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PREFACE

The Air Force's major guide to corrosion control of real
property and real property installed equipment has been
contained in Air Force Manual 88-9, Chapter 4 which was
published August 1962. The corrosion control field has been
progressing with new methods, materials and equipment
constantly being introduced. Since the Air Force's corrosion
manual was old and outdated, a need existed for searching,
investigating and documenting the new methods, materials and
equipment for corrosion control. It was decided that the most
prompt and economical method of accomplishing this task was
by procurring the services of a prominent corrosion engineering
firm. Because of the large volume of the documented findings
of this endeavor, the information has been published in three
volumes. The first volume is entitled Corrosion Control -
General. The second and third volumes are entitled Cathodic
Protection Testing Methods and Instruments and Cathodic
Protection Design.
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1 TESTING METHODS. Requirements for any corrosion
test program must be tailored to the particular structure
or system on which it is to be used. Specific requirements
will, therefore, vary with different localities and types
of structures. The corrosion engineer must sele't methods
and procedures which best supply information needed to study
these problems.

Although other factors are often important, electricity is
the basis of the corrosion process. Electrical current
leaving a metal surface produces actual metal loss, and a
corrosion cell is an electrical circuit. Therefore, quan-
titles associated with this circuit are those most often
measured in corrosion testing, although various chemical
and physical tests may also be required. Electrical tests
usually involve direct current (D.C.) measurement, because
this (rather than A.C.) is most often encountered in corros-
ion cells. Some recent attention has been given to alterna-
ting current, but direct current remains most important.

Tests may be made in field or laboratory, depending on
specific measurements and eqlipment employed. Generally,
electrical measurements on the actual structure in its
actual environment provide most reliable information. Com-
plicated chemical and mechanical analyses may require labor-
atory measurements, but even these are sometimes included in
field testing.

1.1 Background. To determine if corrosion is active,
how much protection is required, how protective equipment
should be installed, and finally whether or not corrosion
is being brought under control, it is necessary to take in-
struments into the field or laboratory, connect them, and
measure electrical quantities. Analysis of thesc quantities
gives a solution, or at least a key to the solution, of cor-

F/ rosion problems. Usually several types of measurements are
taken before the corrosion behavior can be understood.
Success or failure of a corrosion control program depends
upon accuracy and proper use of these meter readings.
Equaliy important is proper recording and subsequent analysis
of this information.

1.1.1 Description of Electrical Quantities. Electri-
cal current can be considered to flow through conductors
(materials having the ability to carry it) in the same man-

* ner in which fluids flow through pipe lines. The rate of
this flow depends upon voltage pushing it through, which is I
analogous to pressure, and resistance to flow which affects
moving electric current as inside pipe walls affect flowing
fluid. (A rougher wall surface results in more friction

I
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which is overcome by increasing pressure to maintain con-
stant flow.) Resistance tends to hold back electricity,
and voltage pushes it through. As liquids are measured in
gallons, electric current is measured in amperes. As fluid
pressure is measured in pounds per square ,electrical
voltage is measured in volts. Electrical resistance is mea-
sured in oh~ms. One amp-ere of current will flow through a
conductoro-fone ohm resistance when pushed by a voltage of
one volt. Milliamperes and millivclts, quantities commonly
associated with corrosion work, equal one one-thousandth of
an ampere and a volt, respectively.

The relationship between basic electrical quantities is

given by the all-important Ohm's Law:

V = IR

where

V = voltage in volts
I = current in amperes, and
R = resistance in ohms.

(If any two of these quantities are known, the third can be
found through algebraic solution.)

Some examples of conductors (materials which will pass an
electric current when voltage is applied) are pipes, cables,
soils, and waters. Coatings and cable insulation are exam-
ples of non-conductors (materials which will not pass any
appreciable electric current when voltage is applied). The
greater the resistance per unit material, the poorer the
conductor.

Electrical currents are classified as direct or alternating.
Alternating current reverses its direction of flow several
times each second, while direct current flows continually
in the same direction for longer periods of time. Unless
special attachments are provided, current and voltage meas-
uring instruments (ammeters and voltmeters) constructed for
tne study of alternating currents cannot be used for direct
current work. Since direct current is most commonly en-
count.red in corrosion work, it will be the only type re-
ferred to in this discussion.

Voltage measurement between two points along the path of
flowing current is called voltage drop or loss, as is a dif-
ference of pressure between two poins in a-pe line. Ar
electrical circuit is the path which flowing current follows
and can consist of one or several conductors. Current can
be considered to leave its source, flow through the circuit,
and return to its source again. The circuit which it fol-
lows will always be the path of least resistance. In the
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case of a galvanic anode, such as magnesium (Figure 1),
current leaves the anodes, passes through backfill and soil
respectively, enters the structure, flows along this struc-
ture to the anode wire connection, and finally flows through
the wire back to the anode. This circuit is made up of four
conductors other than the anode itself. These are backfill
material, soil, structure, anL copper return wire.

1.1.2 General Methods. To study the behavior of
electrical circuits, one must first decide what quantity to
measure (current, voltage, or resistance), where it can best
be done (location in the circuit), what instrument to use,
and finally how to connect this instrument. It is often
necessary to measure current and voltage across a portion of
a circuit in order to determine resistance through that por-
tion. Ammeters, and voltmeters or potentiometers are com-
monly used to determine current flow and voltage respective-
ly. Instruments which impress a known current and give a
resistance reading from the resulting voltage drop are also
widely used.

When instruments are connected, they can affect flowing cur-
rent. If test leads are employed to make contact between
meter and structure, considerable resistance might be added
at one or all of the following:

1. Where leads contact structure.
2. Where leads contact meter.
3. Through leads themselves.

4. Through the meter.

A- mentioned before, any increase in resistance will reduce
or hold back flowing current, so the flow might differ after
the meter is connected.

a. Current. When current flows through insulated
wire, one can usually break the wire at any point, and meas-
ure total current flowing simply by connecting an ammeter be-
tween the broken ends. However, when this instrument is con-
nected, total circuit resistance is immediately changed by
added contact, lead wire, and ammeter resistances. From
Ohm's law, less current flows because of the increased re-
sistance, even though voltage remains constant. Therefore,
the measurement is not totally accurate.

Similarly, a pipe line through which electrical current is
flowing is cut or two sections of pipe are electrically sep-
arated by an insulating Joint. An ammeter Xs connected be-
tween the two sections. Current passes through this instru-
ment ana is measured. Total circuit resistance is increased
with this instrument connected, and less current flows than
before.

t ~ 4.._........
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IIf the pipeline is buried or submerged, additional inaccur-
acies are introduced, because soil and water are conductors
(Figure -2). Any soil or water contacting a metallic struc-
ture might carry some percentage of current flowing on the
structure. The total circuit contains several possible
paths for current flow, each of different resistance (Figure

3). The ammeter measures on,.y that part of the current
which flows through it.

Because of these inaccuracies, In corrosion field work cur-
rent is generally not measured with Just an ammeter (para-
graph l.2.l.b).

b. Voltage. As fluid needs energy to move in a pipe,
electricity requires a "push" along its circuit. The ener-
gy or push to electric current is voltage.
To determine the voltage used up between two points, a

voltmeter is usod.' A tcst Ifad wireF is connected
from one terminal of the voltmeter to one point (A) in the
circuit and a wire, from the other terminal to the other
point (B). The voltage used up between points A and B is
read in volts. Current and resistance are not known, but
the voltmeter does reveal direction. of current flow. That
is, when the voltmeter is connected to leads from points A
and B, the needle moves either to the left or the right de-
pending upon the direction voltage pushes flowing current.

Points A and B could be two points in the carth
or wator, two on a structure or A could
be a point on a structure while B is a point on another
structure or earth (water). Thus, these voltage measure-
ments indicate how much "push" the electrical current is
getting whether it is flowing along a buried structure,
through an electrolyte, between one structure or another,
or between a structure and an electrolyte. Inaddition, al-
though the amount of current flowing is unknown, one can
tell the direction in which voltage pushes current at the
location where voltage is measured.

With voltage measuring instruments, an observer can trace
the path of electrical current along a buried o' submerged
structure; determine when it enters or leaves, its direc-
tion of flow through earth or water, and whether or not itis entering or leaving from another structure. Although
frequently amount of current is unimportant, it is often
possible, after gathering some other data, to use the volt-
age reading to compute current flow in amperes by Ohm 's Law.

It is important to remember, here, as with all electrical
measurements, that good electrical contact be made at all
connections. Rust and dirt on terminals, clips, and probe
bars mean trouble and erroneous readings. Contact to the

I e .
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Grade

Buried Pipe

a) CURRENT FLOWS ON PIPE

Insulating Joint

b) CURRENT FLOWS AROUND INSULATOR, THROUGH SOIL.
TOTAL CURRENT IS LESS THAN FOR a)

c) AMMETER DOES NOT MEASURE TOTAL CURRENT,
BECAUSE PART CONTINUES TO FLOW THROUGH SOIL.

Note: Arrows Indicate Current Flow

Figure 2
CURRENT FLOW AROUND INSULATING JOINTS

$

.- ......

.. . .... , _ ; . .... -. , . 1



Ri -esisanceiAmtradTtLed

RI Resistance Thrug AmeeInlat L d

Figure 3
CIRCUIT DIAGRAM: PARALLEL RESISTANCES AT INSULATING JOINT

buried or submaerged structure is a common source of error and
the most difficult to cope with.

To measure current with an ammeter, connect the instrument so
that all current to be measured flows into one terminal and
out the other. Voltage measuremients require- only a small
portion of current to flow tilrougli the measuring instrument
(voltymeter). IjD fact, many times it is advantag'eous to use a
voltneter througa which only a very, very siaalle portion of
total current passes. Figure -1 illustrates thc method of
connecting bota anitcter and voltmeter in circuit.

c. Resistance. Often, it is necessary to determine how
nuch resistance electrical current will encounter. If current
and' voltage are both known, Ohm's Law can be used to compute
resistance. Resistance equals voltage divided by current
(R - %/I). To determine resistance, one can use an ammeterr and a voltmeter connected in separately, or one of several
commercially available instruments which read the answer
directly in 'ohms.



Some current posses
V - Voltmeter through voltmeter, amount
A a Ammeter determined by rasistance
R a Resistor

i R

All current posses A
through ammeter

- liiil
Note: Arrows signify current flow

Figure 4
AMMETER AND VOLTMETER IN CIRCLIT

Resistance plays an important role in measuring electrical
quantities. When test leads are used, they of+ . add resis-
tance in clip and terminal connections because of corrosion
products forming on metal surfaces or weak clip springs.
Probe bar-to-structure and/or test lead wire-to-structure
connections are equally important. When an ammeter is used
to measure current, these cannot be tolerated. They will
introduce serious errors in some types of voltage measure-
ments. If not understood, they can also cause resistance
measurements to give false results.

d. Electrolyte Resistance. Electrical current flows
through some soils or waters easier than others. If the
same voltage is applied between two contact points in one
soil as in another, more current may pass between them in
one instance. Resistance is lower in this case. If resis-
tance between outer surfaces of two points and earth is not
part of the measured resistance, only current flowing
through soil is being considered. Therefore, soil resis-
tance is being measured.

For convenience, when dealing with soil or water, electro-
lyte resiltivity rather than resistance is determined.
Resistivity is a property of the material itself, independent

S
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of the amount or geomet;7 of material. Resistance, on the
other ha-n, is a iunction of the amount and geometry of
material. Resistance and resistivity of -a-sample of mater-
lal of size L by W by H, are related thus:

R = L

4where
R = resistance in ohms
3P = resistivity in ohm-centimeters
L = length in centimeters
W = width in centimeters
H = height in centimeters

From this relationship, it can be seen that resistivity equals
the resistance of a cube of material measuring one centimeter
on each of its sides. When the length only of this cube is
doubled, resistance is doubled. When either the width or the
FT Eis doubled, resistance is halved. This is analogous
to an electrical circuit in which'reslstors are placed first
in series, then in parallel.

Noting units in the above equation, one can see that resis-
tivity has units of ohm-centimeters, not "ohms per cubic
centimeter" or "ohms per entrimeter cube" as are often mis-
takenly used. Units such as "ohm-inch" or "ohm-mile"are tech-
nically correct also, but for corrosion control applications
the unit "ohm-centimeter" is preferred.

e. Chemical Analysis. In addition to electrical meas-
urements, a partial chemical analysis can often help indicate
corrosivity of soil or water. Standard laboratory methods
are employed to determine pH, presence of sulfates, or other
applicable factors.

1.2 Field Tests. It Is important that corrosion field
work be pFf_'or m experienced personnel. Meaningless
measurements or misinterpretations of results are likely

P when inexperienced people do field survey work. Corrosion
.1 - testing is widely diversified involving many different tech-

niques, some, highly specialized. Tests may require dura-
tions from a few minutes to a year or more, and measurements
may vary over wide limits. For example, potential measure-
ments can vary from a few millivolts to hundreds of volts,
and currents may be a few milliamperes or hundreds of amp-
eres. Structure size bears no relation to the type tests re-
quired. A small complex structure may involve many intric-
ate measurements. Often available data are fragmentary, and
conditions that cannot be measured may be of greater signifi-
cance than those obtainable. Consequently, Judgment and ex-
perience in fiell-testing techniques are of great value. Due
to the many factors involved, a corrosion investigation may
include visual inspection, study of geographical areas, study
of records, chemical or metallurgical analyses, electrical

.
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measurements and, sometimes, biological studies. The
proper combination of tests depends largely upon available
data and local conditions. Here again, the necessity for
experienced personnel is evident. Corrosion survey reports p
shIould indicate not only the t3st results, but also reasons
particular tests were used or excluded.

1.2.1 Basic Field Tests. Standard test methods are
described hereT;-eld surveys, often combining several basic
measurements, are discussed in paragraph 1.2.2.

A general procedure, common to all field tests using
ammeters or voltmeters, involves standard electrical con-
nections. It is common practice to connect the negative
meter terminal to the structure being investigated and the
positive terminal to the reference electrode (electrolyte
contact), foreign line, or other. This arrangement will be
fcllovied in this manual and is generally accepted in the
corrosion field.

