, is necessary. Where auxiliary indicating or recording equipment
is to be used, the recess should be enlarged sufficiently to accommodate
these facilities.

c. Lighting. Normal gallery lighting is usually not adequate,
and a supplementary fixture at the terminal reading station is neces-
sary. A duplex convenience outlet, suitable for use in the reading
station recess, is also recommended.
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d. Moisture Prevention. To reduce corrosion at the cable
terminals and panel board connections, usually a serious problem in dam
galleries, an electrical strip heater should be installed within the
terminal recess. A 500-watt heater is ample for a large recess. Where
the reading station is small, a 100-watt heater may be used, or an
ordinary 100-watt electric light bulb installed within the recess will
serve the purpose.

e. Doors. Unlined recesses should be provided with angle-iron
door frames and sheet steel doors with latch and lock. A closed recess
aids in maintaining a more nearly moisture proof atmosphere around the
panel board and automatic equipment, and provides security against
tampering by curious workmen and other personnel. Doors for small
enclosures should be hinged at the bottom, and snubber chains provided
to hold the door in a horizontal position when open as a working space
when making observations. Large enclosures usually have an ample
interior working area.

2-20. Terminal Equipment.

a. General. To facilitate reading the embedded meters, the
instrument leads terminate in the reading station at either a plug board
or a terminal strip. Selector switches or automatic indicating or
recording potentiometers, when used, are served from the terminal strip.
Commercially available automatic equipment can be used only for direct
resistance or voltage measurements. Some have microprocessors in-
corporated and are able to calculate resistance ratios from measured
values and to perform data corrections.

b. Plug Boards. Plug boards are of 1/4-in. thick commercial
bakelite, ebonite, hard rubber, or similar nonconductive material.
Sheets are job-cut to size and drilled for insertion of lo-ampere tele-
phone jacks or color-coded laboratory panel jacks. The board is held in
place by brackets cinch-anchored to the recess walls or bolted to the
metal cabinet, and the instrument identification numbers are stamped or
painted on the board to identify the jack groups. A completed plug
board is shown in Figure 2-11. In place of a separate jack for each
conductor wire, reading operations can be expedited and positive elec-
trical contacts more readily secured by installing ordinary 3- or 4-
prong male electrical plugs in the board with the prongs protruding
outward, and attaching the female socket to the short length of portable
test cable lead.
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Figure 2-11. Plug Board in Folsom Dam. (Photo by CE-WES)

c. Terminal Strips. Commercially available terminal strips,
Figure 2-12, cinch-anchored or bolted to the recess walls, serve as a
termination point for the cable leads when supplementary indicating
equipment is to be installed. Permanent soldered and moisture-proofed
connections should be made on the embedded cable side of the strips, and
reading instrument connections made with short lengths of insulated
conductor from the other side of the strip.
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Figure 2-12. Terminal Strips in Reading Station Recess. (Photo by CE-WES)

d. Selector Switches. Equipment of this type, either commer-
cially available or job-built, serves the same purpose as a plug board

in that it facilitates making many successive connections during obser-
vation operations. Measurement of eletrical units is not accomplished
by the switching device; a test set or potentiometer must be provided as
with a plug board. Electrical contacts within the switch require
periodic maintenance in order to avoid introducing extraneous resis-
tances into the embedded instrument circuit.

2-25



EM 1110-2-4300
15 Sep 80

e. Semiautomatic Indicating Equipment. When a large number of
cable leads from resistance thermometers terminate at one reading sta-
tion, the tedious job of manually balancing the Wheatstone Bridge of a
portable test set for each thermometer during a set of readings may be
eliminated by installing a multipoint indicating potentiometer in the
terminal recess. One type of semiautomatic indicator, Electronik 15
Precision Indicator, manufactured by the Process Control Division of
Honeywell, Inc., 1100 Virginia Dr., Ft. Washington, PA 19034, is
available in capacities of 6-point multiples up to a maximum of 48
points. The instrument is basically a Wheatstone Bridge, automatically
balanced by means of an electronic amplifier unit and a reversible two-
phase motor which drives a slidewire contact to the balancing position.
The various embedded resistance thermometers are cut into the circuit
through a bank of push-button switches on the face of the instrument.
Readings are indicated on a 9-in. diameter rotating disc scale which is
driven to indicating position by the balancing motor. The instrument
requires a 110-volt external power supply, 50 or 60 cycles, and thus
cannot be placed in operation until power is available at the terminal
reading station. It is usually necessary that the manufacturer make
minor modifications to the standard instrument to adapt it for use with
the Carlson resistance thermometer and the power supply available. In
order to make certain that the equipment functions accurately and satis-
factorily with the type of resistance thermometer with which it is to be
used, temperatures indicated by the automatic instrument always must be
checked, prior to installation of the equipment, against values as
determined by a reliable manual test set. The instrument is not suitable
for outdoor installation, nor can it be used for other than direct
resistance (or temperature) measurements. A typical indicator instal-
lation is shown in Figure 2-13.
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f. Automatic Recording Equipment. Continuous temperature read-
ings over time periods of limited duration may be made with the Honey-
well Electronik 15 Multi-Point Strip Chart Recorder, manufactured by the
Process Control Division of Honeywell, Inc., 1110 Virginia Dr., Ft.
Washington, PA 19034. These instruments are available in 2, 3, 4, 6,
8, 12, 16, or 24 point models, with many combinations of chart speeds,
print wheel slide speeds, printing operation speeds, and continuous or
intermittent printing sequences. The print wheel has different symbols
or numbers on its circumference, and the wheel is rotated automatically
one notch for successive printings. The recorder is a continuous-
balance potentiometer which measures and records the magnitudes of a
number of variables. It is supplied with the actuation, range, and
number of recording points. Kits are available for changing the number
of points, range of measurement, and type of potentiometer actuation,
for example, change actuation from millivolt to thermocouple actuation.
As with the semiautomatic indicator, its operation with the resistance
thermometers to be used must be checked prior to installation. Use of
the instrument is subject to the same limitations as the Honeywell Pre-
cision Indicator in regard to voltage and frequency of the external
power supply, indoor use, and direct resistance measurements. A Honey-
well Electronic 15 Multi-Point Strip Chart Recorer is shown in Figure 2-14.

g. Multiple Position Terminal Switches. For convenient readout
of many gages without the need to change the leads of the reading equip-
ment from cable to cable, multiple position terminal switches are
available. Leeds and Northrup Co., Dept. MD337, North Wales, PA 19454,
manufactures a 3-or 4-pole, 12-position, rotary selector switch that
will accommodate up to twelve gages. Three switches per panel can be
installed on each board as is shown in the surface mounted readout box
shown in Figure 2-15.

2-21. Installing Cable Leads.

a. Cable Orientation. In general, instrument cable leads are
run horizontally within the concrete lift containing the embedded instru-
ments to the terminal recess or to a point directly above or below the
terminal recess location. Where a group of several cables are to be run
horizontally in a lift, they may be taped together at intervals and laid
on the top of the next to last layer of concrete in the lift, covered
with pads of fresh concrete at several points along their length, and
placement of the final concrete lift layer allowed to proceed in the
normal manner. Single or pairs of cable leads may be "walked into" the
concrete, aided by inserting the vibrator into the concrete layer at
intervals along the cable run. With this method care must be exercised
to obtain adequate and complete embedment of the cable in order to avoid
damage during subsequent lift joint clean-up operations.
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Figure 2-13. Indicating Potentiometer in Reading Station.
(Photo by CE-WES)

Figure 2-14. Recording Potentiometer (Courtesy of Honeywell, Inc.).
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b. Instruments Above Terminal Reading Station. Cable leads are
run downward in conduit from the lift containing the instruments to the
terminal recess, with separate conduits serving each individual lift.
The cable conduit should enter the terminal recess from the bottom of
the recess to eliminate water from condensation or drainage flowing over
the panel board. Figure 2-15 shows a typical surface mounted reading
station with the conduit entering from below. Steel or iron pipe is
commonly used for conduit, particularly for the longer vertical runs,
but conduit of any material which will not collapse in fresh concrete is
frequently satisfactory. Every effort should be made to avoid having a
splice in the section of cable which is to be threaded through a conduit.

Figure 2-15. Surface-Mounted Terminal Station with Multiple
Position Terminal Switches Showing Conduit Fed
in from Bottom. (Photo by CE-WES)
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c. Instruments Below Terminal Reading Station. Cable leads are
run upward without conduit from the lift containing the instruments to
the terminal recess. Vertical risers of pipe or reinforcing bars em-
bedded in the concrete of each successive lift are helpful in providing
a support for the cables. The cables are simply taped to the riser pipe
at short intervals before placing each lift, and the remainder of the
cable coiled and hung clear of the fresh concrete.

d. Size of Conduit. Size of conduit required is determined
graphically by drawing contiguous circles of diameters equal to that of
the cable, in a general circular group, providing for 1-1/2 times the
number of cables to be accommodated where the conduit run is short, and
up to twice the number of cables where the run is long or where there
are bends. Circumscribe the group of circles with a larger circle to
determine the inside diameter of the conduit. This is illustrated in
Figure 2-16 where a conduit is being sized to hold ten 1/4-in. diameter
cables.

Figure 2-16. Method of Sizing Conduit to Hold Ten 1/4-in. Cables.
(Prepared by WES)
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e. Installation of Cables. Cables should be separated and
threaded individually into conduit, in order that each cable will be
required to support only its own weight. At conduit entrances burlap or
similar padding should be provided around each cable and in the inter-
stices between the cables to prevent sharp bends and to exclude concrete
and grout from the conduit. Any cable purchased should have filler
material for good round firm cable, and the conductor insulation solid
color-coded. In lifts where many cables are to be brought together and
run downward in conduit, the operation may be accomplished in two steps.
First, a wood box or frame is placed around the upper end of the conduit
to form a blockout about 18 in. in the concrete lift surface. The
cables are embedded in the concrete as usual, brought into the blockout
and hung clear of the fresh concrete. Second, on the next day, or when
the concrete has hardened sufficiently to bear traffic, the cables are
taken down, separated, and threaded through the conduit. This procedure
allows the lift to be topped out without interference or delay, facili-
tates the threading of the cable through the conduit by keeping it
clean, and avoids the haste which usually is associated with the final
threading operation.

f. Cable Runs Across Joints. When it is necessary for the cable
leads to cross expansion or contraction joints in the structure, a
"slack cable" recess must be provided at the crossing point. This may
consist of a wooden box blockout, as shown in Figure 2-17, forming a
recess into which the newly placed cable is run. During placement of
concrete in the adjacent monolith or column, a 1-ft loop of slack cable
is left in the unfilled blockout, and the remaining length of cable lead
extended and embedded in the new concrete in the usual manner.

2-22. Installing Terminal Equipment.

a. Cable Preparation. After all cable leads have been brought
into a terminal recess, the surplus cable is cut off and the ends of the
individual conductors prepared for permanent connection to the panel
board or terminal strip. The metal identification tags attached near
the original cable ends should be removed and refastened to the cable
above the proposed cutoff point.

b. Eletrical Connections. Soldered cable connections at the
panel board or terminal strip are required. After connections have been
completed and are dry, two coats of a commercial electrical insulating
varnish should be sprayed over the exposed conductors and connections to
afford protection against moisture.
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Figure 2-17. Slack Cable Recess. (Prepared by WES)

c. Instrument Check Readings. In order to make the final cali-
bration corrections for each instrument and to check the quality of the
connections, manual test set readings are made of each instrument im-
mediately prior to trimming the surplus cable, after trimming the cable,
and from the panel board or terminal strip after connections have been
made. These readings should be recorded on the field data sheets and
final calibration constant corrections made, if required.

d. Read Out Boxes. All read out boxes should be the same dimen-
sions, a convenient size being 18- by 13- by 8-in. The box should be
constructed of welded steel with a hinged door that is chained such that
when it is let down it forms a table for the read-out bridge or for
recording data. These boxes are used either exposed, wall-mounted, as
in Figure 2-15, or installed in blockouts on steel face plates.
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2-23. Reading Equipment.

a. Carlson Test Set. The Carlson test set shown in Figure 2-18
is basically a portable Wheatstone Bridge, consisting of a galvanometer,
two known equal resistances, a variable resistance, and suitable binding
posts for use with 2-, 3-, or 4-conductor cable. The variable resis-
tance is adjusted by means of four decade dials, permitting resistance
measurements from 0.01 to 109.00 ohms and resistance ratio measurements
from 0.0001 to 1.0999 to be made. Direct readings of 2-wire resistance,
3-wire resistance, 3-wire resistance ratio, or 4-wire resistance and re-
sistance ratio may be made with the same test set by proper binding post
connections and galvanometer switches. Thus the Carlson test set is
suitable for use with all the Carlson-type instruments. Schematic
wiring diagram and operating instructions are shown on the interior of
the test set cover. Similar wiring diagrams are given on Plates No.
2-1 and 2-2.

b. Biddle Test Set. The Biddle Test Set, No. 72-4010, is a
special Bridge that is also designed for use with all Carlson instru-
ments and can be obtained from James Biddle Co., Township Line and
Jolly Roads, Plymouth Meeting, PA 19462.

Figure 2-18. Carlson Test Set. (Photo by WES)
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c. Maintenance. The current activating the galvanometer is
supplied by ordinary flashlight batteries contained in the test set box,
and the batteries should be replaced at intervals of not more than six
months or whenever the galvanometer needle deflections become weak or
sluggish. Holding the galvanometer switch button down continuously
while balancing the bridge causes an excessive drain on the batteries as
well as raising the temperature of the embedded instrument resistance
coils, and should be avoided. At least once each year or whenever there
is reason to suspect malfunctioning of the test set, the test set should
be partially dismantled, accumulated dust and dirt removed from the
decade dial spindles, and the decade resistance buttons and contact arms
cleaned and polished. A light film of petroleum jelly wiped onto the
contacts will aid in maintaining a satisfactory contact surface. For
more extensive repairs of recalibration it is recommended the test set
be returned to the supplier.

d. Recorders. For a continuous monitoring of the Carlson in-
struments the use of multi-point strip chart recorders will monitor up
to 24 instruments. Para 2-20.f. gives detailed information about these
recorders.
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Section III: Data Collection and Reduction

2-24. Collection of Data.

a. Data Sheets.

(1) Field Reading Sheets. Resistance and resistance ratio
readings from all Carlson-type instruments may be recorded on field
reading sheets (prepared in advance) similar to Plate No. 2-5. The
established instrument numbers and symbols are printed in the first
column, the previous resistance and ratio readings entered in the second
and third columns, and the remaining columns provide space for recording
the current measurements. By placing duplicate sheets in a clip board,
suitably offset and with a sheet of carbon paper between, the readings
recorded during one series of observations are printed on the second
sheet as "previous readings" for the next series of observations. The
value of having the previous readings readily available lies in the
opportunity thus afforded the observed for quickly checking and compar-
ing the current measurements, and unusual, excessive, or erroneous
readings may be immediately detected. A second or check reading may
then be made.

(2) Data Record Sheets. Individual data record forms should be
provided for each separate embedded instrument. These sheets provide a
place for recording the location of the instrument, original and cor-
rected calibration constants, lead resistances, temperature correction
equations, zero resistance and ratio readings, and any other pertinent
instrument characteristic. Reduction and conversion of the indicated
readings to the desired units of stress, strain, temperature, joint
movement, or pore pressure is made on this data sheet. Sample sheets
suitable for the various types of Carlson instruments are given as
plates No, 2-6 to 2-10 inclusive.

b. Protection of Accumulated Data.

(1) Transfer of Data. The measurements recorded on the field
reading sheets should be transferred to the individual data record forms
with the least practicable delay after each set of readings are made.
Transcribing of these data should be carefully done, and checked at
least once in order to reduce the possibility of errors. Utilizing data
record forms in this manner eliminates the necessity for exposing the
only copies of accumulated readings for each instrument to the possibili-
ties of loss or damage while making observations under job conditions.
The practice of using field books for recording the readings is not
recommended, since column headings and instrument numbers must be in-
serted by the observer, and considerable irreplaceable data are taken
onto the job for each set of readings (frequently before the results
have been transferred to data record forms).
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(2) Filing Field Reading Sheets. After the readings have been
transferred to data record forms, field reading sheets should be retained
in the field office until analysis of the collected data has progressed
to a point where any questionable readings have been detected and checked
against the original recorded values.

(3) Filing Data Record Sheets. As each individual data sheet is
completed it should be forwarded to the office where the analysis is to
be accomplished. This practice will provide additional protection
against loss or destruction of accumulated data, since the original
field reading sheets will be retained in the field office.

2-25. Reading Schedules.

a. General. Initial readings must be made within three hours
after embedment of the instruments and continued at frequent intervals
during early ages in order to measure the rapid volume, stress, and
temperature changes resulting from hydration of the cement. After
maximum temperatures have been attained the observation frequency may be
reduced, since volume, stress, and temperature change more slowly during
the cooling-off period. A further reduction in reading frequency is
permissible after much of the heat of hydration has been dissipated and
the structure is responding to normal climatic and load cycles. In the
interest of simplicity in establishing a reading program it is generally
advisable to refer progressive decreases (or increases) in observation
frequencies to "days after embedment" for each instrument rather than
stages of temperature or heat loss. The recommended duration of the
various reading frequencies are intended to represent minimum require-
ments and to serve as a guide in establishing a reading program. In
practice, changes in observation frequencies for some instruments are
deferred until such time as the change may be made simultaneously for a
large number of instruments.

b. Strain Meters. A normal program consists of an initial
reading made between 1 to 3 hours after embedment, readings twice daily
for 3 days, once daily for the next 12 days, twice weekly for the next 4
weeks, weekly during the remainder of the construction period, and twice
each month thereafter.

c. Boundary Strain Meters. The observation program for boundary
meter groups would be similar to the normal program, except that the
twice daily readings should be continued for the first 15 days after
embedment.
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d. Joint Meters. Joint movements usually occur slowly and over
extended periods of time. A normal program would consist of an initial
reading between 1 and 3 hours after the meter is covered, then weekly
during the remainder of the construction period, and twice each month
thereafter.

e. Stress Meters. The normal observation program for stress
meters may be similar to that described for strain meters.

f. Pore Pressure Cells. Hydrostatic pore pressures within
concrete develop slowly, and occur only when a hydraulic head is sus-
tained for an extended period against the concrete surface. The normal
pore pressure cell reading program includes an initial reading at 1 to 3
hours after embedment, subsequent readings at weekly intervals after the
reservoir reaches the level of the instruments until the operating pool
elevation has been attained, and twice monthly thereafter.

g. Thermometers.

(1) General. The normal observation program as described for
strain meters should be followed for all embedded thermometers except
those specifically covered hereinafter.

(2) Thermometers in Foundation Rock. An initial reading should
be made as soon as the instruments are installed, and continued at daily
intervals until the first concrete lift is placed above their location.
Subsequent observations should conform to a normal program generally
applicable to thermometers.

(3) Thermometers Adjacent to Horizontal Lift Surfaces. The
primary purpose of thermometers located at various depths within a
concrete lift is to establish temperature gradients and heat losses
during the exposure interval. Thermometers located in lifts placed
under nominally continuing concrete operations (exposure interval of
only several days between successive lifts) should begin at 1 to 3 hours
after placement, and continue at twice daily intervals (or a continuous
record secured from strip chart recorders) until no significant tempera-
ture gradient exists within a single thermometer group. At that time
observations may be terminated on all instruments except one, and this
selected typical thermometer incorporated in the long-time temperature
observation program for the structure.
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(4) Thermometers in a Top Lift. Where a vertical line of thermo-
meters is located in a top lift which is to be exposed for an extended
period of time (such as during the suspension of construction over the
winter season or during concrete operations in other stages) the obser-
vation program should consist of the usual early initial reading, twice
daily readings for 10 days, and daily readings over the remainder of the
exposure period. After the covering lift is placed, the daily readings
should be continued until such time as a reasonably uniform vertical
temperature gradient exist through the previously exposed lift. Ob-
servations may then be terminated on all instruments except one in the
group.

(5) Thermometers Adjacent to Bulkhead Faces. An adequate read-
ing program will usually consist of the intial observation at 1 to 3
hours after embedment, twice daily readings for a period of 15 days, and
at daily intervals thereafter until concrete in the adjacent block has
reached an elevation above the thermometer group level and no signifi-
cant temperature gradient exists within the group. One instrument may
then be selected, if desired, to be incorporated in the thermometer
pattern for the monolith and observations of the remainder of the meters
terminated.

(6) Thermometers Adjacent to Exterior Faces. The normal reading
program followed for interior thermometers will be satisfactory, with
the exception that the twice-daily observations be continued for the
first 15 days after embedment.

h. Special Stress, Strain, and Temperature Readings. In order
to determine the effect of daily cyclic or other comparatively sudden
climatic changes, and extremes of ambient air temperature on the develop-
ment of stress, strain, or temperature gradients within a structure,
several series of continuous readings (of up to two days duration)
should be made on instruments located near exposed surfaces. Each set
will consist of test set readings (or a strip chart temperature record
if automatic equipment is used with thermometers) at 3 or 4 hours inter-
vals over a 48-hour period. These observation series are usually made
in pairs, during the spring and the autumn seasons to define the maximum
range in daily temperature cycles and during the winter and summer
seasons to coincide with the extremes of air temperatures. Similar
types of observations are also made on embedded instruments adjacent to
insulated surfaces to measure the effect of such insulation.

1. Extended Reading Schedules. Reading schedules can be ex-
tended to once monthly or even once quarterly after a sufficient amount
of time has elapsed to verify that the change in reading will only be
small between the specified time interval. However, if extended reading
schedules are utilized and any abnormal occurrence should happen, readings
should be made immediately and the reading schedule should return to
that used for a new gage.
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2-26. Field Reduction of Data.

a. Field Office Preparation. The term "reduction of data"
refers to the arithmetical operations necessary to convert individual
instrument readings into significant units of stress, strain, tempera-
ture, length, or pressure. It is desirable that these operations be
performed in the field office in order that possible reading errors may
be detected as soon as possible, explanations for apparently unusual
results more readily and promptly secured, and preliminary results made
available for use by project engineers at an early date. The practice
of deferring office calculations for several months until construction
work slackens or having the data reduction work accomplished at other
than the project office, should be avoided.

b. Required Calculations. Reduction of data calculations re-
quired for Carlson-type instruments includes one or more of the follow-
ing general operations: calculations of meter temperature, application
of the calibration constant to the measured resistance ratio, and cor-
recting the indicated results for the effects of temperature changes in
the concrete and in the meter. Step-by-step explanation of these pro-
cedures is given on plates No. 2-6 through 2-10 for the several Carlson
instruments. Specific examples of the transfer of raw data to finished
numbers of strain, stress, pressure, and movement are given in Plates
2-11 through 2-14.

c. Personnel. On large and important instrumentation instal-
lations a field group should be established, under the project engineer,
to carry out the functions of preparation, calibration, and installation
of the instruments, making subsequent observations, reduction of the
collected data, and the collection of additional related data as re-
quired. The group should be headed by an engineer with a civil, struc-
tural, or electrical background, whose primary duty will be the prose-
cution of the instrumentation program. A short period of supplementary
training for this instrumentation group leader in the District Office
Engineering Division, covering the purposes of the proposed instrumenta-
tion program, operational principles of the instruments, embedment
practices, and observation program is recommended in order to assure a
successful structural behavior investigation study. The remainder of
the group will consist of personnel whose primary duties are in con-
nection with inspection or laboratory activites, but may be made available
to the extent required for the preparation and embedment of the meters
and for making subsequent observations.
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(1) Extensive Installations. A field group for an extensive
instrumentation installation will likely require one or two full-time
group leaders, a full-time electrician, and three or more junior engi-
neers or concrete technicians for part of the time. Supplementary
unskilled labor will be needed during embedment operations. Preparation
of the instruments, cable splicing, and installation of indicating and
recording equipment is done by the electrician and the engineers make
the calibration checks on the instruments and do the actual placement.

(2) Small Installations. Where the number of instruments is
comparatively small, and where embedment procedures are simple, one
engineer or capable technician will be able to carry out alone all the
work incident to preparation, installation, and reading of the meters.

d. Office and Working Space. To support a major instrumentation
program (800 to 1000 or more instruments), about 300 sq ft of laboratory
and shop working space should be provided, consisting of work benches,
storage cabinets, shop facilities, and office space solely for use in
connection with the instrumentation program. For small installations,
the project laboratory facilities will normally be adequate.
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Section IV: Other Stress-Strain Type Transducers

2-27. General. The gages described in the following paragraphs are
various stress-strain type instruments that have been used in recent
years to perform specialized tasks. The majority of the gages are
electro-mechanical; however, some are purely mechanical type gages.
Some of the gages are more sensitive than previously described stress-
strain gages and may not be suitable for long-term exposure type of
monitoring tasks.

2-28. Strain Measuring Instruments.

a. Types. Two types of gages are generally used for measuring
strains: surface gages and internal or embedded gages. These types can
be further divided into short- and long-term gages, depending on the
duration of measurements. Usually short-term strains are best measured
by electrical type gages, while some long-term strains (e.g., creep and
shrinkage) can be conveniently measured using detachable mechanical
gages. Some of the gages used for measuring strain in structures are
described below.

b. Whittemore Mechanical Strain Gage.

(1) Description. This is a universally accepted gage for measuring
long-time static strains on structures. Strain is derived essentially
from measuring changes in distances between attached reference points
on the structure. Reference points are located on the structure by
bonding contact seats to the surface of, or by drilling holes in the
structure wall and embedding inserts for supporting contact seats. The
Whittemore gage shown in Figure 2-19 has conical points which are seated
in small holes in the reference points when strain measurements are
made. The dial attached to the gage indicates the positions of the two
reference points from which the strain is obtained before and after the
stressed condition. The gage has a gage length of 10 in. and readings
to one ten-thousandth of an inch (0.0001 in.) can be made. This gage
and its accessories are available from Soiltest, 2205 Lee Street, Evan-
ston, Illinois 60602.

(2) Calibration and Gage Accuracy. An invar master bar, shown in
Figure 2-20, with stainless steel inserts is used for standard measure-
ments, The gage kit includes: brass inserts; contact seats; invar mas-
ter bar; and strain gage punch bar for accurately locating inserts. Re-
peatability of this gage is generally found satisfactory if the same
operator always reads the gage. With care taken, the operator can repeat
a measurement of 0.0001 in. The gage readings are linear over the
0.200-in. range. The indicator is accurate to 0.0005 in.
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Figure 2-19. Whittemore Type Mechanical Strain Gage (Courtesy of Soiltest,
Inc.).

Figure 2-20. Whittemore Type Strain Gage in Position on Invar Master Bar
(Courtesy of Soiltest, Inc.).
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c. Mechanical Scratch Gage.

(1) Description. The temperature compensated, self-contained
scatch gage measures strains or tiny movements that occur in most struc-
tures. In this scratch gage, a tiny arm carrying a recording scriber
serves as a gage point. The scriber sharply scratches the amount and
direction of deformation on a round, polished-brass recording head or
"target" which is the opposite gage point. The gage is attached to
structures with clamps, drive screws or adhesives. Recordings can be
made over long periods of time, yet it easily records rapid events. The
gage operates accurately in the open within a temperature range of -67°F
to 1000ºF. It also works well under water and is not affected by pres-
sure. It is very durable and can be used over and over. The gage ac-
curacy is determined by the reading equipment. The strain can be deter-
mined from the scribed disk using a calibrated eyepiece or microscope.

(2) Principle of Operation. As shown in Figure 2-21, the circu-
lar target is held in place by two tiny rollers and two stainless steel
brushes. The long driver brush is made up of small wires. One end of
the long brush is fixed to the small base plate and the other end termi-
nates in a peripheral groove of the target. It is guided and supported
between these two points through a small bent tube. A short wire brush
engages the target groove adjacent to the long driver brush and is fixed
on the other end to the large base plate. The short brush holds the cir-
cular target firmly against the rollers to eliminate false readings due
to play. When tensile strain occurs, the two base plates move apart
causing the scriber to scratch the disk (Figure 2-22), recording the
total strain. When the strain is relieved, the target automatically ro-
tates, allowing separation of each tensile strain. When compressional
strain occurs, the two base plates move together, causing the scriber to
scratch the disk in the opposite direction. The longer driver wires en-
gage the surface of the target groove, causing the target to rotate. The
shorter brush prevents reverse or clockwise rotation.
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Figure 2-21. Mechanical Scratch Gage (Courtesy of Prewitt Associates).

Figure 2-22. Typical Scratch Representation (Courtesy of Prewitt
Associates).
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d. Embedable Strain Gages.

(1) Principle of Operation. Recent developments in the technology
of strain gages have produced lightweight embedment type strain gages
that are suitable in mass concrete. The transducers operate on the
principle that the resistance of a wire varies directly with strain in
tension or compression. Figure 2-23 shows an embedable strain gage manu-
factured by Ailtech, a Cutler Hammer Company, 19535 E. Walnut Drive, City
of Industry, California 91748. The Ailtech gage consists of a short
length of nickel-chromium, platinum-tungsten, or similar alloy wire
which has been electro-formed or etched so that a sensitive element is
formed. The wire is insulated by highly compacted magnesium oxide powder
and encased in a small diameter tube made of stainless steel, aluminum,
titanium, Inconel or gold alloy. The gage has two end flanges which
serve to anchor it in the concrete at the location where strain is to
be read. Embedment techniques should be similar to those used to embed
the Carlson instruments outlined in Appendix C.

(2) Gage Properties. The temperature compensated embedable
strain gage is suitable for measurements of tensile or compressive
strain levels to 6000 microinches per inch over extreme temperature
ranges. It is completely hermetically sealed and waterproofed with
mechanical protection from the gage to the flexible waterproof cable.
The gages can be obtained with both quarter and half bridge, 60, 120,
or 360 ohm active units. Standard bridge completion network and power
supply can be used with these gages.

Figure 2-23. Ailtech Embedable Strain Gages (Courtesy of Ailtech).

2-45



EM 1110-2-4300

15 Sep 80

e. Vibrating Wire Strain Gage.

(1) Principle of Operation. A vibrating wire strain gage consists
of a pretensioned fine steel wire clamped between two end flanges and
enclosed in a stainless steel or acrylic tube. The end flanges can be
welded or bolted to the surface of a structure or can be cast in place
in concrete. Forces acting on the structure produce strains which intro-
duce relative movements between the end flanges and thus a change of ten-
sion in the steel wire. A dual purpose electromagnetic coil is mounted
in the gage housing, adjacent to the wire, and is electrically coupled to
the measuring equipment by a flexible cable. A current pulse, generated
by the measuring equipment, energizes the coil, thus plucking the wire
and causing it to vibrate at a natural frequency determined by the ten-
sion in the wire. The vibrating wire, in turn, induces an ac voltage in
the coil with a frequency corresponding to that of the vibrating wire.
The frequency of the coil output voltage is sensed by the measuring equip-
ment. The fundamental natural frequency of a stretched wire is given by

(where is the length of the wire between the clamps; T, its

tension; and M, its mass per unit length).

(2) Advantages. The main advantages of the vibrating wire meter
are: good long-term stability; high sensitivity; unaffected by cable
lengths; and relatively insensitive to moisture and resulting electrical
ground leakage. Figure 2-24 is a picture of a typical vibrating wire
gage.

Figure 2-24. Vibrating Wire Strain Gages (Courtesy of Irad Gage, Inc.).
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(3) Reading Equipment. Solid state portable digital readout in-
struments are available for use with the vibrating wire gages. Irad
Gage, 14 Parkhurst St., Lebanon, New Hampshire 03766, manufactures both
vibrating wire gages and readout devices, as do other geotechnical in-
strumentation manufacturers. The Irad readout box operates by initially
generating a voltage pulse containing a spectrum of frequencies spanning
the natural frequency range of the wire. When the signal reaches the
coil/magnet assembly mounted inside the gage and when one of the input
frequencies coincides with the natural frequency of the wire, the wire
vibrates and continues to vibrate after the input signal has ceased. A
voltage is then generated in the coil at a frequency corresponding to
that of the wire as it vibrates in the field of the coil/magnet assembly.
This constant frequency signal generated by the gage is timed by a pre-
cise quartz clock in the readout meter and the time displayed digitally.

(4) Operation. To obtain useful readings, the operator: connects
the gage; sets a switch to one of two positions corresponding to gage
type; and depresses the "read" button. The readout appears in the dis-
play window and flashes on and off as the instrument constantly checks
the reading.

f. Monfore Standardizing Strain Gage. Figure 2-25 shows the Mon-
fore gage mounted on the surface of a structure. The gage consists of a
tube, a piston fitted into one end of the tube, and a small diameter
elastic wire stretched inside the tube from the piston to the other end
of the tube. The wire is adjusted so that it is under slight tension
when the piston is in its normal position with the piston shoulders in
contact with the end of the tube. The tube and piston assembly is at-
tached to the structure by means of insert 1. Insert 2 located at dis-
tance L from insert 1, serves as a stop for the outward movement of the
piston, which is caused by the application of 16 psi air pressure within
the tube. The gage measures strain by monitoring changes in length L.
From Figure 2-25, L = s + d, where s is the length of the standard and
d is the total movement of the piston from the standard position s to
insert 2. The change in the electrical resistance of the elastic wire
as the piston is moved outward from the standardizing position until it
contacts insert 2 is used to compute d. The strain of the material under
test is finally computed from d/L. Since the resistance wire is not
permanently stressed, creep does not affect the measurement. The range
of the gage is about 3000 microstrains with a resolution of a few mil-
lionths of an inch. A standard Wheatstone bridge circuit can be used
for resistance measurements.
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Figure 2-25. Monfore Standardizing Strain Gage. (Prepared by WES)

2-29. Linear Variable Differential Transformers.

a.    Description. The linear variable differential transformers
(LVDT)is a small electrical device that can be used for the measurement
of displacement and strain. The unit can be used for measuring strain
over a certain gage length or to measure displacement by using suitable
attachments. The LVDT is an inductive device. Its only movable part, a
permeable or ferromagnetic core, develops a variable coupling between
the primary and the two secondary windings. The position of this core
varies the voltage induced into each of two identical secondaries con-
nected in series opposed fashion. When the core is moved off-center, a
differential voltage will appear across the secondaries. The voltage is
a linear function of displacement. The WES low modulus inductive strain
meter, shown in Figure 2-26, utilizes an LVDT mounted in a cylindrical
tube with two end plates. The gage is designed to monitor very early
strains in fresh concrete as well as long-term strains.
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Figure 2-26. Low Modulus Linear Variable Differential Transformer Strain

Meter. (Prepared by WES)

b. Voltage Requirements. The gages are available in both direct
current (dc) and alternating current (ac) models. The ac model requires
an exciter-demodulator, which supplies regulated ac excitation (usually
at a frequency of 1 K to 3 K hertz) to the transducer, demodulates the
transducer output signal, and produces a filtered dc output signal pre-
cisely proportional to mechanical input, over the full plus and minus
range of the transducer. The dc model requires a regulated dc input to
a self-contained solid state oscillator and a phase-sensitive demodula-
tor. The oscillator converts the dc input to ac, exciting the primary
windings of the differential transformer. The voltage induced in the two
secondary windings are connected to the demodulator consisting of a full-
wave bridge and a RC filter. The resulting dc output is proportional
to the core displacement from the electrical center. The polarity of
the voltage is a function of the direction of the core displacement with
respect to the electrical center.
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2-30. Resistance Strain Gage. An electrical strain gage (resistance
gage) is another device used to measure strain. It is constructed such
that any strain in the body to which it is bonded is accompanied by a
proportional change in the resistance of the gage. Resistance gages
are used for many applications because they are versatile and offer many
advantages over other gages; i.e., small size, light weight, ease of at-
tachment, sensitivity to strain, usefulness for static and dynamic
strain, low cost, and easy adaptability for remote recording. The read-
ings from these gages, directly recorded by a strain indicator utilizing
a Wheatstone bridge technique, can resolve strain as accurately as one
microinch per inch. The main disadvantages of the resistance-type gages
are: excessive electrical drift which occurs over a long period of
time; and sensitivities to ambient variables. They are not a good
choice for long-term embedment because of waterproofing difficulties.
Resistance gages are used successfully, however, in the fabrication of
commercial pressure gages.

2-31. Stress Measuring Instruments.

a. Stress Measurements. Stress measurements can be made both
directly and indirectly. Whenever possible, direct stress measurements
should be made. For some applications, i.e., detecting tensile stress,
it may be necessary to measure other quantities, such as strain, and
then compute stress. It is sometimes desirable to provide for some strain
measurements for a check or back-up for direct stress measurements and
for detecting tension. The stress meters considered here are the WES
pressure gage, Gloetzel pressure cell, and the vibrating wire stress
gage.

b. WES Pressure Gage. The principle of operation of the WES pres-
sure gage is similar to that of the Carlson stress meter. The diaphragm
in the WES meter, shown in Figure 2-27, is filled with oil (5) rather
than mercury and a bonded strain gage (7) is used to measure the deforma-
tions of the central flexible portion (6). A dummy gage (9) mounted on
a free cantilever (8) serves for temperature compensation. The measuring
technique for this gage is essentially the same as for any strain gage
network consisting of two active arms (active strain gage and temperature
compensating gage). Length of cable and effects of temperature on cable
need to be taken into consideration. Like the Carlson stress gage, the
WES gage is not suitable for tension measurements.
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Figure 2-27. WES Pressure Gage. (Prepared by WES)

e. Gloetzel Pressure Cell.

(1) Description. The Gloetzel pressure cell is a hydraulic,
direct stress measuring system based on the principle of a bypass valve.
The meter, shown in Figure 2-28, consists of two disks welded together
around their outer diameters. The inward-facing surface of one of the
disks has circular and radial grooves. Since the disks lie against one
another, a force can be transmitted through them without bending. The
grooved disk has a bypass valve opening and a pressure line inlet open-
ing. The cell is maintained in a closed configuration by the action of
pressure on the sensing pad. To measure the magnitude of the pressure
on the sensing pad, the hydraulic pressure in the cell delivery line is
slowly increased at a constant rate. When the delivery pressure becomes
equal to the pressure acting on the cell, the valve system opens, bypass-
ing hydraulic fluid to the cell return lines. The pressure at which bypass
occurs is indicated by a precise readout instrument in the delivery line.
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Figure 2-28. Gloetzel Pressure Cell. (by WES, after Terrametrics)

(2) Capabilities. The Gloetzel pressure cell operation is com-
pletely hydraulic having long-term reliability. It is a relatively low
cost instrument requiring only simple readout equipment, i.e., manometer.
It enables the determination of the actual stress developed in structures,
e.g., concrete-stress, soils pressure, pore pressure, and total water-
pressure over the measuring range of 0 to 3750 psi. It is unaffected by
strains due to shrinkage, creep, and cyclic loading, especially in con-
crete. With minor corrections for temperature, line friction, and ele-
vation differences between the cell and the manometer, the manometer
pressure is equivalent to the pressure acting on the cell.
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e. Vibrating Wire Stress Meter.

(1) The vibrating wire stress meter manufactured by Irad Gage (Fig-
ure 2-29) has been designed to monitor stress changes in rock, coal, or
concrete under the most adverse environmental conditions. When pre-
stressed into a 1-1/2-in. borehole, the cylindrical gage can sense stress
changes of as little as 2 psi. The stress changes act on the gage and
alter the period of the resonant frequency of a highly tensioned steel
wire clamped diametrically across the gage. Because the stress meter
is rigid compared to the surrounding material, conversion of the frequen-
cy readings to stress changes do not require accurate knowledge of the
media modulus. Calibration charts are supplied with the gages.

(2) The stress meter can be installed in dry or water-filled bore-
holes at depths of up to 100 ft. It is set by means of a manually or
hydraulically operated setting tool that pulls a wedge in between the
gage and a platen. Like the vibrating wire strain meter, contact resis-
tance, leakage to ground or signal cable lengths do not influence the
gage readings and the signal cable needs only to be continuous in order
for a reading to be made. Signal cable lengths up to a mile can be used.
The frequency readings are obtained with a portable digital readout meter.
Gages can be obtained for maximum readings to 10,000 psi.

Figure 2-29. The IRAD Vibrating Wire Stressmeter (Courtesy of Irad Gage,
Inc.).
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MEASUREMENTS TAKEN TO CORRECT INSTRUMENT CALIBRATIONS 
-

Wire resistances Coli resistances at splice CoU resistances at end Tem-Carlson Ratio at Ratio at pera-Number aplloe end ture 
Red Blact White Green GW GB BW BWG WBG GW GB BW BWG WBG 

·---------------------------------------
1 0. 40 0. 40 0. 38 0. 40 38. 58 37. 55 76. 03 37. 51 38.53 39. 37 38. 36 76. 78 37. 51 38. 51 1. 0274 1. 0264 75. 98 
2 . 46 . 46 . 44 . 46 38. 43 38. 16 76. 47 38. 12 38. 38 39.38 39. 14 77. 49 38. 15 38.39 1. 0062 1. 0062 76. 53 
3 . 57 . 54 . 52 . 54 37.97 37.67 75. 53 37. 62 37.92 39. 04 38. 76 76. 58 37. 62 37. 90 1. 0077 1. 0071 75. 48 
4 . 88 . 91 . 87 . 92 38.34 37.96 76. 23 37.93 38. 32 40. 19 39. 84 78. 11 37.92 38. 28 1. 0102 1. 0093 76.28 

JM-34 . 42 . 39 . 38 . 40 27.61 28.05 55. 49 28. 02 27. 59 28. 41 28. 87 56. 35 28. 02 27.57 . 9841 . 9839 55.57 
-31 . 79 . 79 . 81 . 83 27.66 28. 29 55.81 28. 26 27. 63 29. 33 29. 95 57. 47 28. 23 27. 61 . 9775 . 9786 55.82 

21 . 14 . 14 . 14 . 14 27.09 27. 76 54.67 27. 73 27.06 27. 38 28.05 54. 99 27.73 27. 06 . 9755 . 9756 54. 71 
25 . 24 . 24 . 24 . 24 27. 34 27.82 54. 97 27. 78 27. 31 27. 85 28. 34 55.52 27. 78 27. 31 . 9827 . 9827 55.01 
36 . 62 . 62 . 62 . 62 28. 08 28.57 56. 48 28. 54 28.06 29. 34 29. 82 57. 75 28.54 28. 06 . 9829 . 9831 56. 50 
43 . 87 . 88 . 87 . 87 26. 97 27. 52 54. 34 27. 50 26. 94 28. 73 29. 29 56. 15 27. 51 26. 94 . 9794 . 9799 54. 38 
46 1. 23 1. 23 1. 18 1. 23 27. 36 27. 48 54. 69 27.45 27.33 29. 77 29. 95 57. 11 27. 44 27. 26 . 9952 . 9937 54. 67 

144 . 37 . 38 . 36 . 38 34. 17 33. 74 67.82 33. 72 34. 14 34.94 34. 53 68.63 33. 72 34. 13 1. 0126 1.0119 67. 86 
2 . 38 . 39 . 39 . 40 33. 38 32.92 66. 28 32.96 33. 34 34. 20 33.82 67. 13 32. 95 33. 34 1. 0114 1.0116 66.33 

19 ------ . 40 . 39 . 38 32. 69 32. 64 65.23 32. 62 32. 67 33. 50 33. 45 66. 11 32.64 32.68 1. 0015 1. 0014 ------
38 ---- . 39 . 39 . 38 33. 06 33. 02 65.98 33. 00 33. 03 33. 87 33. 83 66. 87 33. 02 33. 06 1. 0009 1. 0009 ------
26 ------ . 39 . 38 . 37 33. 59 33. 71 67.24 33. 68 33. 56 34.38 34. 39 68. 0:3 33. 69 33.57 . 9964 . 9964 ------
22 ------ . 39 . 39 . 38 33. 51 33. 29 66. 70 33. 26 33. 47 34.29 34. 09 67. 54 33. 27 33. 48 1. 0061 1. 0061 ------

131 . 29 .29 . 29 .29 33. 54 33.60 67.04 33. 58 33. 50 34. 14 34.22 67. 71 33. 58 33. 51 . 9978 . 9978 67. 11 
141 ------ . 31 . 31 . 30 33. 88 33. 26 67. 08 33. 23 33. 85 34.52 33. 90 67. 73 33. 24 33. 86 1. 0186 1. 0185 ------
147 -- . 30 . 30 . 29 33. 69 33. 51 67. 14 33. 48 33. 67 34. 33 34. 14 67.80 33. 50 33. 69 1. 0056 1. 0054 ------

(Prepar·ed by WES) 
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f'T~L 

Carlson 
number 

I 
2 
3 
4 

JM-34 
JM-:n 
JM-21 
JM-25 
JM-36 
JM-43 
JM-46 

144 
2 

131 
19 
38 
26 
22 

141 
147 

COMPUTATION OF CALIBRATION CORRECTIONS CARLSON-TYPE INSTRUMENTS 

Resist- Resistance 
Original ance at Resist· Corrected Given Corrected Oiventem- Corrected temperature 

caUbralion instru· ance at calibration resistance resistance perature equation Notes 
constant mPrit end constant at o• F. White Black Green Correc- at 0° F. factor 

wire wire wlro tion 
------- -~---

(/) (I) (S) (I)X(.,)/(1) (Ro) (Ro) (°F./ollm) 
5. 6 psi 76.03 76. 78 5. 66 psi 66. 08 0. 38 0. 40 0. 02 66_ 10 7. 84 t= (R,-66.10) 7.84 4-cond. cable. 
5. 4 76. 47 77. 49 5. 47 66. 40 . 44 . 46 ------- . 02 66.42 7. 80 t= (R,-66.42) 7.82 Do . 
6. 3 75.53 76. 52 6. 3!) 66.00 . 52 . 54 ------- . 02 66.02 7. 85 t=(R,-66.02) 7.85 Do. 
5. 7 76.23 78. 11 5. 84 66. 15 . 87 . 91 --- . 04 66_ 19 7. 83 t=(R,-66.19) 7.78 Do. 
. 00053 55. 49 156. 35 . 000538 48. 36 . 38 . 39 ------- . 01 48_ 37 10. 72 t=(R,-48.37) 10.71 Do. 
. {)0051 55. 81 57. 47 . 000525 48. 63 . 81 . 79 ------- -. 02 48_ 61 10. 79 t= (R,-48.61) 10.66 Do. 
. 00056 54. 67 54. 99 . 000563 47. 29 . 14 . 14 ---- 0 47_ 29 10.96 t= (R,-47.29) 10.96 Do. 
. 00053 54. 97 55. 52 . 000535 47. 70 . 24 . 24 ------- 0 47. 70 10.86 t= (R,-47.70) 10.86 Do. 
. 00051 56. 48 57. 75 . 000521 48. 38 . 62 . 62 -- .. ---- 0 48. 38 10. 71 t=(R,-48.38) 10.71 Do. 
. 00056 54. 34 56. 15 . 000579 47.80 . 87 . 88 --- --- . 01 47_ 81 10. 84 t= (R.-47.81) 10.84 Do. 
. 00054 54. 69 57. 11 . 000564 47. 51 1. 18 1. 23 ------- . 05 47_ 56 10. 91 t= (R,-47.56) 10.90 Do. 

3. 70 67. 82 68. 63 3. 74 57. 95 . 36 . 38 ------- . 02 57_ 97 8.94 t= (R,-57.97) 8.94 Do. 
3. 70 66. 28 67. 13 3. 75 57.84 . 39 . 39 ------- 0 57.84 8. 96 t= (R,-57.84) 8.96 Do . 
3. 75 67.04 67. 71 3. 79 57.90 . 29 . 29 ------- 0 57_ 90 8. 95 t= (R,-57.90) 8.95 Do. 
3. 75 65.23 66. 11 3. 80 57. 73 . 53 . 56 . 57 . 05 57. 78 8.98 t=(R.-57.78) 8.98 3-cond. cable . 
3. 75 65.98 66. 87 3.80 57. 81 . 33 . 32 . 32 -. 01 57_80 8. 96 t= (R,-57 .80) 8.96 Do . 
3. 70 67. 24 68.03 3. 74 57. 85 . 68 . 69 . 68 -. 01 57_ 84 8. 96 t= (R,-57.84) 8.96 Do_ 
3. 75 66. 70 67. 54 3. 80 57. 92 . 12 . 12 . 13 . 02 57.94 8.95 t= (R,-57.94) 8.95 Do_ 
3. 65 67.08 67. 73 3. 69 57. 96 . 94 . 97 . 96 . 01 57.97 8. 94 t= (R,-57.97) 8.94 Do . 
3. iO 67. 14 67.80 3. 74 57. 77 1. 21 1. 18 1. 18 --03 57_ 74 8. 97 t=(R,-57.74) 8.97 Do. 

(Prepared uy WES) 
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PROJECT

FIELD READINGS ON EMBEDDED INSTRUMENTS

Plate 2-5
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Plate 2-12

Stress meter No. --------------------------- Sheet ________ _ 

Location: 
Calibration data: 

Meter resistance at 0 *° F _________ _ ---------- ·--------------- ·--.---- 59.44 *ohms 
Change in temperature per ohm change in rf'sistance· 9.44 * o F 

101.72 'lo Ratio at zero stress__________ _ _ ______ - -- _ 
Original calibration constant ___________ _ 5.25 * p•i/.01 ratio o/o change. 

.. _. _ . _ 5.68 p•i/.01 ratio %change. 
_ 5.48 ohms (pl'r pair) 

80T/D=2.0•-: K=5.5 X 10-6 

Calibration constant corrected for leads __ 
Resistance of leads at 2Q_ ° F _______ _ 

Temperature correction=-[(SOT/D +6.7) w-•-K]E-F 
=--_E(tO-•)psi p<•r I ° F. t••mp. risl' F= 0.07 * 

----~-----;---4 ---;--- 6 I 7 1-8 T g- ' 10- -~;-=--1-2 ___ 13 14-

------------,t--- Total Lead Mett>r -;-Pmp., -;:.sil'lt~ ChanJ:~-~ lntHc. F.st.; Corr. ! Total Actual 
Date Time I rf'sist., resist., rf'sist., 0 Ji'. ratio, t;; 1 In ratio, I strrss million pcor ° F., 1 temp. stress, Remarks 

----------I--- ohms ohms ohms ___ (101.72)~ ~ ~ -~ oorr.,psl ~ --·-
2-5-80 8 am 72.61 5.5 67.11 72.4 101.73 +0.01 -6 1.0 -0.2 

--------1------------------------------

::~::: 
1

::: ::~ ::,

1

:::5: ~:::::I::: :~1 :: ~: o1 ~I 24 h•age 

Column 1 
Column 2 
Column 3 

Column 4 

Column 5 

Column 6 

Column 7 

Column 8 

Column 9 

Column 10 
Column 11 

Column 12 

Column 13 

Self explanatory 
Self explanatory 

EXAMPLE CALCULATIONS 

Total resistance of meter as measured in the field. This reading is taken directly from the readout 
box (with selector switched to resistance) and includes resistance for both meter and associated 
lead cable. 
The resistance of the lead wires when disconnected from the meter, or if the leads are connected 
to the meter, measure resistance between the red-white terminals and between the red-black 
terminals. Sum these two resistances and subtract the sum from the resistance between the 
black-white terminals. If the meter has a 4-conductor cable it can be read directly. 
(Value in column 3)- (Value in column 4) 
72.61- 5.5 = 67.11. 73.43- 5.61 = 67.82, 73.44- 5.3 = 68.14 
The temperature reading of the meter is calculated by subtracting the calibration meter 
resistance (usually that at 0°F) from the meter resistance in col. 5 and then multiplying by the 
change in temperature per ohm change in resistance. 
(67.11- 59.44) 9.44 = 72.40, (67.82- 59.44) (9.44) = 79.11, (68.14- 59.44) 9.44 = 82.12 
If the calibration temperature is not 0°F then the above calculated temperature is added to the 
temperature at which the meter was calibrated. 
Reading directly as taken from the test set. On some test sets the 100 is assumed and the meter 
would read, for example, 01.73 · 
(Most recent value of column 7) -(Zero stress ratio) 
101.73- 101.72 = +0.01, 101.70- 101.72 = -0.02, 101.71- 101.72 = -0.01 
(Value in column 8) (Corrected calibration constant) 
(0.01%)(5.68 millionths/.01%) = -6 millionths 
(0.02%)(5.68 millionths/.01%) = +11 millionths 
(0.01%)(5.68 millionths/.01%) = +6 millionths 
Estimated value of modulus of elasticity (including effects of creep) 
Correction calculated from temperature correction data at the head of the sheet 
For example: Value in col. 11 on 2-7-80 
-[('80T/D + 6.7)10-6 - K](E)(F) = -[(2.0 + 6.7)10-6 - (5.5)10-6](1.2)(0.07) = .3 X 10-6 

(Temperature in col. 6-assumed reference temp**)(Value in column 11) 
(79.1- 79.1)(-0.2) = 0, and (82.1-79.1)(-0.2)= -1 
(Value in column 9) +(Value in column 12) 
11 + 0 = 11, and 6 + (-1) = 5 

* Data supplied by Gage Manufacturer. 
•• In this example temp at 24 hrs is reference. (Prepared by WES) 
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Strain meter No. ------------------------------ Sheet 

Location 

Calibration data: 

Meter re"istance at 0*° F ....... . .56.10* ohms. 
8.61*; F. Chang<> in temperature per ohm change in resistance. __ .. 

Ori~inal calibration constant. ............... _. . 3.82 millionths/.01% 
3.98 millionth"/.01% 

ratio change. 
ratio change. Calibration constant corrected for leads .... . 

R<>sistance of leads at 70 ° F .......... __ . _ ........... 2.61 ohms (pair). 
Temperature correctio;Cor meter ........... . -- .. 7.5 * millionths/° F. 

. . 5.5 millionths/° F. Concr<>te coefficient of thermal <'xpansion .... . 

I 2 3 ' 6 e 7 8 10 11 12 13 u 
------

Indicated Correc- Actual Correc-
Lead Meter Resillt. Chan ge unit tion for unit Uon for Actual 

Dote Time Total resist., resist., Temp. ratio, 1n ratio 
resist., OhDll ohma • F. "!. "!. 
ohms 

length meter length concrete strain, Re· 
change, expan- change, ex pan- mU- marks 

mU· sion,mU- mil- sion, Dill- llontbs 
llonths Uontbs Uonths lionths 

-------
2-5-80 9 am 66.91 2.61 164.30 70.60 100.97 0 +4 +4 -3 +1 age 24 hrs 

--2-6-8_0 __ 9 am 67.36 2.63,64.73 _74.30 100.91 -0.0 6 -24 +32 +8 -23 -15 == 
Column 1 
Column 2 
Column 3 

Column 4 

Column 5 

Column 6 

Column 7 

Column 8 

Column 9 

Column 10 

Column 11 

Column 12 

Column 13 

I 

Self explanatory 
Self explanatory 

EXAMPLE CALCULATIONS 

Total resistance of meter as measured in the field. This reading is taken directly from the readout 
box (with selector switched to resistance) and includes resistance for both meter and associated 
lead cable. 
The resistance of the lead wires when disconnected from the meter, or if the leads are connected 
to the meter, measure resistance between the red-white terminals and between the red-black 
terminals. Sum these two resistances and subtract the sum from the resistance between the 
black-white terminals. If the meter has a 4-conductor cable it can be read directly 
(Value in column 3)- (Value in column 4) 
66.91- 2.61 = 64.30, and 67.36- 2.63 = 64.73 
The temperature reading of the meter is calculated by subtracting the calibration meter 
resistance (usually that at 0°F) from the meter resistance in col. 5 and then multiplying by the 
change in temperature per ohm change in resistance. 
(64.30- 56.10)(8.61) = 70.60. and (64.73- 56.10)(8.61) = 74.30 
If the calibration temperature is not 0°F then the above calculated temperature is added to the 
temperature at which the meter was calibrated. 
Reading directly as taken from the test set. On some test sets the 100 is assumed and the meter 
would read, for example, 00.97 
(Most recent value of column 7)- (Zero stress ratio) 
100.91 - 100.97 = -0.06 
(Value in column 8)(Corrected calibration constant) 
(-0.06%)(3.98 millionths/.01%) = -24 millionths 
(Temp. in Column 6.- Reference temp.)(Temp. correction for meter) 
(70.60- 70.00)(7.5) = +4.5 millionths. and (74.3- 70.00)(7.5) = +32 millionths 
(Value in column 10) +(Value in column 11) 
0 + (+4) = +4 millionths, and ( -24) + (+32) = +8 millionths 
(Temp. in column 6- Reference temp)(Concrete coefficient of thermal expansion) 
(70.60- 70.00)(5.5) = -3 Negative because it is subtracted from the strain 
(74.30- 70.00)(5.5) = -23 Negative because it is subtracted from the strain 
(Value in column 11) +(Value in column 12) 
(+4) + (-3) = +1 millionths, and (+8) +(-23) = -15 millionths 

Data supplied by Gage Manufacturer. 

(prepared by WES) 
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CHAPTER 3

UPLIFT AND LEAKAGE

Section I. Uplift

3-1. Purpose. Measurement of uplift pressure intensities at several
points under a structure are made to check the validity and accuracy of
the design assumptions pertaining to uplift, and to provide information
for future designs as to the area1 extent and magnitude of hydrostatic
pressures. The practice of attempting to determine uplift pressures by
installing pressure gages on foundation drains is improper and should be
avoided, since, determination of pressure at a single point on a gradient
is of little value, and the actual uplift pressure pattern is modified
when a foundation drain is prevented from functioning in its normal man-
ner. For converse reasons, uplift cells should not be utilized for
leakage determinations.

3-2. Description.

a. Uplift Cells. Uplift pressure cells are normally placed on
the foundation rock and located 15 to 20 ft apart along lines normal to
the axis of the dam as shown in Plate No. 3-1. Where the transverse
distribution of uplift pressures is to be investigated also, up to five
or more separate lines of cells may be placed under one monolith.
Except for unusual foundation conditions, uplift instrumentation facili-
ties are usually confined to one or two of the large monoliths.

b. Standpipe Type Cell. The simplest and most widely used type
of uplift cell consists of a gravel-filled wooden box installed over a
shallow drilled hole, containing a pipe tee and two short lengths of
perforated pipe. Plain pipe runs from the perforated pipe in the col-
lector box to the reading station in a gallery wall, where the pipe is
capped with a gage adapter coupling and a shutoff cock. Pressure heads
at the cell exceeding the elevation of the reading station are measured
by Bourdon-type gages. Pressure heads at the cell less than the gage
elevation are determined by removing the gage adapter and sounding to
the water surface in the pipe or by reading the water level by one of
the other methods available such as the water level indicator mentioned
in paragraph 3-10. Typical details of the box and piping are shown on
Plate No. 3-1.

3-1
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c. Diaphragm Type Cell. This type is cylindrical in shape, with
a porous disk in one end and tubes or electrical cable entering the
other. Immediately behind the porous disk is an impermeable diaphragm,
the deflection of which is measured by strain gages, or either air or
oil pressure, depending on whether the piezometer is classified as
electrical or pneumatic. An example of the first type is the Carlson
pore pressure cell described in paragraph 2-6, and the second type is
the Gloetzel pressure cell described in paragraph 2-31e. The Carlson
pore pressure cell has been the most commonly used in the U.S. for
installation in concrete dams. See Figures 2-5 and 2-8.

3-3. Installation.

a. Standpipe Type Cell.

(1) Collector Box. As soon as foundation excavation and cleanup
has been completed, the cell locations are marked and the shallow holes
drilled. The pipe tee, perforated pipe sections, and a length of plain
pipe are put in place and the hole filled with clean No. 4 to 3/4-in.
crushed rock or gravel. A wooden box is built to conform with the
foundation surface in that area, filled with crushed rock or gravel, and
the top nailed in place. On the day prior to placing the lift concrete,
the box cell is covered with hand-placed mass or face concrete (depend-
ing upon the location of the cell) to hold the box in place during
subsequent concrete operations.

(2) Pipe Runs. Lengths of plain galvanized pipe are added to the
section protruding from the cell box to an elevation above the top of
the first lift. Subsequent lengths are added as successive concrete
lifts are placed. Pipe runs are placed with an upward slope of about
1/4-in. per foot from the cell to a point directly beneath the reading
station, and thence vertically upward to the gallery recess. Pipe
assemblies may be held in position during concrete placement by welded
angle-iron or pipe frames embedded directly in the concrete together
with the pipe runs, as in Figures 3-1 and 3-2. Large radius bends are
permissible for slight changes in direction; but conventional pipe
elbows should be used for abrupt direction changes. Normally pipe runs
will not cross contraction joints, but when necessary to do so, "dresser"
expansion couplings should be provided. All threaded pipe connections
should be made leakproof by painting the threads with white lead or
similar plumbing compound.
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Figure 3-1. Uplift Cell and Sloping Pipe Assembly (Courtesy of the
Tennessee Valley Authority).

Figure 3-2. Vertical Pipe Runs from Uplift Cell

3-3
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(3)  Readout Station. The exposed end of each uplift pipe at the
reading station should be capped with a shutoff cock and gage adapter
coupling. A typical station is shown in Figure 3-3. This will enable a
portable pressure gage of suitable capacity to be temporarily attached
to a pipe for a pressure reading, thus reducing the number of such
instruments required at a project and avoiding the corrosion problems
associated with installed gages in damp galleries. A set of portable
gages should consist of three high-quality commercial type gages. One
set composed of a low, an intermediate, and a high capacity gage cover-
ing the range from minimum to maximum possible pressure heads is usually
adequate. Where uplift head is below the elevation of the reading
station a graduated tape with a small float will be necessary. Also a
number of electrical type probe devices are commercially available, some
of which are described later in this chapter. When the probe contacts
the water surface, the circuit is closed and registered on an ohmmeter.
The length of wire is measured with a tape if graduation marks are not
made on the wire. Metal identification markers should be welded or
otherwise permanently fastened to each uplift pipe extending into the
gallery recess.

Figure 3-3. Uplift Cell Terminal Reading Station. (Photo by CE-WES)
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b. Diaphragm Cell.

(1) Preliminary Precautions. The installation of this type of
gage must be carefully done in order to prevent damage of the instru-
ment. Before taking the pressure cells to the site for placement, the
porous plug of the Carlson gages should be removed and the space between
the plug and the diaphragm filled with petroleum jelly. After all
foundation excavation and cleanup has been completed the cells with
attached cables or tubes should be securely fastened to the rock. A day
before placing the lift concrete, a small amount of mass concrete should
be hand placed and tamped around the cell. Vibrators should not be used
because of the possibility of cement mortar clogging the porous disk of
the cell. When the mass concrete is placed, care should be taken to
tamp the concrete around the conductor cable to prevent it from pro-
viding a leakage path to the cell and thus alter the pressure being
measured.

(2) Reading Station. The station for a Carlson type pore pres-
sure gage should be identical to that required for the Carlson stress
meters and strain meters, as discussed in paragraphs 2-2 to 2-5. The
station for other types of meters should be designed to use the reading
equipment required by the type of gage installed. Metal identification
markers should be permanently fastened to each of the cables or tubes
from the cell in the foundation.

3-4. Collection of Data.

a. Standpipe Cells.

(1) Elevations. At the time the cells are installed and the pipe
runs placed, elevation of each uplift cell and of the 90º bend beneath
the reading station should be recorded. The exact position of each cell
as finally installed should be shown on a copy of the final foundation
rock elevation geologic map.

(2) Shutoff Cock. Where the pipes at the reading station are
capped, the shutoff cocks should be left open until the hydrostatic
pressure gradient exceeds the reading stationelevation as evidenced by
water discharging from the pipe. After the entrapped air has been
completely expelled from a pipe, the shutoff cock should be kept closed
except during the time the pressure gage is attached.

3-5
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(3) Readings. To make a pressure reading, slowly open the shutoff
cock slightly to determine if hydrostatic pressure exists at the reading
station and to allow any accumulated air or gas to escape. If a positive
pressure is apparent, close cock immediately, attach a portable Bourdon-
type gage and slowly open the cock. Allow a few minutes for the pres-
sure in the pipe and gage to become stabilized and then record the
indicated pressure. Where the general magnitude of the pressure is
unknown, it is best to initially attached the maximum capacity gage to
determine the approximate pressure, replacing it with one of the lower
capacity gages of the set if feasible for making the pressure reading.
Where the uplift head is below the elevation of the reading station, the
shutoff cock fitting must be removed at each reading and the free water
level in the pipe determined by sounding. A graduated tape with a small
float attached will be found suitable for this purpose. Additionally,
the water level can be determined through the electrical gage mentioned
in paragraph 3-10.

(4) Field Data Sheets. In order to provide a uniform method for
recording and presenting uplift data, and to facilitate analysis of the
results, water surface elevations and pressure heads should be recorded
directly on ENG Form 2254, Foundation Uplift Pressures, reproduced here
in Plate 3-2. When the pressure at the standpipe reading station is
positive, the pressure gradient is obtained by multiplying the reading
in pounds per square inch by 2.308 to obtain the value in feet of water.
This value is added to the elevation of the reading station to obtain
the hydrostatic uplift pressure gradient value. When the standpipe gage
does not show a pressure, and the pressure head elevation is determined
by plumbing, the distance measure from the reading station to the water
level is subtracted from the reading station elevation to obtain the
hydrostatic uplift pressure for recording on the form, With the reser-
voir water surface and tailwater elevations also recorded on the field
reading sheet, all information is readily available for plotting pres-
sure histories, as shown on Plate No. 3-3, and hydrostatic gradients on
Plate No. 3-4, without further calculations. Leakage data is obtained
in many forms, depending upon the manner with which the flow rate is
measured. The results should be expressed in gallons per minute.

(5) Processing of Data. Computation of the field data should be
made and filed in the field office. Copies should be sent to the
Engineering Division for evaluation.

b. Diaphragm Type Cell. The technique for observing this type of
piezometer should be in accordance with the recommendation of the
manufacturer. If the Carlson type is used, the readings should be
obtained in the same manner as for strain and stress meters discussed in
Chapter 2.

3-6



EM 1110-2-4300
15 Sep 80

3-5. Reading Schedules. The observation program should be started
during the construction period, preferably 3 to 6 months prior to final
closure. Readings at monthly intervals will provide adequate informa-
tion on the uplift conditions existing before the effect of the reser-
voir head becomes apparent. During the initial filling of the reservoir
the monthly readings should be increased to once every one or two weeks.
After the initial filling of the reservoir and stabilization of the
water table in the vicinity of the dam, uplift pressures will change
relatively slowly with respect to time, even for the more permeable
foundations. For that reason the reading interval may be increased
considerably. These routine observations should be supplemented by
additional weekly measurements during each period of high reservoir
level which is expected to equal or exceed the maximum pool level pre-
viously attained. The special measurements should continue for several
weeks past the time of the high reservoir level. A complete record of
pool and tailwater elevations, either from an automatic recorder or
routine daily observation is necessary and should be recorded at the
time of piezometer observations.

3-7
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Section II. Leakage

3-6. General. Periodic measurement of leakage from foundation drains,
joint drains, and face drains serve as an indication of the adequacy of
the foundation grout curtain, functioning of the drains and reveal when
and where remedial measures may be required. Observations of leakage
from contraction joints, lift joints, and cracks provide a means for
judging the quality of workmanship or construction practices, as well as
disclosing the necessity for corrective measures to preserve the integrity
of the structure. The main drainage sump may be utilized as a collect-
ing and gaging point for all flows. Two types of gages are available:
vee-notch weirs and critical depth meters.

3-7. Vee-Notch Weir.

a. Description. Measurement of flow in selected lengths of
gutters may be accomplished by inserting vee-notch weirs to measure
total cumulative flow above each weir. Figure 3-4 shows a weir with
gutter design for ease of installation. Individual drains or joints
leaking excessively may be gaged separately.

Figure 3-4. Vee-Notch Weir. (Prepared by WES)
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b. Collection of Data. Total leakage into the interior drainage
system of the structure may be calculated by one of the following methods.

(1) The on-off operation chart of the sump pump and the capacity
of the sump between the float operating limits.

(2) A simple mechanical counter actuated by a lever arm fastened
to the float stem or line, to indicate the number of fill-pump cycles
over a period of several hours or days.

(3) Manually timing the water level rise in the sump,

(4) Measuring the head above the base of a vee-notch weir with a
hook gage or scale at one or more locations in the gallery gutters, and
the flow rate determined from standard hydraulic tables. Flows from
individual foundation drains, vertical face, and joint drains discharg-
ing at excessive rates can be determined by measuring the weight or
volume of water discharged over a short known time period.

c. Data Sheets. Since the manner of making leakage measurements
is dependent upon the type and arrangement of interior drainage facili-
ties, no standard data form has been established. Survey field books or
forms developed in the project office are satisfactory, providing
arrangements are made for retaining the results in a permanent file for
comparison with subsequent leakage data.

d. Reading Schedules. Measurement of excessive individual drain
flows and of total leakage should be made at least twice yearly. One
measurement should be made at a high pool level and one at the minimum
pool level. Where suitable facilities exist for determining total
leakage rates with the expenditure of little effort, such as from auto-
matic sump pump operation records, measurement of flows at intervals as
short as one week (or even continuously) may prove to be of value.
Semi-annual measurements may be reported in tabular form with pool and
tailwater elevations given for the data of measurement. It has been
found helpful to identify the location of individual measurements if the
table is beneath a longitudinal section of the dam with all monoliths
shown and numbered.

3-9



EM 1110-2-4300
15 Sep 80

3-8. Critical Depth Meter.

a. Description. A flow meter that functions on the principle of
measurement of the backwater curve established when water flows from
subcritical velocities to critical velocity in a weir is marketed by
Neptune UES, 7070 Commerce Circle, Pleasanton, California, 94566. The
meter shown in Figure 3-5 consists of a U-shaped flume that fits in
conduit or gutter and a monitoring power source.

b. Collection of Data. Data are automatically recorded on a strip
chart that measures flow versus time. It also has a counter that
measures total flow past the flume. The recorder prints through the
impinging action of the stylus driven by a clamping bar against pressure
sensitive paper. Its presentation is a series of dots appearing as a
continuous line. The recorder can be powered by either 12v DC current
for remote installations or 120v-60 Hz in continuous operation.

c. Reading Schedules. The flow can be monitored continuously
when excessive leakage is apparent or it can be monitored at specific
yearly intervals as outlined in paragraph 3-7d.

Figure 3-5. Neptune UES Critical Depth Meter (Courtesy of Neptune UES,
Inc.).
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Section III. Supplemental Instruments.

3-9. General. There are some electrical and hydraulic instruments that
can also be useful on structures for monitoring water height in pie-
zometer standpipes, pressure under stilling basin slab, and pore pres-
sure. Some of the instruments can be permanently installed and moni-
tored with a portable readout device or with an automatic data acqui-
sition system.

3-10. Water Level Indicator. Electronic water level indicators are
useful in monitoring the level of water in the uplift pressure cell
standpipe; The Soiltest DR-760A Water Level Indicator, shown in Figure
3-6a, is a self-contained, portable, transistorized instrument for
determining water levels in boreholes to depths of 300 ft. Other models
are available for greater depths. The high strength, 1/8-in. diameter
electrical cable is mounted on a 6-in. diameter steel and plastic spool
and has interval markers every 5 ft. The weighted probe assembly keeps
the cable taut as it is lowered into the hole. The instrument has a
test button, indicating meter, battery, and on-off switch. The simpli-
fied circuit is shown in Figure 3-6b. When the probe makes contact with
the water, continuity is established, current flows in the circuit, and
the ammeter indicator deflects from 0 to full scale.

a. Soiltest Model DR-760A b. Simplified Circuit

Figure 3-6. Water Level Indicator (Courtesy of Soiltest, Inc.).
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3-11. Vibrating Wire Piezometer.

a. Description. The IRAD vibrating wire piezometer shown in
Figure 3-7 is designed to provide remote digital readouts of water
pressure in fully and partially saturated natural soils, in rolled earth
fills, and on the interface of retaining structures. It is particularly
useful for hard to monitor spots, such as under the floor of a lock
chamber. The vibrating wire gage exhibits very small time lags, an
ability to measure negative pressures, high sensitivity and reliability,
and transmission of signals as a frequency over long lead-wire lengths.
It can be buried in fill during construction, sealed in boreholes after
construction, and driven directly into loose ground from the surface
(provided the appropriate head design is used). A major application is
to upgrade standpipe installations by lowering the piezometer to a fixed
point and measuring head pressure directly from a remote readout sta-
tion.

Figure 3-7. IRAD Vibrating Wire Piezometer (Courtesy of Irad Gage, Inc.).
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b. Principle of Operation. Water that enters the gage through a
filter stone exerts a pressure against the face of a diaphragm. The
resulting deflection changes the resonant frequency of a tensioned steel
wire clamped between the diaphragm and the main body of the gage. Like
the vibrating wire strain meter, contact resistance, leakage to ground
or signal cable need only be continuous in order for a reading to be
made. Signal cable lengths up to a mile can be used. The frequency
readings are obtained with a portable digital readout meter. A variety
of heads and filter permeabilities can be provided.

3-12. Strain Gaged Diaphragm Pressure Gage. There are now available
some strain gaged diaphragm pressure gages that have the stability
necessary for long time measurements. These gages can be useful for
pore and uplift pressure measurements as utilized in the WES Telemetry
system for measuring the pressure under a stilling basin slab and
transmitting the data by radio waves at periodic intervals. The pres-
sure gage used in the WES Telemetry system is the Bell and Howell 4-403
pressure transmitter. The current output instrument is a true 2-wire
device with no moving parts, offering long-term stability under extreme
environmental conditions. The instrument is temperature compensated
over the range of O°F to +165°F. Since it is a current transmitter,
relatively long electrical cable can be used without affecting its
output. The simplified measuring circuit and gage configuration are
shown in Figure 3-8a and b.

3-13. WES Pressure Measuring Telemetry System.

a. Transmitter and Gage. The WES Telemetry System was developed
for measuring pressure under the stilling basin slab and transmitting
this data out of the concrete slab, through the water and air to the
receiving antennas on the structure. The transmitting package, Figure
3-8a, consists of: a Bell and Howell type 4-403 pressure transmitter,
an A to D converter, conditioning system, a 100KHZ transmitter, lithium
batteries, a stainless steel canister, and a ferrite rod antenna
encased in plastic. The transmitting package is placed in a 7-in.
drilled hole in the concrete slab with the pressure inlet end located
at or near the bottom of the concrete slab and the top of the antenna
located very near the top surface of the slab. After locating the
package and sealing around the bottom of the canister with sand, the
remainder of the hole is filled with a high strength grout.
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a. Pressure Transmitter

b. Measuring Circuit

Figure 3-8. Strain Gaged Diaphragm Pressure Gage (Courtesy of Consolidated
Electrodynamics).
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b. Receiving System. The receiving system consists of a 100KHZ
loop antenna connected to receivers with RG213 coxial cable, receivers
with microcomputers, data logger with microcomputer, and a printer. The
BCD pressure data are transmitted at 30-minute intervals. The receivers
hold the previous data for approximately 29-3/4 minutes, clears the data,
and waits for new data. The main logging system continuously scans the
remote receivers and operates on the data to provide continuous reading
of pressure or equivalent water elevation. The printer can be set to
print the data at a selected time interval. Figure 3-9 shows the gage
and transmitter in the foreground and the receiving system in the
background. For more detailed information on this system contact the
Structures Laboratory, Waterways Experiment Station, P. O. Box 631,
Vicksburg, MS 39180.

3-14. Hydraulic Pore Water Pressure Cell.

a. Principle of Operation. Hydraulic Pore Water Pressure Cell,
shown in Figure 3-10, is designed to provide a low cost piezometer for
use in both embankments and foundations. The cell operates on the hy-
draulic relief principle which is precise, rugged, and reliable. Water
in the soil or rock mass acts on the cell through a filter stone which
covers an oil-filled chamber leading to a diaphragm. The pressure of
the water acts on the diaphragm through the medium of a piston which is
also acted on by a compression spring. Pressure on the diaphragm holds
it flat against a pressure plate in which two small inlet ports are
drilled. The inlet ports are connected by nylon or steel tubing to the
readout station. At the readout station, the tubing is connected to a
hydraulic pump. This instrument is available from Terrametrics, 16027
West Fifth Avenue, Golden, CO 80401.

b. Reading. To read the pore water pressure, one inlet port is
pressurized until the diaphragm lifts off the pressure plate, When
this occurs, the oil escapes for one inlet port across to the other and
bleeds back to the oil reservoir. Additional operation of the pump
causes no further increase of pressure. The pore pressure is then cal-
culated by the simple formula:

P = G + H - S
where P is the pore water pressure, G is the maximum attainable gage
pressure (occurs when diaphragm lifts), H is the hydraulic head in the
inlet port tubing, and S is the spring pressure.
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Figure 3-9. WES Pressure Measuring Telemetry System. (Photo by WES)
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Figure 3-10. Terrametrics Pore Water Pressure Cell (Courtesy of Terra-
metrics, Inc.).

3-15. WES Hydrostatic Pressure Cell. A hydrostatic pressure cell for
measuring pore water pressure in concrete is available from the Opera-
tions Branch, Instrumentation Services Division of the Waterways Experi-
ment Station, P. O. Box 631, Vicksburg, Mississippi 39180. Its princi-
ple of operation is the amount of electrical resistance generated in a
full bridge electrical resistance strain gage circuit bonded to a metal
diaphragm that reacts to water pressure on its face. As shown in
Figure 3-11, the metal diaphragm is directly behind a porous stone in
the instrument face. The pore pressure deflects the metal diaphragm
inducing strain which is proportional to the pore pressure at the face
of the meter. Readings are taken with a standard strain indicator such
as the Carlson test set or Biddle strain gage indicator.
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Figure 3-11. WES Hydrostatic Pressure Cell. (Drying prepared by WES)
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CHAPTER 4

PLUMBING INSTRUMENTS AND TILT MEASURING DEVICES

4-1. General.

a. Purpose. Plumb lines, inverted plumb lines, and optical plum-
mets are designed to accurately measure bending, tilting,or deflection
of concrete structures resulting from external loading to the structure,
temperature changes within the structure, sliding of the structures, or
deformation of the foundation. Through the measurement of structural
deformations they will furnish information in regard to the general
elastic behavior of the entire structure and foundation, provide a means
for determining the elastic shape of the deflected structure which will
permit separation of load deflection and thermal deflection components,
and, with precise alignment data, provide for estimating the amount of
translation or sliding.

b. Location. These instruments should be located in structures
where unusual structural deflections are anticipated or where informa-
tion on deflections is required. They should be located in the highest
monoliths of the structure and at locations where reading stations will
be easily accessible. The conventional type plumb bob system should be
installed in structures where provisions for installing a plumb bob line
near the top of the structure with a reading station in the lower part
of the structure can be made. Reading points are provided in one or
more of the galleries in the lower portion of the structure and at other
elevations if practicable, where the position of the plumb line with
respect to the structure is measured by a micrometer microscope. Plumb
bob systems based on an inverted pendulum or deflectometer may be in-
stalled in structures where a reading station cannot be constructed near
the base of the structure, or where it is desired to extend the refer-
ence points into the foundation.