Another convention accepted in this manual concerns designa-
ting points in a circuit as "positive" and "negative". Posi-
tive and negative terminals of standard instruments are
marked by their manufacturer, conventionally with negative
terminal on the left and positive terminal cn the right, as
one faces the meter (Figure 5). When current flows into
the positive terminal and out the negative terminal, the in-
strument pointer moves to the right (clockwise). Conversely,
when current flows into the negative terminal and out the
positive terminal the instrument pointer moves to the left
(counterclockwise). By knowing where the two terminals are
connected, the engineer can easily determine Mirection of
flow and which point is "positive" and which is "negative".
For example, to measure IR drop, the meter terminals are con-
nected to two points on the structure as in Figure 5a.
If the meter swings to the right (clockwise) as shown, this
indicates that current is entering the meter at the positive
terminal and leaving at the negative. Therefore, current
flows through the structure from right to left as shown -n
the drawing. (Here, as always, "current" refers to conven-
tional current flow, not electron flow.) By convention,
point A is positive to point B.

Figure 5b shows a similar set-up for measuring structure-
to-soil potential. As always, the reference electrode
(electrolyte contact) is connected to the positive terminal
and the structure, to the negative terminal. The meter
swings to the left as shown, when current flows through the
soil from point B to point A.

10
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Note:

conventionl currnt
fnow

a) iR DROP

- + Soil Contact

tA

b) STRUCTURE-T0-SOIL POTENTIAL

t~ Figure5
CONVENTIONAL METER HOOK-UPS
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a. Structure-to-Electrolyte Potential. When metals
are in contact with an electrolyte such as soil or water,
they exhibit a potential, referred to as a "half-cell
Iotcdtial ". 7 is Aol.nti,1 k.ee ds on caardct, i'-

istics of the metal and characteristics of the electrclyte.
Various metals exhibit different potentials when subjected
to the same electrolyte. In like manner, a metal will ex-
hibit different potentials when subjected to electrolytes
of different compositions. Another variable which affects
half-cell potential is metal surface, often altered by heat
treatment or other processes. Dissolved gases in the elec-
trolyte or gases absorbed or adsorbed on the metal surface
also affect half-cell potential,.

In the absence of externally impressed currents (stray or
cathodic protection), the more negative a metal, relative
to its environment, the more it tends to corrode. For this
reason, knowledge of structure-to-electrolyte potential is
important.

Structure-to-electrolyte potentials are helpful in locating
possible corrosive areas on structures. Varying structure-
to-electrolyte potentials indicate electrical currents flow-
ing in the electrolyte. Where current leaves the structure,
deterioration of metal results. Potential readings are also
important in cathodic protection and stray current analysis
(paragraph 1.2.2).

(1) Measure-nent. Potential measurement for a struc-
ture relative to its electrolyte requires a voltmeter or
other instrument, a dependable contact to structure (from
negative meter terminal), and a reference electrode (con-
nected to the positive meter terminal) to contact the elec-
trolyte. Reference electrodes are used because
potential is not an absoLute quaiitity; it i[ :caiurcd
relative to something of khown or assigned potential. A
galvanic potential exists between any reference el-ctrode
and the metal structure. Therefore, even if no aduitional
current flows, this potential difference registers on a volt-
meter and is added (or subtracted) from any measured voltage.
For example, a galvanic potential of -0.5 to -0.8 volts is
typical between a buried steel structure and a copper-copper
sulfate reference electrode. If current enters or leaves
the structure, its resulting voltage irop is added to or
subtracted from these. This set-up is shown on Figure 6a.
Figure 6b indicates the length of pipe observed by the
soil contact (about 3.5 times the distance between pipe
and that contact).

(a) Contact to Structure. Measurement of poten-
tial requires a good contact to structure. This may be
achieved through test wires, an accessible section of struc-
tures, or a probe bar. Test wires generally provide the
best contact and have other advantages.

12
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If a section of the structure is easily
accessible (e.g. above ground), contact can be made there;
any paint, corrosion products, or other coverings must
first be removed to assure electrical contact. When a
probe bar is used, care must be exercised to obtain good
metal-to-metal contact with the structure. If the structure
is coated and offers high resistance to earth, an insulated
probe bar might possibly be necessary to avoid erroneous
readings because of probe bar area relative to coated struc-
ture area. A bare probe bar, in good con'act with a struc-
ture, must be considered a part of that structure electri-
cally. Therefore, any electrolyte contact placed close to
the bar will yield the same test results as one placed close
to the structure.

(b) Voltmeter. Structure-to-electrolyte poten-
tial measurement always involves fairly high resistance in
the external circuit, because of soil contact resistance.
Therefore, a high-resistance voltmeter (100,000 ohms per
volt or greater) or preferably a potentiometer or vacuum-
tube voltmeter must be used. If a voltmeter is used where
circuit resistance is an appreciable percentage of metal
internal resistance, the voltmeter reading will be less than
the true voltage. In order to correct the reading, external
circuit resistance must first be found. Either of the fol-
lowing two methods can be used to determine external circuit
resistance:
1. Measure circuit resistance with a resistance-measuring
instrument.
2. Read voltage on two different meter scales, then apply
the formula:

RE = RM2 RMl (V2 - Vl)

RM2 Vl - N-1 V2

where

RE = External Resistance (Ohms)
RM1  = Resistance of meter on lower scale (Ohms)

RM2 = Resistance of meter on higher scale (Ohms)

V1 = Lower scale meter reading (Volts)
V2 = Higher scale meter reading (Volts)

After external circuit resistance has been determined, true
voltage can be found from thefollowing:

E V (RM + RE)
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where

E = True Voltage (Volts)
V = Voltmeter reading (Volts)
RM = Meter resistance, using scale on which V was

read (Ohms)
RE = External resistance (Ohms)

When electrical instruments are used in the field, several
causes of excessive external circuit resistance should be
considered. These may increase resistance in normally low-
resistance circuits, producing unexpectedly inaccurate meter
readings.
1. Test leads may be in poor condition (broken strands of
wire, terminals), or clips may be accidentally disconnected.
2. Instruments and/or test lead terminals may be dirty or
corroded.
3. Connection to the structure being tested may be poor
(bar or probe contact, or a clip to some exposed portion of
the structure).
4. Connection to bar or probe may be poor.

For measuring potentials on long straight pipelines, it often
saves time and requires fewer personnel to use a recording
voltmeter (paragraph 2.2.3). The meter is located at the
connection to structure; the reference electrode is connected
to the meter positive terminal through a wire reel. With the
equipment set-up, one person can move down the pipeline con-
tacting the electrode to earth where measurements are desired
while the meter records readings. This method, then, uses
the meter to record potentials at various locations rather
than at one location over a period of time. The recording
meter should not be used in this manner for short lines or
in congested areas.I (c) Contact to Electrolyte -

Nefo-eclc Eloctrode (Ialf-Ccll). A metal's puten-
tial is not absolute and can best be measured relative to a

V reference electrode (half-cell). For convenience, a set of
Standard Potentials (EO values, see Appendix C.) has been
determined relative to the standard hydrogen electrode which
is assigned the value of zero. The term "Standard Potential"L. ; refers only to potentials measured relative to the standard
hydrogen electrode. To avoid confusion, potentials measured
relative to other electrodes must be labeled "potential,
relative to" that reference (e.g. potential relative to
copper-copper sulfate (saturated) electrode).

Potentials measured relative to one reference electrode can
be converted to potentials relative to another according to
the equation, using Table 1:
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E2 = El + El ° - E2 °  f

where

El = measured potential, relative to reference
electrode "1"

E' ° = Standard Potential of reference electrode "i"

E2 - potential relative to reference electrode "2"
0

E2 = Standard Potential of reference electrode "2"

For example, the structure-to-electrolyte potential of a pipe
relative to a copper-copper sulfate electrode is found to be
-0.7000 volts. All other data were measured earlier, rela-
tive to a silver-silver chloride reference electrode, and it
is desired to convert this value to be compatible with the
others. The Standard Potential of the copper-copper sulfate
electrode, from Table 1, is +0.3160 volts; that of the
silver-silver chloride electrode is +0.2222 volts. Substi-
tuting into the above equation:

E2 = (-0.7000) + (+0.3160) - (+0.2222) = -0.6062

we find the converted potential is -0.6062 volts, relative
to silver-silver chloride.

Table 1

Standard Potentials (E°) of Commonly-Used
Reference Electrode (Half-Cells)

Half Cell EIVolts,_at 250C)

Tenth Normal Calomel +0.3337
Saturated Copper Sulfate +0.31'0
Normal Calomel +0.2800
Saturated Calomel +0.2415
Silver-Silver Chloride +0.2222
Hydrogen 0.0000

Various standard reference electrodes are discussed in
paragraph 2.3. For field work, the copper-copper
sulfate electrode is the most widely-used reference. It
is a simple instrument and very reliable when properly main-
tained. It should be noted, however, when used in salt water,
the cell should be kept completely filled to prevent dilu-
tion. of the copper sulfate solution, which has a detrimental
effect on the cell. The silver-silver chloride electrode
and saturated calomel electrode are also used for work in

16

i.



seawater. The lead-lead chloride electrode is sometimes
used to measure potential of lead-sheathed cables. In
addition, such things as steel bars, lead plates or duct
cells, or zinc cells may be used to contact the electrolyte.
Reference such as these are not standard, and resulting
potantial readings will vary greatly with conditions. Such
references are useful for voltage change readings, when
standard references are not available or practical. In
theory, a steel bar used as a reference to a steel structure
of identical composition will yield a zero voltage reading
if soil makeup and all other conditions are identical and
no corrosion is occurring. This is because no galvanic cell
would exist under these conditions. Any current read would
therefore be due to corrosion of the structure. In reality,
these perfect conditions are never found in the field, and

ra non-zero voltage reading is encountered even with no
corrosion.

In any case, good contact between reference electrode-elec-
trolyte is required; with soil, this may require pouringwater on the ground efore measurements, or varying refer-

ence electrode design to increase contact area.
(2) Reference Electrode Location. Location ofI electrode relative to structure is an important considera-

tion in structure-to-electrolyte potential measurements.IMany locations are considered, both near the structure and
farther away. As was shown in Figure 6b, the electrode
will survey a distance along a bare structure equal to
approximately 3.5 times its distance from the structure.

(If the structure is well-coated, electrode position is not
as critical.) Therefore, the greater the separation be-
tween a bare structure and the electrode, the greater the
portion of structure viewed. This is true only until a
certain critical distance ("Remote Earth") is reached. Be-
yond this, the reading is constant, and no more of the struc-
ture can be included. This point is referred to as the"remote" location. Readings can be taken over the structure,
remote, or anywhere between, depending on the information
desired. It is important to locate other structures in the
area prior to reading structure-to-electrolyte potentials
to prevent "shielding". Pipes, tanks, anodes, or other
structures located between test structures and electrolyte-
contact distort readings.

Structure-to-electrolyte potential readings indicate
whether current is entering or leaving a structure. Analy-
sis can be based on comparison of readings; both over-the-
structure and farther away from it. Both readings, relative
to each other, indicate current flow to or from a structure.

As shown in Figures .7 and 8, a natural potential differ-
ence exists between reference electrode and structure. Any
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currents flowing about the structure will either reinforce
or oppose this potential difference (depending upon its
direction of flow), producing a greater (more negative) or
smaller (less negative) voltage reading. Galvanic currents
affect the voltage differently than external (stray or cath-
odic protection) currents.

Under galvanic conditions (galvanic or electrolytic cells),
corrosion current leaving the structure reinforces the nat-
ural potential difference, producing a more negative reading
(test location "2" in Figure 7. Where current returns to
the structure (test location "3"), the natural potential dif-
ference is opposed; a less negative reading results.

Under conditions where external currents (stray or cathodic
protection) exist, the reference electrode acts as part of
the structure (Figure 8). The electrode picks up current
where the structure picks up current (test point "3", in
Figure 8); this reinforces the natural potential differ-
ence producing a more negative reading. Where stray current
discharges from a structure, current also discharges from
the electrode, opposing the natural difference (test point
"2"). A less negative reading results.

It is often advantageous to measure structure-to-soil volt-
age with both over and "off-to-the-side" reference electrode
placement (Figure 9). Each set of readings can be plotted
on the same graph versus distance along structure. Result-
ing peaks indicate areas of current pick-up or discharge;
valleys indicate likewise. Comparison of relative position
of the two graphs determines which are which; current dis-
charge is indicated when over-the-structure readings are
higher than remote ones (test points "2" and "5").

Sometimes, stray current may pick-up on one side of the
structure and discharge from the other (Figure 10).
Since a side reading explores only one side of the struc-
ture, remote readings on both sides, in addition to over-
the-structure, may be required. As above, comparison of
readings indicates current discharge wherever over-the-
structure readings are higher than remote ones.

Frequently, structure-to-electrolyte potentials are re-
quired on the internal surfaces of water storage tanks.
Generally, the reference electrode is lowered into the tank
through an opening on top of the tank. The electrode must
be lowered well into the tank to obtain measurements of the
lower surfaces. Often it is difficult to recognize when
the electrode is touching the bottom surface, a condition
which must be avoided because errors in measurements can
result. One method of avoiding this is to fit a plastic
cap with slots cut into it over the electrode's porous plug.
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The plastic prevents contact between plug and tank, while
slots allow adequate electrode contact to the electrolyte.
In addition, it may be necessary to weight the electrode
with a thin lead sheath around the body, covered with
plastic to prevent contact between lead and tank.

b. Current. It is often desirable to learn quan-
tity and direction of current flowing along a buried
structure. Knowing this will help:

Locate active corrosion.
Determine mitigation effectiveness.
Determine mitigative current requirements.

As discussed in paragraph l.l.2.a, simple ammeter
measurements of current cannot be used, so other methods
are employed.

(1) Measurement. One of two methods is ganerally
used to determine current flow on a buried structure:
1. Measure IR drop and use Ohm's Law.
2. Use "Null Method".

In the first method, IR drop (voltage) in millivolts along
a structure is measured. The structurc is
contacted at two points, and IR drop is the voltage meas-
ured between these points. This reading is then converted
to current.