4-2. Description.

a. Plumb Line. The conventional plumb line system is composed of
a vertical shaft, a suspension assembly, a plumb bob, line, and dashpot,
a reading station, and a microscope and micrometer.
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b. Shaft. The plumb line wire is housed in a vertical shaft,
usually formed by embedding lengths of non-rusting rigid metal pipe in
each concrete lift from the lowest reading station to the suspension
point. Utilizing an elevator shaft or air vent for the plumb line shaft
is usually unsatisfactory since the mechanical and air flow disturbances
therein cause undesirable vibrations of the wire during observations.

c. Shaft Sizes. For deflection plumb lines of lengths up to
200 ft, an 8-in. diameter pipe installed with reasonable care will pro-
vide a clear projected opening of ample size to allow for maximum ex-
pected movements. A 12-in. diameter pipe is recommended for plumb lines
exceeding 200 ft. Figure 4-1 shows a section of embedded pipe shaft in
place, ready for placement of the next lift of concrete.

d. Suspension Assembly. The plumb wire is suspended at the upper
end of the shaft by a suspension assembly as shown in Figure 4-1 and
Plate 4-1. The suspension plate should be designed with a watertight
cover to prevent moisture entry and corrosion of the wire.

e. Wire, Plumb Bob, and Dashpot. The wire suspending the plumb
bob should be l/32-in. diameter stainless steel or other high-strength
corrosion resistant steel wire. Satisfactory results have been obtained
at Libby Dam by using a 20-gage stainless steel wire equivalent to
Federal specification QQ W 390C. The plumb line will have a tendency to
stretch with time so a suitable means of adjusting for stretch in the
wire should be incorporated at the upper end of the plumb bob shaft.
The major amount of stretch should occur within one month of installa-
tion.

f. Plumb Line Damping. The plumb bob shall be a conventional or
job-built cylinder of a weight sufficient to maintain the wire steady
and free from unwanted vibrations. Past experience has shown that at
least 25 lb is necessary to weight the line. To damp the pendulum ac-
tion of the wire and plumb bob and to minimize local vibrations of the
wire an oil-filled container is provided in which the plumb bob is
immersed. This dashpot must be at least 8 in. in diameter in order to
insure free deflection of the plumb bob, and about 10 in. in depth. It
should be filled with a noncorrosive oil and fitted with a deflecting
metal cover if moisture traveling down the sides of the shaft or the
plumb wire might contaminate the oil.
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g. Reading Station Enclosure. The reading station should be lo-
cated in the lower portion of the structure in the case of a conventional
plumb bob system. It should be a recess in the concrete located in one
of the galleries. The dimensions may be similar to those shown in Plate
4-1. The enclosure may also be used as a reading station for the in-
verted plumb line discussed later in this chapter. To prevent unautho-
rized access to the plumb line and reading station facilities, a sheet
steel cabinet or doors should be provided at the recess. This also
serves to eliminate undesirable plumb line movements sometimes caused by
drafts. Illumination during readings is furnished by one or more ad-
justable spot lights, and a permanently lighted bulb or small strip
heater will assist in reducing condensation and corrosion of the metal
plates and bars within the recess. The cabinet doors should be provided
with a suitable latch and lock.

h. Microscope and Micrometer. The movement of the structure is
measured by the change in the distance between the plumb line and refer-
ence marks on the base plate attached to the structure. This is accom-
plished by measuring the distance between the plumb line and an etched
line on the micrometer reference bar. The distance is read by a micro-
scope mounted onto the reference bar at the reading station. Suitable
instruments for this reading have been obtained from the Gaertner Scien-
tific Corporation, 1201 Wrightwood Avenue, Chicago, Illinois 60614.

i. Reference and Microscope Support Bars. Within each reading
station recess there are two 1/2-in. thick steel plates, welded together
along one vertical edge at an angle of 90°. These plates are placed on
edge, with the welded corner vertical, in a position such that the plumb
line is located in the 90° quadrant formed by the plates. A pair of
polished steel bars extend inward from and normal to each plate. One
bar of each pair serves as a mount for the portable micrometer slide and
microscope, while the second bar provides a surface upon which is in-
scribed a permanent reference point. A keyway is provided in the support
bars to receive the keyed micrometer support clamp, and a flat face is
ground along the reference bar. Machining and fabrication of the plates
and bars must be carefully done in order to obtain true 90° angles.
Originally the plate assembly was oriented at an angle of 45° with the
structure axis, but this required adjustment computations to align the
data to the movement of the structure. In recent years it has been more
useful to orient the assembly with one plate parallel to the structure
axis and the other perpendicular to it (in the case of arch dams, radi-
ally oriented) as seen in Plates 4-1 and 4-2.

4-3. Installation Procedures.

a. Recess. Forming the reading station recess to receive the
microscope support rods and plates is a routine concrete construction
procedure and is included with other form work.
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b. Shaft. The plumb line shaft is made by installing lengths of
metal pipe vertically from the top of the lowest recess up to the sus-
pension point. Spiral welded steel pipe or corrugated metal pipe has
been found satisfactory for this purpose. Special care in alignment and
bracing is necessary to assure plumbness of the pipe sections and to in-
sure a clear projected net opening approaching the full size of the pipe.
Figure 4-1 shows one bracing arrangement which has been used.

c. Suspending the Plumb Bob. The plumb bob should be suspended
from the center of the net opening of the plumb line shaft. This point
must be located on the suspension plate so that the wire will hang from
the suspension plate over the center of the shaft. It can be located
by suspending a temporary plumb line from a transit located over the
shaft. The plumb line should be sufficiently long to reach from the
transit to the top of the reading station. A sheet of cardboard is se-
cured in place directly beneath the lower end of the shaft, and a pat-
tern of the clear projected net openings of the pipe established by
marking the positions of the plumb bob as the suspension cord is moved
around the periphery of the pipe at the top of the shaft. The plumb bob
should be allowed to come to rest at each of the eight or ten points
required to define the clear opening pattern. With the cardboard still
in place the center of the pattern is established to within 1/4 in.
and projected to the top of the shaft by means of the temporary plumb
line. The permanent plumb line will be set as close to this center
point as possible.

d. Permanent Installation. Installing the permanent plumb bob
must be done with care to avoid kinks and twists in the plumb wire. The
wire is threaded through the collet in the plug, through the suspension
plate and attached to the plumb bob as shown in Figure 4-2. With a con-
ventional plumb bob the cap may be removed and the connection made by
threading the wire through the hole in the center of the cap, the inte-
rior of which contains a cone-shaped recess. The wire is twisted around
a short nail lodged in the cone-shaped recess and hot solder poured in
to cover the nail and fill the cup. After the solder has cooled, the
cap is lowered through the shaft to the reading station as in Figure
4-3. When the plumb bob cap is at the level of the damping pot, the cap
is screwed onto the bob, lowered into the damping pot and sufficient oil
added to cover the plumb bob. The freely suspended bob is adjusted to
an elevation just below the oil level in the dashpot, and the wire
securely fixed at the suspension point.
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Figure 4-2. Attaching Wire to Plumb Bob Cap (Courtesy of the Tennessee
Valley Authority).

Figure 4-3. Lowering Plub Bob Cap and Wire Through Suspension Plate
(Courtesy of the Tennessee Valley Authority).
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e. Tightening the Plumb Wire. Since the wire is subject to
stretching under the weight of the plumb bob, the attachment at the sus-
pension plate should be made to be permanent but should have provisions
for removing the slack as the wire stretches. Where the suspension point
will continue to be reasonably accessible, the closing nut of the spring
collet is tightened to securely grip and hold the plumb line wire. For
suspension points which will become inaccessible, the spring collet may
be eliminated, and the wire wrapped around a short nail, placed in a
cone-shaped cup in the top of the suspension plate, and the cup filled
with hot solder. In the situation where the suspension point will be-
come inacessible provisions for removing the slack in the wire should be
made at the plumb bob end. For protection of inacessible suspension
points, two coats of red lead paint should provide the necessary pro-
tection.

f. Laying Out the Reading Station. The suggested layout of the
reading station should be similar to that shown in Plate 4-1. Each sta-
tion should consist of a recess in the concrete adjacent to a gallery or
other accessible space containing access from above for the plumb line
shaft, the reading apparatus and support assembly, adequate lighting to
illuminate the reading apparatus, heating equipment to minimize moisture
condensation and a dashpot filled with oil to dampen movement of the
plumb bob.

(1) The position of the two microscope mounts and two reference
bars attached to the bar support plates should depend upon the following:

(a) Maximum expected movement of the plumb line.

(b) Mechanical working distance of the microscope. This is the
distance, in inches, from the front of the objective lens mount to the
object plane.

(c) Length of telescope draw tube travel. This is the external
range of the rack and pinion movement of the objective lens mount.

(d) Offset dimensions of the micrometer support clamp.
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(2) The first step in determining this positioning is to estab-
lish the expected extreme positions of the plumb line shown in Plate
No. 4-2. The range of annual movement in a direction normal to the axis
of the dam is determined by adding the structural deflection due to a
full reservoir water load to an estimated annual temperature deflection
cycle. Both the annual temperature deflection cycle and the same cycle
modified by the maximum load deflection are superposed upon the esti-
mated permanent thermal deflection to obtain the maximum possible range
normal to the axis of the dam. Since transverse movements are generally
small and impossible to predict with any degree of accuracy, the trans-
verse range of the plumb line is estimated to be at least one eighth of
the total estimated upstream-downstream movement on each side of the
initial position of the plumb line.

(3) The second step consists of determining the length and posi-
tion of the reference bars and establishing the required size and char-
acteristics of the microscope and micrometer slide. The shaded rectangle
in plate No. 4-2 represents the area of extreme plumb line movement pre-
viously established, and the reference bars should be located as close
as possible to the sides of this shaded area to increase reading accu-
racy. The optical characteristics of a selected microscope are laid off
on the diagram to establish a position of the microscope from which the
reference bar and plumb line may be viewed satisfactorily without inter-
fering with plumb line movements. Modification of the mechanical work-
ing distance of the selected microscope is possible by substituting an
objective lens with a different focal length. It is generally good
practice to provide for at least 2 in. of clear distance between the end
of the microscope and the plumb line movement rectangle, or more where
the plumb line is exceptionally long or where foundation deformations
may be considerable. The required range of the micrometer slide is
determined by projecting the extremes of the movement rectangle upon the
reference bar, and a micrometer slide selected which is capable of reach-
ing each end of this projected dimension from the proposed location of
the reference mark.

(4) The third step locates the position of the microscope support
bar with respect to the reference bar. With the distance from the end
of the microscope to the reference bar determined, the location of the
micrometer slide which will receive the microscope is established. The
dimensions of the clamp holding the vertical rod which supports the micro-
meter slide determines the position of the support bar with respect to
the reference bar. The support bar is located at an elevation such that
the microscope line of sight and the reference bar are in the same hori-
zontal plane.
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(5) After the bar sizes and locations have been worked out ini-
tially on the drawing board, and before fabricating the plates and bars,
it is recommended that the dimensions and details be checked by a full-
size mockup. The plates may be of wood, with holes drilled to receive
the steel reference and support bars. Sightings with the microscope and
micrometer slide should be made on a short length of plumb line suspended
at extreme, as well as intermediate, positions to test the design layout.

g. Microscope and Micrometer Slide. The microscope and micrometer
slide should be procured by the Government prior to installation of the
plumb bob or fabrication of the bar support plates. Information on diam-
eter of shaft, the mechanical working distance of the microscope and
method of attachment of the micrometer slide to the reference bar will
all be used to determine the size of the reference bars and position of
reference and rider bars on the support plate. Gaertner Scientific Cor-
poration, 1201 Wrightwood Avenue, Chicago, Illinois 60614, manufactures
microscopes that insert in micrometer slides. Other manufacturers may
also make acceptable microscopes and micrometers; this is just one source
that has been used in the past with good results. When the plumb line
movement is expected to be limited to a square having an area of 1-1/2-
in. on a side, Gaertner model M101A microscope and micrometer slide with
special modified mount model M301AD may be used. When a 4-in. square
deflection area is considered necessary, it can be obtained by using
Gaertner model M533 microscope, and micrometer slide modle M303A.

h. Alignment. The plumb bob and wire, suspension plate and bar
support plate may be procured and installed by a contractor but coordi-
nation between the contractor and Government forces familiar with instru-
mentation is necessary, and final fabrication of the suspension plate
and bar support plates should be withheld until information on actual
installation of the shaft is completed. Setting the bar support plates,
and machining and aligning the bars must be carefully done by a compe-
tent machinist, and the assembly checked repeatedly during erection by
the engineer responsible for the instrumentation installation. Reliable
deflection measurements demand the closest possible alignment between
the parts and angular accuracy not exceeding 0.5 degree. The plates
should be firmly secured in their proper position by backfilling behind
the plates with concrete or by welding to anchor bolts in the floor or
sides of the reading station recess.
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1. Marking Reference Points. A permanent reference mark is
scratched on the flat surface of each reference bar in the following
manner; the vertical cross hairs of the microscope are aligned with the
plumb line and the microscope then focused on the reference bar. With a
straight edge or metal rule placed firmly against the reference bar and
being plumbed by reference to the cross hairs, make a vertical scratch
on the reference bar by one pass of a razor blade along the edge of the
rule. A second, diagonal scratch is added, and the two scratches rubbed
down to very thin lines with crocus cloth or fine abrasive powder. The
point of intersection of the two lines is used as a base for referencing
all subsequent positions of the plumb line.

j. Location of the Scribe Marks. By placing the reference
scratches just upstream or downstream of, or towards the right or left
abutment of, the plumb line travel area, all subsequent measurements of
the plumb line will always be made to one side of the reference mark,
and the error of identifying the direction of movement will be elimi-
nated. The micrometer slide range should also be considered in locating
the scribe mark so that it will not be exceeded by placing the mark so
far downstream that the maximum measurement upstream may not be obtain-
able. If a micrometer with range smaller than the expected maximum
plumb line travel is used, the reference marks should be scribed midway
between the limits of expected plumb line movement. If this latter
reference mark location is adopted, a thick stripe of colored enamel
should be applied longitudinally along the flat face of the reference
bar on one side of the reference point, and a contrasting colored strip
on the other side of the point, to visually assist and remind the ob-
server to recognize and record the position of the plumb line with re-
spect to the reference mark. The scribe mark and initial readings
should be performed by an instrumentation engineer familiar with the
microscope and plumb bob system operation. The instrumentation engineer
should train at least two of the project operating personnel in the use
of the microscope and micrometer slide as these are precision instru-
ments which require detailed instructions on their care and use.

4-4. Maintenance and Care of Equipment.

a. Reading Station Facilities. A light film of oil rubbed over
the reference and support bars at the conclusion of each observation will
afford supplementary protection against corrosion. This oil film, and
any moisture condensation, should be wiped off when readings are made.
Normally the only maintenance required for the plumb line will be keeping
the oil-filled damping pot filled to the proper level, and checking to
make sure that excessive stretching of the plumb wire has not occurred.
Additionally, the light bulb or heating element in the reading station
should be checked periodically to insure that it has not burned out.
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b. Micrometer Slide and Microscope. The micrometer slide and
microscope should be stored in their carrying case in a safe, -dry place,
not in the reading station. Since they are precision instruments, they
must be handled with care at all times. One or two drops of light lubri-
cating oil applied to exposed screw threads and sliding surfaces of the
micrometer at intervals of several months should be sufficient to keep
the instruments lubricated.

4-5. Collection of Data.

a. Observation Technique. The microscope and micrometer slide
are precision instruments designed for precise laboratory work, and
should be used in a manner conforming to good laboratory practice. So
far as practicable, all microscope readings should be made by the same
individual, thoroughly familiar with procedures prescribed herein.
Whenever it becomes necessary to change observers, either for a short
period of time or permanently, the recommended step-by-step operations
to be followed in making readings should be carefully explained and
demonstrated to the new observer. A written instruction sheet usually
will be found indispensible.

b. Recommended Procedure for Plumb Line Deflection Observations.

(1) Slide clamp, micrometer rod and collar, and micrometer onto
the support bar, insert microscope, and clamp entire assembly in a posi-
tion such that the reference mark and the plumb line fall within the
range of the micrometer slide.

(2) Adjust position of micrometer rod and collar so that the
microscope horizontal cross hair is slightly above or below the refer-
ence mark, and the plane of the micrometer slide movement is parallel
to the reference and support bars. If the micrometer rod is properly
keyed to the rod support clamp, this latter step is not necessary.
Otherwise some other means must be used to assure that the microscope
line of sight is exactly perpendicular to the reference bar. Sighting
through the microscope into a small mirror held against the flat surface
of the reference bar, and twisting the micrometer assembly until the
cross hairs and their reflection coincide, may serve to determine the
propert position.

(3) With the objective lens out of focus, focus the eye piece
sharply on the system of cross hairs.
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(4) For the next four steps, the positions of the micrometer rod
and assembly support clamp must not be disturbed. Focus objective lens
on the reference bar. By use of the micrometer slide wheel, move the
slide and microscope well to the left of the reference mark, and then
bring the slide back slowly until the reference mark is centered at the
cross-hair intersection or between the parallel vertical hairs. stop
the cross hairs precisely in the proper position; do not attempt to
make slight adjustments by reversing the wheel motion. If the reference
mark is "overshot", move slide to far left and start again. Read and
record micrometer slide position.

(5) Repeat operation, approaching reference mark from the right,
and record micrometer slide position. By approaching the reference mark
both from the left and from the right, the effect of any slack in the
gears and cogs of the slide mechanism will be eliminated.

(6) Focus objective lens on plumb wire. By means of the microm-
eter slide wheel, move the slide and microscope well to the left of the
left edge of the plumb wire, and then bring the slide back slowly until
the intersection of the cross hairs or the two vertical parallel hairs
are centered on the left (or near) edge of the plumb wire. Do not adjust
position by reversing wheel motion. Read and record micrometer slide
position. Then continue movement of the slide until the cross-hair pat-
tern is centered over the right (or far) edge of the plumb wire. Read
and record micrometer slide position.

(7) Repeat operation, approaching plumb wire edges from the right
side, and read and record micrometer slide positions.

(8) Visually observe and record the relative position (upstream
or downstream) of the plumb wire with respect to the reference mark.
The difference between the average of the Step 4 and Step 5 readings and
the average of the Step 6 and Step 7 readings represents the dimensional
position of the plumb line with respect to the reference mark.

(9) Repeat Steps 4 through 8 twice more from the same support
bar.

(10) Repeat Steps 1 through 9 for the second pair of support and
reference bars.
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c. Reading Schedules. Initiation of the long-time observation
program early in the life of the structure will provide data on the ef-
fects of cooling and temperature adjustments within the structure, early
deformations of the foundation, and deflections of the structure under
first applications of load. When a plumb bob system is being installed
in an existing structure, the early pattern or readings will establish
the movement of the structure such that at later dates less frequent
measurement can be made.

d. Frequency of Readings. Daily readings should be made for about
the first two weeks in order that the observer may become familiar with
the equipment and procedures. A program of observations at weekly in-
tervals should be followed for the first year, to define the range of
cyclic movement and obtain detailed information on initial deflections.
After this period a reading interval of about two weeks will adequately
define the annual deflection cycle under normal reservoir operations.
Observations at intervals of greater than a month are of little value.
At least one reading should be made when the reservoir level approaches
or reaches the maximum design pool elevation. Reading schedules should
become more frequent in periods of extreme temperature or other condi-
tions of nature where it is suspected that abnormal deflections may oc-
cur.

e. Special Observation Schedules. One or more special observa-
tion series may be required at selected installations to determine the
amplitude of the daily movement cycle. Readings at intervals of two
hours over a period of 24 or 48 hours, twice annually, are generally
specified. Data obtained permits the determination of the magnitude of
deflections due entirely to changes in surface temperatures of the
structure, since external loads and annual temperature cycle adjustments
will not vary significantly during the short observation period.

f. Supplementary Data. Reservoir pool and tailwater elevations
(to the nearest foot) existing on the dates of observations must be in-
cluded in the measured deflection records. A daily record of water
surface elevations is more useful, and is usually available from routine
project operation records or from other instrumentation data. Air tem-
perature readings, from a recorder or from hourly observations, are
required in connection with the special deflection observations series.
Average monthly air temperatures for each month of long-time observation
data are sufficient.

g. Coordination with Other Readings. The plumb line readings
should be taken at the same time as the alignment readings are taken to
allow an accurate pictures of the total movement of the structure.
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4-6. Processing of Data.

a. Field Data Sheets. Micrometer slide readings for each of the
three (or more if required) trials from each of the two microscope sup-
port bars at a reading station are recorded on a single field data sheet
for each plumb line observation. This sheet is shown on Plate 4-3. Not
only should the position of the plumb line (upstream or downstream or
towards the left abutment or right abutment of the reference mark) be
noted on the field sheet, but a scheme for identifying each of the two
reference marker bars at a reading station must be adopted. This may be
done by designating the reference bar on the right of the plumb line
(nearest the right bank of the stream) as the A-bar, and the other the
B-bar. Other schemes may be equally satisfactory, providing the meaning
of the terminology is explained and is used consistently. Space is pro-
vided on the field sheet for noting weather conditions, dates, times,
and similar data which frequently proves useful in interpreting unusual
results. The field data sheets should be retained permanently, as they
represent original and irreplaceable field notes.

b. Reduction of Data. The field data should be forwarded to the
Engineering Division for computation and evaluation. The values of de-
flection can be directly read from column 13 of the Field Reading Sheet
with the proper sign applied to this value. These values can be inserted
into a deflection computation sheet similar to that shown in Plate 4-4
for a time history of deflection.

c. Presentation of Results. The deflection history plots (plate
No. 4-4) should be prepared for the two principal directional movements
at each reading station from the deflections computed on the data rec-
ord sheets. The purpose of this initial plotting is to detect signifi-
cant error in either the field observations or the data reduction opera-
tions, to eliminate minor discrepancies in the deflection movement cycle,
and to provide deflection values at intermediate dates. The preparation
of the history plots is the final step in the field data collection pro-
gram.

4-7. Inverted Plumb Line.

a. General. The inverted plumb line is similar in construction
and operation to the conventional plumb line. It consists of an anchor
at the base or foundation, a plumb wire, and a float assembly at the top
end of the plumb line. The float moves freely in a container of oil and
establishes the plumbness of its wire from being perpendicular to the
surface of the oil. It is used in conjunction with conventional plumb
lines to extend the length of measurable plumb path and to make reading
of a long path easier since both reading stations can be combined in the
same opening.
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b. Alternate Inverted Plumb Line. It is recommended that an in-
verted plumb line that is read directly beneath the float be used. It
is also recommended that the inverted plumb line be located in the same
monolith and reading station as the conventional plumb lines. However,
if a situation arises where there are no convenient galleries, or it is
desired to run the inverted plumb line from foundation to top of struc-
ture, an alternate type of inverted plumb line can be used. This system
is shown in Plate 4-5, drawing 1, 2, and 3 of 3. The system is differ-
ent in that the wire is not read as the moving element but a pair of
cross hairs that are scribed on the top nut of the float and these cross
hairs are read from above the float through a plexiglass cover. The
cross hairs are read through a micrometer operated microscope mounted on
the plexiglass cover. This system, shown in Figure 4-4, provides an
alternate method of inverted plumb readings when galleries are not avail-
able. Since the wire is not the part of the system that is read, some
errors due to twist of the float may be expected and the reading of the
cross hairs can be hampered by condensation on the underside of the
plexiglass.

Figure 4-4. Float and Reading Assembly of Alternate Inverted Plumb Line.
(Photo by WES)
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c. Description of Components. The shaft and plumb wire require-
ments for the inverted plumb line are the same as for the conventional
plumb line. The float assembly is the most changed from the convention-
al plumb line. It consists of a doughnut-shaped tank into which a
doughnut-shaped float is placed and the container filled with oil. The
float has the plumb wire attached to its center and the wire runs through
the center of the doughnut-shaped tank as shown in Plate 4-5. The wire
is weighted at the other end with a weight of approximately 25 lb simi-
lar to the conventional plumb line.

d. Installation.

(1) Anchor. The shaft can be drilled to the bottom of the mono-
lith or can go into the foundation. The plumb wire is anchored to either
a plate that is grouted into the bottom of the shaft or attached to a
heavy weight that is cone-shaped on its bottom and sits in a cone-shaped
receptacle grouted into the bottom of the shaft. The latter method is
preferred since the weight can be retrieved if the wire should break
and reinstallation is a simple procedure of repairing the attachment to
the weight and lowering the weight back into its cone-shaped seat.

(2) Float Assembly. The tank and float should be installed di-
rectly above the reading station such that the length of wire that will
be read for dam movement is close to the float. The tank should be
supported on a frame that rests on the bottom surface of the readout
station, and not secured to the concrete above the readout station.
This prevents the possibility of the tank dislodging from the concrete
and falling to the surface of the station. The oil should be put into
the tank until the tension on the plumb wire is sufficient to keep the
wire from vibrating.

(3) Readout Station. The inverted plumb line should be located
in the same monolith with the conventional plumb line such that the same
readout station that is used for the conventional plumb line can be used
to read the inverted plumb line. The height of the readout station
should be constructed so as to be comfortable for the personnel who will
be reading the instruments. A reading light should be installed in the
blockout such that it will provide proper illumination of the wire when
it is to be read. A portable light constructed from the lantern from a
miner's helmet and a moldable substance such as modeling clay can be
made that will allow the operator to place his portable light exactly
where he wants it. This light can be carried from station to station by
the instrumentation party.

e. Data Collection.
described in Paragraph 4-5.

Data are collected in the same manner as is
The reading schedule should also be as out-

lined in Paragraph 4-5.
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4-8. Optical Plummet.

a. General. The optical plummet works on the principle of line-
of-sight readings rather than the reading of the movement of a wire that
is under the influence of gravity. Since they do not measure wire move-
ment, they must rely upon bubble levels or mercury reflectors to keep
the reading line precisely vertical. The more accurate plummets use
the mercury reflectors making use of the reflection of the reading line-
of-sight from the surface of a pool of mercury which is perpendicular to
the vertical. Since these instruments operate on optical principles,
they are susceptible to errors that are caused by refraction of light
waves. Various errors can occur due to the atmospheric conditions be-
tween the plummet and the target, which become larger as the distance
between the two increases. Also, changes in atmospheric density and
temperature between the instrument and target cause refraction and dis-
tortion of the light waves which, in turn, cause small errors in the
reading.

b. Accuracy. The optical plummets that have the highest accuracy
are those which use a mercury horizon for reference to the plumb. These
instruments have an accuracy of 1 in 300,000 or approximately 0.01 in.
in 328 ft. One such instrument that has shown sufficient accuracy for
high precision power dam surveys is the Wild GLQ Precision Nadir Plummet
with mercury horizon, shown in Figure 4-5. It is available from Wild
Heerbrugg Ltd., CH9435 Heerbrugg, Switzerland, on a special order basis.
It is recommended that if it is desirable to use an optical plummet for
vertical plumbing, that the less accurate plummets that rely on bubble
levels not be used since a more precise method is available through the
use of the inverted or conventional plumb line.

c. Description.

(1) Instrument. The instrument consists of a telescope mounted
on a rotating base that is graduated in degrees. The location of the
telescope on the rotating base is controlled by a micrometer such that
the position of the cross hairs in the telescope eyepiece is always de-
scribed by a rotation and a translation. The-entire instrument sits on
a ring that has three self-centering holes arranged in a triangle with
unequal legs such that the instrument will always be mounted in the same
manner for each reading.

(2) Targets. The targets on which the instruments are sighted
are of the fixed variety. They should have graduated blocks of a known
width, such as 1 or 2 cm painted on the surface for obtaining the move-
ment of the structure. The smaller the blocks, the greater the plumbing
accuracy.

4-17



EM 1110-2-4300
15 Sep 80

Figure 4-5. Wild GLQ Precision Nadir Plummet (Courtesy of Wild Heerbrugg
Ltd.).
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(3) Shaft. The shaft that holds the targets can be any convenient
diameter, but it should be large enough to allow easy reading of the targets
along its length. The targets should be spaced along the length of the shaft
from top to bottom in order to get both relative movement and overall monolith
movement (with respect to the base or foundation) and they should be well
lighted for easy readability. If the air in the shaft should become heated,
then the heat will affect the optical sight line and produce distorted read-
ings; for this reason, the light sources used to illuminate the targets should
be cool, fluorescent-type bulbs that do not distort the light waves.

* 4-9. Tilt Measuring Instruments. The tilting or deflection of concrete
structures resulting from external loads, temperature changes, or deformation
of the foundation is a vital piece of information for evaluating structural
safety and stability. This section provides information on types of instru-
ments that are available, both commercially and by special construction, that
are capable of measuring tilt in concrete structures. Some of these instru-
ments were designed to measure tilt and some were designed for other uses but
are adaptable to tilt measurement. Some measure surface tilt only, while
others can measure tilt at various elevations within a structure.

4-10. Instruments that Measure Tilt Through a Structure. These instruments,
most generally, are devices that are lowered through some sort of pipe, bore-
hole, or channel that has been constructed in the structure. The instrument
is not fixed to the structure but moves through this channel taking readings
at desired locations through the structure.

a. Digitilt Inclinometer. This instrument, manufactured by Slope
Indicator Co. of Seattle, Washington, is mainly designed for measuring lateral
movements in earth embankments and rock foundations. However, it can be
installed in concrete structures to make tilt measurements.

(1) Description. The sensor is shown in Figure 4-6 along with its
digital read-out indicator. The sensor is 36.5 inches in length and has an
outside diameter of 1.69 inches at the body. Two pairs of spring-loaded
wheels at the top and bottom of the sensor guide the sensor when inserted into
the casing which is either an aluminum or plastic tube having four lengthwise
grooves spaced 90 degrees apart on its inside circumference. These grooves
guide the sensor in two orthogonal directions of measurement. The electrical
cable connected to the sensor is 0.42 inches in diameter, six-conductor cable
with a 1/16-inch stranded steel center wire to support any tension on the
wires. A water-proof neoprene cover surrounds the wires and the cable has
external markings at each l-foot increment. This inclinometer has the overall
sensitivity of one part in 10,000 or to .OOOl-foot lateral movement per 2 feet
of casing.

(2) Installation Procedures. The only portion of the instrument
that is permanently installed in the concrete structure is the inclinometer
casing. This portion of the instrument is fitted into a borehole and then
backfilled with a suitable supporting material (generally a cementitious
grout). The borehole should be approximately 8 inches in diameter. This will,
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Figure 4-6. Digitilt Inclinometer and Digital Readout Indicator

accommodate all sizes of inclinometer casings. The borehole is drilled to
below the elevation where measurement is required. Both the aluminum and
plastic casings are installed in either 5- or 10-foot sections. The sections
are butted together and joined by means of a sleeve that is pop riveted to the
sections on each side of the joint. Care should be taken in the joining pro-
cess to minimize any possible spiral of the grooves in the casing. As each
successive section of casing is added to the previous length, the grooves must
be aligned with the grooves in the previous section. Care should also be
taken to install and backfill the inclinometer casing so that it remains
vertical. This is not critical with respect to reading the instrument since
the first set of readings produces a baseline condition, and all subsequent
readings are relative to the baseline; however, the less vertical the casing
is, the smaller the reading range becomes.

(3) Method of Operation. The sensor consists of two servo-
accelerometers, one with its sensing axis in the same plane as the spring-
loaded wheels and the other at 90 degrees to the first. Changes in tilt with
respect to the vertical move a servo-accelerometer. This circuitry produces a
restoring current, the magnitude of which is a measure of the tilt. The volt-
age output from the circuit is proportional to the sine of the angle made
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*between the longitudinal axis of the sensor and the vertical. Sensor elements
housing the 0.5-gram accelerometers have a range of operation through
±30 degrees from the vertical, while l.0-gram accelerometers can function
through ±90 degrees from vertical. The voltage output from the sensors is
sent to a digital read-out indicator where the output is displayed on an
illuminated digital display. A more sophisticated method of read-out is pro-
vided by means of a magnetic tape indicator (Figure 4-6) that will record the
sensor voltage output directly on tape as well as display the voltage
digitally.

(4) Data Collection. Output data are read with a four-digit
bipolar digital voltmeter. It is self-contained and runs on a 6-volt
rechargeable battery which allows operation for a period of 8 hours before
requiring recharging. The output is given as a voltage that represents a
variation from the vertical through the equation:

made between the longitudinal axis of
inclinometer and the vertical.

V = output voltage read on the indicator.

The inclinometer is lowered to the bottom of the casing by the connecting
cable, and readings are taken at intervals as the inclinometer is raised from
the bottom of the casing. The voltage reading is transferred to field data
sheets for later computations. An alternative read-out device is available
that eliminates the possibility of errors obtained by misreading or miscopying
the manual read-out. The device is a magnetic tape recorder that automati-
cally records the output on tape. This tape can then be read into a computer
for automatic processing of the raw data.

(5) Care and Maintenance. The inclinometer and its indicator are
not part of the permanent installation and, as such, are not subjected to con-
tinuous field weather conditions. They should be given the same care that any
sensitive field instrument is given. The indicator casing remains in the
field at all times. By virtue of its construction, either plastic or alumi-
num, it is generally maintenance free; however, the casing should be protected
by a cap that is designed to prevent debris and water from entering when the
casing is not being used.

b. Slope Indicator. This instrument is similar to the Digitilt
inclinometer but is less sensitive to tilt due to its method of operation. It
is a less expensive instrument manufactured by the same company, but can be
used to make tilt measurements.

(1) Description. The slope indicator is shown in Figure 4-7. It
is 2.38 inches in diameter and 15 inches in length. It is connected to read-
out instrumentation by a cable similar to the Digitilt inclinometer. It is
guided through its casing by a set of spring-loaded wheels also similar to the
Digitilt inclinometer.
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Slope Indicator Series 200B Inclinometer With Reading Instrument

(2) Installation Procedures. The instrument casing is the only
portion of the instrument that is installed, and its installation is the same
as that described for the Digitilt inclinometer.

(3) Method of Operation. The Slope Indicator instrument consists
of a pendulum-actuated conventional Wheatstone Bridge circuit within the sen-
sor. The pendulum contacts a fixed resistance element which subdivides the
element into two resistances forming one-half of the Wheatstone Bridge. The
other half of the bridge is contained in the control case in the form of a l0-
turn precision potentiometer which is manually operated to balance the bridge.
The lo-turn potentiometer is coupled to a counting dial reading from 0 to
1000. The inclination of the instrument is proportional to the potentiometer
dial reading when the circuit is in balance. The instrument has a sensing
range of ±12 degrees from the vertical. It has a sensitivity of 1 part in
1000, which means it cannot measure tilt of less than 3 minutes of arc.

(4) Data Collection. Data are taken by balancing the Wheatstone
Bridge. A potentiometer in the bridge is coupled to a counting device regis-
tering from 0 to 1000. The number read from the counter when the bridge is
balanced is proportional to the angle of tilt of the instrument. Raw data of
counter readings are taken in the field and later reduced to angle of tilt. *
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(5) Casing Spiral. As
the inclinometer casing will cause

mentioned earlier, spiral of the grooves in
errors in instrument readings. Conse-

quently, inclinometer installation extending to a depth greater than 50 feet
should be checked using the spiral meter developed by MRD Laboratory* or other
proven devices to measure the angular change of grooves in the casing for the
purpose of correcting the displacement direction as measured by tiltmeter
data.

c. Wall Deflection Pipes. Several instruments that fall under the
category of instruments that measure tilt through a structure must be
installed in the structure during its construction. These instruments rely on
a shaft or casing that has been cast into the structure in order to make their
measurements. Two instruments requiring shafts are the plumb line and the
optical plummet referred to earlier in this chapter. The instrument that
requires a cast-in-place casing is the wall deflection pipe.

(1) Description of the Instrument. The wall deflection pipes and
deflectometer (Figure 4-8) are designed and constructed at the U.S. Army Engi-
neer Waterways Experiment Station (WES). The equipment consists of a deflec-
tometer, which is a compound vice and two dial deflection gages, a plumb bob
attached to the deflectometer, and a casing which is made up of flanged sec-
tions of 5 inches inside diameter iron pipe. The casing extends from the top
of the structure down to a point below where the lowest reading is to be
taken. At each joint between pipe sections, there are mounted four silver-
plated brass contact rods oriented around the inside wall of the pipe with
each rod at 90 degrees to the adjacent rod. They serve as contact points
inside the pipe.

(2) Installation Procedures. Proper alignment and plumbness of
the deflection pipe are important in the installation procedure. The pipe
base plate installation is most important with respect to alignment. It is
installed in the monolith at an elevation approximately 5 feet below the ele-
vation of the first instrument reading point. Three anchor bolts are cast
into the top of the previous concrete lift such that they will be properly
aligned with the three slotted holes in the base plate shown in Figure 4-9.
The base plate is leveled by adjusting nuts on either side of the plate flange
and serves to hold its alignment. It is important to align the scribe cross
hairs on the base plate parallel to the two orthogonal directions in which
measurements will later be taken. If the base plate is not properly aligned,
none of the pipe sections will be properly aligned since they all key on the
base plate. When the base plate has been properly aligned and leveled, the
nuts on the anchor bolt are tightened. The leveling and alignment should be
checked after tightening the nuts and the first pipe section then placed on

* The equipment and an operator can be made available to Divisions and
Districts upon request. Inquiries should be directed to the Director,
MRD Laboratory, 420 South 19th Street, Omaha, Nebraska 68102, phone
(402) 221-3207, FTS 864-3207.
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Figure 4-8. Details of Wall Deflection Pipes and Deflectometer
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the base plate. Plumbness of each pipe section is achieved by leveling. A
proper sized “0” ring must be placed in the groove provided in the base plate
before the first pipe section is installed. After the first section of pipe
is secured to the base plate with six machine bolts, it is stabilized by
attaching three anchor rods to the top pipe flange and secured to the concrete
lift below. Turn buckles should be installed in the rods just below the pipe
flange. This is done by inserting eye bolts through three bolt holes in the
flange and attaching the turn buckle to the eye bolts. A special temporary
cover plate, machined to make its faces precisely parallel, is placed over the
top of the pipe. The top surface of the temporary cover plate is then made
level by adjusting the turn buckles. This, in turn, plumbs the pipe. When
the deflection pipe section has been plumbed, the concreting operation can
begin. As the concrete lift is being placed, the level of the temporary plate
should be checked and adjusted as the lift rises until it is no longer possi-
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* At this point the eye bolts should be removed from the flange. The top flange
of the deflection pipe should emerge approximately 6 inches from the top of
the completed lift. The temporary cover plate should be replaced with a less
expensive plate and be left on the top flange until the next pipe section is
installed. This will prevent water and debris from entering the pipe. Each
remaining section of pipe is installed in the same manner as that of the
first. The top of the last pipe section should extend no less than
2-5/16 inches above the top of the structure in order to mate with the
deflectometer that fits on top of the deflection pipe. After the deflection
pipe has been installed, it should be filled with transformer oil which will
act as a damping medium to the swing of the plumb bob in the pipe. Care
should be taken in filling the pipe with oil to prevent air entrapment.

(3) Method of Operation. Figure 4-10 is a schematic diagram
showing the equipment operation. The plumb bob is lowered into the pipe to
contact elevations and moved in four directions 90 degrees from each other
until contact is made as determined electronically. Horizontal positions of
each set of contacts in respect to each other are determined from deflection
gage readings taken upon contact and, therefore, the positions of each set in
respect to the bottom set of contacts. For each coupling the positions of two
contact points are determined so that the center of each coupling is estab-
lished. In this manner any inherent errors in determining the points of con-
tact are partially compensable. Changes in the relative position of the
coupling centers based on subsequent measurements indicate the lateral move-
ment which occurs during the period between the two observations. The appara-
tus was designed to measure changes in alignment of the wall from the vertical
of ±2 inches with an accuracy of ±0.0l inches over a height of 68 feet.
Details of the instrument and its method of operation can be obtained through
the Instrumentation Services Division of the WES.

(4) Data Collection. The deflection pipe is read by moving the
plumb bob within the deflection pipe until an electrical circuit is completed.
The plumb bob is moved towards or away from the contact bar by means of the
deflectometer shown in Figure 4-8. The circuit, which consists of a battery,
an ohmmeter, and the plumb bob, is an open circuit whenever the plumb bob is
not touching a contact bar. It becomes a closed circuit when the bob touches
a bar. The reading technique consists of moving the deflectometer so that the
plumb bob approaches a contact bar. The proximity of the plumb bob to the
contact bar may be monitored by observing the ohmmeter. As the plumb bob
comes in close proximity to the contact bar, the infinite reading on the ohm-
meter will begin to drop. At this point, movement of the deflectometer should
be slowed and the ohmmeter monitored until the resistance drops to, or close
to, zero. When the resistance measures zero, contact has been made and the
dial gage attached to the deflectometer can be read. The same procedure is
followed to read the contact bar on the opposite side of the pipe. With these
two readings an average can be computed that describes the location of the
center of the pipe. Figure 4-11 shows a sample deflection pipe data sheet
with computations for 11 sets of readings through a monolith. The sheet con-
tains each dial gage reading (E, W or N, S), the computation that describes
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This
check reading insures that the dial readings were recorded properly. For
instance, in Figure 4-11, the check computation made for the dial readings of
coupling No. 7 made on 8 July shows an error. The check calculation should be
4.750 ± 0.001. A check of the dial reading data shows that the 2.894 reading
is suspect and should be corrected to 2.794. Figure 4-12 shows the computa-
tion sheet for the data in Figure 4-11. The deflection computation is made by
computing the difference between the center of the pipe at the elevation in
question, and the center of the pipe at the lowest measurable elevation.*

* This procedure assumes that the lowest point in the pipe does not move,
which makes the deflection of all the points above the lowest one relative
to the movement of the lowest point.
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* Figure 4-11. Data Sheet for Deflection Pipe Readings
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WALL DEFLECTION PIPE DATA SHEET 

Project SAMPLE DATA SHEET 

Pltunb Bob Dia. 4.299 Observed by 

Dial Reading 
Coupling Counter 

No. Reading 

DATE 5 Jan 

1 El. 30.0 

2 35.0 

3 40.0 

4 45.0 

5 50.0 

6 55.0 

7 60.0 

8 65.0 
9 70.0 
10 75.0 
11 80.0 

DATE 8 Jul 

1 El. 30.0 

2 35.0 

3 40.~ 

14 45.0 

Is 50.0 

~ 55.0 

7 60.0 

~ 65.0 

9 70.0 

~0 75.0 
1 80.0 

• 

'WES For.m. No. 
1084 

May l.96o 

E+W E' w -2-

3.482 3.032 3.257 

3.472 3.022 3.247 

3.457 3.007 3.232 

3.420 2.969 3.194 

3.372 2.922 3.147 

3.294 2.844 3.069 

3.218 2.767 2.992 

3.120 2.670 2.895 
2.983 2.533 2.758 

2.857 2.407 2.632 

2.672 2.222 2.447 

3.183 2.733 2.958 

3.143 2.693 2.918 

3.115 2.665 2.890 

3.056 2.606 2.831 

2.988 2.537 2.763 

2.896 2.446 2.671 

I~ 2.342 ~ 
2.659 2.208 2.434 

2.509 2.059 2.284 

2.358 1.908 2.133 

2.173 1. 723 1.948 

Deflection Pi:pe No. _5.1__ 

Date 5 Jan & 8 Ju 

IE-WI 
Dial Reading 

IN-S I N+S +P.B. N s -2- +P.B. 