Two mractical ways to convert current from millivolt (IR
drop) measurements between two points on a structure are:
1. Multiply millivolt reading by the reciprocal of struc-
ture resistance for length between the two contact points.
Distance between contacts must be measured accurately, and
structure resistance per lineal foot is obtained from
tables. Temperature changes will affect resistance, and
compensation is difficult.
2. Multiply millivolt reading by field measured "calibra-
tion factor". This is the same as (1) except tables are

• not relied upon, and the section between contacts is testedunder field conditions so that temperature and other factors

are eliminated as sources of error. Permanent test leads
can be connected for this use. This factor is determined
by impressing a known current on the portion of structure
between contacts and measuring the resultant IR drop. From
Ohm's Law (V = IR), this IR drop (V) divided by the known
current (1) yields resistance (R) or "calibration factor"
for that section of structures.

When cable sheath, cable or pipe is being observed, a
relatively large mass of metal per lineal foot is under
consideration. Therefore, small resistance and small volt-
ages result when corrosion current flows. These voltages
or IR drops are most often read on a millivoltmeter andE recorded as millivolts. A millivoltmeter is generally a
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low-resistance instrument and, therefore, reading may need
correction before conversion to amperes (paragraph

1.2.1.a for method of correction).

The "Null Method" is another way to measure current flow.
This uses a battery with adjustable resistor to buck struc-
ture IR drop, a millivoltmeter to indicate balance, and an
ammeter (or milliammeter) to read current flow directly.
This method of measurement is limited to nonfluctuating
current. Equipment is connected as shown in Figure 11.
With the switch open, the millivoltmeter indicates direction
of current flow. The adjustable resistance "R" is set at
maximum resistance, the switch is closed, and the resistance
is decreased until the millivoltmeter reads zero. The am-
meter then reads current formerly on the structure. When
the millivoltmeter reads zero, current between "A" and
"B" is reduced to zero by a portion of battery voltage.
The remaii.ing battery voltage overcomes IR drop in the bat-
tery circuit from "A" to "B . As current increases or de-
creases, the resistance must be decreased for increased cur-
rent and increased for decreased current in order to main-
tain zero IR drop between "A" and "B".

For ease of measuring current flow, IR drop test stations
are frequently installed on underground pipelines
Thes.! provide oo. connections to structure, anr.1 :I cons :lt
separation jnU lucc't on for future tests.

The distance between two points, across which current is
measured, must be great enough to produce an appreciable
reading on the instrument used with significant current
flowing. In cable sheath work this is usually a minimum of
twenty feet; for larger diameter pipes, it will be in the
neighborhood of fifty feet. It is important to remember
that small currents may enter and leave the structure be-
tween the two contacts. Also, it is possible that all the
significant current is either being discharged or received
between the two contacts so that total current flow is not
being measured.

Current flow measurements are useful as coordination tests
when interference from cathodic protection is suspected.
These tests show current flow at locations where cable-to-
soil potentials give no indication. Also, these IR drops
give valuable information on current flowing along down-
guys and other above-grade structures.

In fluctuating stray current areas (current from machinery
flowing on structure), current flow measurements are valu-
able for tracing current source and locating the best
drainage point. Correlation curves are plotted to obtain
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the linear relationship between current flow and structure-
to-soil potential at two different locations along the same
structure (paragraph 1.2.2.c). For valid correlation, at
least twenty to thirty readings per graph are necessary.
They must be simultaneous. Therefore, radio communication
can be used to advantage.

c. Internal Resistance. It is often necessary to
determine electrical resistance between two buried struc-
tures, across an insulating joint (between two sections of
buried structure separated by an insulating joint), or be-
tween a casing and pipe. These measurements, referred to
as internal -esistance often give values less than one ohm
or, when dealing wffhbare pipes and cables, sometimes less
than one-tenth of an ohm. Therefore, measurements should
be taken so as not to include lead wire connection, or in-
strument resistances.

Generally, two test leads are reccmmended at each location
for ease of measuring internal resistance (two on either
side of an insulating joint, two on the casing and two on
the pipe, or two on each buried structure). Measured cur-
rent is applied through one pair and resulting voltage
change measured across the other pair. If test leads are
not available, other means of contact such as probe bars
must be used. Here, an understanding of test lead and con-
tact resistance is particularly important.

For example: It is necessary to measure resistance between
a pipe line and casing. Test leads are not available at the
location; bars are used. One bar is pushed through earth to
contact the casing, and another, to contact the pipe. A
battery and ammeter are connected between the two bars so
that when an ammeter terminal is touched with the loose test
lead, current flows from the battery through the ammeter to
the probe bar. It then flows to the pipe, and from the pipe
to the soil or point of contact between casing and carrier
pipe. It next enters the casing, travels along the other
probe bar, the lead wire, and back to the battery (Figure

12a). Flowing current encounters resistance all along its
circuit. Of interest is the current's behavior as it flows
from casing to pipeline. The pipe may or may not be in
electrical contact with the casing. If it is, there is very
little resistance for the current to overcome, because metal
surfaces touching are a low-resistance path (low voltage re-
quired for high current flow).

If the pipe is not touching the inside of the casing and the
annular space is clean and dry, it will be necessary for the
test battery current to leave the casing outer surface and
flow into earth. It passes through soil until reaching the
pipe surface where it enters through "holidays" in the coat-
ing. Less battery current flows along the path, and more
voltage is required to move that which does. Resistance is
higher here than in the previous case.
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If no current passes through the above-mentioned circuit
when the ammeter terminal is touched, a bad connection some-
where in the test set-up is probably the cause. It is most
likely that probe bars are not making good electrical con-
tact with casing and/or pipe. This is fairly simple to cor-
rect. However, another inaccuracy still exists, because
the voltmeter leads are connected to the wrong place in the
circuit. These wires contact the two probe bars. Test cur-
rent from the battery also passes through these bars on its
way into the casing and out the carrier pipe. Because of
this, probe bar-to-pipe contact resistances (of both the
casing and carrier pipes) are included in the circuit be-
tween the two test leads connected to the voltmeter. Sub-
stantial resistance is often encountered in probe bar-to-
pipe contact and will be part of total computed pipe-to-
casing resistance. This added resistance can greatly alter
the voltage reading and, therefore, change the resistance.
For example, a reasonable pipe-to-probe bar point resist-
ance is 0.25 ohms, so that the two bars together can add
0.50 ohms. With well-coated lines and casing-to-pipe resis-
tances of two or more ohms, this additional value does not
have as much effect as with poorly-coated or bare structures
and casing-to-pipe resistances of only a few tenths of an
ohm. Here, total resistance is often more than doubled.

Probe bar contact resistance can be excluded from resistance
measurement by using four probe bars. The voltmeter test
leads are removed from the two contact bars, two additional
probes are installed (one contacting the pipe, the other
contacting casing, as shown in Figure 12b), and these are
used only for voltmeter connections. When measured test
current is passed between casing and pipe, true change in
pipe-to-casing voltage is found. Contact resistance through
which test current flows is no longer included between the
two voltmeter leads. Therefore, it is no longer included in
total computed pipe-to-casing resistance. This calculated
resistance is now the correct pipe-to-casing value.

If one test lead were available on each of carrier pipe and
casing, contact resistance would probably be less, since a
brazed or soldered connection has replaced the probe bar
point. However, the possibility of a high-resistant con-
nection always exists and, when measured resistance is less
than one ohm, any contact can easily add appreciable error.
So it is always desirable to use two connections on each
structure when determining resistance.

These same considerations are valid for measuring any inter-
nal resistance as between two buried structures or across
an insulating Joint. In these cases, too, the result will
often also be less than one ohm and, with bare pipes and
cables, sometimes less than one-tenth of an ohm. Two
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contacts on each structure, or two contacts on each side of
the insulating joint would be used. Measured current would
again be applied through one pair, and resulting voltage
change measured across the other pair.

In these resistance determinations one is concerned with
change in voltage produced by current supplied from the
test battery. That is, voltage is read with and without
test current flowing. The difference between these two
readings is the voltage change between pipe and casing, be-
tween two buried structures, or across an insulating joint
produced by mea3ured test current. This change, divided by
test current, gives resistance.

Resistance between pipe line and casing, between two buried
structures, or across an insulating joint measures opposi-
tion encountered by electrical current leaving the surface
of one structure, passing through earth or water, and enter-
ing the surface of another. The greatest percentage of this
resistance is found at structure-to-electrolyte interface.
Even if structures are bare, deposits built up on these sur-
faces are often poor'conductors and act as thin coatings,
increasing resistance between structure and soil.

d. Resistivity of Environment. Electrolyte resistiv-
ity plays a big part in corrosion rate. However, no single

* test is an absolute determination of corrosivity. Varia-
tions in electrolyte resistivity are often critical. For
design of cathodic protection systems, a knowledge of resis-
tivity values in a given area is valuable in locating ground-
beds and providing information on current distribution. Re-

4 sistivity data are also valuable in design of electrical
grounding systems. Resistivity data combined with other
factors can indicate a potentially corrosive situation. In
general, low-resistivity areas are more conducive to corros-
ion than high-resistivity areas. However, low-resistivity
areas are advantageously used in design of groundbeds or
galvanic anode placement for cathodic protection systems.

Common methods of measuring resistivity are given below.
The voltage drop principle is used to determine soil and
water resistivity.

(1) Wenner Four-Pin Method. In this method, soil
resistivity is determined by passing a known amount of cur-
rent through soil and determining the voltage change pro-
duced. Four equally spaced rods in straight line configura-
tion are pushed into the earth (Figure 13). Current is
passed between the two outer electrodes, and the resulting
voltage drop is measured between the two inner electrodes.
Assuming that the depth to which pins penetrate soil is
small with respect to the spacing between electrodes (which
is usually the case), average soil resistivity measured to
a depth of "A" is given in ohm-centimeters by the following
formula:
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Soil Resistivity
(in Ohm-centimeters)

Change in Voltage • Test Current x A (in Feet) x 191 .::
Due to Test Current "

Voltmeter

Soil Being Tested is Between
These Two Rods to a Depth~~Equal to "A"

" Ammeter1 '
Arrows Indicate Flowing
Test Current

Battery (Source of Test Current)

Note: Soil resistivity measurement instrumenh usually include a power source
and read directly in ohms.

Figure. 13

SOIL RESISTIVITY MEASLREMENT
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From U.S. Bureau of Standards Bulletin No. 258 entitled, .
"A Method of Measuring Earth Resistivity", by Dr. F. Wenner. p

where --

' = average resistivity of soil, ohm-centimeters
A = distance between electrodes, centimeters
R = resistance-between the two potential elec- I

trodes, ohms.

Substituting simplifying relations:

SR = E/I
21YA = 191.5 D

where

E = measured voltage, volts
I = current, amperes
D = distance between electrodes in feet,

so that

=191.5 AE/I

By increasing spacing (A), average soil resistivity can be
measured to any depth. In practice, soil resistivity meas-
urements usually exceed structure depth by several feet in
order to establish general soil conditions. The depth to
which pins penetrate soil need be only a few inches so long

as mistsoil is contacted. For accuracy of measurement,
pin depth must be small compared to pin separation.

L@
Soil included between the two inner rods to a depth equal to
their spacing is that which is actually measured. Any
buried structures in this region will affect results, and
care should be taken to keep rods clear of them. The two
inside (voltage) rods or electrodes should be kept away from
buried structures to a distance of at least one-half the rod
spacing. If buried structures are located between these
rods, they are included in the measured voltage drop and
will lower the computed value of soil resistance. It is
good practice to place the electrodes in a straight line
perpendicular to buried structures such as pipelines or~cables.

The 4-pin soil resistivity measurement is especially accur-
ate because it eliminates soil-to-probe contact resistance.
Two-probe methods of measurement, although simpler and often
useful, are less accurate because contact resistance is notconsidered.

31. .... I



(a) Specialized Instruments. In addition to the
direct current method using independent D.C. source and
voltmeter (illustrated in Figure 13), specialized instru-
ments are available for resistivity measurements. These
supply either alternating current or pulsed direct current,
and are self-contained 4-terminal instruments. The method
of measurement, illustrated in Figure 14, is basically
the same as that described in paragraph 1.2.1.(d)(l).

Two terminals supply alternating or pulsed direct current
for test purposes. The other two terminals are used to
measure IR drop in soil. The current terminals are con-
nected to the two outer pins, Cl and C2, and the potential
terminals are connected to the two inner pins, P1 and P2 .
The instrument (paragraph 2.2.8) is actuated by pressing
a switch button which causes current to flow through the
soil. The galvanometer is adjusted to read zero by means
of a potentiometer calibrated to read directly in ohms.
Therefore, it is necessary only to multiply the instrument
reading by 191.5 times the pin spacing in feet to obtain
resistivity in ohm-centimeters.

These instruments are particularly useful in stray current
areas. Alternating or pulsed direct current minimize
effects of stray current on resistivity readings.

(2) Two-Probe Method. This method employs two soil
contacts spaced a few inches apart with an instrument that
indicates average soil resistivity directly in ohm-centi-
meters, but only to a depth of approximately 8 inches below
the steel probe points. This two-probe measuring device is
commonly referred to as "Shepard Canes" (named for the
inventor). The probes can be used in inaccessible places
or where a large number of measurements are to be made in a
short time on the surface of the earth (as in existing ex-
cavations). The measurements can be made only in soils
which will allow penetration of probes (approximately 1/2
inch in diameter). Where firm earth which will not allow
penetration of probes is encountered, small holes may be
drilled to the desired depth, and the probes then inserted.
For meter arrangement and probes, see Figure 15.

Inaccuracies are encountered with this method because volt-
age is measured across the same contact resistance through
which applied current passes. As a result, probe contact
resistance is included as a portion of total measured resis-
tance. Therefore, readings will be larger than actual
resistance of the soil under test. Also, since the contacts
are so close together, a soil sample truly representative of
the particular area is difficult to obtain. However, this
test method is useful for field measurement of water, resis-
tance and soil which may come in direct contact with a
buried structure (in a ditch-bottom, etc.).
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SOIL RESISTIVITY: FOLR-PIN ALTERNATING CURRENT METHOD

(3) Soil-Rod Method. This method is similar to
the two-probe method, except both terminals are located in
the same rod (Figure 16). One terminal is the small
metal tip, insulated from the rest of the rod; the other,
the rod's main shank. This is driven into the ground to
the desired depth, and resistance of soil at the probe tip
is measured with a resistance-measuring device. This may
read resistivity directly in ohm-centimeters or may read in
ohms and require multiplication by a conversion factor.
The instrument uses an AC bridge or other AC measuring cir-
cuit to eliminate polarization and stray current effects.

As with other two-terminal devices, contact resistance can
introduce inaccuracies. Also, only a small volume of soil
is measured. Therefore, it is difficult to obtain good
values for average soil resistivity with this instrument.

e. pH of Environment. Acidity or alkalinity of
f. an electrolyte can affect its corrosivity.

pH is an indication of these quantities and is often meas-
ured in field or laboratory to help determine corrosivity.

One method, which can be used at the site, employs an anti-
mony half-cell. This metal's half-cell potential varies
with pH of the electrolyte it contacts. Therefore, measure-
ments of potential between antimony half-cell and reference
electrode (usually copper-copper sulfate) can be converted
to pH (Figure 17).
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SOIL RESISTIVITY: TWO-PROBE METHOD

Currents flowing in the earth (from cathodic protection
systems or stray currents) interfere with true measurement
of pH in this manner. Such areas should be avoided. Also,
the two electrodes should be placed close together to ob-
tain best results. Care should be taken with antimony
electrodes, because this metal shatters easily. In addition,
if copper sulfate contacts antimony, copper will plate out
on the metal surface, interfering with accuracy.

Other methods of measuring pH commonly used in the labora-
tory, such as sensitized paper or electrometric analysis,
may be employed in the field. These methods are discussed
under "Laboratory Tests", paragraph 1.3.l.a.

f. Redox Potential. Redox potential (oxidation-
reduction potential) measurements in an electrolyte may be
used to give an inication of anaerobic bacterial corrosion.
This test is still somewhat experimental and presently not
in common use. Potential is measured to an inert metal sur-
face such as platinum, using a calomel half-cell as refer-
ence electrode. pH values are taken in conjunction with
redox potential. This test does not observe or count
bacteria; it merely indicates whether or not the electrolyte
tested is favorable to development of anaerobic bacteria
(Sporovibris desulfuricans). These bacteria reduce sulfate
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compounds where little or no oxygen is present. They are
most often found in environments of near neutral pH (5.5 to
8.5) and low redox potentials (below 100 to 200 millivolts).

For measuring these quantities, a soil probe has been devel-
4 oped. It uses glass and calomel electrodes to determine pH

and platinum electrodes for measuring redox potentials.
These instruments, however, are expensive and fragile. Gen-
erally, simple laboratory measurements of pH and sulfide

k, content (paragraph 1.3.l.b) are used to detect bacteria.

g. Testing Rectifier Pffiriency. Rectifiers are the
most commonly - used power source for impressed current
catbo ic oroteCtion. One type rectifier, the most common one
contains selenium stacks. These stacks age, causing a loss
of conversion efficiency from AC to DC power. Selenium
rectifier efficiency should be tested regularly, usually
once or twice a year. A decrease in efficiency of 20% or
greater generally indicates stack replacement is needed.

Rectifier efficiency is calculated by determining the AC
input power and the DC output power, and using the relation:

efficiency (%) = DC owerAC werxI0

AC input power is found with a watt-hour meter, substituting
into the equation:

AC power = 3600 KN
T

where

K = meter constant
N = number of disc revoltuions
T - time (seconds)

The time interval for testing should be at least sixty sec-
onds, for an accurate measurement.

DC power equals DC voltage in volts multiplied by DC current
in amperes. These values may be obtained directly from the j
rectifier meter(s). If meter accuracy is doubtful, they
may be checked using the rectifier shunt.

1.2.2 Surveys. Prior to a corrosion survey, the
corrosion englneer mst decide which measurements will bestdescribe conditions on the buried or submerged structure.

He may determine this from his own past experience, from ex-
perience of others operating in the same area, or from
available leak or failure history of the structure. A cur-
sory check, prior to more detailed study, can often give
som Idea of conditions such as galvanic corrosion cells,
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stray current Lind cathodic interference, or bacterial
activity. The projected survey can then be tailored to in-
clude proper measurements.

After survey data have been studied and protective or miti-
-ative measures designed and installed, further surveys are
necessary to determine effectiveness-i of work done. Meas-
urements included in this 'ield work depend upon what type
installations have been emoloyed.

Recording data accurately and neatly is an important part
of any survey. Data should be entered in a permanent record
arranged systematically for easy reference. A structure
history, required by law, reveals changing conditions (soil
makeup, coating deterioration, etc.) that may arfect corros-
ion behavior.

A checklist for underground corrosion surveys for both new
(or under construction" structures and existing structures
is given in Appendix D

a. Current Requirements. Current requirement tests
are run to determine amount of current required for cathod-
ic protection, need for dielectric Insulation, spread of
protection, feasibility of using magnesium anodes or impres-
sed current groundbeds, and effects of protective current on
other structures.

Basically, test current is impressed through a temporary
groundbed and the effect on structure-to-soil voltages
noted. This test is useful in the design of both impressed
current and galvanic cathodic protection. Current must be
impressed at the point where the rectifier or galvanic
anode would be permanently located. A portable rectifier,
generator, battery, or other D.C. current source and ammeter,
is used to supply known current through a temporary ground-
bed (Figure 18). The temporary groundbed can be any handy
piece of metal - a fence post, section of conduit, etc. -

driven into the ground (or water). The metal must not con-
tact the structure directly, and it cannot be receiving any
cathodic protection itself. Also, its configuration and
size should be roughly that of the anticipated permanent
installation. Structure-to-electrolyte potentials are taken
at various test points along the structure. It is not nec-
Sar-' to impress sufficient current to bring the structure

to the desired level of protection, although test-current
should approximate actual conditions to avoid distorted
readings. Results relate a unit of test current and the
resultant structure-to-soil voltage. This is expressed in
terms of millivolts change per ampere and is called a
"coupling" or "electrical constant". Required current can
then be calculated for the millivolt change desired. Re-
o!ilts may indicate a change in point of current impression
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(impressed current or galvanic anode location). Figure 19 k'
is an example of typical couplings for two anode locations f;

(Ia and Ib). Test locations are for five structure-to-elec-
trolyte potentials (Vl, V2 V3, V4, V6) and a foreign-line-
crossing drainage bond (V5). Resulting couplings indicate
voltage changes at Locations 1 through 6 for a given current
impressed at anode locations a and b. Each coupling is the
millivolt per ampere change, based on one anode location and
one test location. For example, AVI/AIa is the coupling
(or constant) for potential readings at location Vl and anode
location Ia . From these, a couplings and knowledge of the
required 6V at one point, the requireddI is determined by
ratio and proportion. This I is then used to calculate re-
sulting voltage changes at other test points, using the
ouplings for these points.

Current rcquirement tests provide only an approximation of
veal current needs. Many factors affect true requirements:
polarization effects, groundbed resista-ce, anode locations,
and others.

b. Interference Tests. Cathodic protection sometimes
causes undcesirable effects on structures not connected to
th, protection system. This occurs because some current is
picked-up by these "foreign" structures at one point and, in
attempting to return to the source, is discharged at another
point. Corrosion occurs at the discharge point. Current
can cause corrosion damage by passing between two structures
or across high-resistance joints in the same structure.
Railway signal systems can become inoperative if sufficient
cathodic protection current flows on rails. Tnese phenomena
are called cathodic interference, discussed in detail in
AFM 85-5.

Any cathodic protection system can cause cathodic interfer-
ence. Impressed current systems are studied and discussed
more often because they usually involve more current. Geo-
metric location of anodes with respect to foreign structures
Is the most important single factor to consider. Bonds are
often used to eliminate areas of current discharge. Jointly
operated systems are also employed; here two or more com-
panies interconnect their underground structures and jointly
apply cathodic protection.

Testing requires cooperation by owners of structures involved.
Such cooperation is best effected by a corrosion coordina-
ting committee; all companies operating underground or under-
water structures, and particularly those undo,. .athodio
protection, should be members of such a committee. A
list of most existing committees may be obtained from the
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National Association of Corrosion Engineers, Houston, Texas.
Tests must be made on all structures adjacent to a cathodic
protection system to determine effects and design mitigation.
Cathodic interference can be detected by measuring structure-

to-soil potentials and current flow (IR drop) with cathodic
protection on and off. (Changes are noted.) Structure-to-
soil potentials will give indications only when measured in
an area of current discharge or pick-up. Current flow (IR
drop) readings will indicate in between pick-up and dis-
charge areas where structure-to-soil potential would show
nothing. Figure 20 illustrates

Pipe-to-soil potential and current flow are measured at
many locations before the cathodic protection system is
turned on. Then measurements are repeated at exactly the
same points with the system operating. The algebraic dif-
ference between "on" and "off" readings gives the effect of
cathodic protection. The location showing greatest pipe-to-
soil potential change in the positive direction is called
the "critical" or "control" point. This is often at the
point where protected and unprotected pipes cross. Mitiga-
tion can usually be accomplished by installing a bond be-
tween the unprotected structure (at location of natural dis-
charge) and protected structure (as close as possible to the
negative connection). Method of calculating bond resistance
(to obtain proper current drainage) is covered in AFM 85-5.

Another method of interference testing uses an experimental
drainage bond between structures. Proper drainage can be
determined by trial-and-error using a variable resistor to
alter drainage current. Required drainage current can also
be computed from test data. The form shown in Figure 21
is useful for this.

When conducting current requirement tests and/or initially
energizing impressed current cathodic protection, all com-
panies owning underground structures in the area should be
notified and coordination tests made with those interested.
Current drainage requirements for each structure, from tests
at various anode locations, can be determined.

c. Fluctuating Stray Current Survey. While interfer-
ence testing determines effects of steady stray currents,
another type stray current survey analyzes fluctuating
stray currents. Such analysis is specialized and requires
study to master all tc.-.iques.

All the basic measurements can be used in studying fluctua-
ting stray currents. Perhaps the most informative are meas-
ur.ements similar to those used in interference testing:
structure-to-electrolyte potentials and IR drops along

All
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Pipe-to-Soil Voltage (V) Indicates Pick-up and
Discharge, IR Drop Indicates Current Flow

V V
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r TIIII-ll

Current Pick-up Current Discharge
Figure 20

STRAY CURRENT FIELD MEASUREMENT
I

structure or electrolyte. Methods of analysis, however, are
different and specialized equipment is used. The major con-
cern in performing a stray current survey is to ascertain* degree of damage and determine source of currents.

Fluctuating or periodic changes in structure-to-electrolyte
voltage values and unusual or fluctuating currents are in-
dicative of stray currents. Stray currents may affect
structures just as cathodic protection does. Structures
may be protected or damaged by stray currents depending
upon whether current is flowing to or from the structure.

In order to determine pick-up and discharge points in fluct-
uating stray current areas, correlation curves are plotted
(Figure .22). Values of structure-to-electrolyte potential
are plotted against current flow along the structure (calcu-
lated from IR drop), (graphs "A" through "E", Figure 22).
In addition, current flow at different locations on the same
structures are calculated (graphs "A-C" and "C-E"). Where
foreign structures are nearby, structure-to-electrolyte
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INTERFERENCE TESTS

Structure

Date

Rectifier Location Rectifier Output Volts Amps

Tests for Determination of Exposure:

Location of Tests

A. Structure to Cu-CuSO4 - Rectifier On (volts)

B. Structure to Cu-CuS04 - Rectifier Off (voltsT
C. Voltage between Structures - Rectifier On (olts)
D. Voltage between Structures - Rectifier Off (voltsY

Tests for Determination of Required Drainage Current:
(Using experimental drainage bond between structures)

Location of Experimental Test Drain _

E. Current drainage through test drain with rectifier
operating (amperes)

F. Structure to Cu-CuSO4 with test drain connected and
rectifier operating (volts)

G. Voltage between structures with test drain connected
and rectifier operating (volts)

H. Voltage between structures with test drain connected
and rectifier not operating (volts)

I. Volts reduced (F-A)
J. Volts Reduction per ampere (IT -

K. REQUIRED DRAINAGE CURRENT in Amperes _____

Figure 21

RECORD SHEET FOR INTERFERENCE TESTS
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Fi gure 22
CORRELATION CURVES
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potentials vs. voltage between structures are related
(graph "F"). For each graph, at least 20 to 30 readings
are required to provide good correlation. Radio communica-
tions may be required. because readings must be simultaneous.
So-called "X-Y recorders" can also be used to advantage;
these record and plot readings simultaneously. They are
also helpful when measurements are desired for long periods
of time (say 24 hours). The most effective way to use a re-
cording voltmeter ("X-Y recorder") is to select a location
where corrosion has been experienced or an area where stray
currents are suspected. Meter range selected should be high
enough to assure that voltages to be recorded will remain on
the 3hart and yet be sensitive enough to indicate small volt-
age variations. The meter should be sheltered from weather
and located where it will be free from shock and excessive
vibrations. Reliable connections are important and should
not be tampered with during recording. Before recording is
be,-un, the meter should be checked for accuracy by compar-
ing readings with another voltmeter, the indicator arm
should be adjusted to zero on the chart, and the date should
be recorded on the chart. The meter should be turned on to
make sure it is recording properly. No special attention is
required other than an occasional check to assure the instru-
merit is performing satisfactorily. Charts for recording
voltmeters should show the voltage tap used, dates installed
and removed, location of test, and any other pertinent data.

d. Continuity. Effective cathodic protection and
cont-:'ol of stray or interference currents in an underground
structure requires that the structure be metallically con-
tinuous to provide a low-resistance path for current to flow.
It is often necessary, therefore, to locate and bond noncon-
ducting or high-resistance joints before installing cathodic
protection. Such joints are located relatively simply, but
the procedure is time-consuming.

(1) Direct Current Method. Direct current voltage
is applied to the structure or portion of structure in ques-
tion causing current to flow in a given direction between
two fixed points. A series of voltage drop measurements
are taken along the structure to detect any abnormal voltage
changes. Where only one insulating joint exists between
points of current application, a pronounced voltage change
will be observed. Where several high-resistance connections
exist, the effect will be less pronounced but usually detect-
able. Should there be no such joints, a nearly uniform po-
tential drop between the two points of current application
will result (assuming the structure to be of uniform size).