4.749 3.366 2.914 3.140 4.751 

4. 749 3.392 2.940 3.166 4.751 

4. 749 3.389 2.937 3.163 4.751 

4.750 3.357 2.906 3.132 4.750 

4. 749 3.345 2.893 3.119 4.751 

4.74q 1.110 I'J R7q 1 104 4 7')0 

4.750 3.304 2.852 3.078 4.751 

4.749 1.2R1 !2.R2q 1.0')') 4. 751 

4.749 3.241 2.789 3.015 4.751 

4.749 3.191 2.739 2.965 4.751 

4.749 3.116 2.664 2.890 4.751 

4.749 3.850 3.399 3.625 4.750 

4. 749 3.896 3.444 3.670 4.751 

4.749 3.901 3.449 3.675 4.751 

4.749 3.870 3.419 3.645 4.750 

4.750 3.834 3.383 3.609 4.750 

4.749 3.800 3.348 3.574 4.751 

~ 3.749 3.298 3.524 4.7'10 

4.750 3.714 3.263 3.489 4.750 

4.749 3.658 3.207 3.432 4.750 

4.749 3.601 3.149 3.375 4.751 

4.749 3.536 3.084 3.310 4.751 
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Figure 4-12. Computation Sheet for Deflection Pipe
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DEFLECTION PIPE COMPUTATION SHEET 

PROJECT Sam2le Com)2utation Sheet 

DEFLECTION PIPE NO. S1 OBSERVED BY DATE 5 Jan & 8 Jul ---

East-West Direction North-South Direction 
Contact Center Center 

Date Elev Reading Deflection Reading Deflection 

5 Jan 30.0 3.257 0 2.914 0 
35.0 3.247 w 0.010 2.940 s 0.026 (+) 
40.0 3.232 w 0.025 2.937 s 0.023 (+) 
45.0 3.194 w 0.063 2.906 N 0.008 (-) 
50.0 3.147 w 0.110 2.893 N 0.021 (-) 
55.0 3.069 w 0.188 2.879 N 0.035 (-) 
60.0 2.992 w 0.265 2.852 N 0.062 (-) 
65.0 2.895 w 0.362 2.829 N 0.085 (-) 
70.0 2.758 w 0.499 2.789 N 0.125 (-) 
75.0 2.632 w 0.625 2.739 N 0.175 (-) 
80.0 2.447 w 0.810 2.664 N 0.250 (-) 

East-West Direction North-South Direction 
Contact Center Center 

Date Elev Reading Deflection Reading Deflection 

8 Jul 30.0 2.958 0 3.625 0 
35.0 2.918 w 0.040 3.670 s 0.045 (+) 
40.0 2.890 w 0.068 3.675 s 0.050 (+) 
45.0 2.831 w 0.127 3.645 s 0.020 (+) 
50.0 2.763 w 0.195 3.609 N 0.016 (-) 
55.0 2.671 w 0.287 3.574 N 0.051 (-) 
60.02..5"~ JoUl-r.3tr(J" w 0 . .310 3.524 N 0.101 (-) 
65.0 2.434 w 0.524 3.489 N 0.136 (-) 
70.0 2.284 w 0.674 3.432 N 0.193 (-) 
75.0 2.133 w 0.825 3.375 N 0.250 (-) 
80.0 1.948 w 1.01 3.310 N 0.315 (-) 
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*The data are typically reported as a graph of elevation versus deflection as
shown in Figure 4-13, which is a graph of the computed data from Figure 4-12.

a. Electrolevel.

(1) The "Electrolevel", shown in Figure 4-14, is a British instru-
ment which is designed to provide a remote-reading facility for measurement
and control of small angular movements. It has a spirit level vial with a
precision-ground upper surface that is filled with an electrically conducting
liquid and has three electrodes of platinum rigidly attached to the inner sur-
face. The liquid is an alcoholic solution that has virtually the same proper-
ties as the liquid of a spirit level. The bubble runs on the curved surface
which is free from discontinuities over the operating range. Movement of the
bubble changes the electrical resistance values between the inner and outer
electrodes. By using an alternating current bridge circuit the bubble
position can be read with a pointer-type instrument (meter movement).

(2) The Electrolevel vial provides an electrical signal propor-
tioned to the angular deviation from horizontal over a range of ±30 minutes of
arc. When used with a bridge circuit and detector amplifier, indications of
tilt of less than 1 second of arc can be displayed. The Electrolevel heads
can be located at distances up to 300 feet from the detector. More detailed
information about this tilt measuring device can be obtained from Tellurometer
U.S.A. Division of Plessey Incorporated, 87 Marcus Boulevard, Hauppauge, New
York 11787.

* b. Applied Geomechanics AGI 700. This tiltmeter is similar to the
electrolevel, but measures tilt angles to a resolution of 0.02 seconds of arc.
It is manufactured by Applied Geomechanics, Incorporated of Santa Cruz, Cali-
fornia. The meter, along with a readout instrument, is shown in Figure 4-15.
It is manufactured as both a single-axis and a dual-axis tiltmeter.

(1) Description. The AGI 700 surface mount tiltmeter detects tilt
through the motion of a bubble in an electrolytic sensor similar to a spirit
level. As the meter changes tilt angle, the sensor changes resistance. The
resistance element is part of an internal bridge network, and the change in
resistance affects the output voltage of the tiltmeter.
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Figure 4-14. British Aircraft Corporation Eleetrolevel Unit 
(Courtesy of Tilt Measurement Ltd.) 
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Figure 4-15. Applied Geomechanics AGI 700 Surface Mount Tiltmeter
with Read-Out Box

calibration and amplification, as well as provide clock circuitry. The dual
amplifier circuit board contains the balance bridge, the amplifier, the recti-
fier, and output circuitry for both axes of tilt output. The third circuit
board, the switchboard, contains gain and filter circuitry, switches to con-
trol these functions, and signal input/output circuitry.

(3) All circuitry as well as the sensors are housed in an anodized
6061-T6 aluminum dome and base. The dome is secured to the aluminum base and
is gasketed at the intersection to prevent ingress of water and other foreign
materials.

(4) Tilt Ranges. As conventionally manufactured by Applied Geo-
mechanics, the AGI-700 can measure tilt angles in one of three ranges;
±60 degrees, ±5 degrees, and ±0.5 degrees. The company says they can custom
manufacture sensors for other ranges. Within each range described above, the
sensor can be adjusted to monitor one of two subranges by changing the posi-
tion of a gain switch mounted on the dome of the meter. For example, a
tiltmeter designed for the ±0.5-degree range can monitor tilting in the ±24-
arc-minute range with the gain switch set to low, and monitors tilt angles of
±2.4 arc minutes with the gain switch set on high.
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* (5) Sensitivity. Tiltmeters designed for the ±60-degree range
have output sensitivity (resolution) of 2-arc-seconds on high gain setting and
20-arc-seconds on low gain. On the other end of the range designs, a tilt-
meter designed for the ±0.5-degree range has sensitivity of 0.02-arc-seconds
on the high gain setting and 0.2-arc-seconds on the low gain setting. The
particular sensor should be chosen to match range and sensitivity needs of the
application.

(6) Installation Procedure. The AGI-700 should be mounted on a
clean, hard, smooth surface such as a concrete floor or a steel girder.
Mounting the tiltmeter on soft surfaces such as weak rock strata or soils will
affect the accuracy of the output from the meter. The base plate of the meter
comes with three Invar or brass leveling screws mounted through the plate. If
the tiltmeter is to be mounted on a flat horizontal surface, the leveling
screws can rest on the flat surface. The tiltmeter should be installed out of
the way where it will not be disturbed for security purposes. Once the level-
ing screws are set, the tiltmeter can be leveled by adjusting the screws to
get a zero voltage output from the meter. If the tiltmeter is to be installed
on a vertical surface, then the company makes a special vertical mounting
bracket for this type of installation.

(7) Calibration. The AGI-700 is calibrated at the factory prior to
being shipped to the customer. This is done by putting the meter on a special
tilting stage and adjusting the meter output for a known input tilt angle.
All tiltmeters should already be calibrated when purchased. At the site, they
should be leveled as described in the previous paragraph. If the meter should
require field calibration, it can be removed from its measurement location and
placed on a similar stage for calibration.

(8) Data Collection. The tiltmeter can be purchased with an
Applied Geomechanics readout instrument, or it may be purchased separately and
integrated into a data acquisition system. The AGI readout unit supplies the
power to the tiltmeter, and provides a display for reading the tilt data. The
readout unit has a rechargeable 12-V battery such that there is no need for
access to an outlet when reading the meters. The AGI-700 plugs into the front
of the readout unit (see Figure 4-15) and displays tilt for both x and y axes
in terms of mV of output. The output mV are converted to angular degrees of
tilt by applying a gain factor and a conversion factor supplied by the
manufacturer.

C. Swiltometer. This instrument, manufactured by Structural Behavior
Engineering Laboratories, Inc. of Phoenix, Arizona, is a subminiature servo
system that mounts on a structure, or at any location within the structure,
and is capable of measuring sway, tilt, settlement, and alignment of the
structure at the point of attachment of the instrument. The Swiltometer is
also capable of measuring dynamic motion due to its use of miniature
accelerometers as sensing devices.

(1) Description. As shown in Figure 4-16, the Swiltometer is
housed in a rugged casing which is securely bolted to the structure.
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effects of the environment surrounding the meter. The base plate is an
L-shaped plate welded to the casing. This plate allows the Swiltometer to be
attached to either a vertical or horizontal surface. The sensing element is a
D.C. servo accelerometer. There are three ranges of sensitivity, 0.1 G, 1 G,
and 5G, with the 0.1-G range offering the highest degree of sensitivity. The
Swiltometer requires a 15-volt battery for power and the output signal from
the instrument is sent to a signal amplifier and then to the individual's
choice of output display, voltmeter, millivolt strip chart recorder or oscil-
loscope. The Swiltometer can be used to measure tilt or used to gather accel-
eration data since the instrument can survive up to 100-G shock loads
(momentarily). The instrument can measure tilt values as low as 0.0001 inches
per foot which translates to approximately 2 seconds of arc. The tilt can be
resolved into two components in two vertical planes, and as an accelerometer
accelerations of as small as 0.001 G can be detected.

Figure 4-16. Swiltometer

(2) Installation Procedures. The Swiltometer is furnished with a
leveling adapter which is a demountable turntable attachment to facilitate in
checking the levelness of precision platforms and surface tables. The Swilt-
ometer should be mounted on a flat metal platform which has been secured to
the structure to be measured. The base or platform should be capable of being
adjusted by means of a tribrach assembly in order to insure levelness at
installation. The Swiltometer can be used to measure tilt at more than one
location in a structure. For instance, if the tilt through a structure from
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*crest to foundation is desired, the instrument can be moved from one base
plate to the next with readings being made and recorded at each location.

(3) Data Collection. In order to make static tilt measurements
with the Swiltometer, the instrument must be connected to a power source/
control unit. This unit is also shown in Figure 4-16. A typical data plot
would either be a graph of voltage (tilt) versus time in the case of an
instrument monitoring one tilt location over a length of time, or voltage
(tilt) versus location in a structure when the Swiltometer is moved through a
structure to give a picture of tilt with respect to elevation.

d. Portable Horizontal-Vertical Tiltmeter. Slope Indicator Co. makes
a surface-mounted tiltmeter that is portable end can measure tilt in both the
vertical and horizontal planes.

(1) Description. The meter (Figure 4-17) consists of a 6-inch
diameter, 3-inch high, closed-loop, force balanced servo-accelerometer sensing
element; a temperature stable ceramic reading plate; and a readout indicator.
It is portable so it can be moved from location to location to monitor tilt at
multiple locations, requiring only one instrument. The only part of the
instrument that is fixed to the structure is the ceramic base.

Figure 4-17. Portable Horizontal-Vertical Tiltmeter Sensor in Reading
Position on Ceramic Tilt Plate
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* (2) Installation Procedures. The ceramic base plate is the por-
tion of the instrument which is installed. It is bonded to the structure by
means of grout or epoxy. Standard surface preparation procedures for epoxy-
bonding should be followed in this matter. Every effort should be made to get
the ceramic plate bonded in the horizontal plane or the vertical plane since
any deviation will reduce the range through which the instrument will effec-
tively operate. If the system is to monitor tilt in a structure where the
surface material is not sound enough to act as a base for attachment of the
meter, then the following procedure should be followed. The instrument will
be mounted to a base plate assembly that is anchored into the structure a few
feet below the surface of the structure. A borehole approximately 8 inches in
diameter should be drilled down into sound material. The depth of penetration
of the borehole through the sound material should be at least 2 feet. Blast-
ing is not recommended since this could damage the sound material. A steel
pipe 4 to 6 inches in diameter and long enough to reach from the bottom of the
borehole to the surface of the structure should be inserted into the center of
the borehole, and structural grout should be placed around the pipe up to the
top of the sound material (Figure 4-18). When this has hardened, the remain-
der of the hole should be backfilled with a soft insulating material such as
fiberglass or Styrofoam beads. This will insulate the exposed pipe shaft and
prevent any movement of the base of the instrument due to temperature changes.
It will also insure the isolation of the base of the instrument should the
unsound upper layer of material have a tendency to move independently of the
lower layer.

(3) Method of Operation. The portable tiltmeter utilizes a
closed-loop, force-balanced servo-accelerometer similar to the Digitilt
inclinometer (paragraph 4-10a.). It senses changes in tilt in one plane per-
pendicular to the surface of the ceramic plate. To operate, the sensor is
lined up on three of the pegs in the plate and an angle is read on the four-
digit indicator display.

allowing angular deformations of 10 seconds to be monitored. This is equiva-
lent to a displacement of 200 pinches over the 4-inch length between pegs of
the ceramic plate.

(4) Calibration and Reading. A method of measuring the accuracy
of the portable tiltmeter should be obtained. It should have a sensor that
allows for checking of the tilt angles throughout the range of the tiltmeter
from horizontal measurement through maximum angle of tilt with at least one
intermediate measurement. The accuracy of the calibration device should be at
least as accurate as the tiltmeter. The portable tiltmeter units should be
calibrated both before and after each day's use. This will minimize the
occurrence of instrument errors. At each ceramic plate, readings should be
taken by wiping the plate with a clean dry cloth to make sure there is no
debris on the plate and then placing the instrument on three of the four
points on the plate and reading the output voltmeter. This procedure should
be repeated until consistent readings are obtained. The instrument should
then be rotated 180 degrees and the above procedure repeated. Pairs of
readings taken 180 degrees apart are averaged to correct for face error. *
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* Figure 4-18. Drilled-in Installation of Tiltmeter

Additionally, sets of readings similar to the above should be made with the
instrument at 90 degrees to the original orientation to record the transverse
tilt as well as the axial tilt of the structure. Typical reporting of results
are by graph as shown in Figure 4-19.

e. Autocollimating Tilt Measurement Systems. A method of measuring
tilt of a structure using an automatic level equipped with an autocollimating
eyepiece and an optical vernier has been devised recently at the U.S. Army
Engineer Topographic Laboratories. This system can measure both short- and
long-term tilt of a structure and has the accuracy of about 2 seconds of arc
over a range of ±7.5 minutes of arc.

(1) Description. The system, as shown in Figure 4-20, consists of
a Zeiss Ni 2 Automatic Level, an autocollimating eyepiece, an optical vernier,
and a calibration mirror. Long-term measurements of tilt are made of perma-
nently mounted structure mirrors. These mirrors are attached to each vertical
surface where measurement of tilt is required. As the vertical surface tilts,
the mirror follows the movement and the system is designed to detect these
small deflections. For short-term measurements, such as those encountered

4-38



+ 2 . 0

EM 1ll0-2-4300

Transverse
axis

Change 1
30 Nov 87

Figure 4-19. Typical Graph of Horizontal-Vertical Tiltmeter Data

Figure 4-20. Autocollimating Tilt Measurement System
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*during the filling-emptying cycle in a lock, a tripod mounted mirror may be
used.

(a) Automatic Level. There are several competing automatic
levels with comparable qualities. However, the Zeiss Ni 2 automatic level is
the only automatic level known to be suitable because it is the only one which
may be fitted with a standard autocollimating eyepiece and has a reticle
graduated over a range of several minutes of arc.

(b) Autocollimating Eyepiece. The autocollimating eyepiece
consists of a small lamp, half-silvered diagonal mirror, a reticle for reading
angles, and an eyepiece for viewing the reading reticle. The use of the auto-
collimating eyepiece will turn the automatic level into an autocollimator
which is a widely used device for measuring small angles.

(c) Optical Vernier. The optical vernier consists of essen-
tially an optical wedge mounted within a rotating stage. The optical vernier
may be used to deviate the line of sight by a known amount. In use, the wedge
is rotated until the cross hair image is brought into coincidence with one of
the reticle graduations. The rotation of the wedge needed to accomplish this
is an accurate measure of the difference in seconds between the image and the
reticle line.

(d) Calibration Mirror. Because of the errors in the auto-
matic level compensator and in the positioning of the autocollimator reticle,
it is necessary to calibrate the system before use so that all measurements,
even those taken years apart, will be related to a common base, i.e., the
direction of the vertical or gravity vector. The calibration of the system is
performed by using a calibration mirror which consists of a two-sided mirror
mounted to a tribrach in an approximately vertical position and a reading of
tilt is made of one face with the instrument. Without moving the calibration
mirror, the instrument is then used to make a reading of the other face. The
mean of the two readings is the error of the system and should be used to
correct the readings of the structure mirrors.

quality
(e) Structure Mirror. The mirror assembly consists of a high

surface mirror and an adjustable mirror mount. The mirror is round,
approximately 2 inches in diameter and l/2 inch in thickness. The purpose of
the adjustable mount is to both hold the mirror rigidly in position and to
provide a means for initially adjusting the mirror to a nearly vertical
position.

(2) Installation Procedures. The structure mirrors are the only
part of the system that must be installed. The mirror must be mounted in such
a manner that it accurately follows the tilt of the structure. In addition,
the mount must not distort the mirror so that an unclear image is seen in the
autocollimator. Using l/4-inch-diameter stainless steel anchor bolts and
stainless washers for mounting the mirror is recommended. The anchors bolts
should have a sufficient length to provide at least l-1/2 inches of embedment *
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*length. A steel metal cover box may be used to protect the mirror surface
from damage and to protect the mirror assembly from accidental movement.

(3) Method of Operation. When the lamp of the autocollimating
eyepiece is turned on, it illuminates the cross hair of the automatic level.
The focus of the level is set for infinity and the objective lens of the level
projects an image of the cross hair along a collimated beam against a structure
mirror, the tilt of which is being measured. The structure mirror, which is
usually placed within a few inches to a few feet from the instrument, reflects
the cross hair image back into the level, where it comes to a focus in the
plane of the original cross hair. An observer looking into the eyepiece will
see both the cross hair and its image, with the displacement between the two
being proportional to the degree of the tilt of the structure mirror. The
observer will also see the measuring reticle graduated in increments of 10 arc
seconds. Using this reticle and the displacement between the cross hair and
its image, a quantitative measurement may be made of the tilt of the mirror
with respect to the optical axis of the level. Detailed instruments for
assembly of the instrument, calibration, and measurements of the tilt of the
structure mirror can be obtained from U.S. Army Engineer Topographic
Laboratories, Ft. Belvoir, VA.

4-12. Terzaghi Water Level Meter.

a. General. The Terzaghi water level meter is used to measure dif-
ferences in elevation of floors, footings, columns, walls, galleries in dams
or any place where leveling could be used. Most frequent use of the water
level is in measurement of differential settlements in structural foundations
in buildings, power plants, dams, and similar structures. The measuring
points can be permanently or semi-permanently installed in walls, columns, or
piers for measurement against a permanent bench mark. Its principle of
operation is the measurements of the water level in two cylinders that are
connected by a flexible tube. The water level may be used to determine dif-
ferences in elevation between two points to an accuracy of 0.005 inch within a
range of 6 inches. The apparatus shown in Figure 4-21 consists of two plastic
sight tubes each of which is connected with a variable height setting to a
mounting frame. The cylinders may be positioned on the mounting frame at
l/2-inch intervals over a range of 6 inches. The two sight heads are con-
nected with plastic tubing and have air relief valves. Also, a tapered-point
micrometer, graduated to 0.001 inch is mounted in each sight head. By setting
the point of the micrometer at the water level in each cylinder and reading
the micrometer and mount setting, the difference in elevation between fixed
points on each cylinder assembly may be determined.

b. Operation. To use the water level, both cylinders and tubing are
filled with water that is free from air bubbles. The two cylinders are placed
into their frames such that the water level is within range of the point of
the micrometers. The observations are taken simultaneously, and a minimum of
two sets of readings should be taken. After making the first set of readings,
the cylinder assemblies should be interchanged and a second set of readings
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Figure 4-21. Terzaghi Water Level Gage (Courtesy of Soiltest Inc.)

taken. The difference in elevation between the two points should then be
computed as the average of the difference of the two readings.

C. Reading the Gage. In making a measurement, the reading should be
taken when the micrometer point just touches the water surface. To record a
reading, count the number of holes above the base of the mounting frame to and
including the hole where the head is attached. The lowest hole should be
considered as zero. Multiply the number of holes by l/2, and record this as
inches. Read the micrometer setting, and add this value to the above. The
micrometer is graduated to readings of 0.001 in. The numbers on the micro-
meter post represent tenths of inches. The sum of the mounting frame reading
in inches and the micrometer reading represent the total reading and should be
recorded. The difference between the recorded values for each cylinder
represents the difference in elevation between the mounting points.
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a. Precautions. The tube connecting the levels should not be exposed
to variations in temperature throughout its length, since local changes in
density of water will occur. For this reason it is necessary to isolate the
tube from any hot water pipes, etc., and also to keep it out of direct
sunlight. If it is necessary to use this instrument in sub-freezing tempera-
tures, it has been found that a saturated salt solution can be used in place
of water. Such a solution is well suited for this purpose since its coeffi-
cient of volume change is considerably smaller than that of other common
antifreeze solutions.

e. Availability. This gage is not commercially available, but complete
plans for construction of a gage can be obtained from either the Structures
Laboratory, U.S. Army Engineer Waterways Experiment Station, Vicksburg, MS, or
the Structures Branch, U.S. Army Corps of Engineers, Washington, DC.
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IN COL. 1 SHOW REFERENCE BAR DESIGNATION. 
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IN COLUMNS 3 AND 4 INSERT READINGS OF THE SLIDE MICROMETER WHEN THE MICROSCOPE IS 
CENTERED ON THE REFERENCE MARK FROM THE RIGHT AND LEFT, RESPECTIVELY. 

IN COL. 5 INSERT THE AVERAGE OF COLS. 3 AND 4. 

COLUMNS 6 AND 7, AND 9 AND 10, ARE SIMILAR TO COLS. 3 AND 4, BUT ARE RECORDED WHEN THE 
MICROSCOPE IS CENTERED ON THE PLUMB LINE. 

COLUMNS 8 AND 11 ARE THE AVERAGES FROM COLS 6 AND 7,AND 9 AND 10. 

POSI-
TION 

(14) 

IN COL. 12 RECORD THE MEAN OF THE VALUES IN COLS. 8 AND 11. THIS REPRESENTS THE POSITION OF 
THE CENTER OF THE PLUMB LINE WIRE. 

IN COL. 13 INSERT THE NUMERICAL DIFFERENCE BETWEEN COLS. 5 AND 12, WITHOUT REGARD TO 
ALGEBRAIC SIGN. 

IN COL 14 RECORD THE POSITION OF THE PLUMB LINE WIRE WITH RESPECT TO THE REFERENCE MARK, 
EITHER U/S OR D/S, ORR/A OR L/A WHEN READING PARALLEL TO DAM AXIS. THIS USUALLY CAN BE 
EASILY DETERMINED BY EYE WITHOUT THE USE OF THE MICROSCOPE. 
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CHAPTER 5

CRACK AND JOINT MEASURING DEVICES

5-1. Purpose. In both new and existing structures the development of
cracks and the movement of joints are indications of stresses on the
structure that are sometimes above normal. In some cases these condi-
tions can be anticipated beforehand while in others the situation arises
spontaneously. Measurement of these areas of distress is provided
through crack and joint displacement indicators that can either be in-
stalled in predetermined locations to monitor expected cracks or observe
joint behavior, or placed at the site of a known crack or joint as the
need arises for its monitoring.

5-2. Description of the Instruments. These instruments are either
manual in operation or utilize one of the electrical principles adapt-
able to displacement measurement. The monolith joint displacement indi-
cator, relative movement indicator, ball-n-box gages, multiposition
strain gage, dial gage, "L" shaped gage, and scratch gage are all manual
gages requiring periodic reading to determine the displacements. The
Carlson joint meter and the multiple position borehole extensometer are
electrical instruments utilizing the change in resistance of a stretching
wire as a measure of strain.

5-3. Instrument Details and Characteristics.

a. Relative Displacement Instruments. There are three types of
gages in this category, the monolith joint displacement indicator, the
relative movement indicator, and the ball-n-box gage. All three instru-
ments use the same procedures to monitor monolith movement in three
dimensions. They function by measuring the relative displacement between
two surfaces of the instrument attached to opposite sides of a crack or
joint. As the crack or joint moves, the two halves of the gage move
relative to each other. The monolith joint displacement indicator con-
sists of two cold finished, SAE 1018 steel bars as shown in Figure 5-1
and Plate 5-1. These bars are 1-1/2- by 1-1/2-in. in cross section with
1-1/2- by 3-in. measurement surfaces faced with at least 1/8-in. hard
brass, machine-ground to a smooth surface. The pairs of opposing fin-
ished surfaces, C-C', D-D', and E-E', shown in Plate 5-1, must be paral-
lel to each other.
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Figure 5-1. Monolith Joint Displacement Indicator. (Photo by WES)

b. The Relative Movement Indicator. This gage consists of two
steel angles that bolt to either side of the crack or joint to be mea-
sured. The gage is shown in Plate 5-2. The indicator arm bolts to the
flange of one of the angles and consists of a 5/8-in. diameter threaded
stainless steel shank with a l-in. diameter stainless steel ball sol-
dered to the end of the shank with silver solder. The ball sits in a
1- by 1-1/2-in. cutout in the flange of the remaining angle. Accesso-
ries necessary to measure movement with this gage include a setting and
checking gage, shown in Plate 5-2, and a conventional 24-leaf automotive
thickness gage (.0015- through 0.32-in.). This gage is also described
in ETL 1110-2-118.
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c. Ball-n-box Gage. This third type of relative displacement in-
dicator, shown in Figure 5-2 and Plate 5-3, will measure relative move-
ment in three orthogonal directions across a crack or joint. The gage
consists of a chrome-plated steel or brass rod with a steel ball silver
soldered to the tip of the rod attached to the structure on one side of
the crack or joint and a hollow, box-type aluminum frame bolted to the
structure on the opposite side of the crack or joint. The three refer-
ence faces of the box have been machined orthogonal to each other.

(1) Measurement is made by the use of a dial gage mounted on a
base plate. The foot of the dial gage is placed on the steel ball and
moved until the minimum reading on the dial gage is achieved. This
point will be the highest point on the steel ball with respect to the
face of the hollow box from which the measurement is being made. This
minimum dial gage reading is recorded and compared to the previous read-
ing for that face of the cube to determine the relative movement of the
two sides of the joint or crack.

(2) The accuracy of measurement has been recorded down to
0.001 in. and good consistency of measurement has been achieved even
with multiple instrument readers. More detailed information about this
instrument can be obtained from the Omaha District Corps of Engineers.

Figure 5-2, Ball-N-Box Gage. (Photo by WES)
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d. Multiposition Strain Gage. This measurement technique uti-
lizes the Whittemore strain gage described in paragraph 2-28b, and three
brass inserts that are placed in the concrete on either side of the
crack or joint to be measured. It measures movement in two dimension
in the plane of the surface on which the crack appears by measuring the
distance between the three inserts and by using triangulation principles
to determine the horizontal and vertical components of the movement.
Figure 5-3 shows the gage setup and gives the equations necessary for
calculation. Two insert pins, one placed on each side of the crack or
joint, can also be used; however, this setup will only measure the com-
ponent of crack movement parallel to the line of the gage points.

Figure 5-3. Multiposition Strain Gage. (Prepared by WES)
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e. "L" Shaped Gage. The gage shown in Figure 5-4 is another
variation of the two dimension measurement gages. It consists of two
"L" shaped plates fastened to the concrete on opposite sides of the
crack, as shown in the figure. Measurement is made with calipers at the
openings between the two gages. This gage will measure movement in the
two component directions in the plane of the crack. In addition to
translation, this gage will also measure rotation of one side of the
crack with respect to the other side. By measuring the gage openings on
both sides of the gage, the angle of rotation since the last measurement
had been made can be calculated.

f. Dial Gage. The dial gage, shown in Figure 5-5, is intended to
measure only expansion and contraction of the crack or joint. The in-
strument consists of two bars attached to the concrete on opposite sides
of the joint with one bar having a mount to accept a dial gage and the
other a foot on which the plunger of the dial gage rests. The whole
instrument is housed in a metal box with a plexiglass viewing cover, and
is attached to the face of the monolith to one side of the crack. Its
accuracy is dependent upon the accuracy of the dial gage used.

Figure 5-4. "L" Shaped Gage. (Prepared by WES)
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Figure 5.5. One Dimensional Dial Gage. (photo by WES)

g. Scratch Gage. The scratch gage is a mechanical instrument
that provides a continuous history of movements, by scribing the move-
ment of one surface with respect to another, on a metal plate. It is
described in detail in paragraph 2-28c as a strain measuring instrument,
but it also can be used to measure crack movement. The scribings on the
ring will represent both tension and compression movements of the crack
up to approximately 0.20 in. Since the gage is restricted to movement
coincident with its longitudinal axis, the gage must be-oriented with
its longitudinal axis aligned with the direction of crack movement.

h. Joint Meter. The Carlson joint meter is an electrical move-
ment gage that measures movement as a function of the change in resis-
tivity of a stretching wire. It is intended to be used as an embedment
gage, as described in paragraph 2-4 in the strain instrument portion of
this manual; however, when mounted as shown in Figure 5-6, it can be
used to monitor crack or joint movement at the surface of a structure.
Each end of the joint meter must be securely attached to the monolith
and span the crack or joint to be monitored.
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Figure 5-6. Carlson Joint Meter. (Photo by WES)

i. Multiple Position Borehole Extensometer (MPBX). This instru-
ment is well suited to measuring movement of cracks that are not surface
accessible. The instrument, as shown in Figure 5-7, is fitted into a
borehole and anchored at eight locations. These locations can be be-
tween cracks in the interior of a structure to monitor how the concrete
is moving. The MPBX measures the relative displacement of the borehole
anchors which are mechanically fixed to the wall of the borehole. Each
anchor is connected to a tensioning wire which is attached to the sens-
ing head. As the anchors move, they in turn move a cantilever in the
sensing head which is connected to an electrical transducer that records
the movement of the cantilever.
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Figure 5-7. Multiple Position Borehole Extensometer (Courtesy of
Terrametrics, Inc.).

j. Portable Crack Measuring Microscope. For purposes of measur-
ing cracks conveniently, without installation of a gage, Du Maurier Com-
pany, Elmira, NY, manufactures a shirt pocket inspection and measuring
microscope of high quality. It is a four lense, prefocused optical sys-
tem of about the same size and shape as a fat ink pen. It comes in 10X,
20X, 40X, and 50X powers with field of view range of .265-, .190-, .082-,
and .065-in. Reading is accomplished by holding the tip of the micro-
scope over the crack, sighting through the eyepiece, and tilting it until
the crack comes into focus. At that point the crack width is read di-
rectly from the scale superimposed on the field of view. All scales are
direct-reading and accurate to within 1 percent.
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5-4. Instrument Installation.

a. Personnel. The joint and crack measuring instruments covered
in this section are primarily intended to be installed after the comple-
tion of the construction either at joints that become suspect of exces-
sive movement or at cracks that develop in the structure. The installa-
tion of most of these gages requires secure attachment of two halves of
the gages to opposite sides of the crack or joint. This can generally
be accomplished by one engineer and the necessary crew of workers to
install the instruments. In most cases it will be necessary to drill
holes in sound concrete on either side of the discontinuity and install
either the gage or an anchor. A grouting crew will be necessary to
grout around instruments such as the monolith joint displacement indica-
tor installed in drilled holes.

b. Monolith Joint Displacement Indicator.

(1) This measurement indicator is directly embedded into the
structure to be monitored. Two drill holes 3-in. in diameter and at
least S-in. deep should be drilled perpendicular to the plane of the
surface to be monitored approximately 13 in. on either side of the crack
or joint to be measured. The drill holes should be oriented on a line
parallel to the direction of major crack movement; for example, if a
crack is oriented at 45º to the vertical and it is determined that the
major direction of movement of the two cracked faces will be horizontal,
then the drill holes should be placed on a horizontal line on either
side of the crack.

(2) The gage is installed by filling the 3-in. diameter holes with
quick-setting grout that is of a non-shrink nature, and inserting the
anchor ends of the gage into the fresh grout. Special care must be
taken to assure that the two halves of the gage are installed such that
their machined reading faces remain parallel. This can be accomplished
by making a template on which to fasten both halves of the gage in their
parallel working orientation in order to hold them in place until the
grout hardens. This template is shown in Figure 5-8. Once the grout
has hardened, the template can be removed.
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Figure 5-8. Mounting Template for Monolith Joint Displacement Indicator.
(Prepared by WES)

c. Relative Movement Indicator. The gage is installed with one
angle on each side of the crack or joint to be monitored. As mentioned
in paragraph b above, the major direction of the movement for this gage
should also be determined and the gage installed such that the longitu-
dinal axis of the indicator arm is parallel to the major direction of
movement. The installation consists of de-burring the concrete in the
area of installation and drilling four 11/16-in. diameter-holes in the
wall utilizing the "Wall Drilling Template" shown in Plate 5-2. Con-
crete anchors designed to fit these holes should then be installed.
JETLOCK concrete anchors, manufactured by LOCTITE Corporation, Newington,
CT, have been used to anchor the bolts into the concrete. Coat the
threads of all bolts with an appropriate sealant. The assembly is in-
stalled and adjusted to the dimensions shown in Plate 5-2 by the party
chief using the setting and checking gage shown on the drawing. The
0.250-in. dimensions are the dimensions that will be logged and these
shall be within 0.005 in. of the 0.250 after installation and adjustment.
After a 24-hr setup period for the sealant, the dimensions shall be
checked and logged and these will be used as the gage initial reading.
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d. Multiposition Strain Gage.

(1) Installation of this gage consists of installation of the
reference points in which to insert the Whittemore type mechanical strain
gage. The brass or stainless steel reference points are installed in
sound concrete on either side of the joint or crack to be measured.
Either two or three points may be installed depending whether movement
in one or two directions is to be monitored. If it is desired to moni-
tor movement in two directions, three points should be installed. They
should be arranged in the shape of an equilateral triangle with the dis-
tance between each reference point approximately equal to the gage length
of the reading device. If a Whittemore gage is used, the gage length can
be adjusted to 2-, 4-, 6-, 8-, or 10-in. intervals. For purposes of
measuring crack width, it is recommended that at least an S-in. gage
length be used to insure that the reference points are embedded in sound
concrete. On one side of the crack or joint two pins should be installed
on a line perpendicular to the major direction of movement of the crack
and the remaining reference point should be installed on the other side
of the joint a distance equal to the gage length from both reference
points on the first side of the crack.

(2) The gages should be set flush with the concrete surface and
just prior to the first reading should be center punched to accept the
cone-shaped point of the Whittemore gage. If only vernier calipers are
available to read the distance between reference points, the pins must
be set to protrude above the concrete surface enough to allow the cali-
pers to be used. With this setup there is the danger that the points
will be accidentally damaged or bent. This method should only be used
when a Whitemore type strain gage is not available and if it is used the
points should be protected against accidental damage.

(3) A two-pin system consisting of one pin on each side of the
crack or joint, oriented parallel to the major direction of crack move-
ment, may be suitable in some cases. Measurements will indicate opening
and closing of the crack but no other movement can be detected.

e. Dial Gage. The dial gage is mounted on a bar assembly attached
to one side of the crack and the dial gage oriented such that the longi-
tudinal axis of the plunger is parallel to the major direction of crack
movement and seated against a foot attached to the concrete on the other
side of the crack. The entire assembly is then housed in a protective
case that is attached to the concrete on the same side of the crack as
the dial gage. Care should be taken to insure that the plunger of the
dial gage is seated in the center of the foot so that minor movement
will not cause the dial gage plunger to slip off the reference foot.
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f. Scratch Strain Gage. The scratch strain gage is installed
with the recording or scratching arm on one side of the joint and the
target or scratched plate on the other. Special precautions should be
taken when installing the scratch strain gage to insure that the longi-
tudinal axis of the gage is oriented parallel to the direction of crack
movement. In the case of strain measurements the length between points
of attachment of the gage to the concrete must be accurately known to
determine the strain. In the case of crack measurement this is not
necessary because all the expansion or contraction will take place at
the crack. If mechanical fasteners are used, the distance over which
the strain is being measured is the distance between the fasteners;
however, if the gage is attached by use of an adhesive, the adhesive
should be confined to a limited area of the gage such that accurate
measurements of the distance between adhesive areas can be made.

g. Joint Meter. The joint meter measures movement parallel to
its longitudinal axis. For this reason the gage must be installed with
the longitudinal axis of the gage parallel to the major direction of
crack or joint movement. If there is movement in two directions, the
joint meter will indicate the distance between points of fastening of
the meter, but will not differentiate between horizontal or vertical
movement. The cable from the meter should be secured to the floor or
wall of the gallery so that it will not be pulled loose or damaged by
accident.

h. Multiple Position Borehole Extensometer.

(1) Anchor Installation. In order for this instrument to func-
tion properly, care must be exercised in its installation. The anchors
must be pushed down the borehole with a special installation tool. This
tool is designed to allow the anchor to move freely when being pushed
into the hole, but when it is in place and the setting tool is retracted,
its design is intended to set the anchor against the sides of the bore-
hole. The anchors must be placed carefully such that the measuring wire
which is attached to the anchor before it is placed in the hole will not
get tangled or wrapped around the other wires in the hole.

(2) Head Installation. The borehole extensometer head contains
the transducers that monitor the motion of the concrete in contact with
the extensometer's anchors. The head should be recessed in the concrete
such that it will be protected when the installation is complete. A
cover should be placed over the recess to add extra protection to the
electrical mechanisms in the head.
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5-5. Collection of Data.

a. The data sheets for recording the readings of the various in-
struments mentioned in this chapter should be devised to suit the type
of movement indicator that is being monitored. Plates 5-4 through 5-8
are suggested field data sheets for the various gages reported here.
They may be used in their entirety or tailored to the user's needs.

b. The peripheral information collected when each gage is read
should include at least all of the following: the name of the structure
at which the gage is located, the date upon which the readings are taken,
the time the readings are taken, the temperature at the gage location,
and the ambient temperature at the site of the structure, and pertinent
pool elevations, The time of day and temperatures should be recorded to
adjust the gage for temperature expansion or contraction. They also
help identify the cause of the structure movement. The pertinent pool
elevations are necessary such that it can be known what loading condi-
tions the structure is subjected to. Additional information that is
deemed pertient by the reading party chief should also be included.

c. All the gages in this chapter have relatively direct field
reading values that can be recorded directly from the instrument or
readout device onto the data sheet. However, the scratch strain gage
must be read under a microscope with calibrated eyepiece. This should
be done either in a laboratory or field office where the movements can
be accurately read and recorded. A special microscope for reading the
scratch strain gage (Figure 5-9) is available from Prewitt Associates,
Lexington, KY. It is a small microscope with calibrated eyepiece,
attached lighting source, and a rotating device to change the position
of the target while it is under the microscope.

d. The data sheets are set up to read a number of different gages
at various locations all within the same reading period. This is done
to have a record of all movements on a certain date on one sheet and
that comparisons with data taken on other dates will only require two
data sheets. Protection of accumulated data should be accomplished in
the same manner as that described in paragraph 2-24b of Chapter 2.
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Figure 5-9. Scratch Strain Gage and Reading Microscope (Courtesy of
Prewitt Associates).