A simple, but not positive method of detecting discontinu-
ities in a pipe not uniform in size is by measuring struc-
ture-to-electrolyte potential directly above the structure
at equal intervals. If soil resistivity and depth of burial
are uniform, the structure-to-electrolyte potential will
vary uniformly from one end of the section under test to the
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other end, except where there are variations in structure
conductance. Lack of uniform readings indicates poor con-
tinuity or insulating joints. A plot of readings can be
helpful, because variations in slopc are readily detectable.

If soil resistivity and burial depth are not uniform, a
study of IR drop in the structure will give better results.
One terminal is connected to a fixed point on the line and
the other, successively to equal distances along the line
with a contact bar (Figure 23). Again a plot of readings
should be made so that irregularities in the curve can be
observed and studied. The IR drop method, while slow and

tedious, is almost completely independent of outside factors
and generally locates all high-resistance and insulating
joints with reasonable accuracy. Sometimes a detailed study
is required to fully establish location and number of dis-
continuities.

(2) Alternating Current Method. An alternating
current method of testing insulating joints aboveground has
proven quite reli, ble. This method consists of Impressing
an alternating current voltage across an insulating Joint
and detecting current flow using a clamp-on device. If the
insulating joint is defective, current will flow, and a
reading will be noted on a detector meter. If the insula-
ting joint is good, little reading will be noted on the de-
tector meter. The test set consists of a battery which acti-
vates a vibrator to convert direct current to alternating
current for test purposes. Voltage is stepped up through a
transformer and connected to the structure by means of two
clamps. A split core armature with wound coil on one end
works on the induction principle to detect any current flow-
ing on the structure. The output of the detector coil is

V connected to a vacuum tube voltmeter or a similar indicating
device. This type instrument has high-inpuu impedance, on
the order of several million ohms, which requireb veiy little
energy for operation. The instrument is capable of detect-
ing leaky as well as defective insulating Joints.

e. Coating Conductance. Coating conductance (leakage
conductance) of a pipe line is a measure of coating integ-
rity; the greater the conductance, the poorer the coating.
Conductance is inverse of resistance and is usually expres-
sed in micromhos per foot. For comparisons on an area basis,
the most common unit is micromhos per square foot. An ac-
cepted procedure for making coating leakage conductance sur-
veys has been established by the National Association of
Corrosion Engineers in their Procedure: NACE 2D157. This
method, summarized here, consists of impressing direct cur-
rent through the coating, measuring voltage drop produced,
and calculating conductivity from Ohm's Law and the relation-
ship between conductivity and resistance.
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A temporary groundbed and D.C. voltage supply are connected
to the pipe to be measured; an ammeter for measuring cur-
rent is included in the circuit. The groundbed should be
located 400 feet from the beginning of the pipe section
under test. A test current of 2-10 amperes is required.
This current is interrupted, and the change in current (AI,
in amperes) is noted. The corresponding change in pipe-to-
soil potential to remote earth is determined at various
points and averaged (AE, in volts).

Average leakage cor.ductance (k in micromhos per foot) is
given by k = AI x 106 where L is the length in feet of theJEL
section under test. The section between test stations shall
have no electrically connected laterals. Lines to be tested
are classified as long or short and different techniques are

* required for each.

Careful interpretation of field data is very important.
Coating conductance is affected by:

a) Physical properties and condition of coating
b Conductivity of surrounding soil
c Contact resistance between pipe and soil
d) Casings.

() Short Line Method. A short line is defined for
this discussion as an electrically isolated section of line.
Test procedure is shown schematically in Figure 24. If
the pipe is not of uniform nominal size and weight, it should
be treated as a long line and measured in sections. If this
is not possible, the various pipe sizes and locations should
be noted in the results.

To determine coatin leakage conductance, equipment is set-
up as in Figure 2. The direct current source is turned
on and current measured with the ammeter in the anode cir-
cuit; remote pipe-to-soil potentials are noted at the two
test locations. Test current is interrupted, and the change
in current (Ai) and pipe-to-soil voltages (4E1 andAE2 ) are
determined.

If the ratio AE 1/nE 2 is greater than 1.6, multiplyoE2 by
the appropriate factor from Table 2. The factor can be
applied to ratios less than 1.6, but the error without the
factor is less than 10%. If the ratioaEI/AE2 exceeds 3.0,
measure the line in sections by the long line method. Aver-
age coating leakage for the section tested is found from:

k = 4 x 106  (micromhos per foot)AE aveL-

where AE ave. = (AE1 I +E 2 )
2
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Figure 24
COATING CONDUCTANCE MEASUREMENT: SHORT LINE

Table 2

Correction Factor for Coating Conductance Calculations

E l/E2 Factor AE116E2  Factor

1.0 1.000 2.1 1.345
1.1 1.032 2.2 1.375
1.2 1.o66 2.3 1.4o4
1.3 1.099 2.4 1.433
1.4 1.130 2.5 1.461
1.5 1.163 2.6 1.492
1.6 1.193 2.7 1.520
1.7 1.224 2.8 1.548
1.8 1.254 2.9 1.576
1.9 1.286 3.0 1.604
2.0 1.315

Am
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(2) Long Line Method. When conditions for the
short line method are not met, the line must be measured
in sections as shown in Figure 25. Each section should
be of uniform nominal pipe size and weight. There is no
set length for these sections, but the following is a guide:

(a) Maximum length is that at which the ratio
AEI/AE 2 equals 3.

(b) Minimum length is that at which the differ-
ence between AI 1 and W12 is 5 ma.

Test current is applied as for the Short Line method, with
the temporary groundbed 400 feet away from the test section.
If the starting point is not at an insulating joint, this
separation may be obtained by distance along the line. The
set-up is as shown in Figure 25. The direct current
source is turned on and current is measured at the two test
points by the IR drop method. Contact to pipe should be
made with leads attached to the pipe rather than with probe
bars. If the near end of the section terminates in an insu-
lated joint or dead.end, current may be measured with an
ammeter in the anode circuit. Remote pipe-to-soil poten-
tials are noted at the two test points also. The test cur-
rent is then interrupted and the change in current at the
near and far points (AIl and A12) and the change in pipe-to-
soil potentials at these points (AEl and AE 2 ) are determined.
If the ratio AE1/4E2 is greater than 1.6, E2 should be
corrected as described in paragraph 6.1.2.2.e.(l). If the
ratio AEl/AE2 exceeds 3.0, the test section should be
shortened. Coating leakage conductance is calculated from
the equation:

k =(/Il - A12) x 106

AE ave.L

where

AEave. = (AE1 .+AE 2 )

2

f. Duct Slug Survey. A duct survey can be made by
pulling a lead slug (reference electrode) through a vacant
duct adjacent to ducts carrying cable. Instruments are con-
nected between this electrode and the lead sheath of the
adjacent cables as shown in Figure 26. Measurements of
potential, current, and resistance are made at 10-foot inter-vals along a cable run between two adjacent manholes. Theduct selected for the survey should be as near to the cables

as possible and preferably one of the lower ducts so as to

obtain the most severe conditions. The test electrode gen-
erally consists of a piece of lead-sheath cable approxi-
mately 12 inches long, fitted with two pulling eyes and test
lead. The electrode must be as simple and rugged as possi-
ble. A small galvanic potential may exist between cable j

51

..... b..o.A, -



.Temporary Groundbed

Ammeter

A Reference
Di rect Electrode
Current/
Source

E E2 Test Point
No. 2

ITest Point '

No. 1 Millivoltmeter
Figure 25

COATING CONDUCTANCE MEASUREMENT: LONG LINE

sheaths and test electrode, although the material in both
is the same. This difference is usually negligible (0.01
volt or less) and does not seriously affect results. Poten-
tial between cable sheath and lead electrode is measured by
the voltmeter connection shown in Figure 26. A potentio-
meter-voltmeter should be used so as to minimize errors due
to electrode contact resistance.

The measurement is a close approximation of cable sheath
potential with respect to electrolyte from point to point
along the duct run. Cabl, sheath corrosion Is proportional
to magnitude and density of current discharge from cable
sheath tc electrolyte. This current can be estimated from
point to point through the duct by connecting reference
electrode to cable sheath through a resistance milliammeter.
Milliammeter circuit resistance is relatively low, potential
will be substantially that of the cable sheath. It may be
assumed that current discharge per unit cable area at the
test point is approximately the same as that measured
through the electrode.

Current flowing from the cable sheath to slug is indicative
of corrosion. Duct resistance is an essential factor in
determining magnitude of current flow for any given poten-
tial. Resistance between the test electrode as one terminal
and the adjacent cable sheath as the other is measured at
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Figure 26
ELECTRICAL CONNECTIONS FOR DUCT SLUG TEST

each test point by connecting a low-voltage battery (1.5
volts dry cell) in series with a sensitive millianmmeter
(between cable sheath and test electrode). Resistance is
computed from battery voltage and measured current. The
milliammeter used for this purpose should have a sensitiv-
ity of approximately 0.05 milliampere per division, and its
resistance should not exceed 2 to 3 ohms. With suitable
shunt resistance, the milliammeter range can be varied to
any desired value. The same instrument can be used for both
current and resistance measurements through switches, ar-
ranged as in Figure 19. Duct resistance as measured is
mostly contact resistance between the surface electrode con-
tacting the duct wall. It represonts approximately the con-
tact resistance per duct foot of cable when the duct is
occupied.

1.3 Laboratory Tests. In addition to field tests,
laboratory tests can yield information helpful to the cor-
rosion engineer. Laboratory tests are run on electrolyte
or electrode samples, collected in the field and sent to
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the laboratory for investigation. Reasons for using labora-
tory tests instead of field tests, which often supply the
same information, may be convenience or necessity. Many
laboratory tests, such as most metallur iical analyses, re-
quire large and complicated equipment impossible or imprac-
tical to bring to the site.

1.3.1 Field-Related Tests. Some laboratory tests,
particularly those run on soils, provide information similar
to field tests. Such things as soil resistivity and pH, al-
ready discussed under field testing, can also be determined
in the laboratory. Many of these soil or water tests use
simple equipment which could easily be used at the site, as
well as in the laboratory. Some Important tests of this
type are described here.

a. pH of Environment. Common tests for pH determina-
tion for small samples of soil or water are based on coloro-
me ric or electrometric analysis. In either method, samples
of soil are analyzed by first mixing one tablespoon of soil
in 15 milliliters of distilled water and filtering the re-
sulting mixture. The pH of the resulting filtrate equals
that of the soil sample.

In the colorometric method, the water sample or soil fil-
trate reacts with sensitized paper or liquid indicators,
producing a color characteristic of the pH. Various indi-
cators are available for different pH ranges and accuracies.

The electrometric method uses a pH meter which measures
voltage across two electrodes contacting the water sample or
soil filtrate. Typically a glass or antimony pH electrode
and a calomel or silver-silver chloride reference electrode
are used, often combined in a single assembly. The voltage
measurement varies with solution pH, and the meter reads
directly in units of pH. This is generally faster than
color tests, but requires more expensive equipment.

b. Sulfide Content (Anaerobic Bacteria). A simple
test for detecting possible presence of anaerobic bacteria
is to apply a dilute solution of hydrochloric acid (15%) to
corrosion product or to a soil sample near the structure.
The familiar odor of hydrogen sulfide (smell of rotten eggs)
can be detected if su3?ides are present. Sulfides are gen-
erally found in soils only where anaerobic (sulfate-reducing)
bacteria are present. Sulfides are a by-product of the life
process of these bacteria.

c. Chloride Content. The Mohr method, based on dif-
ferential precipitation of the chloride and chromate ions
of silver, is used to determine chloride content of water.
Silver nitrate is titrated into the test sample to which
potassium chromate has been added as indicator. When all
the chloride has precipated, titration produces a red color
due to precipltating silver chromate. This Indicates the
, wI point. If" pr ,:tic of' -ulfites (whloh c:aii Inter'oLe
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with test accuracy) are suspected, the test sample is first
pretreated with hydrogen peroxide. The amount of chloride
present is then calculated from the known amount and concen-
tration of silver nitrate added.

d. Soil (Box) - Resistivity of Environment. Resis-
tivity of a sample of soil or water may be measured by a
four-terminal soil box as shown in Figure 27. A direct
current source is connected to the current terminals, and a
voltmeter is connected to the potential terminals. Me, qured
current is passed through the sample, and the resulting volt-
age drop is read across the potential pins. Box dimensions
are such that no multiplying factor is required to deter-
mine resistivity. Potential change in millivolts, divided
by current in milliamperes, gives resistance in ohms, which
for the soil box is numerically equal to resistivity in ohm-
centimeters.

The measurement should be made as quickly as possible after
current is turned on to minimize polarization of soil box
electrodes. The'soil box can be used with a four-terminal
alternating current soil resistivity meter to eliminate
polarization effects.

Resistivity readings taken at the site using methods dis-
cussed in paragraph 1.2.l.d are generally preferred over

tsoil box measurements. Soil removed from the site and
tamped into a soil box may take on different characteristics
of compaction, moisture and so on. However, where field
measurements are impossible or impractical, the soil box can
be used.

For determining water resistivity, the soil box is most
practical. Also, since water is relatively homogeneous,
soil box readings for water samples are generally very
accurate.

1.3.2 Sulfate Content. Sulfates in soil or water can
destroy concrete, corroding this material and substituting
voluminous corrosion products (gypsum - and calcium-sulphoal-
uminate hydrate crystals) for the initial mix. The pores
and voids of concrete become filled with these materials
which grow and expand producing internal stresses and
destruction.

Sulfates in soil or water can be detected by several methods.
Turbidimetric methods are generally used to determine concen-
trations less than 100 ppm. These are based on precipitation
of barium sulfate from the acidified, stabilized test sample.
The stabilizer results in a stable suspension of uniform size
particles. Turbidity is then measured photometrically, re-
sults indicating barium sulfate concentration.

55

A&I



NotestlCnecin

nL Cl, C2 = Current Connections
F igure 27
SOIL BOX

The THQ (tetrahydroxyiquinone) method is used where higher
sulfate concentrations are suspected. Standard barium chlor-
ide solution is titrated into the test sample, to which THQ
indicator, bromcresol green indicator, and alcohol have been
added. Alcohol decreases solubility of barium sulfate.
Endpoint is reached when the test sample color changes from
yellow to rose. Concentration of sulfate is calculated
from the amount of barium chloride added.

1.3.3 Standard Water Analysis. In many cases, a com-
plete water analysis may be required for correct interpreta-
tion of corrosion problems. Water treatment may be required

./ to mitigate problems from such sources as: hardness, alka-
linity, dissolved oxygen, dissolved metals, nitrates, free
carbon dioxide.

2 INSTRUM"ENTS. As previously mentioned, corrosion of
buried or submerged metals is associated with electrical
potentials and current. Therefore, proper measurement and
evaluation of these quantities are important to corrosion
investigation work and cathodic protection. Instrument
characteristics and proper use of electrica.1 measuring
devices for acquiring field data should be understood. This
section describes some basic instruments and shows how they
may be effectively applied in the field.
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2.1 Why Special Instruments are Required. Because of
the wide range of currents and voltages encountered in cor-
rosion test work, test instruments must be designed for
maximum usefulness and flexibility. They must be light-
weight, sufficiently rugged for field use, and easily read-
able. There are several manufacturers building combination
corrosion meters capable of a variety of measurements with
a single instrument. These are desirable, because they re-
duce both number of instruments required and weight load.
However, accuracy is usually not as good as when specialized
single-purpose instruments are used. Figure 28 shows some
typical instruments and equipment used in corrosion work.
Items are identified by numbers as follows:

1. Multipurpose corrosion meter.
2. Storage bottle.
3. Depth gauge.
4. Copper sulfate crystals.
5. Copper-copper sulfate half-cell.
6. Copper-copper sulfate half-cell (with lead wire attached).
7. Selector switch for duct slug test.
8. Volt-ohm meter.
9. Probe resistivity meter.
10. Four-pin resistivity meter.
11. pH meter.
12. Measuring tapes.
13. C clamp.
14. 3oil probe pins.
15. Map measure.
16. 100-ampere shunt.
17. Soil box.
18. Equipment box.
19. Probe for soil resistivity measurements.
20. Pipe locator.
21. Current interrupter.
22. Calomel half-cell.
23. Variable resistor.
24. Beryllium scraper (nonsparking).
25. Recording millivoltmeter.
26. Lead wire.

* 27. Four-pin soil resistivity leads.
28. Lead slug.
29. Beryllium wire brush (nonsparking).
30. Flashlight.

The questions of what instrument to use and where involve
study of each individual situation and good working know-
ledge of all instruments available. All corrosion work,
from initial study through design and maintenance, is based
upon readings gathered in the field. Therefore, the effect-
iveness of an entire program is dependent upon reliable
readings and proper use of instruments,
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Figure 28
TYPICAL FIELD SURVEY TEST EQUIPM'ENT



2.1.1 Design and Construction of Field Instruments.
For many years, the basic meter movement found in corrosion
instruments was the galvanometric D'Arsonval type. Instru-
ments are still available with this type movement, although
the new, more rugged "taut band" suspension is replacing it
in some field instruments. These two types are discussed
here.

a. D'Arsonval Movement. The basic D'Arsonval meter
movement is a galvanometer modified for practical usage.
The basic galvanometer (Figure .29) acts on the principle
than an electromagnet placed between the poles of a horse-
shoe magnet and enei.gized by current flow, will act against
the tension of a spring which tends to force like poles to-
gether. The force thus produced will move a pointer and
indicate, on a calibrated scale, the amount of current pass-
ing through the electromagnet. The greater the current
flow, the stronger the force, and the farther the pointer
moves.

In the D'Arsonval meter movement (Figure 30), Jewel bear-
ings, adjustable balance springs, and a modified horseshoe
magnet are added to the basic galvanometer, and it is usu-
ally calibrated to read some electrical quantity directly.

Instruments with D'Arsonval movement can easily be damaged
by improper field handling. It is, therefore, as with all
instruments, important to have them calibrated at regular
intervals. Damage to jewel bearings (Figure 31) or pivot
points may cause a pointer to stick. When instruments are
dropped or continually jarred (along the axis of pivots),
these jewels may crack or break, or pivot points may becomej blunt or mushroom-shaped. This can happen easily because
pressures on the bearings of several tons per square inch
are possible with the 300 milligram moving element resting
on a.0002" diameter bearing. Dropping or rough handling
of these instruments should be avoided. They should be

Vtransported with the axes of their pivots parallel to the
ground so that the impact of any force will not be directly
on the pivot points. A sluggish, or sticking pointer may
also result from its jewel bearings being adjusted too
tightly, or from an accumulation of dirt. If the permanent
magnet of an instrument becomes weak with age, the instru-
ment will no longer read correctly.

b. Taut Band Suspension. Taut-band suspension is a
*fairly recent innovation. Tuistruments with this type meter

movement have no pivots, jewels, or hair-springs (Figure
32). Instead, taut metal bands support the moving ele-

ment and carry current to the coil. They act like the hair
spring of the D'Arsonval type movement to restrain the
turning magnet. A more rugged, more sensitive instrument
with frlctionless mounting that minimizes wear results.
Taut band suspension is well-suited for portable field in-
struments which are subjected to rough treatment. However,
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accuracy at extreme ends of meter scale ranges may be less
than with D'Arsonval movements.

2.2 Types of Instruments. In general, high-sensitivity
instruments are those requiring a very small amount of cur-
rent to deflect the pointer (500 microamperes or less).
These high-sensitivity instruments are also high-resistance
instruments because meter resistance (expressed in ohms per
volt) is inversely proportional to current (microamperes or
milliamperes) required for full scale deflection of the
meter pointer. In use, the pointer of a high-sensitivity
meter swings slowly up-scale to the correct position, over
travels, swings back and forth (10% to 50%) and gradually

[. stops. There is no sharp division between "low-resistance"
and "high-resistance" instruments. However, meters gener-
ally considered low-resistance are those having internal
resistance of 10,000 ohms per volt or less while high-resis-
tance instruments arc in the range 100,000 ohms per volt or
;,reater.

Dampin , descrtbes control of periodic swing of the movlngp,
system, so that the pointer comes to rest more quickly.
Aluminum damping vanes are sometimes attached to moving
shafts of meter movements for this purpose. Five percent
to ten percent overswing is usually considered satisfactory
damping.
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The period of a meter movement is the length of time re-
quired for its pointer to come to rest, after current has
been applied to the instrument terminals.

An instrument's accuracy, as given by the manufacturer, is
usually stated as percentage of full-scale deflection and
not as percentage of actual meter reading. Therefore, a
100-volt instrument which reads 2.0 volts and has an accur-
acy of 0.5% can be in error by + 0.5 volts. (0.5% is a
common statement of instrument accuracy.)

2.2.1 Ammeters. Simple ammeters such as micro-
ammeters, milliammeters, and regular ammeters use the basic

Y meter movement and employ three different circuit arrange-
ments depending upon requirements.

1. All of 'he current flows through the moving coil.
This is applicable to microammeters and milliammeters up to
a range of about 200 milliamperes.

2. Part of the current flows through the moving coil
and part, through a built-in shunt.

3. Part of the current flows through the meter andjpart, through an external shunt.
Several shunts may be built into one instrument, so that
the same meter movement can be used for various current
ranges. Larger shunts, handling heavy currents, are often
used externally. It is important to remember that all of
the current to be measured must pass through an ammeter.
Therefore, the shunt must be large enough to handle this
current. A typical ammeter schematic is shown in Figure

33.

Another type ammeter, the zero-resistance ammeter, is actu-
ally the combination of a millivolt-voltmeter and an
ammeter. These are connected in the circuit so as to meas-
ure current flow between two points of different voltage in
a given circuit without introducing additional resistance.
A simple diagram of the electrical connection for measuring -

*current flow between a galvanic anode and pipe is shown in
Figure 3P. The zero resistance ammeter operates on the
null principle. That is, the open circuit voltage between
magnesium (anode) and iron (pipe) registers on the volt-
meter or galvanometer. A battery is connected in the cir-
cuit with polarity opposite that of the open circuit volt-

* age indicated on the voltmeter. A variable resistor is ad-
Justed to allow sufficient current to flow through resistor
(R) until IR voltage drop matches open circuit voltage, and
the voltmeter reads zero. True current flowing between
anode and pipe when bridged together through zero resistance
is then indicated on the ammeter.
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Basic Meter Movement

Shunt wire connected across terminals
of Basic Meter Movement

Figure 33
BASIC D.C. AMMETER CIRCUIT

This method eliminates any energy requirement from the volt-
age source being measured, making this form of measurement
desirable where low energy sources are concerned.

2.2.2 Voltmeter - -High and Low Resistance. The volt-
meter is the most versatile and widely used instrument in
corrosion work. It consists of a basic meter movement In
series with a multiplier resistor (Figure .35). This
series resistor limits current flow through the very fine
wire in the meter movement and provides a standard by which
voltmeter range can be determined.

Internal resistance of the voltmeter should be high com-
pared to resistance of test leads, reference electrode, and
other components that make up the external circuit. Where
readings of 1% accuracy are required, instrument resistance
must be ninety-nine times greater than total resistance of
the external circuit. It is, therefore, important that high-
resistance voltmeters be used in most corrosion investiga-
tion work. For general use, instrument sensitivity should
not be less than 100,000 ohms per volt ("high-resistance
voltmeter") so as not to permit current flow great enough
to change the potential of the source being measured, or to
permit polarization of the reference electrode which can
affect its stability as a reference.
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Busic Meter Movement

Vol tage to
be Measured

Multiplier Resistor Connected in
Series with Basic Meter Movement

Figure 35
BASIC D.C. VOLTMETER CIRCUIT

For very low voltage readings such as those encountered in
IR drops along a structure, however, "low-resistance"
(1000 to 2000 ohms per volt) voltmeters are required. Such
low voltages cannot force enough current through a high-
resistance meter coil to register on the scale. Low-resis-
tance meters require less current to register, and can
therefore be used.

Readings made with either type voltmeter are subject to
error (true voltage lower than that read) if external cir-
cuit resistance is an appreciable percentage of meter inter-
nal resistance. Methods of correcting such readings were
discussed in paragraph 1.2.l.a(l)(b).

2.2.3 Recorders. Recording instruments periodically
or continuously monitor and record on a moving chart read-
ings of direct current or voltage. These are especially
useful in areas of fluctuating stray current. The basic
recorder is a D.C. meter movement connected to an electri-
cally-powered moving chart. The chart advances with time,
providing a record of readings over the period of recording.

The typical chart is advanced by a sprinG-wound clock mech-
anism or battery-powered motor. Generally, a bar-tap mech-
anism periodically records readings: the bar depresses at

Iven intevvalo of time, marking the chart which is either
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pressure-seisitivo or smoke-covered. The power source ill

this type recorder is generally too weak to record contin-
uously, using pen and Ink. Continuous recorders are also fo
available which require an external A.C. power source; these
are, therefore, not always practical for field use. Battery-
powered continuous recorders, using amplifier and self-bal-
ancing potentiometer are powerful enough to operate pen and

~Ink.

Recorders are used for purposes other than stray current
analysis. They may be employed as labor-saving devices, to
take simultaneous readings at various locations. Build-up
of polarization potentials can be monitored. Structure-to-
electrolyte potentials on cross-country pipelines or cables
can be measured by coapling the recorder to a wheel-mounted
or other moving reference electrode. The chart is then
driven by electrode movement, and records versus distance,
not time.

Another recorder is the "X-Y" type, used in making correla-
tion curves (paragraph 1.2.2.c) in stray current surveys.
For example: this meter can simultaneously record struc-
ture-to-electrolyte potential (y-axis) and IR drop (x-axis)
along the structure. Data (automatically plotted by the
recorder) are analyzed as in paragraph 1.2.2.c. Any other
two voltages may, of course, be simultaneously measured and
plotted.

2.2.4 Potentiometer-Voltmeter. The fundamental prin-
ciple of the potentiometer-voltmeter is to measure potential
of a given voltage source without drawing external current.
This is accomplished througi a special circuit arrangement
as in Figure 36. The component parts include internal
voltage source, voltmeter, variable resistor, and galvano-
meter. This combination uses a galvanometer of extreme
sensitivity, not suitable for direct measurement purposes,
but highly desirable as a null indicator. Since the volt-
meter element does not draw current from the external cir-
cuit, it can be of the low-sensitivity type with strong
springs giving excellent accuracy and durability. The in-
ternal voltage source is connected in the circuit with op-
posite polarity from that of the voltage to be measured.

Operation of the potentiometer-voltmeter is simple. Inter-
nal voltage is adjusted by means of the variable resistor
until exactly equal and opposite to the voltage being meas-
ured. This is indicated by zero deflection on the galvano-
meter. At this point, no current is drawn from the external
circuit, and the effect of infinite resistance is accom-
plished. The voltmeter then gives the true open circuit
potential of the external source.
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BASIC D.C. POTENTIOMETER-VOLTMETER CIRCUIT

2.2.5 Potentiometer. The potentiometer is generally
a laboratory instrument, complex in circuitry and capable of
precise potential measurement. The basic instrument is
similar to the potentiometer-voltmeter, with the indicating
voltmeter replaced by calibrated resistance. Resistance is
varied by dials until the galvanometer reads zero; measured
voltage is then read directly from the dials.

2.2.6 Electronic and Vacuum-Tube Voltmeter. Elec-
tronic and vacuum-tube voltmeters have the high input resis-
tance of a potentiometer without the disadvantage of manual
balancing each time the measured voltage changes, permittino
their use in fluctuating stray current areas. However,
static disturbances can produce errors, and zero drift is
sometimes a problem.

The principle of the vacuum-tube voltmeter is illustrated
in Figure 37. A minute amount of current (around 10- 10
amperes) is drained from the external circuit and amplified
in the vacuum tube to produce deflection of a voltmeter.
Vultaje applied to the vacuum-tubo tgrld a'fects changes in
vacuum-tube plate current. Therefore, current taken from
the measuring circuit consists only of grid current and
leakage current, which can be kept at a low value by proper
choice of tube and circuit design. If ,rid potential is
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BASIC D.C. VACUUM-TUBE

VOLTMETER CIRCUIT

negative with respect to cathode potential, essentially no
electrons flow. As grid potential approaches cathode poten-
tial, electrons begin to flow from cathode to plate. The
higher the grid potential, the greater the flow. The meter
movement (calibrated in volts) measures the flow. A vacuum-
tube voltmeter requires power to operate the vacuum-tube
and power for the D.C. bias circuit.