5-6. Reading Schedules. The frequency of readings should be governed
by the location and type of crack or joint being studied. In situations
where a new crack has formed it is advisable to read the gages at least
weekly until the movement of the crack is better understood. Also in
the case of a lock wall reading with the lock empty and then lock full
may be appropriate. Readings every month may be suitable on some por-
tions of a dam. After the rate, amount, and direction of movement have
been determined, the frequency of readings should be adjusted as required
by the behavior of the crack or joint.
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MULTI POSITION STRAIN GAGE FIELD DATA SHEET
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CHAPTER 6

PRECISE MEASUREMENT SYSTEMS

Section I. Types of Measurement

6-1. Purpose. Bending, tilting, and displacement of concrete struc-
tures may be detected by measuring changes in horizontal alignment and
vertical deflection of their separate parts. Measurement of the posi-
tion of dam monoliths at six-month intervals over a period of several
years provides an indication of the net magnitude of elastic or inelas-
tic deformations that occur in the structure and its foundation. Twist-
ing of side hill blocks and excessive variations in foundation deforma-
tions may be detected. All of these types of data are valuable as an
indication of the stability of the structure, and furnish information in
regard to the correctness and validity of the various design assumptions
and analytical procedures.

a. The measurement techniques described in this chapter represent
the present technology in the field of precise determination of lengths,
angles, and alignments. The instruments include optical, laser, and
wavelength techniques to provide alignment, distance measurement, and
minute movement to very high degrees of accuracy.

b. On dams and similar structures these techniques require set-
ting up permanent and movable monuments as reference points for using
the instruments and targets. Permanent marker points are set in the top
and the toe of structures, and length, alignment and deflection readings
are made with the precise instruments set up on these monuments. Read-
ings from the electronic instruments that relate to distance measurement
are generally accurate to 0.01 ft while alignment measured with the use
of micrometer targets are recorded to the nearest 0.001 in., and are
usually made at night to avoid troublesome optical distortions due to
sunlight and heat radiation.

6-2. Types of Measurement. The types of measurement described in this
paragraph fall into three categories, precise alignment instruments,
precise distance measuring instruments, and triangulation and trilatera-
tion surveys, depending upon their purpose and method of operation.
Their installation and operation procedures will be described in more
detail in Sections II-IV of this chapter.

a. Precise Alignment Instruments. These instruments function by
establishing a precise reference line described by the instrument and
the measurement of the distance between markers on the structure and
this precise reference line.
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(1) Laser Alignment Instruments. This type of instrument is best
suited for finding deflections of structures perpendicular to a base
line along the length of the structure such as lock wall deflections or
dam deflections due to changes in pool elevation.

(2) Theodolite Alignment. This measurement system is similar to
the laser alignment system in that it also measures deflections from a
base line, however, it uses conventional high precision theodolites and
optical targets and has a shorter maximum range than the laser measure-
ment system.

(3) Precise Leveling. This method of measurement uses precise
levels and rods to measure change of elevation from a previously estab-
lished elevation.

b. Precise Distance Measuring. This type of measuring technique
utilizes the measurement of the time that it takes a wave of light to
travel from its source to a reflector and back to the source. Since the
speed of the light wave can be accurately measured and corrected for
various conditions of atmospheric density, the distance from source to
target is a function of the time it requires the light beam to travel
the course. The instrument used for this measurement is the Electronic
Distance Measuring (EDM) instrument. This type of precision measurement
is made to accurately determine the distance between a reference monu-
ment and an alignment marker. Used in its primary capacity it will ac-
curately measure distance, however, when it is used in triangulation
and trilateration surveys it will measure deflection of alignment markers.

c. Triangulation and Trilateration Surveys. These methods of
precise measurement utilize theories and equations of geometry to trans-
form linear and angular measurements into deflections of alignment
points.

(1) Triangulation. This is a method of measurement where deflec-
tion of alignment markers is determined by measurement of a base line
and the angles associated with the three sides necessary to describe a
triangle. This system works well to measure deflections of points on a
structure with a curved longitudinal axis. It does not measure vertical
deflection well unless the base line and angles measured are in a verti-
cal plane.
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(2) Trilateration. This method of measurement determines deflec-
tion of points on a structure by successive measurements of the lengths
of lines necessary to construct a triangle. It uses the trigonometric
principles of angle calculation from known lengths of the sides of tri-
angles to determine the location at points on a structure. It can be
used on structures with straight or curved axes and will measure verti-
cal deflection if the measured triangles are in a vertical plane.

6-3



EM 1110-2-4300
15 Sep 80

Section II. Precise Alignment Instruments

6-3. Laser Alignment Instruments.

a. Description of the Instrument. The laser system consists of a
two-component unit of a transmitter and a receiver. The transmitter
shown in Figure 6-1 developed by the U. S. Army Engineer Topographic
Laboratory, is a continuous-wave helium-neon gas laser, mounted in a
yoke, which is similar to the standards of a theodolite, with elevation
and azimuth adjustments. The laser mount is attached to a Wild T-2
tribrach which has a built-in circular level and optical plummet for
centering on a reference point. The laser exciter is a separate unit
and can be operated by either 12-v dc or 115-v ac current. The laser
transmitter is equipped with a 2.0-in. beam expanding telescope to pro-
vide the necessary degree of collimation.

Figure 6-1. Laser Transmitter, Power Source, Alignment Target, and
Receiver. (Courtesy of Engineer Topographic Laboratories)
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b. Receiver. The fixed target used with a laser is called a re-
ceiver. The receiver is basically a short cylinder mounted horizontally,
with a vertical divider separating the cylinder into two equal chambers.
A lucite diffusion plate covers the receiving end of the cylinder, and
a cadmium sulfide photoconductive cell mounted in each chamber measure
the amount of light received. The receiver is wired through a Wheatstone
bridge circuit to a 50-0-50 microamp meter for readout. Four damping
elements in the circuit provide adjustable damping for meter stability.
The receiving chamber is mounted on a dovetail slide base assembly which
is, in turn, mounted on a Wild T-2 tribrach with built-in circular level
and optical plummet. Movement of the receiving chamber is accomplished
by an endless cable on the base. Measurement is made on a metric scale
fixed to the base and externally lighted for reading ease. Reading is
direct to 1 mm and interpolation can be made to 0.1 mm.

6-4. Instrument Installation. Precise laser alignment measuring is
accomplished by establishing a straight base line between reference
points preferably beyond the structure, and the measurement of the
points on the monolith along the base line at periodic intervals. The
measurements obtained are an indication of the net magnitude of elastic
and inelastic deformations that occur in the structure and its founda-
tion.

a. Location of Reference Monuments. The location of the refer-
ence monuments and monolith marker points should be established along
the proposed base line as shown in Figure 6-2. The base line should be
located so that at completion of construction the line of sight between
the reference monuments is unobstructed. Also, consideration should be
given to location based on least interference from other operations
during alignment measurements. The reference monuments should be lo-
cated off the structure a sufficient distance not to be influenced by
movement of the structure. In instances where this is impractical, the
first marker point at each end of the structure may be used as reference
points providing the end blocks have low and level foundations. The
reference monument elevation should be the least practical vertical
height above the structure to maintain the least angle between the pre-
cision instrument and monolith marker points. Normally two marker
points will be installed on each side of a vertical joint between mono-
liths. An overall plan and a section between reference monuments and
first marker point on the structure should be part of the design submis-
sion.
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b. Monolith Marker Plugs. The brass tablet and brass plugs
should be installed by a government survey party. The reference monu-
ments and holes for marker plugs may be installed by the contractor but
coordination between contractor and government forces is necessary. If
installation is in a new structure, the markers may be set in the fresh
concrete; if the installation is in an existing structure, holes must
first be drilled in the concrete and then filled with a non-shrink grout
and the markers set in the fresh grout.

c. Transmitter. In use, the laser transmitter is placed approxi-
mately in line with the monuments and at least 3 ft beyond the end point
of the marker line. The laser beam is then directed to strike a reflec-
tion target mounted at a corresponding position beyond the other end of
the line. The distance between each monument and the source of the
laser beam is then measured with the centering detector. Finally, the
distance between monuments is measured with a tape. These distance
measurements need only to have an accuracy of about one part in 300 and
under normal circumstances, need not be repeated during future align-
ments. Final calculations of alignment may be made with a slide rule.

6-5. Data Collection. During data collection several precautions
should be taken to assure good readings. If conditions are subject to
gusts of wind, the instrument should be shielded to prevent movement due
to high wind forces. Since the stability of the laser beam is directly
proportional to the stability of ambient atmospheric conditions, it is
recommended that two receivers be used in a survey, one placed at the
end point and one placed at the intermediate reading point. As a mea-
surement is made on the intermediate point, one would be made on the end
point to measure the beam refraction at that time. Then the appropriate
portion of the change could be applied to the measurement taken at the
intermediate point. At each point between the two end points, the per-
pendicular distance from the marker to the reference line is recorded.

6-6. Data Reduction. The data for each monument are read by the instru-
ment monitor and recorded on a field data sheet similar to the one shown
in Plate 6-1. When data have been taken for each monument, including
the two end point monuments, calculations may be made in the field with
a slide rule. The distance between the first and last reading of the
alignment network shows how much the markers are out of parallel with
the laser beam. By linear proportioning, this difference can be distrib-
uted to each of the intermediate points in the network. These adjust-
ments are then subtracted from the raw readings at each intermediate
point to get the adjusted reading. If the data are reduced in the field,
the data sheet shown can be used and, when completed, sent to the dis-
trict office. A modified version of this sheet showing only the raw
readings, the adjustment, and the distance between the first and last
monument can be completed in the field and sent to the district office
where the remaining data reduction will be completed.
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6-7. Theodolite Alignment Instruments.

a. Description of the Instrument. The alignment of structures
using the theodolite requires the precision theodolite, reference monu-
ment, monolith alignment markers, stationary line-of-sight target, and
movable micrometer targets.

b. Precision Theodolite. The theodolite should be one of the pre-
cision theodolites capable of at least 30 times magnification. Two such
instruments, the Wild T2 and F. W. Breithaupt and Sohn "TEAUT," satisfy
these requirements. The eyepiece should contain stadia cross hairs with
at least one set of double parallel hairs so that the fixed and movable
targets may be more accurately viewed and centered. It is preferred
that the instrument be equipped with an optical plummet for centering
the instrument over the reference monument; however, a conventional
plumb bob or other accurate centering device may be used.

c. Reference Monument. A stainless steel or brass base plate em-
bedded in a concrete monument, which is set on rock or otherwise rigidly
fixed, forms the permanent end bench mark. The base plate and the en-
tire monument should be protected by a large diameter concrete pipe and
cover. A second auxiliary monument at each end of the dam, set in line
with the two principal monuments, will permit recovery of the initial
line of sight should a monument be disturbed during construction or
maintenance operations.

d. Monolith Marker Points. Single marker points, 3/4-in. diameter
brass plugs embedded in the walkway or roadway are normally located on
the center line of the dam monoliths. Where two points are placed in a
monolith, one should be located adjacent to a bulkhead joint and the
other adjacent to the opposite joint.

e. Stationary Line-of-Sight Targets. The distant or fixed tar-
gets shown in Figure 6-3 are used in establishing the base line. They
are self-lighted targets that are commercially available. The target
shown in Figure 6-3.a. is of the type that is rigidly mounted in anchors
at the end of the sighting line, and that shown in Figure 6-3.b. is a
tripod mounted target that is plummed over a reference monument when
there are no permanent anchor points available such that a target as
shown in 6-3.a. can be used. Both targets are back-lighted and can be
run by 12-volt battery jacks when conventional line current is not
available.
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a. Rigidly-mounted target.

b. Tripod-mounted target.

Figure 6-3. Stationary Line-of-Sight Targets. (Photos by WES)
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f. Movable Targets. Two general types of target are available.

(1) The tripod mounted type is shown in Figure 6-4. It consists
of a T-shaped tripod in which two of the legs of the tripod are equipped
with leveling screws and the third leg, directly beneath the target,
fits into a center punch in the alignment marker described in subpara-
graph d. of this paragraph. The tripod has two perpendicular bubble
levels for leveling the target. The target consists of the target plate
inserted in a wide mouth vernier caliper. A standard micrometer anvil
with vernier readings to 0.001 in. is provided with a recoil spring
along the line of vernier travel to facilitate adjustment of the target
plate.

(2) The second type of target, shown in Figure 6-5, screws into
a tapped plug embedded in the monolith. It consists of a target mounted
in a sliding track that is controlled by a micrometer. The target is
moved perpendicular to the line-of-sight until it aligns with the stadia
hairs of the theodolite, at which time the micrometer is read and data
recorded.

(3) Both targets can be illuminated by a portable lamp reflected
off the target for measurement made at night, while the second type can
also be lit internally.

Figure 6-4. Micrometer Caliper Target and Leveling Tripod Support.

(Prepared by WES)
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Figure 6-5. Inserted Micrometer Alignment Target. (Photo by WES)

g. Points on Tangent. Points on tangent between the ends of the
dam that are occupied by the theodolite may be established using the
device shown in Figure 6-6. The device consists of a heavy steel plate
supported by three leveling screws. A movable steel plate controlled by
a slow motion screw and having a tapered hole into which a special sight-
ing pin or target is inserted permits aligning the tapered hole on line
where it may be clamped in position. When a plumb bob or optical cen-
tering device is used on the theodolite, the target of the point-on-
tangent device may be replaced with a center punched pin.

6-8. Instrument Installation.

a. Reference Monuments. These monuments are used as the refer-
ence points for the theodolite in alignment measurements, and for the
theodolite and the Electronic Measuring equipment used in triangulation
and trilateration described later in this chapter.
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Figure 6-6. Point on Tangent Device with Removable Sighting Pin.

(Photo by WES)

(1) Erection of the permanent reference monuments is usually ac-
complished late in the construction period to reduce the possibility of
accidental disturbances of the embedded posts by heavy equipment. Since
they are expected to be the reference base for all subsequent measure-
ments, they must be installed such that they will not move with respect
to their foundation. A suggested detail for this type of monument is
shown in Figure 6-7. It should be used for systems on large structures
using triangulation or trilateration and for other locations where pre-
cise surveys are made. The monument consists of two concentrically
located casings. The inner casing is filled with concrete and the two
are grouted together below the ground level. The inner casings acts as
the base for the instrument mounting. As shown in Figure 6-7, the monu-
ment should be installed at least 10 ft into foundation rock; however,
where no solid rock is located near the surface, it should be anchored
in solid material.

(2) Auxiliary monuments of similar construction should be in-
stalled in line with the primary monuments and to the outside of the
monuments such that they can be used to reset any disturbed primary
monuments. The reference points should be brass plugs set in concrete,
slightly below grade and protected by a large diameter concrete pipe
with cover.

(3) A base plate that is compatible with the instrument to be
used should be grouted into the top of the monument. This plate makes
it possible to mount the instrument in the same orientation and height
every time it is to be used. Fastening devices should be cast into the
monuments such that a protective cover can be locked over the monument
when it is not in use.
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Figure 6-7. Typical Control Monument. (Prepared by CE-WES)
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(4) A 6-in. thick concrete pad or wooden deck of sufficient area
to provide a good platform on which the survey party can stand should be
provided around the base of the monument. The pad should be free of the
monument such that any movement of the pad will not affect the monument.

b. Monolith Alignment Markers. The marker points between the end
reference monuments are 3/4-in. diameter brass plugs set in the concrete
as shown in Figure 6-8. Two types of plugs have been used. One is
solid and the initial point on the line is carefully punched or scratch
marked in the top. The other type is drilled and tapped with a protec-
tive plug screwed in the top. Any markers located in traffic ways
should be placed in a small recess in the concrete and protected by a
cover. The target-micrometer device for the first type rests on the
concrete surface or is tripod-mounted, and the device for the second
type screws into the insert.

(1) An ordinary transit is centered over one end reference mark,
sighted on the opposite end mark, and the locations of the intermediate
monolith marker points spotted on or near this line of sight. The
markers should be installed on the structure at the points that would be
most likely to experience the greatest or most frequent movement. Con-
sideration should be given to the reservoir water load, and season of
the year, when locating the position of the marker plugs in order that
subsequent deformations of the structure will not exceed the range or
limit of movement of the target-micrometer device. In the case of a
lock or dam the most logical location for the alignment markers would be
at the high points along the lock or crest of the dam to monitor deflec-
tions due to changes in water elevation on the dam or the movement of
the monoliths due to filling and emptying of the lock chamber.

(2) The installation should insure that the marker doesn't move
with respect to the monolith that it is referencing. In new structures
it can be installed at the time of casting the structure, and in older
structures a hole in the structure should be drilled and grouted, and
the marker set into the fresh grout.

c. Theodolite. The instrument should be set on the base plate of
the reference monument, or if no reference monument is used, it should
be mounted on a low rigid tripod so that the eyepiece is not more than
about 2 ft above the reference marker to facilitate centering the instru-
ment accurately over the marker. It is preferred that the instrument be
equipped with an optical plummet for alignment over the marker, but a
plumb line is considered accurate.
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Figure 6-8. Monolith Alignment Markers. (Prepared by WES)

d. Fixed Target. The distant or fixed target is set and remains
in the same position throughout each alignment survey as one end of the
base line. The target is usually placed at the base line reference
monument, but on some sites might be mounted on the extended base line
in rock at a vertical abutment. The target should be internally lighted.
Where an electrical outlet for operating a fixed lamp is not convenient-
ly available, a battery powered lighting fixture of adequate intensity
must be adapted to the target assembly.

e. Movable Targets. The movable target is set over the alignment
points in the survey such that the target on the instrument lies in a
plane perpendicular to the line-of-sight between the theodolite and the
fixed target. This procedure is intended to insure that the target is
set up the same each time it is read. The instrument is leveled by the
use of the adjustment screws in the legs of the target shown in Figure
6-4, and if a target instrument similar to that shown in Figure 6-5 is
used, the instrument is screwed into the alignment point. The alignment
point must be installed in the monolith such that when inserted, the in-
strument will be level.

6-9. Data Collection

a. Observation Procedures. Readings shall be performed at night
to avoid troublesome optical distortions due to sunlight and heat radia-
tion. Under some circumstances the readings may take two nights to com-
plete. Since it is recommended that readings be taken at night, the
theodolite should have illuminating attachments to make reading the hori-
zontal and vertical circles possible in darkness.
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(1) The theodolite is sighted on the fixed target at the far end
of the points to be aligned. This sighting is referred to as the line-
of-sight. The movable target is placed over or screwed into a marker
plug and moved to coincide with the line-of-sight. Four readings of the
vernier calipers are obtained for each sighting, two by moving the target
into the line-of-sight from the right and two from the left. Four addi-
tional readings are obtained when using a theodolite with the telescope
in an inverted position. The target caliper readings at each marker
plug are recorded on field data sheets, as shown in Plate 6-2. Obviously
erroneous readings are discarded, and replaced by supplementary observa-
tions.

(2) A general rule should be established requiring the tripod
legs to be placed consistently on either the upstream or downstream side
of the monolith marker plugs and all sightings to be made from the same
end monument so far as practicable in order to avoid error in establish-
ing the direction of measured incremental movements.

b. Reading Schedule. A complete set of observations should be
made twice annually, at nearly the same dates each year, one reading in
the summer, the other during the winter season. In addition, a third
set of observations should be made during periods of unusually high
reservoir level. The initial observation should be made prior to the
initial filling of the reservoir if possible, in order to record the
effect of the first water load against the structure. After three years'
records have been obtained, the results should be examined to determine
the necessity or desirability of continuing or altering the program.

c. Supplementary Data. A continuous record of reservoir and
tailwater elevations will be required. Average monthly air temperatures,
preferably from a U. S. Weather Bureau or Corps of Engineers station,
frequently will be found valuable in evaluating the precise alignment
data or in accounting for possible discrepancies in the results.

6-10. Data Reduction.

a. Field Data Sheets. The eight target caliper readings at each
monolith marker plug are recorded on field data sheets for each set of
observations. The arithmetic average of the eight values at each plug
is computed and entered directly on the field sheet.

b. Processing of Data. Since the true shape of the deflected
structure at any given time is rarely known, it is customary to consider
the initial measured position as being a straight line. The initial
reading values are assumed to be zero, and the incremental changes in
alignment are computed by simply subtracting subsequent readings from the
initial readings for each monolith marker. A tabular record form is
ideally suited for the processing and presentation of the collected data.
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c. Presentation of Results. The data reduction procedure, while
entirely valid arithmetically, frequently produces apparent deformations
that are misleading as to the deflected position of the structure, de-
pending upon the conditions at the time of the initial observations.
When the intial survey is made during the coldest of the winter months,
most if not all subsequent readings will indicate deflections in an up-
stream direction. Conversely, an initial survey during a hot summer
month will result in downstream deflections during all other times of
the year. If the reservoir elevation is comparatively high at the time
of the initial survey, subsequent observations during similar seasons
with lower reservoir elevations will indicate an upstream deformation.
Finally, the initial survey is usually made after the concrete structure
has lost some of its heat of hydration but prior to the attainment of
final stable temperature conditions; thus the movements observed include
only a portion of the permanent temperature readjustment effects. After
several surveys have been obtained it may be possible to arrange the
results so as to present a more realistic or logical movement history by
selecting one of the intermediate surveys to represent the initial or
zero condition, and all other deformation readings referred to this base
position. A graphical schematic diagram, as shown in Plate 6-3, should
be prepared to present the collected precise alignment data. Results of
several surveys may be shown on a single sheet.

6-11. Precise Leveling.

a. Description of the Instrument. The level should be of the
type designed for accurate geodetic leveling capable of reading vertical
elevations to 0.001 m similar to the Wild N-3 level. It should contain
a reticle with stadia hairs of 1:100, conventional or split-bubble lev-
eling device, and tripod leveling screws. Object magnification should
be greater than 30x for easy readability at long distances.

b. Rod. The level rod should have gradations of 0.01 ft and a
micrometer target for readings to 0.001 ft or 1 mm. The rod should be
equipped with a centering point that can be attached to its base such
that the alignment markers inserted in the top face of locks and dams
can also be used for settlement purposes. Care should be taken so that
the centering point does not make the level rod readings inaccurate. A
bubble level is also required to aid in keeping the rod vertical.

c. Reading Markers. The location of permanent bench markers
should be established during design, and survey markers should be lo-
cated on the structure. These survey markers can coincide with monolith
alignment markers.
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6-12. Data Collection. Surveys should be performed annually to deter-
mine movement of the structure. The first survey elevations should be
established as the base elevations. Subsequent surveys should be re-
corded and compared to the base elevations for overall movement, and to
the previous survey for relative movement of the structure.

6-13. Data Reduction. The results of each survey can be reduced to a
graphical plot of settlement versus location of data point on the struc-
ture by considering the initial survey elevations to be a zero line and
plotting the difference between the subsequent surveys and the original
survey, as shown in Figure 6-9. An alternate method to record succes-
sive surveys is to compute the difference between successive surveys
and plot this difference relative to the displacement of the previous
survey.

Figure 6-9. Deflection History of Precise Level Survey.
(Prepared by WES)
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Section III. Precise Distance Measuring Instruments

6-14. Electronic Distance Measurement (EDM) Instruments.

a. Description of the Instrument. EDM's consist of a source in-
strument, which is also the readout portion of the instrument, a reflec-
tor prism assembly, and reference monuments.

b. EDM Source. All modern EDM instruments measure distance by
timing, in an indirect fashion, how long it takes light to travel from
a source to a reflector and back. By knowing the velocity of light, the
distance from the source to the reflector may be calculated. This meth-
od of measurement can be used to increase accuracy and decrease time
consumption in measurement when compared to the old-fashioned method of
taping distances. Depending upon the instrument, resolutions as fine as
0.001 ft can be made by this method of measurement; however, precise fre-
quencies used to modulate the light source and phase comparisons intro-
duce errors into the measurement that need to be compensated.

c. Range. The source instruments should have a range of at least
2 miles and provide least readings of 0.001 m. They should be light-
weight for movement around control networks and capable of working from
a 12-v battery source for at least 4 hr of normal use without recharge.
They should be installed either on the base plate of the reference
monuments or set up on tripods and plumbed or optically plumbed to
the monument.

d. EDM Prisms. These prisms are used at the alignment marker or
reference monument to return the light source to the EDM. Various makes
are available; it is recommended that prisms manufactured by the maker
of the EDM equipment be used to be compatible with the reading instru-
ment. Figure 6-10 shows some typical prism configurations. Due to the
spread of light being proportional to the distance from the light source,
the longer the distance being measured the greater number of prisms that
are required to reflect the light.

e. Reference Monuments. The reference monuments used are the
same as described in paragraphs 6-7c and 6-8a.
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Figure 6-10. EDM Prism Assemblies.(Photo by WES)

6-15. Instrument Installation. The EDM instrument and reflector are
set up on the reference markers between which the desired distance is
to be measured. Both the instrument and reflector are plumbed over
their respective markers and a raw distance is read from the EDM instru-
ment. The path between instrument and reflector should be chosen such
that the atmospheric conditions along the length to be measured are the
same. If this cannot be accomplished, then the temperature and pressure
should be recorded at both the instrument and the reflector and the tem-
perature and pressure information recorded as the average.

6-16. Data Collection. The EDM instrument should be read at least five
times and each value of the distance recorded for every measurement from
source to reflector. This is done in order to get a good average for
the raw reading. The reading of the instrument should be done in accor-
dance with the manufacturer's recommendations. A typical data sheet for
one measurement is shown in Figure 6-11.
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Figure 6-11. Field Data Sheet for EDM Instrument. (Prepared by WES)

6-17. Data Reduction. The mean of the five raw readings is recorded on
the line marked M in Figure 6-11. Each reflector has a correction fac-
tor that must be applied to the mean of the raw readings to take into
account the errors that are due to the reflection of the light wave and
the condition that arises when the reflector prism is not directly over
the plumbed monument. This correction is either added to or subtracted
from the mean to give Ds. The corrected mean distance is then corrected
to the spheroid distannce Dobs and finally Dobs is corrected for tem-
perature and pressure to Dcorr. Throughout the calculations the station
and elevation of the monuments for both the EDM instrument and the re-
flecting prisms should be kept as well as the height of the instruments
and the temperature and pressure at the time of the readings .
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Section IV. Triangulation and Trilateration

6-18. Triangulation.

a. General. The face of massive concrete structures such as arch
dams is in continuous motion since it undergoes movement as a combined
action of temperature fluctuations in the external medium, hydrostatic
pressure, and other fluctuating loads. By measuring the changes of co-
ordinate location of each deflection point on the dam, a displacement
pattern at each point in each horizontal line of points and each verti-
cal line of points will be determined. A triangulation system consists
of a grid pattern of a number of points or targets on the downstream
face of the structure and on the foundations along the abutments. The
target locations will be charted periodically by observations from a
system of theodolite piers downstream of the structure using precise
first-order triangulation surveying methods.

b. Description of the Instrument. The equipment necessary to per-
form a first-order triangulation survey consists of a theodolite of suf-
ficient accuracy with auxiliary equipment from the theodolite manufac-
turer, reference monuments and deflection targets, and either precise
taping equipment or electronic distance measuring equipment,

(1) The description of the theodolite has been previously given
in paragraph 6-7a and the description of the Electronic Distance Measur-
ing Equipment in paragraphs 6-14a and b.

(2) The reference monuments and deflection targets should be in-
stalled by the contractor during construction. The monuments should be
16 in. in diameter concentrically located, concrete filled metal pipes,
and grouted into the foundation rock or stable soil. Access to monument
location and suitable platforms should be constructed at monument loca-
tions. A brass plate of dimensions compatible with the instrument should
be mounted onto the top of the monument to support the theodolite or EDM.
Provisions should be made for covering the base plate for protection
against weather or accidental damage. Details of these plates are avail-
able from theodolite manufacturers. The targets should be installed at
specified locations by the contractor. The selection and details of
theodolite targets are a design consideration based on site layout from
the piers. Field trials and observations of various type targets should
be accomplished during design.
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6-19. Instrument Installation.

a. Monuments. The theodolite monuments should be located so that
a network of quadralaterals is established. These monuments are located
on the structure and downstream from the structure. In locating and in-
stalling them, care should be taken to insure that

(1) each monument is visible from every other monument.

(2) they are located at the same elevation.

(3) they are accessible or made easily accessible.

(4) they are visible to every target on the structure.

b. Targets. The targets shall be arranged at equally spaced dis-
tances along the top of the structure. If a vertical alignment is to be
performed, the targets should also be placed along the downstream face of
the structure in horizontal rows at the selected elevations where mea-
surements are to be taken.

6-20. Data Collection.

a. Performing Surveys. Surveys shall be performed at night to
avoid troublesome optical distortions due to sunlight and heat radiation.
The surveys shall be in accordance with the accuracy with methods estab-
lished for first-order triangulation measurements as stipulated by the
U.S. Coast and Geodetic Survey.

b. Measurements. Before starting a triangulation survey, the
distances and angles between the primary and secondary reference monu-
ments should be measured to check for any movement of the primary monu-
ments. If any movement has occurred, then the primary monuments must
be restored to their position prior to the movement by using the dis-
tance and angle between primary and secondary monuments of the previous
survey as a reference.

c. Base Lines. Measurement of the base line can be performed
either through the use of a high precision metal tape or through the
use of an EDM instrument. The procedures for measurement using an EDM
should be the same as those described in paragraphs 6-14 through 6-17.
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(1) The measurement of the distance between the primary reference
monuments at each end of the base line should be made first. The dis-
tance should be measured at least two times and the average used as the
base length. Temperatures should be taken along the base line to deter-
mine the length correction when using an invar tape. The best time to
conduct a survey is either at night when atmospheric distortion is not a
problem or on overcast days when temperatures are fairly constant across
large expanses of the terrain to be measured. If an EDM is used, both
pressure and temperature readings should be taken at least at both pri-
mary reference monuments.

(2) Angles should be measured from the primary reference monument
at each end of the base line to all monuments and targets in the survey.
All angles should be measured at least eight times and the average used
for computation purposes. Elevations should be obtained on each survey
point and secondary reference monument with the primary reference monu-
ments serving as permanent bench marks.

6-21. Data Reduction. All raw distances and angles should be recorded
on field data sheets as well as the averages of these figures. Tempera-
tures, pressures, time and date of the survey should also be included on
the field data sheet.

a. Computations. All computations of data should be made by auto-
matic data processing methods. The data should be expressed in terms of
the coordinates of each target and monument as calculated from the geo-
metric properties of the triangle. The displacements of the targets are
calculated by comparison of the coordinates of the targets of successive
surveys.

b. Data Representation. The displacements can be graphically
represented in a manner similar to that used in Figure 6-12. By refer-
encing all displacements to an original profile, a continued record of
the shape of the structure can be maintained.

c. References. Additional information on triangulation systems
are referenced in the bibliography.

6-22. Trilateration.

a. General. The most recent trend in precise measurement surveys
used by the Corps of Engineers is trilateration. Since the development
of EDM equipment has made distance measurement both rapid and very ac-
curate, measurement of monument location by the determination of the
lengths of the sides of a triangle has become both economical and pre-
cise.
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Figure 6-12. Graphic Plot of Horizontal Displacement of Dam Crest.
(Prepared by CE-WES)

b. Sources of Error. Due to the preciseness of the method of
measurement, sources of errors that are normally ignored in a conven-
tional survey become major areas of inaccuracies in trilateration, and
must be removed. Errors caused by changes in elevation of the line of
sight, changes in pressure at different instrument locations, atmospher-
ic refraction, and length changes due to earth curvature must be cor-
rected before a final "corrected distance" can be recorded.
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6-23. Description of the Instrument.

a. Method. The method of precise measurement of large structure
movement consists of measurements in two areas. The first area is a
control network of reference monuments from which all the alignment
measurements are to be made and where a control length is established.
The second area is the alignment markers that are to be measured for
movement.

b. Control Network. The control network is set up as a stable
reference from which to make measurements of movement on the structure.
Since it is designed to be a static reference, the location of the monu-
ments must be placed on stable ground a distance away from the structure
sufficient to insure that the monuments will not be influenced by the
forces which cause displacement of the structure. There must be at
least two control monuments from which to sight on the alignment markers
in order to determine their location. By using three or more control
monuments additional sightings can be made on each alignment marker as
an accuracy check of its location. If two dimensional movement of the
structure is required, the angle of intersection of the control monu-
ments with respect to the alignment markers should be at approximately
a 900 angle to each other. A monument such as that shown in Figure 6-7
may be used.

c. Alignment Markers. The second portion of the trilateration
network is the alignment markers. These points are the locations that
are of interest for their movement. They are sighted from the control
network and through comparison with the coordinates of previous sight-
ings on these markers they describe the movement of the marker and con-
sequently of the structure. They can be used to measure deflection,
expansion, relative crack movement or rotation of a structure. Align-
ment markers similar to those shown in Figure 6-8 may be used.

d. Distance Measuring Equipment. The distance measuring equip-
ment (EDM) required for the distance measurement consists of any one of
the available EDM's on the market and their associated peripheral equip-
ment. The minimum equipment necessary to determine the distance between
monuments is an EDM meter, tripod, reflecting prism, and prism stand.
The description of these instruments and their operation is contained
under the Electronic Distance Measurement section of this manual, para-
gaphs 6-14 through 6-17.
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6-24. Data Collection.

a. Initial Reading. The initial reading of the control network
should be done to determine the locations of all the control monuments
in the network and to assign to them a set of x and y coordinates in a
chosen coordinate system. An EDM is set over each control monument,
plumbed to the monument, and sighted on every other control monument in
the network. The EDM is read when sighted on each monument and again
read when resighted on the first monument sighted. The reason for re-
sighting to the first monument is to account for any electrical drift
in the EDM or changes in atmospheric conditions during the time it takes
to read the network. It is a good practice to use the same control
monument for the resighting as often as is possible to give a good mean
distance for reference. A minimum of five measurements should be taken
between each pair of monuments such that the average of the five readings
can be taken as the observed distance between monuments. It is also
important to measure both the temperature and atmospheric pressure at
each end of each line that is measured. With the temperature and pres-
sure known, any changes in the velocity of the light waves through the
air can be determined. This process is continued until all monuments
of the control network have been occupied by the EDM and sightings made
to the rest of the monuments.

b. Measurement Corrections. When all the control monuments have
been occupied and all the possible lines measured, the figure may be re-
duced to a series of triangles. Before the angles can be calculated,
each line must be reduced to a chord distance on the spheroid. This re-
duction is necessary to apply geometric checks to figures or to calcu-
lated positions from several sets of data that agree with each other.
With the measurement of all the monuments corrected and recorded, adjust-
ments to the corrected spheroid distance can be made to account for
changes in atmospheric conditions or electrical drift of the EDM.

c. Reference. The method of reading a trilateration network is a
highly precise process that will yield very accurate measurement of
monolith movement. For further and more detailed information on the
method of operation of Electronic Distance Measuring Instruments and the
procedures to conduct a trilateration survey, the reader is referred to
U.S. Army Engineer Topographic Laboratories Manual ETL-0048, "The Use
and Calibration of Distance Measuring Equipment for Precise Measurement
of Dams," available from Engineer Topographic Laboratories, Fort Belvoir,
VA 22060.
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6-25. Data Reduction. With all the data collected, the distances are
used to establish a coordinate system in which each reference monument,
and alignment marker is assigned a coordinate. The coordinates are
established by using conventional trigonometric relationships. By com-
paring the coordinates of each successive survey, differences in the lo-
cation of the points establish the movement of the structure.

a. This method of small measurement movement has become one of
the most accurate methods of surveys available. The accuracy and ability
of the survey method depends upon the capabilities of the EDM used.
Three instruments that have been tested by the Government and provide
the high capabilities necessary for this type of survey are the Keuffel
and Esser Ranger IV, the Tellurometer MA100, and the Hewlett Packard
HP3808.
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CHAPTER 7

TEMPERATURE MEASUREMENTS

7-1. General. The resistance thermometer and thermocouple are types of
instruments that will measure temperature in concrete. In mass concrete,
temperature changes are the primary causes of volume change and stress.
The temperature rise within the concrete causes an outward expansion
during the early life of the concrete. The temperature of the internal
mass is higher than that of the exposed surfaces. Thus, as the outer
surface cools and tends to shrink, compressive stresses develop inter-
nally, and tensile stresses externally. In order to determine the ef-
fect of temperature on the stress and volume change, temperatures may be
measured at a number of points within the structure, as well as at the
boundaries. However, it is not necessary to determine the detailed tem-
perature history of every portion of the structure. It is considered
sufficient to select those portions which are typical and those which
are most severe. Design temperature histories will give information
on these locations. Thermocouples are suitable for measuring temperature
under certain conditions and at several locations. However, resistance
thermometers are preferred over thermocouples because they have been
found to be more dependable, of greater precision and less complicated
in their operation. One type of layout would be to place a thermometer
every 50 ft in cross section and elevation in a monolith of a large mas-
sive structure. For a small structure, a finer spacing may be desirable.
A few thermometers should be placed near and in the dam faces to evaluate
the daily and weekly fluctuations in temperature. Another layout com-
monly used is in selected lines of thermometers parallel and transverse
to the dam axis, and in a vertical direction. The spacing of the instru-
ments may be very close at exposed faces, and quite wide in the more
uniform temperature interior. Lines near or crossing construction joints
usually have instruments close to the joint because of the effect of new
concrete placed against the older.

7-2. Temperature Measuring Devices.

a. Resistance Thermometer. The resistance thermometer, a Carlson
type instrument described in detail in paragraph 2-7, consists of a non-
inductively-wound coil of enameled copper wire enclosed in a brass case.
The thermometer is provided with 30 in. of three-conductor, rubber-
covered cable. Two conductors are connected to one end of the coil, and
one to the other end. This three-conductor arrangement 'eliminates the
effect of total resistance and resistance changes in the conductor leads
when used with a Carlson testing set. This is accomplished by having
one conductor in each of two arms of a Wheatstone bridge, such that they
cancel one another. The resistance of the thermometer is 39.00 ohms at
Oº F increasing exactly 0.10 ohm per degree Fahrenheit.
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b. Thermocouples. When two dissimilar metal wires are joined
together, a small d-c voltage is developed in this electrical circuit at
each junction. Since the two voltages are opposite and direct, the net
voltage is proportional to the temperature difference between the junc-
tions. By placing a potentiometer in the circuit and measuring the net
voltage, the temperature difference is found. Insulated thermocouple
wire is available commercially in many combinations of metals, gages,
and insulation types. Either copper-constantan or iron-constantan wire
pairs are suitable for measuring concrete temperatures. Adequate sensi-
tivity and sufficient strength and flexibility are secured with AWG 16
or 18 size wire. Conductor insulation and sheath for cable must be
rubber or polyvinyl plastic. The special protective metallic or ceramic
tubes used to house thermocouple elements are not considered necessary.

7-3. Installation. The thermometer or thermocouples may be installed
by the contractor. Sufficient details should be shown on the contract
drawings and adequate specifications provided to obtain required instal-
lation. Thermometers or thermocouples on a single horizontal plane
within a lift is most easily done by placing them at the bottom of the
lift. An adequate length of three-wire, rubber-insulated, rubber-covered
stranded copper wire cable has to be attached from resistance thermometer
location to the terminal board location. The thermometer or thermocouple
should be taped or tied to the previous lift at the proper location.
Thermometers located within about 3 ft of exposed concrete surfaces or
bulkhead faces subject to daily temperature variations must be placed
accurately at their intended distance from the surface or face. Thermom-
eters or thermocouples in a vertical plane in a lift should be taped to
a pole which is embedded in the previous lift. Wooden or plastic poles
approximately 1/2-in. diameter should be used. Metal poles and reinforc-
ing bars should not be used. Identification tags attached to the cable
should be used to accurately identify thermocouple or thermometer.
Special installation is required for a thermocouple that is not required
for resistance thermometers. A clear distance of at least 1 ft should
be maintained between thermocouples. Extension cable from the thermo-
couple location to the terminal board must be kept at least 1 ft away
from an a-c line. Also a closed cabinet and interior heating should be
provided at all reading stations.

7-4. Collection of Data. The resistance thermometer or thermocouple is
read with a potentiometer. There are commercially available portable,
semiautomatic and automatic types. The selection of the type should be
based on the number of instruments that are to be read. The initial
readings should be taken 1 to 3 hr after installation, then two or three
readings at 12-hr intervals thereafter, then daily for the next 20 days,
twice weekly for the next month, once weekly for the remainder of the
construction period, and every other week during operation of the proj-
ect. Readings may be discontinued when three years of final stable tem-
peratures or annual cycle of temperature are obtained.
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7-5. Processing of Data. Copies of readings should be maintained and
temperature histories performed by the Engineering Division, except
during construction of the project they may be maintained by construc-
tion personnel with copies of data supplied to the Engineering Division.
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CHAPTER 8

SEISMIC INSTRUMENTATION

8-1. Introduction. The failure of a concrete dam or intake tower when
subjected to an earthquake could have serious consequences. Although
earthquake forces are considered in the design of structures, data ob-
tained from instrumentation during earthquakes have indicated signifi-
cantly different results when compared to those anticipated in design.
Instrumentation should be installed in regions of significant seismic
activity to measure ground motion, hydrodynamic water pressures, and re-
sponse of concrete dams and intake towers 100 ft or more in height.
Also, seismic instrumentation may be desired at other locations where
the structure and seismic activity are unusual. Each project should be
instrumented to suit the particular structure, geologic and seismic con-
dition. Reference is made to EM 1110-2-1908, Part 2, dated November
1976, which describes instruments, techniques, and methods of analysis
used to monitor seismic activity. The chapter written here is intended
for informational purposes only.

8-2. Description.

a. Types. Instruments used to obtain a seismic data are strong-
motion accelerometers, peak recording accelerometers, hydrodynamic pres-
sure gages, and seismoscopes.

b. Strong-Motion Accelerometers. These instruments contain ac-
celerometers which measure the acceleration of a mass due to strong,
quick motions. They generally contain three accelerometers oriented
orthogonally which are activated under forces of 0.5 or 1.0 g's by a
pendulum device.

C. Peak Recording Accelerometers. The inexpensive peak record-
ing accelerometer detects and records peak amplitudes of low-frequency
accelerations and is used to supplement data obtained from conventional
accelerometers. The peak acceleration is recorded by erasure of prere-
corded units on l/4-in. magnetic tape with a total error bank of + 5
percent. The device is available with sensitivities varying from 0.1 to
10 g.

d. Hydrodynamic Pressure Gages. These gages measure the increase
in water pressure when subjected to additional inertial forces of liquids
associated with earth motion. Instruments consist of a Carlson type
strain meter, with recording device activated by an accelerometer.
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e. Seismoscopes. The seismoscope is an inexpensive device that indi-
cates the occurrence of an earthquake but does not write a time record of the
forces associated with it. The instrument consists of a free conical pendu-
lum that can move in any horizontal direction to record the response of a
single-degree-of-freedom system of prescribed period and damping to the
earthquake ground motion. It records direction of motion and indicates rela-
tive intensity. Installation of seismoscopes in new projects is not recom-
mended. It has been observed in the past that the information obtained from
these instruments has been difficult to interpret and thus not of significant
value. Policy on seismoscopes should be to maintain any such instruments that
are already installed, but not to install new ones.

8-3. Design Considerations. The instruments mentioned in paragraph 8-2 should
be installed in all concrete dams and intake towers over 100-ft high in seis-

*mic Zones 2, 3, and 4 shown on the seismic zone map in ER 1110-2-1806. The *
seismic instruments should be procured and installed by the Government. The
instruments selected should be based on the type of structure and its seismic
zone. Concrete dams over 200 ft in height in Zones 3 and 4 should be instru-
mented with four strong-motion accelerometers; and since the actual accelera-
tions during earthquakes may exceed the accelerometer ranges, particularly in
Zones 3 and 4, peak recording accelerometers should be provided to supplement
the strong motion accelerometers. Concrete dams between 100 and 200 ft in
height in Zones 3 and 4 and over 100 ft in height in Zone 2 west of longitude
106°W, should be instrumented with three strong-motion accelerometers supple-
mented by peak reading accelerometers. In dams with three or more strong-
motion accelerometers, one should be located on top of one of the higher dam
monoliths, one in the upstream gallery near the base of the same monolith, and
one of the bedrock foundation at a distance downstream of the toe of about
three times the dam height. For the larger structures (about 200 ft or over
in height), or where foundation conditions warrant, a fourth accelerometer
should be located at about mid-height of the principal instrumented monolith
or elsewhere on the structure. Concrete dams over 100 ft in height in Zone 2
east of longitude 106°W require only one strong-motion accelerometer. Intake
towers over 100 ft in height in Zone 2 west of longitude 106°W require two
strong-motion accelerometers with those in Zones 3 and 4 supplemented by peak
recording accelerometers. The strong-motion accelerometers should have a max-
imum operating range of 0.5 g except those installed near the crest of con-
crete dams over 300 ft high; they should have a maximum operating range of
1.0 g. Strong-motion triaxial accelerometers similar to Model SMA-I manufac-
tured by Kinemetrics, Inc., 336 Agostino Road, San Gabriel, CA 91776, or
Model RFT 350 manufactured by Terra Technology, Inc., 3860 148th Avenue N.E.,
Redmond, Washington 98052, are suitable instruments. Peak recording accel-
erometers should be similar to Model PRA-100 manufactured by Terra Technology,
Inc.

8-4. Hydrodynamic Pressure Measurement Considerations. At dams and intake
towers over 300-ft high in Zones 3 and 4, and Zone 2 west of longitude l06°W
hydrodynamic pressure gages should be installed to measure the increased
pressure of the reservoir water during earthquake occurrences. The gages
should be placed in a vertical line on the upstream face of the dam spaced
approximately 75 ft apart. On intake towers, they should also be placed in
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vertical lines spaced approximately 75 ft apart, but be installed on two
orthogonal faces of the tower. Proposed seismic instrumentation should be
submitted by Design Memorandum for review and approval.

8-5. Installation and Maintenance. Instruments mounted in the galleries are
subjected to high humidity atmospheres, consequently if not protected, they
will only realize a short life span due to corrosion. When instruments are
specified in galleries, environmental protection, special housings, heaters to
keep the instrument and housing dry, and a source of AC power should also be
specified. In the past it has been standard procedure to electronically link
seismic instruments together to insure that they would all function at the
moment of a seismic event. However, it was found that electrical malfunc-
tions, when there was no seismic event, were tripping all the recorders and
wasting the recording paper. More recently it has been recommended that
recorders not be linked together, but instead to install triggering devices in
each instrument to alleviate the problem of accidental triggering of all
instruments. Seismic instrumentation should be installed by personnel familiar
with its installation. The services of the USGS and WES are available for
seismic installation. The equipment should be periodically maintained as
required by the manufacturer's instructions.

8-6. Processing of Data. The U.S. Army Engineer Waterways Experiment Sta-
tion (WES) is assigned the responsibility for analyzing and interpreting the,
instrumental data. A report should be sent to USAEWES, Attn: Geotechnical
Laboratory, for each project having seismic instrumentation whenever a
recordable earthquake occurs. The report on each project should include a
complete description of the locations and types of the instruments and a copy
of the instrumental records as outlined in ER 1110-2-1802, Reporting Earth-
quake Effects.

8-3



4k

EM 1110-2-4300
Change 1

30 Nov 87

CHAPTER 9

INSTRUMENTATION AUTOMATION TECHNIQUES

Section I. Introduction

9-1. Introduction. Instrumentation automation is increasingly becoming a
valuable means of collecting instrument data for several reasons.
Primarily, some tasks that are traditionally done by instrumentation
personnel are better accomplished by machines, for the fact that the
machine will take measurements in the same manner at each reading, whereas
human error can cause minor variations in reading and interpreting data.
Automation permits a greater volume of data to be collected in a given
period of time. Where an instrumentation reading party may take 4 to 6
hours to read a set of plumblines, the same readings can be taken in less
than 10 minutes when collected by automated plumbline monitoring equipment.
The cost of instrumentation and computers to montior these instruments has
decreased drastically within the past five years. It is now more
economical, in terms of overall cost, to automate the reading of certain
types of instrumentation than to continue reading them by manual methods.

9-2. Scope.  This chapter describes the steps necessary for implementing
automated instrumentation monitoring systems suitable for use in or at
large concrete structures. It covers the sensor selection, data trans-
mission, data conversion, data manipulation, data display, and data stor-
age. The definition of system requirements, and a sample "Systems
Requirements Document" to serve as a guideline in specifying the system's
functional requirements, are also presented. This chapter discusses key
factors that must be considered as the system develops. System consider-
ations in determining measurement techniques, component compatibility,
system characteristics, interfacing techniques, power sources, grounding
techniques, maintainability, operability, system calibration, system flexi-
bility, sensor selection criteria, transducer hazards, signal conditioning
techniques, data transfer, data processing, data display, and recording and
storage techniques are covered. The information presented in this chapter
is condensed from a more detailed report entitled "Instrumentation
Automation Techniques". That report is one of three reports on
instrumentation automation for concrete structures published under the
Repair, Evaluation, Maintenance, and Rehabilitation (REMR) Program.
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Section II. System Requirements Document

9-3. Defining the Objectives. A logical approach to specifying operating
requirements for any data collection and reduction system is to first
define the broad objectives of that system. Answering several simple
questions will assist in identifying these objectives:

0 What information is needed?
0 How often does the information need updating?
0 In what form does the information need to be presented?
0 What is the relative economic value of the information?

By defining the scope of the information needs, an engineer may begin the
task of specifying the general requirements of an instrumentation system to
satisfy those needs.

All system operating requirements may be broadly categorized into
two types: 1)functional and 2)environmental. Functional requirements
include system operating parameters that are related to or influenced by
functions of hardware and software. Environmental requirements include all
systems operating parameters that are influenced by external conditions,
such as the natural and induced physical environment, and spatial
distribution/constraints related to system installation.

b. The proper vehicle for describing the scope of the system needs
is the system requirements document. This is a document that serves as a
guideline in determining the system functional and environmental require-
ments. In it, the needs of the system are documented. The phenomena to be
measured is defined and quantified, and each component of the system to be
designed is analyzed to be certain that its requirements are fully defined
and documented. A sample of a requirements document is presented in
Appendix D.

9-4. Functional Requirements.

a. Defining the Measurement. The process of breaking-down the phy-
sical phenomena to be measured into their fundamental quantities of length,
time, mass, and temperature enables the engineer to better define the best
type of measuring component (transducer) for the instrument system. In
other words, the engineer should explicitly define and examine the non-
electrical quantities that must be converted to usable electrical signals.
Ultimately, these electrical signals must reliably and-accurately represent
the value of physical quantities being measured.
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* b. Defining the Level of Need.

(1) Sample Rate and Frequency of Interest. An automated electronic
data collection, processing, and storage system performs these functions at
high throughput rates and can compile enormous amounts of information. The
engineer must determine the frequency at which any given parameter must be
measured, processed, and recorded. Typically, data are collected on a pre-
determined time schedule, or when a predetermined setpoint has been ex-
ceeded.

(2) The use of programmable, microprocessor-based data acquisition
systems (DAS) and test equipment provides the user with flexibility to
easily modify measurement rates (sample and process speed) with software,
and expand data storage capacity (memory or magnetic disk). System process
speed is not a critical consideration for accurate measurements of
relatively slow changing quantities, such as temperature, deformation and
strain. However, if an accurate time history of rapidly changing phenomena
(active seismic data) is required, the system sample and process rate
becomes critical. Generally speaking, the sampling frequency and system
response should be an order of magnitude greater than the maximum data
frequency expected to be recovered by the system.

C. Signal Distribution and Acquisition.

(1) Distribution and acquisition of electronic signals from numerous
sensors and instruments require one of two primary approaches for system
architecture. A centralized system is generally recommended if the appli-
cation is small, with signal sources close together. However, larger ap-
plications, where instruments are geographically dispersed (typical of
large dams), may require remote processing or distributed intelligence in
the data acquisition system architecture. Wiring costs can be a large
factor in determining the proper type of system.

(2) In a centralized DAS, all signal processing takes place in or
next to the computer chassis with field wiring and cabling providing the
signal link from sensors to processor. A centralized architecture keeps
the amount of software needed to a minimum. However, wiring and cabling
may be expensive and prohibitive unless all sensors are relatively near the
computer, and if the central unit fails, or is down for maintenance/program
modification, the whole system is inoperative.

(3) For environments too harsh for a computer, or where applications
are physically spread out, a distributed architecture is recommended. The
two types of systems in this category are those with remote front ends, and 
those with distributed intelligence.
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and transmitting the results to
the central unit over less expensive wire. Added costs from these systems
come from the remote processors.

d. Reliability and Criticality. System reliability in automated
electronic instrumentation is influenced by five primary factors. The
level to which each is implemented influences overall cost and must be con-
sidered in establishing this requirement. They are as follows:

(1) State-of-the-Art Equipment. As a general rule, use of more re-
cently developed instrumentation increases system reliability, and general-
ly reduces the total cost of data over the life of the system.

(2) System Complexity. As the number of subsystems increases, in-
strumentation system reliability generally decreases. Consequently, sim-
plicity or minimal complexity is recommended in design and integration.

(3) Environmental Conditions. System reliability generally decreases
with increased severity of environmental conditions to which the components
are exposed. Subsystems involving critical measurements should be environ-
mentally protected wherever possible.

(4) Operating Time. All active components have a limited operating
life. Reduction of continuous operating requirements to intermittent or
cyclic functions generally extends the life of subsystem components.

(5) Preventive Maintenance. Proper and periodic maintenance increases
system reliability and extends operating life.

Consideration of these reliability factors is very important in applica-
tions that: 1) monitor critical functions over extended periods; 2) have
components that cannot be easily replaced; or 3) do not have skilled main-
tenance personnel readily available. Component redundancy to increase re-
liability to an acceptable level can solve this condition.

e. Resolution and Accuracy. The term "measurement resolution and
accuracy" simply implies to what degree the measured value represents the
" true " quantitative value. With respect to instrumentation systems
requirements, the engineer must clearly define the degree to which measured
quantities must reflect actual values in order to provide adequate
information to satisfy the need. Typically, there is a direct relationship
between cost and the degree of measurement accuracy and resolution. The
measurement accuracy and resolution requirement should reflect the relative
economic value of the desired information. *
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* f. Computation Requirements. The engineer must make a reasonable
estimate of the volume, speed, and complexity of computations that an
automated data collection and reduction system will be required to perform.
Simple conversions and mathematics may be performed by individual hardware
elements (analog signal conditioning and recording devices) in one and two
data-channel systems. However, for automated multi-channel, multifunction
data acquisition and processing, a microprocessor-based instrumentation
system and supporting software is recommended. The major considerations
for the engineer are identifying: 1) maximum system operating speed and
storage capacity requirement for programs and data; and 2) available
sources of system operating software.

g. Power and Power Conditioning Requirements. An automated elec-
tronic system requirements list must include considerations for power pro-
visions. The factors that are pertinent include:

(1) Specific power requirements for individual instruments, to in-
clude requirements for current usage. Most instruments that require direct
current contain internal power supplies or batteries with line charge capa-
bility.

(2) Alternative direct current power sources (batteries, photovoltaic
cells, etc.) and power inverters must be installed if the electronic system
is likely to be located in a remote area with no available line power.

(3) The relative economic value of a data loss must be weighed
against significant costs for backup computer power hardware such as motor
generators, uninterruptible power systems (UPS), line isolation, and regu-
lation transformers. If computer back-up or uninterruptible power is not
economically feasible, the operating program should be in read only memory
(ROM) instead of random access memory (RAM) so that the system will auto-
matically restart after a power failure.

(4) State-of-the-art computer applications routinely use software
that collects, processes, and moves data into permanent storage at speeds
that prevent more than miniscule loss of collected data if a hardware anom-
aly occurs.

h. Data Display and Recording Equipment. A basic function of an in-
strumentation system is to present desired measurement data to the user in
a form that satisfies information needs. Thus, the engineer must
explicitly define the requirements for acquired data display, storage, or
special processing functions such as limit/alarm control. Processed data
may be displayed on digital meters, video screens, multi-axis plotters,
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* chart recorders, or tabulated, formatted, and printed in hard copy on com-
mand by the user or a preprogrammed schedule by software. Also, all data
may be stored on magnetic media for future processing.

9-5. Environmental Requirements. To complete the general requirements for
design of an automated instrumentation and measurement system, the engineer
must identify the major elements and range of the natural and induced
physical environment to which specific subsystems will be subjected during
operation. System performance and reliability depend upon the proper match
of instrumentation and operating environment. To achieve this end, either
the instruments can be fitted to the environment, or the environment can be
conditioned to suit the needs of the instruments.

a. Natural Environment. Natural elements of the physical environment
include temperature, humidity, vibration, pressure, dust, dirt, etc. The
design requirements document should specify instrumentation subsystem com-
ponents that are functional within a range of each applicable element. The
following recommendations deserve particular consideration.

(1) Uncontrolled environmental excursions are generally excessive for
typical automated instrumentation. Environmentally controlled enclosures
are recommended for computer-based and other sophisticated equipment.

(2) Since exposure duration affects equipment survivability, where
environmental conditions are severe, the use of portable data acquisition
equipment will limit the equipment exposure to those times it is being
used. The equipment might then be returned to a controlled environment for
data processing and display.

b. Induced Environment. Induced elements of the physical environment
include electromagnetic and electrostatic interference, the technical skill
of system personnel, and spatial factors such as geographic and geometric
distribution and size limitations of subsystem components. Examples of
these are:

(1) Electromagnetic and electrostatic interference, and field sources
of electrical signal noise generated by instrumentation power generators.
These are damaging to improperly shielded existing subsystems. Identify
and minimize large generators of electromagnetic and electrostatic fields
and maximize proper shielding and ground plane techniques in retrofitted
instrumentation.

(2) Skill level requirements of operation/maintenance personnel are
generally a direct function of system complexity. Match the instrumen- ;':
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* tation application with available personnel skills to reduce additional
training-related costs and hardware/software problems.

(3) Installation of additional instrumentation requires additional
space within an allocated area. Consider: 1) Centrally locating system
components to facilitate efficient operation and reduce maintenance and in-
terconnection requirements, 2) Make equipment accessible for maintenance,
3) Make instrumentation that requires frequent interaction with a human op-
erator adequately labelled, lighted, and accessible.

Section III. System Design

9-6. System Considerations.

a. Having established the system requirements, a search for system
components begins. A primary concern in such a venture is a cost versus
performance comparison. A system that meets the minimum cost/performance
ratio requirements now might not meet future requirements. Future expan-
ion should be evaluated into the decision. It is best to select a system
that may have specifications and capabilities beyond the current require-
ents to allow for future needs.

b. The stability of a manufacturer and the extent of his support are
of great concern. If a manufacturer goes out of business or cancels the
product line, problems with spare parts, maintenance, and expansion can a-
rise. Talking with other users of like or similar systems provides a good
input for rating a manufacturer. A check of the company's financial stand-
ing is also recommended.

C . System architecture influences speed and ease of access to the
system. Central Processing Unit (CPU) speed is rated by width of bit units
and cycle time. The data paths internal to the CPU are rated as 8-, 16-,
or 32 bit units. The wider path is capable of handling larger numbers
faster. Computer time is measured in CPU clock cycles. Each instruction
requires a certain number of cycles; therefore, the time required for a
process is the number of cycles required multiplied by the cycle time. The
power of a computer is also determined by its instruction set. The more
powerful an instruction set, the more powerful the computer.

9-7. Automated Measurement Techniques.

a. Digital computers now available provide the best means for
acquiring and processing measurement information. The size and cost of the
system will depend on the extent of processing, and the number and
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* frequency of measurements. If storage is the only purpose of a system, the
cost is low. Costs increase with system complexity and size.

b. A measurement is made by an element or transducer which produces
a voltage, current, or frequency that represents the quantity or property
being measured. This is accomplished by varying inductance, light, capaci-
tance, or resistance. The output must be digitized for use by the computer
system. It may be digitized at the source before transmission, or later at
the system. Care must be employed in the transmission of the signal if
they are digitized at the system. Transmission of digital signals have a
high noise immunity, and may be checked to assure that what is transmitted
is what is received. Low-level (mV or below) analog signals are the most
critical in high-noise environments.

C . Computer systems offer means to calibrate and compensate for sys-
tem errors to assure accurate readings. Most DAS manufacturers offer sig-
nal conditioning with multi-channel analog-to-digital (A/D) converters.
Depending upon the type of input device, signal conditioning consists of
amplification, bridge completion networks, thermocouple compensation, exci-
tation voltage and current supplies, and filtering. The more accuracy and
precision required, the more the system costs. Also, maintenance and cali-
bration costs rise. Therefore, only the minimumal accuracy and precision re-
quired should be specified.

9-8. Component Compatibility. In choosing components for a system, beware
of the manufacturers' exaggerated claims of compatibility and performance.
The best way to determine compatibility is to connect the units and observe
their operation. However, when this is not possible, a competent engineer
or technician should check specifications of all parameters for compati-
bility. Try to avoid special interfaces and special software drivers as
they are expensive and difficult to maintain.

9-9. Instrument/System Characteristics.

a. Matching the instrument to the system is a critical part of system
integration. For voltage output instruments, if the voltage level of the
instrument does not match the voltage level of the system input, signal
conditioning must be added. Some systems provide various levels, ranges,
and resolutions with programmable gains. These and other forms of signal
conditioning add to the cost of a system, and should only be specified when
necessary.

b. If an excitation voltage is used, the system should be able to
read this voltage for calibration purposes. The distance between the
transducer and the system is a consideration because of line loss and in- *
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* terference. Signal drivers, shielding and filtering may be necessary to
reduce electromagnetic interference (EMI) on long leads. This is espe-
cially true in harsh electrical environments.

9-10. Interfacing Techniques. Using standard interfacing techniques is
recommended since nonstandard interfaces make system integration a diffi-
cult task. There are two basic types of interfaces: serial, and parallel.
Choosing an interface technique depends on distance, required transmission
speed, and environment.

a. Serial. The Electronics Industry Association (EIA) RS-232-C
standard is the most popular serial interface. Its limitations are dis-
tance and numbers of devices (17 meters and 1 device). Baud rates (bits
per second) of 19.2 kbaud are possible. The EIA RS-422 standard interface
is a differential version of the EIA RS-232-C standard. It is capable of
transmitting over longer distances and at higher speeds (100 meters and 100
kbaud), and has better noise immunity. The EIA RS-449 standard serial in-
terface has good noise immunity and baud rate (100 kbaud at 1200 meters),
but handshaking slows the throughput rate. The 20-mA current loop is also
a popular serial interface that may be used for transmission of data up to
180 meters at 9600 baud. Fiber-optic links are special serial interfaces.
Their major advantages are: speed (10 Mbaud to 1 Gbaud), complete electri-
cal isolation, and no electromagnetic interference (EMI). They are excel-
lent for use in electrically harsh environments. They will transmit over 3
kilometer lengths without repeaters.

b. Parallel. The Institute of Electrical and Electronic Engineers
(IEEE) IEEE-488 standard instrument bus is the most popular parallel inter-
face. It is 8 bits wide and is capable of speeds of up to 1 Mbyte/set.
Its limitations are distance and number of devices (30 meters and 15 de-
vices). Another low cost interface is the Hewlett-Packard interface loop
(HP-IL). This is a very simple two-wire link and is used on instruments,
hand-held calculators, and computers. This link uses a loop configuration
and can transfer 5 kbytes per second.

9-11. Power Sources.

a. Commercial power is sometimes unacceptable because of excessive
noise, voltage fluctuations, and drop-outs. Less severe power problems can
be overcome by using line conditioners which regulate voltage, filter
noise, and protect against transients. More severe conditions could re-
quire the use of a motor-generator set which provides a higher level of
line conditioning features. If power failures are intolerable, an uninter- *
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* ruptible power system (UPS) should be considered. These systems monitor
the input power and switch to a back-up system (battery, diesel generator,
etc.) when there is a power interruption.

b. At sites where commercial power is not available, power can be
obtained from batteries coupled with generators. System instrumentation
should be chosen that operates with minimum power consumption to reduce
backup power system costs. Batteries will store the power, and inverters
convert the DC voltage to needed 120 VAC. Solar cells, thermoelectric and
wind-powered generators may be used to maintain trickle charges on batter-
ies. If available, water-generated energy may also be used. If these
sources are not adequate, gas or diesel-powered generators may be instal-
led. Also, power backup and conditioning, to minimize the effects of AC
line voltage problems such as transient noise spikes, and dropouts may be
required to ensure that a temporary power anomaly does not interrupt or
prevent critical data acquisition.

9-12. Grounding Techniques and Lightning Protection.

a. The best system for grounding is to establish a single point for
ground which is referenced to incoming power. All grounds should be refer-
enced to this point with heavy gage copper wire. The single ground point
should be a copper bar or plate. Analog and digital grounds should be
separated except at the single system ground point. Cable shields should
be grounded at the source end only. Equipment cabinets should only be
grounded through a bus to the single ground point.

b. When it is necessary to establish a ground at a remote site, iso-
lation should be used at the host system end. For digital systems, the
least expensive and most effective method of isolation is the opto-coupler.
Several isolation amplifiers are available for analog systems. AC signals
may be isolated by using isolation transformers.

C. Some form of isolation and line conditioning such as high-isola-
tion power transformers or additional grounding circuitry should be used
between the system and commercial power, and in areas where lightning is
likely to disturb the instrumentation. This prevents commercial power dis-
turbances and lightning activity from damaging sensitive circuits in both
the system and the field instrumentation.

9-13. Maintainability.

a. When reviewing a system design for maintainability, one should
check for ease of access to components for test purposes. If the system
uses plug-in printed circuit cards, an extender card should be available to k
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aid troubleshooting. If the system has a modular construction, the modules
should be of reasonable size and perform a particular function. This en-
ables a “board swapping” approach to troubleshooting and minimizes system
downtime. This approach requires stocking of spare boards. If parts are
rare and unusual, ensure that the manufacturer can support the unit and
that parts lead time is not excessive.

b. Documentation should be clear and concise, yet detailed. It
should include a general description, a theory of operation, a block dia-
gram of the unit, installation instructions, a section on troubleshooting,
a parts list, and logic or schematic diagrams. Even the best technicians
are unable to repair a unit without this basic documentation.

9-14. Operability. The ease with which a system functions determines the
level of expertise required by the operator. Controls should be well la-
belled and easily understood, Try to avoid complex operation procedures.
The more automatic the system, the less the chance for operator error.

9-15. System Calibration.

a. System calibration is essential to verify the accuracy of the
various readings taken by the system. Measurement errors are the quantita-
tive difference between the true values of the measurand and the values in-
dicated by the measuring system.

b. The most accurate method of calibration is to apply a standard
reference quantity to the sensor and adjust the measurement system to the
proper reading at several points over the range of the sensor. Two types
of reference standards are used in calibration. The primary standard is a
standard which is directly traceable to the National Bureau of Standards
(NBS) or a natural physical constant. Primary standards are seldom used in
field measurement applications, but are used mainly under laboratory con-
ditions. Secondary standards are those calibrated to a primary standard,
and are normally used in field calibrations.

C. The most common method of calibration, although less accurate, is
signal substitution. In this case, an electrically equivalent signal is
substituted for the actual sensor output, and the measurement system is
adjusted to the proper reading. The highest accuracy for this type cali-
bration is obtained by signal substitution as close to the sensor as prac-
tical.

d. Generally, the accuracy of the calibration standard should be a
factor of ten higher than the desired accuracy of the reading. In some
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* cases, a factor of three is sufficient, but this should be carefully re-
searched.

e. Calibration should take place as close to actual and mean operat-
ing conditions as possible. For example a calibration taken at 70 F. may
be innacurate when used at 0 F.

9-16. System Flexibility.

a. System flexibility is enhanced by choosing a general purpose sys-
tem as opposed to a special purpose system. The first consideration for
system flexibility is the number of input/output (I/O) channels and
communications ports the system is capable of handling. I/O may be limited
to the unit itself or expandable through an expansion chassis. Most
systems are expandable by use of a communications port and an intelligent
front end. Intelligent front ends can reduce the load on the main system
through distributed processing. Another advantage is that they require
less wiring and speed up system throughput. Intelligent front ends may
also be used on remote sites where they can be controlled via a modem, or
through radio transmission.

b. The more memory and storage capability a system has, the more
flexible it becomes. The sample rate of a system can also influence flexi-
bility. Features designed into a system, such as limit alarms, can in-
crease flexibility. The amount and type of system power, as well as envi-
ronmental specifications tend to restrict system flexibility. The type of
system bus will influence the number of products that are compatible with
that bus. A local area network (LAN) is a bus structure supported by sev-
eral manufacturers, but which requires an intelligent controller. LANs can
increase system flexibility by distributing access to the system. Many pe-
ripheral devices can be linked to the system by a single bus. This pro-
vides a convenient way to reconfigure the system by adding or removing de-
vices.

9-17. Economic Factors. The material cost of the system is always an eco-
nomic factor. The labor cost of programming, installation, check-out, and
documentation must also be considered. Once the system is installed and
working, maintenance becomes the major economic factor. The service of-
fered by the manufacturer or his representative directly influences mainte-
nance costs. Parts availability and cost also influence maintenance cost.
The cost of downtime is a factor; the cost of expansion is another. The
replacement projection and cost should be considered. When life-cycle
costs are evaluated, a system which costs $10,000 and lasts five years
isn't necessarily as good a buy as one which costs $20,000 and lasts ten
years. *
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* Section IV. Sensor Selection Criteria

9-18. Sensor Selection Criteria. Sensor selection criteria may be
categorized into four general fields: 1) data requirements, 2) environmen-
tal requirements, 3) system considerations, and 4) economic factors. The
System Requirements Document should clearly define data and environmental
requirements relating to sensor selection. Table 9-l lists general data,
environmental and system criteria which must be considered in selecting a
suitable transducer for a given application.

9-19. Economic Factors. There are several economic factors to be consid-
ered in selecting sensors. They are as follows:

a. Accuracy. Specify only the required accuracy.
(1) - Special sensors add to cost.
(2) - Extra documentation adds cost; i.e., calibration record.
(3). More expensive transmission lines are required for highest acc-

curacy.
b. Range.         Choose a flexible range and an overrange which prevents

sensor damage.
C. Temperature Compensation. Eliminate unless required.
d. Material. Must be compatible with media being sensed.
e. Shock, Vibration, Acoustic Bombardment, etc. Remotely locating

the sensor can reduce shock. This may permit selection of less expensive
sensors, simpler mountings, and less expensive cable.

f. Electrical Characteristics. Choose sensitivity, impedance, exci-
tation to match the needs of the system.

g. Physical Characteristics (Size, Weight, Mounting). These are
economic factors. Miniature sensors generally cost more; weight and custom
mounting may be a cost factor.

h. Connectors. If connectors are not included, the cost of a single
connector may be as much as $150.

i. Repairability. Repair charges are usually about 50% of the cost
of a new sensor.

9-20. Sensor Hazards. Sensors are susceptible to damage and failure when
exposed or subjected to certain hazardous conditions. Some general and
specific sensor hazards at Corps sites include:

a. Over Excitation. With strain and temperature bridges, excessive
current simply melts the wires in the bridge causing it to "open", or at
least alter the sensitivity, linearity, and hysteresis of the sensor.
Sources of over excitation can result from changes caused by line voltage
variations, line transients, as well as a misadjusted power supply. Some
power supplies produce up to +lOO% spikes when turned on. Proper excitation *
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* turn-on procedures, the use of zener diodes as DC voltage regulators, and
metal-oxide varistors (MOV) as power supply AC-line transient suppressors
will minimize the chance of over-excitation damage to sensors.

Table 9-l

Sensor Selection Criteria

Data Requirements
Range
Overrange (limits)
Resolution
Responsibility
Frequency response
Residual unbalance
Linearity/hysteresis
Total absolute

accuracy

Environmental
Temperature

compensation
Thermal zero shift
Thermal sensitivity

shift
Thermal shunt cal-

ibration shift
Static acceleration
Vibration
Acoustic bombardment
Altitude & Humidity
Magnetic
Electromagnetic
Side axis response
Nuclear
Thermal & Physical Shock

System
Excitation
I/O impedance
Sensitivity
Gage factor
Shunt calibration
Dimension, weight &

size
Mounting
Connector
Insulation resistance
Calibration
Signal conditioning
Reliability

b. Improper Polarity of Excitation. If connected backwards, the
power supply may damage the sensors. Connect a diode in series with the
power leads to prevent current from flowing when polarized backward.

C . Temperature Effects. Low temperature problems appear more often
in civil engineering applications than those associated with high
temperature. Some low temperature considerations are:

(1) Thermal Coefficient of Expansion. In sensors that rely on close
dimensional tolerances, particularly between moving parts of different
materials, differential expansion can cause damage to the sensor or
inaccuracies in their readings.

(2) Freezing of Liquids. In sensors that measure liquids or make
use of them in the measurement process, freezing temperatures can damage
the sensor or cause measurement errors. Piezometers are constantly plagued
with malfunctions caused by freezing of the water they measure.
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* (3) Recording Devices. Certain recording devices do not function
normally in low or freezing temperatures. Pen plotters which make use of
liquid inks will not record properly, and display devices (particularly
liquid crystal displays) do not function at temperatures below freezing.

d. Shock. Shock is defined as, "An abrupt impact applied to a sta-
tionary object." Any
sources of shock are:

sensor may be damaged by shock, and some common

(1) Shipping.
shock.

Sensors are generally well packed to prevent shipping

(2) Handling. Handling represents a
ping may easily subject a sensor to a shock

source of shock damage. Drop-
of several hundred g's.

(3) Storage. Delicate sensors should be stored in compartments
lined with shock-absorbent materials or in their original shipping contain-
ers.

(4) Sensor Installation. Some of the more prevalent poor in-
stallation practices are: applying excessive physical force when mounting
or electrically connecting the sensor, installing a sensor to a test
specimen before mechanical work is complete, touching exposed sensing
elements, or using improper tools to mount a sensor.

e. System Checkout and Calibration. Sensors are sometimes damaged
when a system checkout is being performed. Never exceed the maximum
physical input capability of the sensor.

f. Cleaning. Sensors should only be cleaned with materials which do
not harm them.

Section V. Signal Conditioning

9-21. Introduction. Low-level electrical signals generated by basic
measuring sensors generally need some form of "conditioning" before they
are sent to the automated system processor or recorder. Such signal
conditioning functions may require specific devices for certain classes of
sensors (strain gage bridge), or they may be general purpose, as with
filters, applying to a variety of signal transformations. Although
certainly not exhaustive, the following types of signal conditioning are
often required in the design of engineering measurement systems. *
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* 9-22. Bridge Circuits.

a. The resistive strain gage and Wheatstone bridge network is used
extensively as the transducing element in measurement systems. Strain gage
bridge applications require special signal conditioning techniques with el-
ements of bridge excitation, bridge balance, bridge completion, and cali-
bration (Figure 9-l).

b. Bridge excitation supplies should generally be grounded and cau-
tion taken not to ground the output of the bridge. Output signals typi-
cally are applied to fully differential amplifier inputs of recorders, me-
ters, or processor systems. Bridge excitation, Eex, must be a regulated
constant voltage. Individual bridge sensitivities may be varied with the
application of a series rheostat, Rs, allowing numerous bridges to be ex-
cited by one constant voltage source. Connection of a balance potentiome-
ter, RZl and a series resistor RZ2, provides for adjusting the output
voltage to be precisely zero. Resistor RZ2 should be kept as high in value
as practical, since it shunts the bridge and reduces its sensitivity some-
what.

C. Strain gage bridges may be calibrated directly by introducing an
accurately known resistance change, Rc "shunted" across R2, and recording
the effect on the bridge output. A field effect transistor (FET) switch
may be used to connect the shunt resistor, Rc, to the bridge, but it should
operate at the input or guard potential, and be optically isolated from
ground.

Adjust
sensitivity

Figure 9-1. Bridge with Sensitivity, Balance
and Calibration features.
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* 9-23. Amplification. Signal conditioning functions such as buffering,
isolation, gain, level translation, and current-to-voltage or voltage-to-
current conversion are performed by operational amplifiers. Most sensor
circuit techniques required for best design and implementation generally
lead the prudent system designer to seek packaged, commercially available
"system solutions", such as modular, multichannel DC instrumentation
amplifiers. These instruments are characterized by excellent key amplifier
specifications of input and output impedances, stability (drift), input
bias current or offset current, gain, and common-mode rejection. Bandwidth
is critical in applications of high frequency dynamic signals such as
seismic accelerometer outputs. Most commercial instrumentation amplifiers
have selectable bandwidths from DC to 10OkHz.

9-24. Instrumentation Amplifiers.

a. An instrumentation amplifier is a committed "gain block" that
measures the difference between the voltages existing at its two input ter-
minals, amplifies it by a precisely set gain, usually from 1 to 1000 V/V or
more, and causes the result to appear between a pair of terminals in the
output circuit. An ideal instrumentation amplifier responds only to the
difference between the input voltages. If the input voltages are equal,
the output of the ideal instrumentation amplifier is zero.

b. An amplifier circuit which is optimized for performance as an in-
strumentation-amplifier gain block has high input impedance, low offset and
drift, low nonlinearity, stable gain, and low effective output impedance.
Applications which capitalize on these advantages include thermocouples,
strain gage bridges, current shunts, biological probes, preamplification of
small differential signals superimposed on large common-mode voltages, sig-
nal-conditioning and moderate isolation for data acquisition, and signal
translation for differential and single-ended signals wherever the common
"ground" is noisy or of questionable integrity.

C. The most-important specifications in sensor interfacing are those
relating to gain (range, equation, linearity), offset, bias current, and
common-mode rejection.

(1) Gain Range. Values of magnitude 1 to 1000 V/V are common, but
higher values are possible.

(2) Gain Equation. "Gain accuracy" specifications describe the devi-
ation from the gain equation when the gain-setting resistor is at its nom-
inal value. To take into account the lumped gain errors of all the stages

9-17



EM 1110-2-4300
Change 1
30 Nov 87

* in the analog portion of the system, from the sensor to the A/D converter,
systems using digital processing may be made self-calibrating.

(3) Nonlinearity. The magnitude of linearity error (or nonlinearity)
is the maximum deviation from a "best straight line", on the plot of full-
scale range output vs input. It is expressed as a percentage-of full-scale
output range.

(4) Offset. While initial voltage offset may be adjusted to zero,
shifts in offset voltage with time and temperature introduce errors. sys -
terns that involve "intelligent" processors can correct for offset errors in
the whole measurement chain. In most applications, the instrumentation am-
plifier's contribution to system offset error must be considered.

(5) Input Bias. Input bias currents may be considered as sources of
voltage offset (when multiplied by the source resistance). For balanced
sources, the offset current, or difference between the bias currents, de-
termines the bias-current contribution to error. Differences between the
bias currents with temperature, common-mode level, and power supply voltage
may lead to voltage offset or common-mode error.

(6) Bias Current Return Path. Although instrumentation amplifiers
have differential inputs, there must be a return path for the bias cur-
rents, however small. If the path is not provided, those currents charge
stray capacitances, which cause the output to drift uncontrollably or to
saturate. Therefore, when amplifying the outputs of "floating" sources,
such as transformers, thermocouples, and AC-coupled sources, there must be
a DC "leak" from both inputs to common. If a DC return path is impracti-
cal, an isolator must be used.

(7) Common-mode Rejection. Common-mode rejection (CMR), is a measure
of the change in output when both inputs are changed by equal amounts.
Typical values of CMR in instrumentation amplifiers range from 70dB to
1lOdB. In the high-gain bridge amplifiers found in modular signal-condi-
tioners, the minimum line-frequency common-mode rejection is of the order
of 140dB.

9-25. Isolation Amplifiers.

a. The isolation amplifier, or isolator, has an input circuit that
is galvanically isolated from the power supply and the output circuit.
Isolators are intended for: applications requiring safe, accurate measure-
ment of DC and low-frequency voltage or current in the presence of high
common-mode voltage (to thousands of volts) with high common-mode rejec-
tion; line-receiving of signals transmitted at high impedance in noisy en- *
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vironments; and for safety in general-purpose measurements where DC and
line-frequency leakage must be maintained at levels well below certain man-
dated minimums. Principal applications are in electrical environments of
the kind associated with dams, large concrete structures, and field-
portable instrumentation, The medium that is currently in widest use is
transformer-coupling of a high-frequency carrier for communicating power to
and signals from the input circuit.

b. One of the most important considerations about using an isolation
amplifier is the manner in which it is hooked up. Since the more common
sources of electrical noise arise from ground loops, electrostatic cou-
pling, and electromagnetic pickup, the following guidelines concern the
guarding of low level millivolt signals in hostile environments (also refer
to Figure 9-2).