The newer solid state electronic voltmeter uses a field-
effect transistor for amplification instead of a vacuum-
tube. The resulting instrument can be used to measure
smaller voltages. Battery-powered electronic voltmeters
are available. These may be used in the field without A.C.
power.

The D.C. solid state amplifier used in electronic voltmeters
is available separately, for use with high- or low-resis-
tance instruments. The amplifier increases input resistance
greatly and improves response times on lower meter ranges.
These battery-operated amplifiers have built-in D.C. bias
circuits.

2.2.7 Earth-Current Meter.- The earth-current meter
can be used to calculate current flowing in earth adjacent
to an underground structure. A 2-inch hole must be bored
from ground surface to the top of the structure into which I
a special probe, called a cantilever electrode, is inserted.
This probe has four contact points; two are copper-copper
sulfate reference electrodes, and two are copper, used to
determine relative soil resistivity. Voltage drop, meas-
ured between reference electrodes, and relative soil
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resistivity data are used to calculate current (density)
nicked up or discharged from the structure.

The meter consists of battery, high-resistance voltmeter,
milliammeter, and current commutator. Commutated battery
current flows into earth from the copper contacts, producing
AC voltage drop at the reference electrodes. This voltage,
commutated to DC voltage, is measured by the voltmeter. A
formula, associated with instrument constants, is used to
determine earth current:

I = QEeI c

'c

w,.here

I = current density in earth
(milliamperes per square foot)

Q = instrument constant (inverse square feet)
Ee = voltage between reference electrodes with

instrument in "potential" position (millivolts)
Ec = voltage between reference electrodes with

instrument at "commutate" position and
commutator on (millivolts)

Ic = current from battery with instrument as for
Ec (milliamperes)

This instrument finds limited use because it is expensive
and relatively complicated to use, requiring a hole to be
luug to structure.

2.2.8 Resistance Testers. Basic equipment for meas-
uring soil resistivity consists of a direct current volt-
meter, direct current ammeter, voltage source, soil contacts,
and test leads. Where direct current is used for resistivity
testing, polarity must be reversed and average current values
used to eliminace errors from polarization and galvanic
effects between electrodes and natural earth currents. Con-
sequently, self-contained instruments are available which
change direct current to alternating current for test pur-
poses. Specialized soil resistivity instruments usually in-
corporate this feature. Soil resistivities in any range can
be measured by proper choice of voltages, currents, and meas-
uring devices. Specialized test sets are made to measure to
2 to 3% accuracy resistivity values over wide ranges from
sea water, with resistivities of about 26 ohm-centimeters, to
soils with resistivities as high as 1,000,000 ohm-centimeters.

a. Instruments Using Four-Electrode Contact to
Electrolyte. These instruments are used for measuring resis-
t1V1y-by the Wenner Four-Pin Method (paragraph 1.2.1.d) or
with a four-contact soil box. These methods are most accur-
ate because contact resistances are not included.
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Terminals of these instruments can b( conveniently "shorted
out" to make them two or three terminal units, when needed
for measurements of circuit continuity or structure-to-soil
resistance. Soil contacts connected to the four terminals
can be spaced over 100 feet apart without introducing appre-
ciable errors in soil resistance measurements, and both in-
struments are designed for minimum interference from stray
currents.

For special applications, such as large spacings, the Gish-
Rooney method of measurement can be used. This method and
the instruments used are not commonly used and are there-
fore not discussed here.

(1) Battery-Operated A.C. Type. The battery-
operated, AC type meter is a specialized, self-contained
instrument used to measure soil resistivity by the four-
electrode method. A schematic wiring diagram for one com-
monly used design, the "Vibroground", is shown in Figure

38a. If the "push to read" button is pressed, the vibra-
tor is excited by eight flashlight cells. A pair of vibra-
tor contacts connects the dry cells alternately across each
half of the transformer primary. A voltage of approximately
125 volts alternating current is inducted in the trans-
former secondary winding which reaches terminals C1 and C2
through the calibrated potentiometer circuit. A voltage
drop occurs across the potentiometer, matched against the
voltage drop through soil between electrodes P1 and P2.
When voltage is adjusted so no current flows in the galvano-
meter, the potentiometer reads directly in ohms.

(2) Hand Generator, Pulse D.C. Type. The hand-
generator, pulse D.C. meter is a second type self-contained
instrument suitable for four-electrode soil resistivity
measurements. A schematic circuit diagram for one frequent-
ly used design, the "Megger", is shown in Figure 38b.
Test current is supplied to this instrument from a hand-
cranked generator; no batteries are required. Current is

i, supplied at approximately 50 cycles and 50 volts when gener-
ator turns at recommended speed. (Current output is limited
to approximately 0.50 amperes.)

The "Megger" does not use a resistance-comparing circuit
with galvanometer but uses, instead, a D.C. ohmmeter with
current and potential coils in magnetic opposition.

A second pulse D.C. instrument uses a galvanometer resis-
tance-comparing circuit similar to that described in para-
graph 2.2.8.a(l), but with a mechanical rectifier and
indicating dials replacing the potentiometer.

b. Instruments Using Two-Electrode Contact to
Electrolyte. These instruments measure resistivity using
two contacts to the electrolyte. (The two contacts may be
on two different rods, or both on one.) This method, less
accurate than using four electrodes, includes rod contact
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resistance in the measurement. Like soil boxes, they mean-
ure only a small segment of the electrolyte which may not
be a true representation of the average soil conditions
alonrg the structure right-of-way.

(1) Two Probes. This two-probe earth resistivity
meter measures the earth or water resistivity between two
electrodes on separate rods (often called "Shepar Canes")
located approximately 18 inches apart. It is useful for ob-
taining resistivity values of liquids or soils in excava-
tions and trenches. Two separate rods can measure slightly
larger samples than a single probe (paragraph 2.2.8.b(2),
which has fi:,:d electrode separation.

(2) Single-Probe. The single probe contains two
electrodes in the same probe-rod: one is the tip; one, the
probe body. Elect -olyte resistivity, a function of resis-
tance between the two electrodes, is either read directly
or calculated from resistance.. In either case, the meter
employed contains an A.C. bridge or similar circuit to elim-
inate polarization of the electrodes. Generally, these
meters are battery-powered.

2.2.9 Pipe Locator. Pipe -ocators are used to locate
buried metal structures (pipes, cables, tanks, etc.) when
precise locations are needed for corrosion testing or other
reasons. Most pipe locators impress an alternating current
on the structure which is then pinpointed by the electrical
fiell produced. This field is traced with a receiver. The
alternating current signal may be impressed directly on the
structure through a wire connectc d to an exposed section
(conductive), or it may be inducci on the structure (induc-
tive). Some locators work both ways.

With the conductive type, batter:/-ssupplied direct current is
converted to A.C. by a vibrator cireuit and passes through
a transformer to produce a maximum of several hundred volts.
Voltage is induced in the receiver pick-up coil when near
the structure, and this is amplified into headphones. With
the receiver horizontal and near the structure, sound is ob-
tained; none is obtained directly over the pipe, because
there equal and opposite voltages are induced and cancel out.

The inductive type operate.- similarly, b'it no contact to
structure is used. The A.C. sinal is induced on the struc-
ture by a coil in the transmitter and is detected as with
the conductive pipe locator. In some mod(,Is, the trans-
mitter and receiver are mounted to, 2ther and used just to
locate structures. In others, they are separate and may be
used to trace lon, structures such as pipelines.

Some locators include an interrupter to produce pulsation
of the signal. This signal can then be distinguished from
ilterfesence noise produced by other alternatin-, currents
in the vicinity.
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2.2.10 Holiday Detectors. Holiday detectors, some-
times called "Jeeps", u1e an electrical si-nal. to detect
coating faults (holidays). These instruments impress a
voltage across the coating. When an electrode is passr-d
over tle '-oated surface, sparks occur between elc'trode and
suructure (pipe) at holidajs. These sparks set off an .lec-
tri si<ni, .enerally an audible or visual alarm.

Most holida:.' W-tectcrs are battery-operated. They employ
pipe-encirclin;- (spring-coil) electrode for large pipes and
a brush-type electrode for smaller pipes and structural sur-
faces. The detector should be checked reg, ularly to assure
proper operation. Also, proper voltage for the coating
being, tessud must be maintaine d.

The specific voltage required to locate holidas dcpends on

T:,pe and thickness of coating. The 7o]ta,,e must b" hig'h
enough to br,'ak down resistance of air of coating thlcknel.s,
but low enough not to rupture the coating. Since actual

: coatings are not truly uniform in thickness, proper holiday
detector voltages are generally such that locations of very
thin coating, as well as holidays, are detected. The ap-
plied voltage actually ruptures thin places because of high
stresses induced. This situation cannot be avoided, because
Lhere is no perfect coating. However, proper voltage levels
locate holidays and minimize damage.

Most coating manufacturers indicate a maximum value of volts
per mil coating thickness. Below this value, undue rupture
should not occur. The National Association of Corrosion
Engineers Committee TlOD-9A suggests a formula for determin-
inf proper voltage for coatings. other than thin film, paint,
or fusion types:

V = k V

where

V = output voltage, kilovolts
T = coating thickness, mils
k = a constant (from 1.0 to 1.5 depending on

type coating)
= 1.25 for coal tar or asphalt

The constant k is near 1.0 for rough coatings and near 1.5
for smooth coatings. This formula is generally valid within1(% accuracy.
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methods, a voltage output of approximately 100 to 125 times
coating thickness in mils is sugge3ted (reference 17).
When no accurate means of determining proper voltage output
is available, the coating manufacturer should be consulted.

2.2.11 Combination Meters. There are many "combina-
tion" instruments useful to the corrosion engineer. These
combine features of individual instruments already mentioned
and are valuable for measuring several different quantities
during a field survey. Two commonly-used types are des-
cribed here.

a. Volt-Ohm-Milliammeter (VOM). Volt-ohm-milliam-
meters consist ol an AC--DC voltmeter, DC ammeter and DC
ohmmeter. The AC-DC voltmeter is generally a basic D.C.
meter movement with a rectifier connected to change A.C. to
D.C. for measurement. The ohmmeter, powered by low-voltage
batteries, is mainly limited to checking circuit continuity
through metallic circuits. These instruments are very use-
ful for rectifier repair and maintenance work, and can also
be used to "check out" other field test equipment. High-
sensitivity type VOM can be used for some structure-to-soil
potential measurements.

b. Direct Current Combination Meter. Direct current
combination meters are designed specifically for the corros-
ion engineer. These instruments are available commercially
with a variety of alternate features and covering a wide
price range.

Basically these instruments consist of two D.C. meter move-
ments mounted in one case. One of these is a high-resis-
tance meter; the other, relatively low-resistance. In-
cluded also in the case are selector switches, rheostat con-
trols, and batteries. These meters are used separately or
together for various measurements. They can serve as high-
resistance voltmeter and low-resistance voltmeter, volt-
meter and ammeter, or sometimes zero resistance ammeter,
potentiometer-voltmeter (with high-resistance meter as gal-
vanometer and low-resistance meter as indicating meter),
and in some models as an electronic voltmeter. Current from
the internally-mounted batteries can be controlled by rheo-
stats and routed throug' the ammeter in order to provide a
facility for resistance measurement.

A typical combination meter is shown in Figure 39. This
is of the type in common use by the military at this time
and is, therefore, described in detail. This instrument,
the M.C. Miller Model "M-3-14", contains four specific meas-
uring circuits:

ligh-Resistance Voltmeter 0.2 to 20 volts
Potentiometer-Voltmeter 0.2 to 3 volts
Low-Resistance Voltmeter 2 mv to 100 volts
Milliammeter/Ammeter 2 ma to 10 amps.
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Figure 39
TYICAL COMB3INATION l'MER
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The wirin diagram for this instrument is )iven in FIigure
40. Polarity switches and associated wiring are not shown

on this diagram, for simplicity.

This instrument may be used in a variety of ways. The low-
resistance and high-resistance voltmeter may be used separ-
ately or simultaneously for potential measurements (Figlre

41). The low-resistance meter may be used as an ammeter
to measure currents, independent from the high-resistance
meter, or while the high-resistance me(er measures potential
(Fijure 42). The potentiometer-voltmeter circuit employs
both meters. allowing only one measurement at a time; this
circuit is useful for voltage measurement where external cir-
cuit resistance is high, producing possible errors in read-
ings on the high-resistance meter. Typically, this is en-
countered with high values of: contact-to-electrolyte !'esis-
tance (such as in frozen soil, concrete, or blacktop), soil
resistivity, or coacing resistance on small structures.
Readings above 3 volts are not noticeably affected by exter-
nal circuit resistance and, foi, these readings, the high-
resistance meter will suffice.

2.3 Accessories. In addition to standard instruments,
accessories and auxiliary equipment are needed for corrosion
survey measurements. A description of these accessories is
riven here, including:

portable recti-ier
batteries
current interrupter
soil box
reference electrodes (half-cells)
shunts
va table resistors
soil probe pins

Vwire reel
test leads
clamps j

2.3.1 Portable Rectifier. Portable rectifiers can be
used for convenience in determining current requirements for
cathodic protection of buried or suomeriged structures (para-
graph 1.2.2.a), testing newly-i'stallel groundbeds, testing;
older rroundbeds with inoperative rectifiers, continuity
tests, and rcsistance tests. This device acts as a permanent
rectifier, impressing current on a groundbed (temporary
groundbeds are often used). A portable rectifier can consist
of a transformer and rectifier for convertin,- A.C. to D.C.,
and an ammeter and voltmeter for measuring output. An inter-
rupter (paragraph 2.3.3) 1i allow "on-off" readings is
often included as well as a mounted shunt (paragraph
2.3.10). This device is convenient, because it contains
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all. ne'essary ,-quipment in one case. An A.C. power source
is required to operate the rectifier; this may be a genera-
tor power source or connection to service lines.

2.3.2 aitteries. Battevies, like a portable rect-i-
fler, are useful in direct current sources or as supplement-
ary D.C. sources in corrosion testing. Six or 12 volt ba-
t-ries are frequently employed when available equipment is
limited, and instruments at hand do not contain built-in
batteries. They are used to power such devices as current
interrupters, and to supplement existing power when measur-
ing, foj? exanpl, structure-to-soil potentials in high-resis-
tance soils. Batteries may be used to supply test current
for determining current requirements on well-coated struc-
tures, or t- simulate galvanic anodes. Interrupting current
will help conserve battery life.