(1) Use twisted shielded cable to reduce inductive and capacitive
pickup.

(2) Where possible, drive the sensor cable shield, S, with the
common-mode signal source, EG, to reduce the effective cable capacitance

(3) To avoid ground loops and excessive hum, signal low, B, or the
sensor cable shield, S, should never be grounded at more than one point.

9-26. Filtering. Conditioning analog signals with filtering is a method
of attenuating or eliminating electrical signals of undesired frequencies.
The four basic types of filters are: 1) low-pass, 2) high-pass, 3) band-
pass, and 4) notch.

a. The low-pass filter is commonly used in low frequency data appli-
cations to eliminate signal noise that originates at the signal source or
is picked up in data transmission. It passes low frequency data signals
with little attenuation and attenuates amplitudes at high frequencies. The
majority of structural measurements made by the Corps result in very low
frequency data signals which can be low-pass filtered to increase signal-
to-noise ratio and enhance accuracy. It is highly desirable to select a
cut off frequency as low as possible for the sensor signal conditioning. A
good guideline is to select a cut off frequency which is as low as the de-
sired information from the sensor will permit.

b. High-pass filters characteristically pass high frequency signals
and attenuate low frequency signals. Typically, high-pass filtering may be
used in piezoelectric accelerometer measurements of seismic activity to
minimize errors due to amplifier bias currents and high noise gain at low
frequencies in charge amplifiers.

*
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* C. A band-pass filter is typically formed by cascading a low-pass
and a high-pass filter of appropriate cut off frequencies to obtain the de-
sired band-pass characteristics. It is used with low to moderately high
frequency signals.

T R A N S D U C E R
S Y S T E M
G R O U N D

Figure 9-2. Sensor-Amplifier Interconnection

d. A notch filter is characterized by attenuating or "notching out"
a narrow frequency band of an electrical signal. A common use of the notch
filter is the rejection or elimination of 60-Hz power line interference in
analog data signals.

9-27. Signal Conversion. Frequently, it is necessary to convert electri-
cal signals from analog to digital form and vice-versa in large instrumen-
tation and data acquisition systems. Signal conversions in these applica-
tions are generally of four basic types: 1) analog-to-digital, 2) digital-
to-analog, 3) voltage-to-frequency, and 4) frequency-to-voltage.

a. The analog-to-digital converter (ADC) is the most widely used
signal converter today. As the name implies, this device converts or *

9-20



EM 1110-2-4300
Change 1
30 Nov 87

* "digitizes" analog signals to a digital form. Conversion time, accuracy,
and linearity are important parameters. There are two types of ADCs gener-
ally used in data acquisition systems: successive-approximation and inte-
gration.

(1) Successive-approximation ADCs are quite widely used, especially
for interfacing with computers, because they are capable of both high reso-
lution and high speed. Conversion time is fixed and independent of the
magnitude of the input voltage. Since the accuracy of this type of ADC is
dependent upon the input not changing during the conversion process, a
"sample-hold" device is usually employed ahead of the converter to retain
the starting input value.

(2) The integrating ADC is also quite popular. It performs an indi-
rect conversion, by first converting to a function of time, then converting
from the time function to a digital number using a counter. The dual-slope
type is especially suitable for use in digital voltmeters and those appli-
cations in which a relatively lengthy time may be taken for conversion to
obtain the benefits of noise reduction through signal averaging. Though
too slow for fast data acquisition, dual-slope converters are quite ade-
quate for such sensors as thermocouples and gas chromatographs.

b. The digital-to-analog converter (DAC) is used to convert digi-
tally formatted signals to analog voltages or currents. The output of a
DAC can be either current or voltage. Typical applications of a DAC in-
clude programmable power supplies, current sources, pulse generators, panel
meters, and industrial process control.

C. Voltage-to-frequency and frequency-to-voltage conversion is a
process of transforming electronic data signals from the analog domain to
the time domain and vice-versa. Voltage-to-frequency converters (VFC) con-
vert analog voltage or current levels to pulse trains or other repetitive
waveforms at frequencies that are accurately proportional to the analog
quantity. Typical applications for VFCs include FM modulation, frequency-
shift keying, A/D conversion with high resolution, two-wire high-noise-im-
munity digital transmission, and digital voltmeters.

d. Frequency-to-voltage converters (FVC) perform the inverse opera-
tion of the VFC; they accept a variety of periodic waveforms and produce an
analog output proportional to frequency of the input waveform. Frequency-
to-voltage applications include programmable frequency switches in instru-
mentation, motor speed control, and voltage controlled oscillator (VCO)
stabilization. In analog-to-analog data transmission, the FVC converts se-
rially transmitted data-pulse streams back to analog voltages.

9-21



EM 1110-2-4300
Change 1
30 Nov 87

* 9-28. Electrical Interferences.

a. Low level instrumentation signals are very susceptible to any
number of electrical interferences, generating spurious, error-producing
voltages that are orders-of-magnitude larger than the actual measuring sen-
sor output. Electrostatic, electromagnetic, and radio frequency (RF)
source interferences are frequently encountered. They require special
conditioning and shielding techniques to minimize their effects on system
measurement accuracy.

b. Electrostatic interference is a function of potential difference
between two points. Any path, intentional or unintentional between these
potential differences carries current and produces voltages. To minimize
unwanted electrostatic signals, special shielding techniques such as the
following are applied:

(1) Enclose low level signal carrying components in metal-shielded
containers whenever possible and ground the container to earth or zero sig-
nal reference potential.

(2) Ground or connect shields at only one point in the general path
of signal flow, to prevent voltage gradients along the shield.

C. The circuit in Figure 9-3 is designed to reject common-mode sig-
nals defined as voltage E. This voltage is a common-mode signal because it
is impressed in "common" on both input leads. Often, this signal is called
a normal-mode signal.

d. A second type of common-mode signal frequently encountered in in-
strumentation is the excitation voltage used in a strain gage bridge. If
one corner of the bridge is grounded, then one-half of the excitation is
common-mode and must be rejected. This circuitry is shown in Figure 9-4.

e. Instrumentation amplifiers are widely used to reject unwanted
common-mode signals in data systems. A common-mode signal for an instru-
ment amplifier is defined as the average input signal or:

ECM = l/2 (El + E2)

and the differential-mode signal is defined as the difference voltage or:

EDM = E2 - El

Note that if El = 0, the difference signal is E2 and the common-mode signal
is l/2 E2.
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Figure 9-3. A Single Amplifier to Reject Signal E

Figure 9-4. Excitation Voltage as a Common-mode Signal
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f. Changing magnetic fields result in electromagnetic radiation
which induces stray currents and voltages in nearby conductors and cir-
cuits. At RF frequencies, even small capacitances appear as low reac-
tances. For example, 100 pF is 150 ohms at 10 MHz. This means that nearly
every conductor associated with a rack of instrumentation forms a ground
loop with the ground plane and numerous other conductors.

g. Typical RF sources are radio, television, and radar. Also pre-
sent are such devices as diathermy machines, arc welding, fluorescent
lights, and glow lamps. Proper system grounding and shielding techniques
preclude effects of RF interference.

Section VI. Data Transmission

9-29. Types of Data Transmission. The two basic types of data
transmission are: cable and radio transmission. Radio is generally more
costly on short links, and cable more costly in long links. The type
chosen should depend upon economy and system needs. The cost of signal
amplifiers, cable, and cable installation should be weighed against the
cost of the radio transmitter, receiver, and antennas. When choosing a
method of transmission, the three most important factors are distance,
frequency, and environment. Generally, a short distance, low frequency
link in a low electrical interference environment is the least expensive.
The data may be transmitted in analog or digital form. Digital methods are
less subject to interference, have the advantage of data verification, and
can be transmitted serially or in parallel. The disadvantage is the
requirement of digitizing the signal at the source. This requires a power
source and analog-to-digital converters at the sensor end of the data link.
Low level analog voltage signals are the most subject to interference.
Most analog signals are transmitted as voltage levels over short distances,
but can be transmitted as 4-20 mA current signals. Because the system
operates from 4 to 20 mA rather than 0 to 20 mA, the presence of a 4-mA
current confirms link connection.

9-30. Multiplexing.

a. Multiplexing is the sending of two or more separate signals over
the same channel. There are two forms: time-division and frequency-divi-
sion. Time-division breaks each transmission into segments of known time
length and sends them serially. Frequency-division sends multiple trans-
missions on different frequencies at the same time. Several hundred sig-
nals can be transmitted in parallel over the same channel using this
method. Multiplexing can reduce signal conditioning, cabling requirements,
and the number of receivers, and sensors.
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* b. The disadvantages of multiplexing are mainly the requirement for
power at the transmitter end, and the cost and maintenance of the electron-
ics for the transmitter and receiver. The main advantage is that it reduces
system hardware redundancy.

9-31. Network Configurations.

a. When designing a data transmission scheme, the three most common
network configurations are centralized, loop and distributed. These con-
figurations require intelligent controllers at each end and not merely sig-
nals from sensors, meters, etc. In a centralized system, data lines are
connected to a central point where a controller handles most shared tasks
(Figure 9-5). The advantages of a centralized network are simplification
of network control and shared control hardware and software. The dis-
advantage is that host lines are dedicated and can not be shared with oth-
ers.

b. In a loop configuration, the interfaces are serially linked in a
circular manner (Figure 9-6). This works well when remote controllers are
relatively close to each other. Communications interfaces are less costly
for this configuration.

C. In a distributed configuration, intercommunications may be
achieved by any node pair in the network (Figure 9-7). Its advantage is
that a failure at one node does not affect the rest of the network. Its
disadvantages are that it is difficult to control and requires a complex
communications interface at each node.

CONTROLLER

INTELLIGENT

Figure 9-5. Centralized Configuration
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Figure 9-6. Loop Configuration

Figure 9-7. D istributed Configuration

I
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* 9-32. Transmission Techniques.

a. Cable. The most common and inexpensive form of transmission for
short (one kilometer or less) links is electrical cable. Two types of com-
monly used cables are parallel wire and coaxial. Parallel wire cables are
used for low-to-midfrequency and balanced line applications. Using twisted
pair (signal and return) and/or an outer conductive shield reduces noise
and interference. Coaxial cable is used for frequencies up to 18 GHz in
unbalanced line applications. High-frequency transmission factors are:
losses due to radiation and reflected power, characteristic impedance, and
signal attenuation. Signals may be transmitted over cables in single-ended
or differential modes. In the single-ended mode, the signal return is ref-
erenced to ground. In the differential mode, the receiver detects the dif-
ference between signal and return. Analog or digital signals may be trans-
mitted in either mode. Analog signals can be corrupted by noise and the
response characteristics of the transmission line. Digital transmission
systems are not as easily corrupted and have the advantage of error detec-
tion and/or correction.

b. Fiber-optics. When noise or interference become intolerable, a
fiber-optic link may be used. Fiber-optic links also provide electrical
isolation. These are very high-speed links and have a wide bandwidth.

c. Radiotelemetry. When interconnecting cables are not possible or
desirable, signals may be transmitted by radio. Radio signals may be am-
plitude, frequency or pulse modulated and may be analog or digital. Since
radiotelemetry can become quite complex with problems associated with
transmitters, antenna location and orientation, and noise interference;
other forms of data transmission should be investigated first.

d. Satellite Transmission. A recent innovations in data transfer is
the use of satellites to transfer information from one spot in the country
to another. Data is transmitted from the site to the satellite via a radio
transmitter. The data is then transferred to a ground receiving station
where it can be further reduced and used for monitoring the remote opera-
tions. The equipment that is necessary to accomplish this transfer is
called a data collection platform. It consists of a data collection unit,
usually of an intelligent nature capable of making decisions under the con-
trol of a computer program, a transmitter, and a transmitting antenna.

9-33. Transfer Rate (resolution and accuracy). Transfer rate, sometimes
referred to as throughput, is the number of readings or signals which can
be transferred per unit of time, usually per second. If a serial digital
transmission is used and has a 10K throughput (10,000 readings per second)
with a 16-bit resolution, the transmission line must be able to support *
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* more than 160 kbaud (adding control, error, and synchronization bits).
Transfer rate is a controlling factor in the selection of a transmission
method and usually has a direct relationship to cost. Usually, the higher
the resolution, the higher the cost.

Section VII. Data Processing, Display, and Recording

9-34. Complexity. Data processing, display, and recording functions range
from simple systems to very complex software-intensive computer systems. A
simple system is a strip chart recorder. The data signal is conditioned,
displayed and recorded in a single unit. Most low-end systems, such as
strip chart recorders, supply raw data or data in a form which may not be
used in other systems. Computer systems give the highest degree of flexi-
bility for data processing, manipulation, display, recording, and storage.

9-35. Data Processing.

a. The vast majority of data processing is digital processing, ana-
log processing is rare. Once digitized, the analog signal is input to the
computer or data system as raw data.

b. At this point, the data volume is at its maximum. The raw data
may be stored and/or recorded at this point. If the raw data are stored
and then processed, this is called batch processing. If the data are pro-
cessed as they are read, this is called real-time processing. Where speed
is important, real-time processing is necessary.

C. The first step in processing raw data is usually to convert the
data to engineering units. In this conversion process, calibration factors
are often used to compensate for inaccuracies, and conversion factors are
added to change electronic signals to readable, engineering values. The
speed and flexibility of this process are influenced by the computer lan-
guage used.

d. The following is a quick overview of the advantages and disadvan-
tages of different languages for basic understanding.

(1) Machine Language. All other languages are ultimately converted
to this type of code. It is machine dependent, very fast, but is an ex-
tremely difficult language in which to program.

(2) Assembly Language. The next highest level of language consists
of acronyms which represent machine functions. It is called ASSEMBLY lan-
guage. It is also a fast language, somewhat easier to interpret, but also
cumbersome and difficult to code. *
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(3) High Level Languages. The high level languages are so called be-
cause they use English-like text for programming. These languages, al-
though they are easy to program, are slow because they must be compiled or
interpreted before they can be understood by the computer. BASIC is one of
these languages, it is used quite frequently with personal computers. The
most frequently used high level languages are COBOL, FORTRAN, and PASCAL.
COBOL is a business language designed to handle large amounts of data with
very little manipulation. FORTRAN is a scientific language designed to
handle small amounts of data with a great deal of manipulation. PASCAL is
designed to be a fast running language with some of the advantages of both
COBOL and FORTRAN.

9-36. Display. Once data have been acquired and reduced, they must be
displayed. The most common types of data display are as follows:

a. Printers:
Line printers Dot matrix printers
Character printers Daisy wheel printers
Letter quality printers Electrostatic printers

b. Plotters:
Flat bed plotters Multipen plotters
Moving paper plotters Electrostatic plotters

C. Cathode Ray Tubes:
Monochrome Color
High resolution

d. Alphanumeric Displays:
Gas discharge displays Light emitting diodes
Liquid crystal display (LCD) Dot matrix displays

9-37. Recording/Storage.

(LED)

a. Data that must be kept for later use needs to be stored when not
in use. There are several types of storage, and each has its appropriate
advantages. Random access memory (RAM) is storage that is meant for short
term use. It is only a viable means of storage while the computer is on.
When power is removed from the system, its contents are lost. For more
long term storage magnetic media must be used. There are two types which
are most frequently used. Floppy disk and hard (Winchester technology)
disk allow for random access to data which is not lost when the system is
turned off. Magnetic tape also retains data when power is removed, but in *
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* order to get to information on the tape, all the data before it on the tape
must be read. This makes it a slower method of retrieving stored data.
The magnetic tape is also the less expensive type of storage.

b. Although magnetic tape and disk are the most commonly used meth-
ods of data recording and storage, other methods are available. These in-
clude punched cards, paper tape, and bubble memory. All of these methods
are sequential and have advantages for specific applications.

Section VIII. System Design Document and Design Review

9-38. System Development. System development should start with two
elements: a system design document and a design review process. Both these
elements cause the development of the system to be well thought out and de-
signed for the instrumentation purpose it was intended. System strength,
capability, budget, space, and environment are all areas which need consid-
eration. The system design document establishes the level of need and the
constraints of the system. The design review process reviews what has been
developed, refines the parameters, and prevents the occurrence of design
oversights.

9-39. Guidelines for Preparation of a System Design Document.

a. After the system requirements document is complete, a block dia-
gram and list of all hardware and software should be drawn. The list
should contain at least those items given in Table 9-2.

Table 9-2

Items on Hardware and Software List

Part and model numbers Number of units required
Description of the unit(s) Options required
Accessories required costs
Manufacturer or vendor with address and phone number.

b. A site plan showing the placement of electronic cabinets, sen-
sors, tables, etc., should be drawn. A detailed drawing of each cabinet
with installed equipment should be included. Cable details should be pre-
pared, showing signal line designation, cable type, length, connector
types, and connector pin designations.

C. Power requirements for the system should be determined and a
drawing prepared to show power boxes, breakers, cable routing, and line *
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* conditioners or motor generator sets. Grounding details should be defined
and drawn.

d. A form showing the type and format of data transfers between
units should be prepared to save time in software development.

9-40. Guidelines for Conducting a Design Review.

a. The purpose of the design review is to determine if the design
meets the design requirements set forth in the "System Requirements
Document." The design review process should not be a new design definition
session, it should nevertheless be flexible enough to incorporate
legitimate changes and omissions.

b. The design review should cover the entire system. Every compo-
nent should be examined to verify that it will perform its intended func-
tion, without interfering with other system functions. The more "what ifs"
discussed, the better the chances that the system will operate properly.
Control and alarm functions of the system should be carefully examined to
determine if they sufficiently cover the needs of the entire system.

C. System hardware discussions should include the following:

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)

The number and type of sensors
Type and location of signal conditioning
Multiplexing
Transmission techniques
Signal conversions
System interfaces
Data storage and recording devices
System capabilities
System control and indication functions
Electrical and physical environment
Power requirements

d. System software discussions should include the following:

(1) Input data formats and polarity
(2) Operating system functions
(3) Languages used
(4) Memory management
(5) Memory capacity
(6) Data processing and storage
(7) Data storage formats
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(8) Data recording and recording formats
(9) Operator interfacing with the system
(10) Overall system speed

Section IX. System Implementation

9-41. Detailed Design.

a. Those facts gathered from the system design document should be
reviewed and incorporated into the detailed design. Design emphasis should
be placed on site plans, power requirements, grounding plans, rack layouts,
and cabling.

b. When required instruments must be fabricated in-house, fabrica-
tion drawings, wire lists, and assembly instructions should be prepared.
Documentation of nonstandard instruments is critical, whether they are de-
signed in-house or not.

C. Documentation of nonstandard units should be specifically de-
tailed in a design document. The design document should include detailed
specifications of the item to be fabricated. Specifications should include
all constraints such as size, weight, power requirements, mounting, elec-
trical, environmental, controls, speed, etc. An assembly manual should be
prepared to assist in fabrication of the system. A technical description
of the system should be prepared. It must include all information neces-
sary for the operation and maintenance of the unit. This usually consists
of electrical and mechanical drawings, a theory of operation, operating in-
structions, installation instructions, programming instructions, a parts
list, and any other pertinent information.

9-42. Procurement and Receiving Inspection. The final system configura-
tion will have an impact on the procurement and inspection process. If the
final system configuration is purchased from a single manufacturer, the
purchase agreement should include an on-site demonstration by the manufac-
turer to ensure that the equipment meets all applicable specifications.
Trade-offs are involved in the procurement/inspection process and should be
resolved before procurement arrangements are concluded. For some systems,
an inspection at the manufacturer's plant and an on-site inspection may be
desirable, others may only require an on-site inspection, while still oth-
ers can be done by in-house personnel. Purchasing standard systems, sub-
systems, or components is recommended whenever feasible to reduce costs,
and improve on documentation, maintenance, and spare part availability.

a. Procurement. The procurement cycle normally commences with the
final approval of system design. After design approval, a determination of *
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* long lead time items should be made in order to establish an ordering pri-
ority list. When standard components are ordered by manufacturer, model
number, etc., the technical specifications need not be stated on the pro-
curement document. However, when nonstandard equipment is procured or com-
petitive bidding is required, all specifications must be stated on the
procurement document. Other requirements on the procurement document in-
clude:

(1) The need for a source (manufacturer's plant) inspection. A more
reasonable approach is to have an on-site inspection for larger systems and
an in-house inspection for small systems and components.

(2) All system options. Some manufacturers tend to offer several ver-
sions of a system to accommodate multiple-user requirements.

b. Receiving Inspection. An inspection plan should be prepared to
delineate the type of inspection to be performed. It should define the
type of documentation to be maintained; the procedure to be followed when
material or articles do not conform to applicable drawings, specifications,
or other requirements; and the acceptance/rejection criteria.

(1) A physical inspection of all incoming equipment should be made.
Those articles which require no further inspection should be sent to the
designated system assembly storage area; those articles which require ac-
ceptance testing and/or calibration should be sent to the responsible test-
ing authority. All articles damaged by the common carrier should be docu-
mented, and the carrier should be notified so that remedial action can be
taken.

(2) All sensors, instruments, and subsystems which contribute to the
overall system accuracy and operation should be acceptance tested and/or
calibrated. All nonfunctional hardware, such as cabinets, etc., may be vi-
sually inspected. Records of all inspections and tests performed should be
maintained. These records show the initial status of an instrument and
substantiate nonconformance or failure during the warranty period.

9-43. Acceptance Tests. The objective of acceptance tests is to verify
that material and articles meet the supplier's stated specifications or the
actual application requirements. Generally, the manufacturer's
test/calibration procedures are followed to verify that specifications are
met. When applicable, test data should be recorded and retained. When ma-
terial or an article fails the acceptance test(s), it should be so noted
and a determination made as to whose responsibility it is to make repairs
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* and/or adjustments. In some special cases, a supplier or his representa-
tive makes on-site corrections, especially when large single source systems
are involved or when specifically stated on the procurement documents.

9-44. Metrology Controls.

a. Generally, there are components within an instrumentation system
which should be calibrated and placed in a documented metrology con-
trol/recall system. The documented metrology system should provide evidence
of quality conformance. Components normally placed in a metrology con-
trol/recall system are: sensors, amplifiers, filters, voltmeters, analog-
to-digital converters, and calibration standards. These components should
be assigned calibration intervals based upon manufacturers'
recommendations, or the recommendations established in standard Government
manuals. The calibration intervals should be reviewed periodically and
adjusted to insure recalibration on a timely basis. In establishing
intervals, consideration should be given to the use, accuracy, type of
standard, required precision, and other conditions adversely affecting
quality.

b. All standards and equipment used in measurement processes should
be in a recall system. Controls should be established to ensure that those
instruments which are not calibrated within the established interval be im-
mediately recalibrated or removed from service. All equipment in the re-
call system should have a label or tag affixed to indicate the calibration
status and due date of the next calibration. The calibration record system
should provide sufficient information to determine calibration results,
traceability to the NBS, date of calibration and the interval or next cali-
bration date.

9-45. System Fabrication.

a. If turnkey systems are not procured, the decision to make or buy
a piece of equipment should be made promptly so that system integration and
installation is not delayed. If fabricated in-house, several categories of
component devices are likely to need special attention. They are mounting
brackets, cables and wiring, cable troughs, and electronic interface de-
vices. The quality of materials used, clarity of panel markings, routing
of cable harnesses and the placement of clamps, and general workmanship
during the fabrication process need attention.

b. Detailed electrical and mechanical drawings should be prepared
before fabrication commences. Other documentation, such as hardware and
electronic component specifications, input/output voltage levels, and *
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* impedances should be specified. The documentation will be required regard-
less of the source of fabrication.

9-46. System Integration.

a. Hardware integration consists primarily of cabling all units to-
gether. Problems with missing cables or cables with the wrong size or type
connectors are found and corrected. At this time each cable should be
tagged, so that when the system is packaged for delivery to its permanent
location, all cables will be properly identified. Regarding warranties,
each manufacturer has specific rules regarding what voids a warranty.
Therefore, before opening a unit or removing its covers, the owner's manual
or warranty card should be checked.

b. The application of AC power to the system should be done slowly,
carefully, and unit by unit. Although each unit was verified as operating
properly during acceptance testing, it may have developed problems or the
interface cabling may be incorrect. After power is applied to all units of
the system, each unit should be verified as being operational.

C. Software integration is very similar to hardware integration.
First, the computer is verified as operational by running the appropriate
CPU and memory diagnostic. Then each standard peripheral such as disks,
tape drives, and printers, should be verified using standard diagnostics.
The nonstandard devices such as A/D converters, multiplexers, and other
signal conditioning equipment must be verified with purchased or self-writ-
ten diagnostics. Next, the computer operating system (OS) should be 
loaded, with drivers to operate all peripherals ready for testing.

d. The final checkout phase of system integration consists of veri-
fying the proper operation of the data acquisition program with all sys-
tem hardware. This verification should closely simulate the site-installed
configuration. Interface cables of the same length as those to be in-
stalled at the site should be used. A complete set of sensors similar to
those at the actual site should also be used or simulated as closely as
possible. As the last step in the system integration phase, the final
hardware and software configuration should be documented in the system in-
stallation manual.

9-47. System Installation.

a. System installation actually begins during the system design
phase when the physical layout or site plan is drawn. Corps sites are of-
ten environmentally harsh and hazardous to automated instrumentation. The
area which houses the main components of the system should be thoroughly

9-35



EM 1110-2-4300
Change 1
30 Nov 87

* cleaned and the cooling/heating systems verified just before the arrival of
the system. Dust, especially concrete or cement dust, from construction or
renovation causes air flow filters to clog and magnetic media to be
severely damaged.

b. In areas that are subjected to wide temperature variations and
water/moisture exposure, instruments should be enclosed in environmentally-
conditioned cabinets or rooms. To reduce moisture condensation and corro-
sion damage and limit temperature excursions, simple electrical heater
strips or light bulbs may be installed within the instrument enclosure or
room. A commercial-grade electrical insulating varnish or equivalent coat-
ing should be sprayed over all exposed electrical connections to protect
them from corrosive moisture.

C. To preclude physical damage to instruments and equipment, they
should be installed in metal cages, cabinets, or equally sturdy enclosures
or shelters. To limit the damage by vandalism, all equipment
(instrumentation and cables) should be enclosed in protective shelters and,
if possible, hidden from normal view. All enclosures that are exposed to
weather and public access should be environmentally protected, and fabri-
cated with steel plating and padlocks.

d. Upon arrival at the site, the equipment should be physically
placed in accordance with the site plan. Before connecting cables between
units, and applying primary power to each unit; the outlet or junction box
should be checked for proper wiring and grounding.

e. After all equipment is in place and all cables are connected,
power may be applied to the system and the check-out phase of the installa-
tion may commence.

f. Final acceptance of the system also affords a good opportunity
for user training. Having the system user perform all functions and tests
that are to be implemented, not only tests the operability of the system,
but also allows the user actual hands-on training.

g. As the last step in system installation, the system installation
manual should be verified against the installed configuration. Any dis-
crepancies should be resolved so that the information in the manual re-
flects the actual installation. Any changes that have been made during the
installation must be properly noted.
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* 9-48. Documentation.

a. All system documentation must be maintained and updated through-
out the life of the system. Documentation for individual units of the sys-
tem is covered in Section X, Maintenance.

b. System documentation, unlike unit documentation provided by the
equipment manufacturer, normally must be written specifically for each sys-
tem. The primary purposes of system documentation are: how to operate the
system; how to modify the system to add more hardware or changing the soft-
ware; and how to maintain the individual components of the system.

C. The operations manual should include step-by-step procedures for
all functions normally performed by a system operator. It should include
what to do when things are working correctly, and also what to do when
things are not progressing according to the procedures.

d. The system theory manual may in fact be more than one manual as
both the hardware and software that make up the system need to be ad-
dressed. The hardware manual or section should, as a minimum, include the
final system requirements, system design documents, a system level block
diagram, and a written theory of its overall system operation. The soft-
ware manual or section should contain a system level flow chart depicting
the major software activities, a brief theory on the major portions of the
program, and a table or tables depicting error messages, alarms, and prede-
termined set points or interrupts that automatically modify system opera-
tion. It should also include complete program listings containing comment
statements for clarity of meaning.

e. At least two complete sets of documentation should be supplied
with the system. One set should remain with the system; the other set
should be maintained at a central location for reference by engineers who
have responsibility for system maintenance or modification.

Section X. Maintenance

9-49. Maintenance philosophy. Developing a system maintenance philoso-
phy is an intricate process requiring forethought and planning. Some of
the elements which must be resolved are: the complement of maintenance
technicians, a centralized or decentralized program, number of spare units
or components to be maintained, and the amount of system downtime that can
be tolerated. Once these answers are found, the overall maintenance pro-
gram can be developed. A well-planned maintenance program results in a
system which performs as expected and remains operational for many years. *
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undertaken early in the system design stage, and funds for its maintenance
budgeted. A well-designed, automated system is of little use if it fails
and can't be repaired due to a lack of manpower or material budget.

b. Types of Maintenance. Maintenance can be of three types:
contract maintenance, self-maintenance, or some combination of the two.
The decision must be based upon cost, in-house knowledge and manpower.
Total contract maintenance requires the least amount of in-house skilled
manpower, but may be the most expensive solution. Total self-maintenance
requires the greatest complement of skilled manpower, and may lower
maintenance costs. A combination of the two offers the technical skill of
others, with the lower costs of self maintenance, and can produce a
balanced product of experience and reasonable cost

C. Repair Philosophy. Repair can be centralized or localized. The
chosen repair philosophy will depend upon criticality of the measurement
being taken, cost, in-house expertise, and the level of replacement parts
that the organization is willing to keep on hand. Board or subassembly
"swapping" is the fastest method of achieving repair, and requires very
little technical knowledge or equipment to achieve. The bad board is
merely swapped out for a good one and the defective board repaired. How-
ever, it does require a large inventory of spare parts to be kept on hand.
Choosing the alternative, fixing the unit in-house or sending it to a re-
pair service, means taking the equipment out of service for a length of
time. On site repair requires the most manpower, level of training, and
inventory of parts. Sending the part or unit to a regional, or national
repair service relieves the need for these items, but necessitates more
time out of service for the unit.

9-50. Preventive Maintenance.

a. Each manufacturer normally includes, as part of the operations
or maintenance manual, a section on the frequency schedule and activities
that should be performed to verify proper operation and to prevent fail-
ures. These should be used to develop good preventive maintenance (PM)
habits. A "master" or system PM schedule must be developed which includes
recommended PM on each component of the system. The manufacturer's recom-
mended frequencies must then be reviewed, modified, and checked against
performance histories of the instruments in similar conditions to determine
the frequency of maintenance for the environment in which the system is op-
erating, i.e., increasing the PM frequency on a component if its environ-
ment warrants the extra protection. Providing an idealized environment for
a system will reduce the frequency of maintenance required. These sched-
ules should be checked periodically to insure that they are sufficient. *
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* b. In the absence of manufacturers guidance on PM, reference to the
recommendations for similar instruments under similar environments is ad-
visable. The type of PM depends upon the instrument. A totally electronic
instrument requires only an occasional cleaning; however, one with fans and
filters must be cleaned and checked for proper air flow at a frequency de-
pendent upon the operating environment. Electromechanical and mechanical
instruments however, require periodic cleaning and lubrication. If there
is doubt about the frequency of a PM check, a conservative stance, with
more frequent PM checks is recommended.

C. The installation of data acquisition systems at unmanned remote
sites presents entirely different problems. The previously developed PM
schedule may be totally impractical because of manpower shortages or ex-
tremely difficult access. Under such circumstances, a trade-off between
manpower and the loss of all or a part of the system must be made. There-
fore, any visit to a remote site to correct a known problem or to collect
data, etc., should be combined with a PM visit.

9-51. Calibration.

a. To assure that accurate data are collected by the data acquisi-
tion system, the various units of the system and the system as a whole re-
quire calibration. The type, accuracy, and frequency of calibrations must
be addressed during the system design.

b. During the acceptance process, each unit should undergo precision
calibration. All sensors, especially those that are inaccessible after in-
stallation, should be verified for proper operation and accuracy by a com-
petent calibration laboratory. All sensors should come with calibration
data sheets, and digital instruments need only be verified for correct op-
eration.

C. Once the system is put together, it should be calibrated by us-
ing an electronic voltage standard in place of the actual sensors. At this
time, true system operation and accuracy may be tested and verified.

d. Periodic calibration of the system should be done. Manual cali-
bration requires that a standard voltage be substituted for the sensor out-
put. This known input used with a software calibration program allows ver-
ification and adjustment of the system for proper readings.

e. Automatic system calibration requires the installation of a pro-
grammable voltage standard, associated calibration relays, and a calibra-
tion program. This method allows calibration of the system by the repair
technician after a repair or PM and without additional test equipment. Ef- *
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* forts should be made to inject the calibration signal as close to the sen-
sor output as possible. This will give the highest level of confidence in
the overall level of system performance. The frequency at which an auto-
matic calibration can be run is practically unlimited, as it may be pro-
grammed to require no operator/technician intervention. The output of the
calibration program may be evaluated by the processing unit, and failures
or out-of-tolerance readings can be used to trigger either local or remote
alarms.

f. Signal conditioning equipment returned from repair requires re-
calibration. Each unit must be calibrated or aligned to meet the manufac-
turer's specifications.

9-52. Documentation.

a. The purchase agreement should require each equipment manufacturer
to provide sufficient documentation to facilitate the component level re-
pair, alignment, and calibration of their respective instrument. Three ma-
jor categories of documentation are required to properly maintain any unit
of electronic or electromechanical equipment.

(1) The Reference Manual. This document should contain basic infor-
mation on the functional use, programming, and basic input and output pa-
rameters of the unit. This manual is to assist the maintenance technician
during the problem identification phase of repair. It answers many impor-
tant questions such as: how the unit operates, its correct input and out-
put format, and if it is functioning properly.

(2) The Service Manual. This describes the causes for certain fail-
ures, and how the technician isolates and repairs these problems. This
manual normally contains a unit theory of operation, calibration informa-
tion, as well as a breakdown of the major assemblies and subassemblies and
a theory of operation for each. Depending upon the type of unit covered by
the service manual, there are other helpful hints for the repair technician
such as: troubleshooting procedures, signal and test patterns, spare parts
lists, PM procedures, and manufacturer assistance procedures.

(3) The Drawing Package. Schematic or logic diagrams which are ab-
solutely necessary for component-level repair of assemblies and subassem-
blies are contained here. Also, this package usually contains an illus-
trated parts breakdown (IPB) and the mechanical drawings of all component
hardware.

b. The system integrator, vendor, or controlling engineer should be
required to provide a system installation or system configuration manual. *
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* This must be updated to reflect the actual configuration of the system af-
ter installation and acceptance. Additions, deletions, and any modifi-
cations to the system should be documented in the system installation man-
ual. The system installation or configuration manual should contain as a
minimum the following:

(1) Site plan (equipment locations).
(2) Power wiring and power source drawings.
(3) Cable routing and identification drawings.
(4) Computer bus priority scheme.
(5) Computer bus addressing, or unit recognition scheme.
(6) Unit identification (manufacturer, model, and available documen-

tation for the unit).
(7) List of applicable software tests and diagnostic programs with

instructions on how to run them.

C. The permanent location of each manual will depend on the mainte-
nance philosophy chosen. Reference, service, and site installation manuals
should be at the equipment site or carried to remote sites by a technician.
If site, regional, and national centers are used for repair, copies of each
manual should be located at each center. This documentation also provides
quick reference for the engineer who is tasked with upgrading or modifying
an existing system.

9-53. Maintenance Software (diagnostic).

a. Diagnostic software of different levels is required for mainte-
nance troubleshooting of computer system hardware. The first level of on-
site diagnostics should be developed or modified for each specific system
and used as an operational readiness test. First level software only needs
to verify basic communications between units, and fundamental operations
of each device such as: 1) Are the sensors connected to the system? 2) Are
the sensor readings reasonable for existing conditions? 3) Can the magnetic
medium write, read, etc? Additionally, an on-line/off-line calibration
diagnostic program should be incorporated into the system software.
Although it is more time-consuming to run than the operational readiness
test, a thorough system calibration program is used to find units which,
although functional, are not operating within specifications and require
replacement, alignment, or recalibration.

b. Diagnostics for subassembly or module level maintenance and trou-
bleshooting are very complex and time consuming to run. They are device-
specific and must verify all functions of a device. This type of diagnos-
tic program is normally available from the equipment manufacturer and
should be purchased simultaneously with the equipment.
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* C. Software for automated calibration of sensors and signal condi-
tioning devices is also a necessity if the devices are to be calibrated on
site. This software may be purchased from equipment manufacturers and cus-
tomized for specific system configurations, or developed from "scratch".

d. If the data acquisition systems are on-line to central points of
data collection, a remote diagnostic feature may be used to save a signifi-
cant amount of time and effort. A remote diagnostic permits the technician
to run and evaluate the operational readiness test and the system calibra-
tion program. This procedure informs the repair technician about a problem
before leaving the central site and helps in preventive and corrective
maintenance situations.

9-54. Spare Parts. The establishment of a spare parts inventory, whether
at the component, subassembly, assembly, or unit level of maintenance, or
at some combination of these, is a must. The depth of the spare parts in-
ventory is governed mainly by the budget available and the failure history
of the parts. However, false economies in the establishment and mainte-
nance of a spare parts inventory can result in significant costs in man-
power and lost system availability. At all but the component level of re-
pair, it is far more economical for the person troubleshooting a problem to
"swap out" a suspected faulty part than to take the time to isolate the
malfunction with elaborate test equipment. The decision on what should be
included in the initial inventory of spare parts to support a data acquisi-
tion system should be made based upon a combination of each equipment manu-
facturer's recommendation; the known history of the equipment, if avail-
able; and experience gained in maintaining similar equipment.

9-55. Test Equipment.

a. The choice of test equipment depends largely upon the level of
maintenance to be performed. For assembly or unit level of maintenance,
where diagnostic software and operational readiness tests are used to lo-
cate an inoperative unit, only the very basic test equipment is required.
A complete electronic technician's tool kit, which includes a hand-held
multimeter and a data communications tester, is sufficient.

b. For subassembly- or module-level maintenance, several more so-
phisticated pieces of test equipment are required in addition to those pre-
viously specified. These tools are shown in Table 9-3. Most of these re-
pairs are done at the regional or central repair facility. *
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* 9-56. Training.

a. Training is a basic requirement regardless of maintenance philos-
ophy. An untrained technician can cause more delay and damage than there
is actually present. There are several levels and types of training. The
most basic level of training is knowledge of unit "swapping".

Table 9-3.

Necessary Maintenance Test Equipment.

Assembly/Unit Subassy/Module
Level Level
Repair Repair

Component
Level
Repair

1. Complete ET 1.
tool kit

2. Hand-held VOM 2.
3. Data commun-

ications tester
as appropriate 3.

4.

5.
6.

7.

All of Assembly
level equipment plus
Portable 35-MHz
dual-trace oscil-
loscope
Bus exerciser/ana-
lyzer (type depends
upon bus)
Portable voltage
standard
Digital multimeter
Master skew tape &
master output tape
for systems using
magnetic tapes
Disk exerciser,
alignment disk, &
scratch disks for
systems having
disk drive units

1. All Assembly and
Subassy level
equipment plus

2. Bench type
100-MHz
oscilloscope

3. Logic analyzer
(time & logic
state)

4. Microprocessor
troubleshooter

5. One of each unit
to be maintained
to be used as a
test fixture for
troubleshooting
& verifying
repair

b. Of primary importance, the technician should be able to remove
and apply source power to the system and to the individual units that make
up the system. The second item is how to load and unload the storage me-
dia, magnetic tapes, or disks. This includes performing the actual physi-
cal act and informing the system that the recording media is replaced.
Also, the first level maintenance technician should know all system opera-
tor functions for the specific system, as well as preventive maintenance
functions. For a computerized system, the operator/technician also needs
to receive training on the software operating system, system operating corn- *
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* mands, the system operational readiness test, calibration programs, and
hardware diagnostic programs.

C . The second level of training should cover assembly and subassem-
bly level of repair. This requires an electronic technician who has re-
ceived training in the fundamentals of electricity, basic electronics, dig-
ital theory, use of general electronic test equipment, and the fundamentals
of computer systems and peripherals. Specific unit level training should
cover special alignment, adjustment, field calibration procedures and use
of diagnostic software for each unit.

d. The final level of repair, circuit component isolation and re-
placement requires the theory of operation of all electronic circuits and
electromechanical and mechanical components in each unit. Advanced-level
training in electronics, digital theory, computer systems, and in the use
of advanced-level electronic test equipment should also be given.

e. System maintenance training, regardless of the level, must be
customized for the specific system. The simplest and by far the most eco-
nomical method of conducting this type of training, especially when
turnover of personnel is high, is by the use of video training tapes. This
method of training is also ideally suited to both preventive and corrective
maintenance procedures. It allows the viewer to see the procedure actually
being performed, and demonstrates techniques in minutes that would take
chapters in a manual to describe.

f. The most formal and overall the most expensive type of training
is the manufacturer's factory school. It generally takes place at the
equipment manufacturer's facility. It is normally taught by a trained pro-
fessional instructor and normally delves deeply into the theory of opera-
tion of the equipment. If the course includes laboratory time, actual
hands-on training accompanies the theory training. This type of training
also requires the loss of availability of the technician(s) for the dura-
tion of the course.

Section XI Retrofitting

9-57. Definition. In terms of instrumentation automation, retrofitting
represents any effort to modify existing instruments so that they may be
monitored completely under automated control, or such that the modification
will aid instrumentation personnel in collecting the instrument data.

9-58. Need. The Corps has one of the largest investments in structural
safety related and design related instruments in the entire country. Over
the years, this investment has accumulated into the hundreds of millions of *
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* dollars in instrumentation. Although some of these instruments are over
fifty years old, they are still in working condition and still serving a
useful purpose. Keeping these instruments working rather than replacing
them is in the best interests of overall economy of the cost of maintaining
a structure.

a. Retrofitting instrumentation that is already in place is
beneficial in a number of respects. The cost of installing the instruments
themselves is a large part of the cost of automating a monitoring task,
making use of existing instrumentation, in this respect, will greatly
reduce the overall cost of any automation operation.

b. The conditions under which the retrofit will be made bear heavily
on the decision to proceed in this direction. If the instruments, or the
structure in which they are installed only have a limited remaining useful
life, then retrofitting will provide the needed benefits at the smallest
cost. Installation of new instruments usually would not be economical.

9-59 Degrees of Retrofit. With the large diversity of instruments which
the Corps uses, it is impossible to be able to apply retrofitting
techniques to all of them. Some currently installed instruments, such as
the inexpensive crack and joint measuring devices (Monolith joint
displacement indicator, Relative movement indicator, Ball-n-box gage,
scratch gage, etc.) cannot be retrofitted, or would be prohibitively
expensive to do so. These instruments cannot be automated, and should be
replaced with instruments which lend themselves to automation if the action
is necessary.

a. Other instruments can be automated, but in order to use them the
physical presence of an operator is necessary. A typical example of this
class of instrument is the optical plummet. The method of reading an
optical plummet requires an operator to sight, through the plummet
telescope, at a target somewhere along the length of the vertical plummet
shaft. In order to make the reading the operator must move the telescope
to coincide with the center of the target. The movement of the telescope
is then recorded. At present there is no mechanism which can determine
that the telescope is aligned with the center of the target; and as such,
an operator is necessary. However, there are electronic recording devices
which can record the changes in movement of the telescope which the
operator has made, and thereby help the operator make accurate
measurements, help eliminate misrecorded data, and generally speed up the
data collection process. These types of changes to a manual data
collection system will partially automate the process. *
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* b. The majority of the instruments used by the Corps produce some
form of electrical output which can be measured by an electronic recording
device. In most cases, these types of instruments can be fully automated
by the addition of electronic data acquisition equipment, and in certain
cases, by mechanical apparatus which perform the duties of an operator.

9-60. Retrofitting Analysis. Before considering a retrofitting operation,
an analysis of whether the instrument retrofitting would be more cost
effective than purchasing new equipment should be made. Cost factors such
as age of the equipment to be retrofitted, cost of peripheral equipment
which must be purchased to make the retrofit possible, as well as their
installation costs must be weighed against the cost of new equipment and
their installation costs before a wise decision regarding automation can be
made. It is also important to consider accuracy and resolution of the
older instruments, frequency of the data collection operation, and the
information which is needed about the structure before making the decision
on how to proceed.

9-61. Necessary Components. Sections II, III, V, VI and VII of this
chapter give detailed information about the components which must be put
together to design an automated data acquisition system. Retrofitting is
an identical procedure, except that the instrument to be automated already
exists, and must be supplimented to automatically collect its measurement.
All other components of the automation process remain the same.

a. With respect to instrument output, there are two types of
instruments the Corps uses. Either the instrument produces a change which
must be physically measured, or it produces an electrical response to the
change being measured. As mentioned before, the electrical response type
instruments can be completely automated. However, those instruments which
require a physical measurement in order to get the final data, generally
require the interaction of an operator. In the cases where it is not
possible to replace the operator, either the gage must be replaced to one
which can be automated, or a partial automation must be sought.

b. Gage replacement requires the abandonment of the old gages and
installation of new gages which give an electronic signal as output. A
typical example would be to replace a crack measuring gage which requires
an operator, with a surface mounted strain meter that outputs change in
resistance or change in signal frequency as a function of strain. This
type of instrument could then be automated completely.

C . In the event that the instrument is not to be replaced, and a
partial automation alternative chosen, the operator would still be
necessary to make the reading of the gage. Generally, some type of *
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electronic recording device which the operator could use as an electronic
notepad would be used to aid in the automation. Rather than writing the
measured output down on paper, the collected data could be entered into the
electronic notepad. These types of devices can generally be programmed
such that the information entered can be checked against historical data
and a warning given if there are gross mismatches; or the data entered can
be reduced to engineering values. The data which is now temporarily stored
in the recording device can be electronically input into a computer in the
engineering office through a standard serial or parallel interface.

d. Some instruments which require the presence of an operator come
equipped with the capability to automatically store the data they collect.
An example is some of the newer theodolites. These instruments must be
aimed by an operator, but the output is automatically stored or transferred
to a computer. This eliminates the mistakes which can be made in manually
transferring the data to output sheets.

e. Partial replacement of some types of instruments which the Corps
uses will allow them to be completely automated. The addition of a
transducer which monitors some physical change and produces an electrical
output can be used to automate an instrument. Piezometer standpipes are a
typical example. Standpipe type cells may be measured by one of two
methods. In one case, the water head at the cell is less than the
elevation of the reading station. To retrofit this type of situation, a
pressure sensor would be lowered in the standpipe to a level below the
lowest expected water level. The pressure head on this sensor would then
be an indicator of the elevation of the water in the standpipe.

f. The other method for measuring standpipe pressure may be used
when a water pressure exists at all times at the reading station.
Currently, dial type gages are used for measuring this pressure. The water
pressure at this station may be diverted to a pressure transducer and the
electrical output from the transducer monitored.

g. Those instruments which give electrical output, but were designed
to be manually operated can be automated by devising a means of
mechanically reproducing the actions supplied by the operator. For
example, certain types of inclinometers are designed to be manually lowered
down a casing and held at different elevations while an electrical signal
is recorded. The first step in automating this type of instrument is to
build a device which will lower (and raise) the inclinometer to predefined
elevations at regular time intervals. A properly geared stepping motor
attached to the reel containing the inclinometer cable could be devised
which would lower the inclinometer into the casing. The stepper motor *
would halt the inclinometer at the predefined location and a signal could
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* be sent to a data acquisition system to make a reading. The procedure
would then be repeated until the entire casing had been read. This type of
retrofitted instrument would be connected to a data acquisition system just
as if it had been designed to be automatically monitored.
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APPENDIX B

SPLICING TECHNIQUE

B-1. General. Splices should be avoided if at all possible. They are
sources of deterioration, error, and additional work in the installation
of any electrical work. To avoid their use, the meters should be pur-
chased with adequate lengths of cable attached at the factory by the
manufacturer. This method is faster and takes advantage of the labora-
tory like conditions that are available for attaching cable to meters
at the factory.

B-2. Personnel. Splicing should be done by experienced instrumentation
personnel who are familiar with the instruments to which the wires are
to be spliced. Since the splice is generally to be embedded in concrete,
it must be done correctly the first time and done in a manner that will
last the lifetime of the structure. For these reasons it is recommended
that experienced instrumentation personnel perform the splice.

B-3. Splicing Operation. Making the splice to attach the added cable
lead to the instrument is an important and exacting operation, but not
necessarily complicated or difficult. In making a splice three primary
objectives must be achieved; first, the individual conductors must be
properly matched and securely connected to insure proper functioning of
the electrical circuits; second, the soldered connection of individual
conductors must not deteriorate chemically during the life of the em-
bedded instrument; and third, the splice must be moisture-proof. The
aluminum pipe splice is considered the most satisfactory method for pro-
ducing permanently moisture-proof splices. In order to realize the ob-
jectives stated above, the following step-by-step procedures should be
observed. To accomplish the desired results, the materials and working
conditions must be clean, since dust, dirt, oil, or grease on the splicing
components will likely prevent proper electrical connections.

Step 1. Remove the cable sheath on the lead to be added and on
the lead attached to the instrument for 4 in. and stagger the individual
conductors by l-in. lengths as shown in view 1 on Figure B-l so that the
finished conductor splices will not overlap. In removing the sheath
take care not to cut or otherwise damage the insulation on the conductors.

Step 2. Slip a Pyle-National cord and Cable Grip assembly over
the lead coming from the instrument, and an identical assembly along
with a piece of threaded aluminum pipe over the other lead of the cable.
The aluminum pipe should be of sufficient length and diameter to house
the entire wrapped splice and the Pyle-National Cord and Cable Grip
should be sized with a grommet to fit the cable and have diameter and
threading to fit the aluminum pipe. This connector assembly is available
from Pyle-National Company, 1334 North Kostner Avenue, Chicago, Illinois
60651.
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Figure B-l. Interior Stages of Splice. (Photo by WES)
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Step 3. Strip 1/2 in. of insulation from each conductor, taking
care not to cut any of the strands or otherwise damage the conductors.

Step 4. Tin the stripped ends of each conductor by dipping melted
solder using a rosin flux. Because of subsequent corrosive effects,
acid-fluxed solder must not be used.

Step 5. Connect the conductors by sweating on telephone connectors
or soldering sleeves as in view 2 of Figure B-1.

Step 6. Wash soldered splices thoroughly with 1, 1, 1-trichloro-
ethane.

Step 7. Coat the individual conductors (exposed insulation and
splice) with Joy Manufacturing Co. No. 319756-3 bonding cement, available
from Joy Manufacturing Co., Route 4, Box 156, La Grange, North Carolina
28551.

Step 8. After the cement has become tacky, wrap each individual
conductor with a single layer of half-lapped prevulcanized gray insulat-
ing rubber (Joy Manufacturing Co. No. 319776), lapping well over the
original insulation at each end of the wire splice. Cover with one
layer of rubber tape to hold the insulating rubber in place as in view 3
of Figure B-l.

Step 9. Twist the splice slightly, group the conductors into
shape, and bind together with a single layer of Joy Manufacturing Co.
rubber tape. Slip the length of pipe along the cable until the spliced
joint is positioned midway between the ends of the tube.

Step 10. Move the two Pyle-National Cord and Cable grips over the
cable to the ends of the pipe and attach them to the pipe. Tighten the
connectors securely such that the pipe becomes a watertight chamber con-
taining the splice. The end fittings and grommet should grab the elec-
trical cable such that the pipe will not slip with respect to the cable
and that any tensile stress put on the cable will be transferred across
the splice through the pipe and not the splice itself. Figure B-2 shows
the completed splice.
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APPENDIX C

EMBEDMENT TECHNIQUES FOR
CARLSON TYPE TRANSDUCER INSTRUMENTS

C-1. General. The following techniques are those that should be fol-
lowed to insure an adequate installation of Carlson type transducers.

C-2. Strain Meter. A successful strain meter installation requires that
each meter be aligned with reference to the structure axis or center-line
as specified on the drawings, and that the concrete surrounding the
meters be identical with that in the remainder of the structure. Ob-
viously these goals cannot be achieved completely, but every effort
should be made during placement operations to satisfy the conditions so
far as practicable.

a. Single Strain Meters. Single strain meters are usually em-
bedded near the top of a lift. In this case let the lift be topped off
and the placing crew move away.

Step 1. Dig into the area for the full depth of the instru-
ment and discard all aggregate over 3-in. size.

Step 2. Backfill sufficiently to provide a bed for the instru-
ment.

Step 3. Make a hole for vertical or diagonal meters, using an
electric laboratory vibrator or by driving a pointed 1-1/2-in.
diameter steel pipe into the backfilled concrete, and insert meter
in the hole. Horizontal meters are merely laid flat on the pre-
pared bed.

Step 4. Check angles, direction and depth, using the machinist's
protractor and level, held against the end flange.

Step 5. Carefully vibrate or hand-puddle around the meters.
If job vibrators are used, care should be taken to avoid violent
or excessive vibration which might disturb the meter alignment or
overvibrate the backfilled concrete.

Step 6. Complete backfilling by hand with 3-in. maximum aggre-
gate concrete, and hand-puddling up to grade.

b. Interior Groups of Meters. More elaborate preparations and
facilities are required on interior groups of meters to assure proper in-
stallations in the limited time available before the concrete attains
its initial set. It is desirable that prior to the time concrete is
placed in the intended meter location the meters be brought into the
block and grouped according to their arrangement in the monolith, and
that tools, equipment, templates, and spare meters be placed in a con-
veniently accessible location. One procedure for placement of a meter
group is as follows:
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Step 1. Place the temporary block-out frame on top of the lift
concrete when it has reached an elevation about 12 in. below final
grade.

Step 2. Finish off remainder of lift outside the frame.
Step 3. Explore the bed with shovels and remove cobbles over

3 in. in size to a depth of 4 in.
Step 4. Set template, using survey points previously marked,

and place meters in approximate location, running cables out be-
neath block-out frame and template.

Step 5. Using an electric laboratory vibrator or a pointed
1-1/2-in. diameter steel pipe, punch holes at the proper location
in the prepared bed to receive the vertical and inclined meters.
The holes should be made sufficiently deep so as to contain all
but about 2 in. of the instrument, and the instrument checked for
vertical or slope by placing the protractor level across the flanged
end of the meter. The space between the meter case and the sides
of the hole is carefully filled with stiff concrete containing
little or no coarse aggergate, and thoroughly compacted. Inclina-
tion of the meter should be checked with the protractor during
this operation. Horizontal meters are placed in their proper loca-
tion on top of the prepared bed and aligned and levelled. This is
the stage of the installation shown in Figure C-l.

Step 6. Cover each instrument immediately with hand-placed
3-in. maximum aggregate concrete until a 3-in. thick cushion is
built over and around each meter.

Step 7. After the concrete has been allowed to stiffen slight-
ly, remove the template and block-out frame, and fill the remain-
der of the hole with regular fresh concrete. The concrete should
not be dumped or thrown into the hole, but should be placed care-
fully with shovels to avoid disturbing the embedded meters or
damaging them.

Step 8. After the hole is filled, it may be lightly vibrated
or hand-puddled to consolidate the covering concrete, extreme care
being taken to avoid walking over the area or otherwise disturbing
the instruments. A board cover or barrier will serve to protect
the area during the lift exposure period.

c. Alternate Procedure for Interior Groups. A second procedure
for embedding strain meters, particularly useful for groups of 10 or more
instruments, involves the use of a special spider mounting frame, Fig-
ures C-2 and C-3, which simplifies alignment of the meters. Details are
as follows:

Step 1. Level off a concrete bed 2 ft below the ultimate
elevation of the lift.

Step 2. Mark the meter group location with a light board
framework and finish up the lift around this location.

C-2



EM 1110-2-4300
15 Sep 80

Figure C-1. Strain Meter Group Ready to be Covered (Courtesy of the
Bureau of Reclamation).

Step 3. Make final assembly of strain meters on the spiders
on a plywood or wood working platform nearby the location, and
lay out and bunch cables ready for embedment.

Step 4. Explore the levelled-off bed with shovels and remove
cobbles over 3 in. in size near the bedding surface. Consolidate
lightly with vibrator.

Step 5. Place spider and attached meters in position, and
check orientation and level.

Step 6. Carefully place concrete by hand around meters, and
hand-puddle or carefully vibrate within the spider with a small
laboratory vibrator. As covering of the meters begins, the shoulders
of the surrounding finished lift should be lightly vibrated to
avoid the possibility of sudden sloughing of the sides onto the
spider assembly.

Step 7. Erect a protecting wood barrier to protect the area
during the lift exposure period.
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Figure C-2. Carlson Strain Meter Spider. From "Measurement of Struc-
tural Action in Dams" by J. M. Raphael and R. W. Carlson.

Figure C-3. Strain Meters Mounted on Spider (courtesy of the Bureau of
Reclamation).
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d. Surface Strain Meters. Boundary groups, or surface strain
meters, consist of several meters (from three to six) placed at distances
varying from 3 in. to 3 ft from a surface of the structure with each
meter arranged parallel to the concrete face and in a vertical plane.
The positioning of the meters at the required distance from the face, in
a vertical plane and at the proper slope can be satisfactorily attained
by utilizing special pipe brackets bolted or fastened to the top of the
forms. A set of such brackets in place ready for concreting is shown
in Figure C-4. Each bracket holds a length of 1-1/2-in. pipe, swedged
shut at the bottom end, at the proper distance from and parallel to the
form surface. When the concrete is placed, as in Figure C-5, each pipe
forms a hole slightly larger than the meter diameter. A shallow hole
about B-in. deep is dug around each pipe; and after the concrete has
stiffened slightly the bracket screws are removed, the pipes pulled out
and the meters placed in the holes. The space between the meter case
and the sides and bottom of the hole is filled with mortar and carefully
tamped to insure complete contact with the instrument. Figure C-6 shows
the installation at this stage, The depressions around each meter are
brought up to grade by carefully placing concrete with shovels and hand-
tamping. A board cover or barrier will protect the area while the con-
crete is hardening.

Figure C-4. Pipe Brackets for Locating Boundary Strain Meters - Prior
to Placing Concrete (courtesy of the Tennessee Valley
Authority).
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Figure C-5. Pipe Brackets for Locating Boundary Strain Meters - After
Concrete is Placed (courtesy of the Tennessee Valley
Authority).

Figure C-6. Boundary Strain Meters in Place (courtesy of the Tennessee
Valley Authority).
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Figure C-7. No-Stress Test Specimen Pipe Containter (courtesy of the
Tennessee Valley Authority).

C-3. "No-Stress" Strain Meters.

a. Purpose. For the purpose of measuring independently the volu-
metric effects of temperature and moisture changes and chemical action
within a large structure, "no-stress" strain meters are frequently pro-
vided in conjunction with strain meter groups. This can be accomplished
by embedding an ordinary strain meter in typical mass concrete which is
isolated from deformations due to loading, but is responsive to the tem-
perature, moisture, and growth changes prevailing in the mass concrete
of the structure.
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b. Typical Installation. One arrangement, used successfully on
previous installations, is to provide a cavity in the lift near the
strain meter group by embedding a 3- or 4-ft length of 15-in. diameter
concrete pipe so that the flange extends about 3 in. above the lift sur-
face. A concrete pedestal is constructed around the bottom of the pipe
to support it and hold it in place during placement of the concrete lift,
and a precast concrete cover is provided. The pipe and upper portion of
the pedestal are shown in Figure C-7. The strain meter is suspended in
the center of a 12- by 24-in. cylinder specimen mold (of a type which
will permit easy stripping), and the mold filled with fresh concrete
taken from a typical lift batch adjacent to the strain meter group. The
12-in. diameter mold permits the use of up to 3-in. aggregate concrete,
so that the no-stress cylinders will closely represent the concrete in
the lift. At locations where 6-in. aggregate concrete is being used,
cobbles larger than 3 in. are removed from the concrete placed in the
cylinder mold. Figures C-8 and C-9 show details of the no-stress cyl-
inder cavity. The day after the cylinders are cast, the molds are removed,
the cavity cleaned and water removed, the cylinder placed in the cavity,
and the precast cover placed and sealed.

c. Alternate Installations. A second scheme, used by the Bureau
of Reclamation, is to embed two strain meters, one vertically and one
horizontally, near the top of a concrete lift, and then place a 3-ft
diameter 3/8-in. thick steel plate over the lift surface. The plate is
held 2 or 3 in. above the concrete surface by a circumferential rim or
lip, which isolates the meters from the effects of vertical load. The
length change indicated by the vertical meter includes the deformation
resulting from the horizontal strains modified by Poisson's ratio, while
the horizontal strain meter aids in the evaluation of the Poisson ratio
effect. A third scheme, developed by Serafim, involves the use of a
double-walled, double-bottom copper container which serves to protect
the concrete containing the meter from strains due to load, yet provides
continuity of the concrete so that other volumetric changes may take
place without restraint.

C-8



EM 1110-2-4300
15 Sep 80

Figure C-8. No-Stress Meter Cylinder with Mold Partially Removed
(courtesy of the Tennessee Valley Authority).

C-4. Joint Meter.

a. Arrangement. Whenever possible the joint meter installation
should be so arranged that the meter unit and the cable lead are placed
in a following block. While other arrangements are possible, they re-
quire more care in placement and frequently involve field splicing of
the cable and/or special protection facilities for cable and meter. The
most convenient location for the meters is from 6- to 10-in. below the
top of a lift.

C-9



EM 1110-2-4300
15 Sep 80

Figure C-9. No-Stress Meter Cavity and Cover (Courtesy of the Tennessee
Valley Authority).

b. Meter and Cable in Following Block. The socket plug is nailed,
with its slotted side against the form, to the interior surface of the
form at the desired location, as shown in Figure C-10. The meter socket
is then screwed onto the plug, completing the preliminary step in the
meter installation, Figure C-11. A joint meter socket being covered by
concrete in a leading monolith is shown in Figure C-12. Should it be
found that the bond between the socket and surrounding concrete is not
adequate to prevent displacement during form removal operations, short
metal anchors may be welded onto the socket prior to placement. After
concrete in the following block has been brought up to elevation of the
joint meter location, remove about 1 sq ft of the fresh concrete to a
depth necessary to expose the plug in the end of the socket embedded in
the leading block. Remove the plugs as shown in Figure C-13 and insert
the joint meter unit, screwing it in tightly, as in Figure C-14. The
meter should then be manually forced into position which will provide
sufficient available operational range in the meter to cover the magni-
tude and direction of the expected joint movement. Normally a completely
closed position or a midrange position will be satisfactory. The ini-
tial meter position is determined by making ratio readings with the
portable test set. Backfill with concrete around the meter, tamping
carefully to obtain a good embedment without displacing the meter.
Several boards laid on the completed lift surface at the meter location
will serve to protect the installation until the concrete has hardened.
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Figure C-10. Joint Meter Socket Plug (Courtesy of the Tennessee Valley
Authority).

Figure C-11. Joint Meter Socket Screwed onto Plug (Courtesy of the
Tennessee Valley Authority).
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Figure C-12. Joint Meter Socket in Place (Courtesy of the Tennessee
Valley Authority).

c . Meter in Following Block, Cable in Leading Block. When it is
necessary or desirable that the cable lead be located in the leading
block, the most satisfactory arrangement is to embed the required length
of cable (prior to attachment to the joint meter) in the lift immediately
above that containing the meter socket, terminating the cable end to be
attached to the instrument in a 1-ft square block-out near the socket
location. At least 5 ft of free cable should be coiled into this recess.
After the meter unit is installed, as described in the preceding para-
graph, the short cable lead attached to the instrument is run vertically
to above the lift surface, and concrete is carefully placed around the
meter unit. The following day, after the concrete has hardened, the
short instrument lead projecting above the lift surface is joined to
the free end of the previously embedded cable with a wrapped field splice.
Since the embedded cable crosses a contraction joint, provision must be
made at the crossing point to permit the embedded cable to accommodate
the expected differential monolith movements. This is done by coiling
one or two loops of slack cable in the block-out, and providing a cover
for the recess when concrete is placed in the adjacent lift. Figure C-15
shows the meter and cable arrangement for this scheme.
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Figure  C-13. Embedded Joint Meter Socket with Plug Removed (Courtesy
the Tennessee Valley Authority).

of

Figure C-14. Joint Meter Unit Screwed into Socket (Courtesy of the
Tennessee Valley Authority).
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Figure C-15. Joint Meter in Following Block, Cable in Leading Block.
(Prepared by WES)

d. Meter and Cable in Leading Block. The necessity for field-
splicing the instrument cable in the following block to the embedded
cable in the leading block can be avoided by turning the joint-meter
end-for-end and embedding the meter unit and cable lead in the leading
block and the socket in the following monolith. To accomplish this, a
hole slightly larger in diameter than the meter case at the bellows sec-
tion is drilled through the lift form of the leading monolith at the de-
sired location, and the meter unit inserted for one-half its length with
the cable end inside the forms. The socket is screwed onto the end of
the meter projecting from the exterior face of the form, and fastened
to the exterior of the form so as to hold the meter securely during con-
crete placement. The socket is removed to permit form removal, which
must be done carefully to avoid displacing the partially embedded meter.
The socket is then replaced, and suitable provisions made to protect the
projecting socket during subsequent operations. While this procedure
eliminates the field splice, considerable opportunity exists for damage
to the sensitive meter unit during form removal operations and during
the period while concrete is being placed in the following block.
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C-5. Stress Meter.

a. Embedment Procedure. Proper and satisfactory operation of the
stress meter is dependent almost entirely upon obtaining a perfect con-
tact between the meter plate and the adjacent concrete. An embedment
procedure, to be acceptable, must avoid the formation of air pockets and
eliminate so far as practical the collection of water beneath the meter
which always occurs during bleeding.

b. Meter on Horizontal Plane. Placement of the stress meter in
horizontal (stem vertical) and diagonal (stem sloping) positions may be
accomplished by providing a hole or depression in the top of the lift, as
shown in Figure C-16 and bedding the meter the following day after the
lift concrete has hardened. The complete step-by-step procedure recom-
mended is as follows:

Step 1. Prior to starting concrete placement in the lift, the
meter and about 4 ft of attached cable is placed in a wooden box only
slightly larger than the plate and about 12- to 15-in. deep. When con-
crete has reached an elevation about 12 in. below the top of the lift,
the box containing the meter is placed at the desired location, and lift
placement completed. The meter cable leads are placed and buried during
this period in the usual manner, except for the 4 ft of surplus cable
which remains in the box. This cable slack is necessary in order to al-
low some freedom in placing the meter during embedment operations.

Step 2. When the lift has been completed, the box containing
the meter is removed from the concrete and a conical cavity left in the
lift surface. The side slopes and bottom should be sloped or levelled
as required, and left in a reasonably smooth plane condition. Avoid ex-
cessive trowelling or floating. A diagrammetric sketch of a prepared
cavity, with 45° slopes suitable for diagonal meters, is shown in Fig-
ure C-16. The boxed meter is replaced in the cavity, and a heavy wooden
box or cover is placed over the hole to protect against damage.

Step 3. The following day, after the concrete has hardened,
the hole is cleaned to remove all laitance and loose material so as to
provide a good bond with the new concrete. The areas upon which the
meters are to be placed should be chipped to remove projecting corners
of aggregate, and wire brushed to expose a good bonding surface. All
water should be removed from the hole, and provisions made to prevent
curing water from entering the cavity during the meter placement opera-
tion.
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Figure C-16. Cavity in Lift Surface for Installation of Stress Meter.
(Prepared by WES)
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Step 4. About 1 hr before placing the stress meter, a sanded
grout is prepared, consisting of 80 g of cement and 120 g of sand
passing the No. 30 sieve with only enough water to produce a plas-
tic consistency. It is recommended that one or more trial mixes
be made to establish the amount of water required for the mortar.
Just before placing the meter, a thin film of grout, made by add-
ing water to a small amount of the prepared mortar, is brushed over
the smoothed concrete surface in order to dampen and lubricate it.
The remaining mortar is reworked without additional water, placed
on the dampened surface where the meter is to be located, and
shaped into a rough cone. Then, with a reciprocal rotary motion,
the meter is pressed down on this mortar cone causing it to squeeze
outward and appear around the rim of the meter. The mortar bed,
after the meter has been pressed into its final position, should
be not more than 1/8 in. in thickness (preferably 1/16 in.).
Weights totaling 15 to 20 lb should be uniformly distributed over
the upper surface of the meter plate, as shown in Figure C-17, to
hold the meter in close contact with the mortar. A small tripod
table carrying the proper weight load has been found convenient
and assures a uniform applied pressure.

Figure C-17. Stress Meter in Place (Courtesy of the Tennessee Valley
Authority).
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Step 5. After the mortar has set slightly (from 2 to 3 hr),
fresh concrete similar to that in the remainder of the lift should
be carefully placed in thin layers and thoroughly hand-compacted.
The tripod and weights may be removed after the first or second
layer has been placed. Care should be taken in placing the cop-
crete to avoid displacing the meter. After the hole is completely
back-filled, it should be covered with a layer of boards for pro-
tection until the concrete has hardened. Normal curing operations
should be resumed as soon as the fresh concrete has hardened suffi-
ciently.

c. Meter on Vertical Plane. Placement of stress meters in a verti-
cal position (stem horizontal). is done in fresh concrete of the lift and
presents no difficult problem. After concrete placement in the lift has
been completed, a hole about 12 in. in depth is dug at the meter location.
The meter is laid in place and concrete, with the large cobbles removed,
placed in thin layers around the instruments and thoroughly tamped into
place, as in Figure C-18. Alignment and position of the meter should be
checked and maintained during placement of the concrete backfill. A
temporary board cover over the meter location will protect the installa-
tion until the concrete has hardened.

Figure C-18. Position of Stress Meter for Measuring Stress on Vertical
Plane. (Prepared by WES)
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C-6. Pore Pressure Cell. The pore pressure cells are usually located
near the top of a lift, where placement can be accomplished after con-
creting in the area has been completed. A hole just large enough to ac-
commodate the instrument and about 12 in. deep is dug at the desired lo-
cation. The meter is laid horizontally in the hole, normal to the ex-
terior surface of the concrete, and with the porous plug at the desired
distance from the water-concrete contact plane. Frames or brackets to
hold the meters in position during embedment should not be used, since
they would possibly provide a leakage path directly to the cell. Con-
crete is placed by hand around the instrument and tamped sufficiently so
as to obtain a good contact between the body of the meter and the sur-
rounding concrete. Avoid excessive tamping or working of the concrete
which would result in a highly impermeable zone around the meter and ad-
versely affect the normal buildup of hydrostatic pressures being measured.
Where several cells are located in a lift at different distances from
the water-concrete contact surface, the meters should be arranged in
echelon formation, at least 3 ft apart, in order that the instruments
near the surface will not interfere with the development of hydrostatic
pressures at the instruments farther from the face. After embedment, a
temporary cover of boards laid over the meter locations will afford pro-
tection until the concrete has hardened.

C-7. Resistance Thermometer.

a. Instrument Location. Embedment of the resistance thermometer
is a simple procedure since orientation is usually not important and
careful placement of concrete around the meter is not a requirement.
When the location of the instrument relative to the top or bottom of a
lift is not important, the thermometer is simply laid in a shallow (6
or 8 in.) hole, covered immediately by shovelling or pushing fresh con-
crete over it and the area lightly vibrated. Installation of several
thermometers or thermometer groups on a single horizontal plane within
a lift is most easily done by placing them at the bottom of the lift.
The meters should be taped or tied securely by means of wires or wire
loops embedded in the top of the previous lift at approximately the
proper locations.

b. Spacing. For accurate spacing of thermometers at various heights
in a lift, the meters may be taped to a pole or rod which is embedded in
the previous lift or otherwise maintained in a vertical position. Wood
poles or 1/2-in. diameter bakelite tubes are recommended because of their
favorable thermal properties. Other materials of low heat conductivity
may be satisfactory, if in the form of thin-walled tubes. Reinforcing
bars should not be used for this purpose.
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c. Locations near Exposed Surfaces. Thermometers located within
approximately 3 ft of exposed concrete surfaces or bulkhead faces sub-
ject to daily temperature variations must be placed accurately at their
intended distance from the surface or face. Instruments must be secured
firmly in position in some manner, since the placement of adjacent fresh
concrete and manipulation of the vibrator equipment frequently will cause
a relatively large displacement of a "free-floating" thermometer. The
preferred method is to embed tie wires in the surface of the previous
lift, place the thermometers on the hardened concrete lift surface and
fasten them securely in their proper location by means of the tie wires.
A second method, used when it is desired to place the thermometers within
a concrete lift, consists of a light-weight bracket of low heat conduc-
tivity material fastened to the interior form surface holding the thermom-
eter at the desired distance from the form. Care is required in removing
the forms and detaching the brackets therefrom to avoid dislodging the
embedded meter. The brackets should be as small as feasible so as not to
interfere with the normal movement of heat between the surface and the
thermometer location, and of a material whose specific heat and thermal
conductivity are of the same general magnitude as those of concrete.
Thermometers in groups should be arranged in echelon formation in order
that each meter will not interfere with the movement of heat between the
surface and other instruments in the group.

*U.S. GOVERNMENT PRINTING OFFICE: 1987-718-285/1193
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APPENDIX D

SAMPLE FORM OF SYSTEM REQUIREMENTS DOCUMENT

D-l. Description. The following is a sample form of the System
Requirements Document. It is intended to aid in the specifying of the
system requirements. A completed version of this document, representing
the requirements of a fictitious data acquisition system, can be found in
REMR Technical Report REMR-CS-5, Report 1 Instrumentation Automation
Techniques.

SYSTEM REQUIREMENTS DOCUMENT

(Facility)

(Contract)

(System Name)

(System Designer)

(Date)

GENERAL FACILITY MISSION AND SYSTEM OBJECTIVES

D-l
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* FUNCTIONAL AND ENVIRONMENTAL REQUIREMENTS

1. Physical phenomena/measurements.

a.

b

C .-

d-

e.

f-

g.

h.

i.

Range

Accuracy (total system)

Resolution (total system)

Sample/interest rate: Continuous

Intermittent Frequency

Display (real-time): Yes No

Store/record: Yes No

Number of measurements

Alarm: Yes No

Limits: Low High

Criticality: High Average Low

2. Sensor/detector/transducer.

Type

Sensitivity Nonlinearity Hysteresis

Accuracy Resolution Range

Maximum Residual Unbalance (zero offset)

Temperature Compensation: Yes No

Excitation Power: V AC DC

A Reg. Unreg. Hz

Number of Instruments
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* Environmental

Operating temp Humidity

Shock/Vibration Other hazards

Protective enclosure: Yes No

Mechanical

Physical dimensions

Mounting Spatial

Signal Conditioner/Converter

a.- Amplifier

No. of channels

Single-ended Differential

Gain-Fixed Variable Range

Automatic/Manual

Accuracy Bandwidth

Environmental

Operating temp Humidity

Shock/Vibration Other hazards

Protective enclosure: Yes No

Mechanical

Physical dimensions

Mounting Spatial
*
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b-* Filter

Type: Low-pass High-pass Band-pass

Cut-off Frequency Fixed Variable

No. of channels

Environmental

Operating temp Humidity

Shock/Vibration Other hazards

Protective enclosure: Yes No

Mechanical

Physical dimensions

Mounting Spatial

C . Balance Offset- Compensation

d. Multiplexer

1. Analog: Low level High level

No. of inputs per output

Input: Single-ended Differential

Input voltage range Sample rate

2. Digital: Parallel Serial

Bits/word No. of channels

Address code type (BCD, binary, etc.)

Logic levels: High v Low V

Logic convention: Positive Negative

Sample rate
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* Environmental

Operating temp Humidity

Shock/Vibration Other hazards

Protective enclosure: Yes No

Mechanical

Physical dimensions

Mounting Spatial

e. Signal Converter

Type: Analog-to-Digital (A/D)

Input range V Conversion speed usec

Bits of resolution

Digital-to-Analog (D/A)

Bits of resolution Conv speed usec

Output Range

Environmental

Operating temp Humidity

Shock/Vibration Other hazards

Mechanical

Physical dimensions

Mounting Spatial

f Sensor Power Source: Yes No-.

AC DC Hz Reg Unreg *
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Voltage Amperage Backup: Yes No

Battery UPS Solar

Environmental

Operating temp Humidity

Shock/Vibration Other hazards

Mechanical

Physical dimensions

Mounting Spatial

g. Transmission Link

Wire/cable Telemetry Telephone Modem

Fiber-optic Other

Environmental

Operating temp Humidity

Shock/Vibration Other hazards

Mechanical

Physical dimensions

Mounting Spatial

4. Data Processor/Storage/Monitor

a.- Computer

Purpose: Data acquisition Process control

Data reduction Computation

Other *
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* Peripherals: Monitor Plotter

Printer Mag. tape Modem

Terminal Disk drive Floppy disk

Hard disk

No. of input data channels

Analog Digital

Main Memory: Type Capacity

Communications: I/O port(s); 4-2OmA

IEEE-488 RS-232-C RS-422 RS-449

16-bit parallel

Power: Primary Backup

V AC DC Amps Freq

Backup: Battery UPS Solar

Available: Yes No

Grounding scheme

Network configuration

Environmental

Operating temp

Shock/Vibration

Cooling rqmnts

Mechanical

Physical dimensions

Humidity

Other hazards

Dehumidification

*
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Mounting Spatial

Portable Fixed

b. Data Logger

Data input: Analog Digital Sample rate__ __

Hard copy Internal storage Memory cap.

Resolution

Remote communications: Modem RF ___ I/O

Alarm: Audible Visual

Power: Primary Backup

V AC DC Amps Hz

Backup: Battery UPS Solar

Available: Yes No

Grounding scheme

Environmental

Operating temp

Shock/Vibration

Humidity

Other hazards

Mechanical

Physical dimensions

Mounting Spatial

Portable Fixed

C . Storage Devices: Disk drives Mag tape units-

1. Disk drives: Avg access time

Unit capacity Controller *
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* Floppy Hard Fixed Removable

Power: Primary Backup

V AC DC Amps Hz

Backup: Battery UPS Solar

Available Yes No

Grounding scheme

Environmental

Operating temp Humidity

Shock/Vibration Other Hazards

Mechanical

Physical dimensions

Mounting Spatial

Portable Fixed

2. Magnetic tape unit:

Bits per inch (BPI) Tape speed ips

7-track g-track Reel Size

Tape width

Power: Primary Backup

V AC DC Amps Hz

Backup: Battery UPS Solar

Available Yes No

Grounding scheme
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Operating temp

Shock/Vibration

Mechanical

Humidity

Other hazards

Physical

Mounting

Portable

5. Displays/Alarms

dimensions

Spatial

Fixed

a.- Cathode Ray Tube (CRT)

1. Resolution: High

Video: Composite RGB

Screen size Color Monochrome

Power: Primary Backup

V AC DC Amps Hz

Backup: Battery UPS Solar

Environmental

Operating temp Humidity

Shock/Vibration Other hazards

Mechanical

Physical dimensions

Mounting Spatial

Portable Fixed *
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*
b-. Printer

Type: Character Line

Letter quality Dot matrix

Communications port: Serial Parallel

Data buffer: Yes No

Paper: Tractor feed Friction feed

Fan fold Roll Size

Type font(s)

Power: Primary Backup

V AC DC Amps Hz

Environmental

Operating temp Humidity

Shock/Vibration Other hazards

Mechanical

Physical dimensions

Mounting Spatial

Portable Fixed

Plotter(s)c.

Type: Roll Flat bed

Plot size No. of pens

Communications port: Serial Parallel

Data buffer: Yes No *
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Paper size Fonts

Power: Primary Backup

V AC DC Amps Hz

Environmental

Operating temp Humidity

Shock/Vibration

Mechanical

Other hazards

Physical dimensions

Mounting Spatial

Portable Fixed

d. Strip chart recorder(s)

Type: Pen & ink Heated stylus Point plot

Signal input: Sensitivity Freq. response

No. of channels

Power: Primary Backup

V AC DC Amps Hz

Environmental

Operating temp Humidity

Shock/Vibration Other hazards

Mechanical

Physical dimensions

Mounting Spatial

Portable Fixed
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* e. Indicators

Type: 1. Status: LED Incandescent

Other

2. Information: Digital Analog

LED LCD Dial/Meter

Gas discharge Pointer/Scale

Other

Power: Primary Backup

V AC DC Amps Hz

Environmental

Operating temp Humidity

Shock/Vibration Other hazards

f-- Alarms

Type: Audible Visual Remote

Local

Power: Primary Backup

V AC DC Amps Hz

Environmental

Operating temp Humidity

Shock/Vibration Other hazards
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