Storage batteries may be used iL!stead of dry cells, when
higher currents are reqaired.

2.3.3 Current Interrupter. A current interrupter is
basically a motor-driven cam or electronic circuit which
reqularly opens and closes a relay. This interrupts current
flow on a schedule (such as 20 seconds "on", 10 seconds
"off"). This is useful for measuring, strum'tare-to-soil po-
tentials and 3ther values with cathodic protection current
on and off. It is used in current requirement tests and
for checking the effectiveness of cathodic protection.

It is used advanta;reously on pipelines and complex struc-
tures where several potential readings are taken for each
current setting. When current is interrupted, readings are
taken at various points along the structure. "On" readings
are taken Just before current is interrupted, and "off"
readings are taken as soon as possible thereafter. Switch-
ing schedule should be set so there is a noticeable differ-
ence between "on" and "off" periods. In this way, readings
can be differentiated at a distance.

A wiring diagram for a typical interrupter connected into a
cathodic protection circuit is shown in Figure 43. The
6-volt battery which powers the interrupter may be built-in
or external. Interrupters are also designed to operate from
A.C. power, or from either D.C. or A.C. at the engineer's
ootion.

2.3.4 Soil Box. This measurement of electrolyte re-
sistivity was discussed in paragraph 1.3.l.d. Most accur-
ate is the 4-contact type soil box, made of high-dielectrie '
material (usually plastic) with current contacts at each end
and potential contacts "long one side (Figure 27). A
typical soil box of this type is approximately 8-1/2 inches
long by 1-1/2 inches wide by 1-1/4 inches deep (inside
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dimensions). These measurements are such that resistance in
ohms of the sample equals resistivity in ohm-centimeters.
Other size boxes are available, each characterized by a "box
constant". Resistivity in ohm-centimeters for the electro-
lyte sample Is obtained by multiplying rebIstance reading
In ohms, by the box constant (usually a convenient number
such as 1 or 10).

The soil box described above has a volume of 230 cubic cent-
imeters. Its current electrodes are thin metal plates ap-
proximately 1-3/8 inches by 1 inch in size. Potential elec-
trodes arc metal pins about 1-1/2 inches long by 3/32 inch
In diameter, located 1-3/4 inches from the box ends.
Effects of contact resistance are overcome with this type
(four-connection) soil box, as with other 4 -pin methods of'
measuring resistivity.

A simpler type soil box, less accurate because it does not
consider contact resistance, has only two electrodes. These
are the metal ends of the box. Construction is similar to
that of the 4-electrode soil box, with the two-sIde
(potential) contacts eliminated. This type box is also
available in various sizes with characteristic "box
constants".

2.3.5 Copper-Copper Sulfate Half-Cells. The copper-
copper-sulfate half-cel is the reference electrode most
often used. It consistz essentially of four parts: copper
rod or tubing with necessary provision for connection to
voltmeter, saturated solution of copper sulfate crnfacting
the copper, porous plug through which contact to electrolyte
is made, and nonconducting container. Figure 44 shows a
typical rod-type reference electrode, consisting of plastic
tube with watertight cap at the top and porous wooden plug
at the bottom. The plastic tube Is filled with saturated
copper-sulfate solution and contains an excess of crystals
to insure saturation. In the half-cell of Figure 44, a
copper rod in contact with the solution extends through the
cap for connection to voltmeter. A rubber cap may be placed
over the porous wooden plug to prevent evaporation when the
electrode is not in use.

Another design consists of saturated copper-sulfate solu-
tion inside a section of copper tubing, surrounded by a
plastic case. A porous plug for contact to electrolyte,
and a provision for voltmeter connection are included.

The reference elecirode of Figure 44 is standard size,
useful for contacting soils under most conditions. Two
other sizes (the "long" and the "stubby") are 1'requently
used in corrosion work where the standard size would be im-f practical. They differ from the standard half-cell in
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dimensions only. The "long" half-cell is identical to the
standard, but is 30- or 36-inches long. It is used to con-
tact electrolyte in deep test holes or other places where
the standard size would be inadequate or difficult to use.
The "stubby" is made in various lengths, but the important
feature is its broader base (typically 2-7/8 Inch diameter).
This improves contact-to-el ctrolyte where poor contact is
anticipated, or when readings are taken through concrete or
in frozen ground. Almost any size copper-copper sulfate
electrode can be made to order, but the three discussed here
facilitate taking readings in soils under most conditions
and are therefore generally standard equipment for corrosion
field work.

a. Polarization of Copper-Copper Sulfate Half-Cell.
With low-resistivity instruments, polarization of copper-
copper sulfate half-cells can be a problem. The importance
of using high-resistance voltmeters for structure-to-electro-
lyte potential readings is revealed in Figure 45. Pipe-
to-soil voltages, relative to copper-copper sulfate, were
taken for various currents using a multirange voltmeter with
internal resistance of 1000 ohms per volt. At full scale,
current through instrument and electrode is 1 milliampere.
A plot of voltage versus current results in a straight line.
When polarization occurs, the curve departs materially from
linearity. In this case polarization began at 0.9 milli-
ampere. Beyond this point the curve deviates considerably
from a straight line indicating that half-cell resistance
has changed. Since high-resistance voltmeters require only
a few microamperes for full-scale deflection, polarization
of the half-cell should not be a problem with these type
meters.

b. Temperature Effect on Copper-Copper Sulfate Half-
Cell. The copper-copper sulfate half-cell contains crystals
of copper sulfate in equilibrium with solution. An increase
in temperature causes some crystals to dissolve, increasing
solution concentration; a decrease in temperature causes
some copper sulfate to precipitate, decreasing solution con-
centration. A concentration change alters half-cell poten-
tial, requiring a correction to potential readings at other
than "room temperature" (77*F). The effect of temperature
on the copper-copper sulfate halI'-cell is shown in Figure

46. The temperature correction is about 0.5 millivolt per
degree Fahrenheit change. For example, a structure-to-
electrolyte potential relative to copper-copper sulfate is
taken when the outside temperature is 90*F. The reading is
-0.70 volt. From Figure 46, the correction factor for
90OF is +7 millivolts (+0.007 volts). The reading relative
to standard copper-co, ?er suifate half-cell (77°F) would
then be:

-0.70 + (+0.007) -0.693 volts
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The corrected value, -0.6Q3 volts, is still very-close to
the recorded value, -0.70 volts. Normally, no correction
is required for field work except where large temperature
changes are encountered. The effect of temperature on a
copper-copper sulfate half-cell is provided for information
purposes and may be applied if precision of observation
warrants it.

2.3.6 Calomel Half-Cells. Although most often used
in laboratory, the calomel hal-cell also finds applica-
tion as a reference for underwater measurements. Unlike the
copper-copper sulfate electrode which is easily contaminated
by saltwater and unable to withstand pressure, the calomel
electrode resists contamination and is not affected by low
pressure:;.

The saturated calomel electrode is basically a mercury elec-
trode in contact with a solution of mercury ions; ion con-
centration is controlled by a saturated solution of mercur-
ous chloride. Other calomel electrodes (non-saturated) con-
tain different concentrations of potassium chloride and
therefore have different half-cell potentials. The satur-
ated electrode is most often encountered. Calomel electrodes
contact the electrolyte by means of a porous plug, usually
glass, and are enclosed in glass. They operate similarly to
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copper-copper sulfate electrodes, but are less rugged for
field work.

The seawater eiecl;rode (Figure 47) employs a simple, sat-
urated calon.r half-cell as used for laboratory work; this
is enclosed in a protective case formed fro1 standard
plastic fittings for underwater application. The resulting
half-cell is lor: rugged and is satisactory for field ap-
plications. I*,;ad ,hot is included for weight.

Half-cell poteitial of saturated calomel relative to stand-
ard hydrogen electrode at 25'C is 0.2415 volts, compared to
0.3160 volts for copper-copper sulfate. This difference
necessitates a value other than -0.85 volts structure-to-
electrolyte peoential as a Priterion for adequate cathodic
protection of ferrous structares. It is -0.78 for saturated
calomel. To confvert structure-to-electrolyte readings rela-
tive to satarat, d calomel to equivalent readings relative
to copper-copper sulfate, add -0.07 volts. For example, if
the potential of a steel pipe relative to saturated calomel
is -0.61 volt, th same reading relative to copper-copper
sulfate would b.*:

-0.61 + (-0.07) = -0.68 volts

2.3.7 Silver-Silver Chloride Half-Cells. Another
reference electrode used for marine work is the silver-
silver chloridc half-cell (Figure 48). It consists of
silver gauze in contact with a mixture of silver chloride
and finely-dividend silver. No liquid electrolyte is used,
eliminatinj possLble errors at liquid junctions. The silver-
silver chloride half-cell is less likely to polarize than
the copper-copper sulfate half-cell, and is more rugged than
the saturated calomel half-cell. However, its half-cell
potential (normally 0.2222 volts, relative to standard hy-
drogen elcctrode at 250 C) is dependent on salinity of the
water it contacts. Large errors in structure-to-electro-
lyte potentials can result if variations in salinity exist.

The criterion for adequate cathodic protection of ferrous
structures relative to silver-silver chloride is -0.78
volts. To convert structure-to-electrolyte potentials rela-
tive to silver-silver chloride to those relative to copper-
copper sulfate, add -0.07 volts.

A second type silver-silver chloride electrode, containing
0.1 nitrot,,en potassium chloride solution, is sometimes used.
The V.Llu,.;; orrenpond lng to those for the above-mentioned~lecixod' .c

-. 811 volts and -0.01 volts.
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2.3.8 Lead-Lead Chloride Half-Cells. The lead-lead
chloride half-cell is sometimes used as reference for meas-
uring structure-to-electrolyte potentials of' lead-sheathed
cables. This half-cell is constructed similar to the
copper-copper sulfate half-cell, with copper rod replaced
by lead and copper sulfate solution replaced by a lead
chloride-potassium chloride solution. The half-cell poten-
tial of this electrode relative to standard hydrogen elec-
trode at 25*C is 0.326 volts. This varies with concentra-
tions of chlorides in solution. The potential is close to
that of lead in soil. Therefore, virtually no galvanic
potential exists between a buried lead structure and lead-
lead chloride half-cell. This is sometimes considered
advantageous.

2.3.9 Antimony Half-Cells. The antimony half-cell
is used to measure electrolyte pH rather than structure-to-
electrolyte potential (paragraph l.2.l.e). This half-cell
consists of a plastic tube with a tip ot' antimony metal,
and terminal for connection to a voltmeter. (Voltage be-
tween antimony and copper-copper sulfate half-cell is pro-
portional to pH.)

Antimony is very brittle and the antimony half-cell must be
handled with care. Copper sulfate solution must not contact
the metal tip for copper will plate out on antimony.

2.3.10 Shunts. Shunts of various s!zes are avail-
able for measuring current flow. These are calibrated

Fmetal resistors in the form of wire or bar with two posts
or appendages for connection to a voltmeter. They are made
of high-quality metals (such as maganin or constantan)
which are virtually unaffected by environment and are there-
fore considered "constant resistance". A typical size is
the 0.001 ohm shunt; voltage reading in millivolts across
the shunt equals current in amperes.

.. / 2.3.11 Variable Resistors. Variable resistors are
useful for estimating required resistance in situations
where current splits between two or more paths. Resistors
may be needed to obtain proper current divisiun in the var-
ious circuits. Examples of situations where installation of
resistors may be necessary are current drainage bonds and
multi-circuit, impressed current groundbcds.

In the first case, a resistor may be needed to prevent
drainage of excess current from a protected structure to a
foreign structure. In the second case, one rectifier sup-
plies current to several groundbeds; resistors may be need-
ed to distribute current among the groundbeds so that no
groundbed supplies too much or too little current.
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When working with variable resistors, contact resistance is
sometimes an important consideration. Dirt and corrosion
products can accumulate on the exposed portions of resistor
wire turns and on the adjustable terminal, increasing con-
tact resistance between the two. These may require clean-
ing from time to time to assure good contact.

2.3.12 Probe Bars (For Structure Contact). One
method of contacting buried structure is by bar or probe
pushed through the soil. Figure 49 illustrates a probe
bar designed for pipeline corrosion test work. It can be
driven through thin blacktop or gravel fill with a minimum
of damage to the handle. It is made of cold-rolled steel,
a ductile and economical material, with a stellite point.
Stellite holds a point well. The thick section of the bar
located a few inches above its point aids its removal from
moist soil. A brazed surface near the handle reduces pos-
sible increased circuit resistance when battery clips are
fastened to the probe rod surface which is always subject
to build-up of corrosion products. If the bar point is
firmly pressed against the buried structure, a simultaneous
rotation will tend to penetrate scale or 3oating.

If a doubt exists as to whether electrical contact to struc-
*ture has been made, it can be probed at two points. With

one test lead clipped to each bar, resistance is measured
with a niegger, ohmmeter, or vibroground. As an estimate,
if two bars are spaced 100 feet apart and number 14 or
heavier test wires are used, a circuit resistance below
1.0 ohms indicates a good connection. If it is only prac-
tical to use one bar, as is often true with structure-to-
soil voltage measurements, two or three repeated readings
giving identical results are indicative of a good connec-
tion. It is somewhat more difficult to get good probe bar
contact in dry soil than moist, and every effort should be
made to keep bar points sharp.

2.3.13 Wire Reels. Long, insulated lead wires wound
on reels are needed for electrical measurements in field
corrosion work. Structure-to-electrolyte voltage surveys
for long structures such as pipelines or cables, remote

A structure-to-electrolyte readings, IR drops where no test
leads are available: these and other measurements require
a long test lead. A reel facilitates handling.

Metal reels of various types are available; typical reels
are hand-held or rest on a stand. The type with stand are
generally more rugged, made of heavier material, and have
a greater capacity. Wire lengths of 500 feet for the hand-
held reel or 1000 feet for the stand-type reel are typical.
Stranded copper wire of size 18 with heavy duty insulation

A&,is used.
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2.3.14 Test Leads. Shorter test leads, 3 to 6 feet
or so are also needed. These may be straight or coiled.
No. l AWG conductor is a typical size wire. Connectors of
various types are used; banana plugs, spring clips, or
others are common. Care must be taken when attaching these
connectors to minimize contact resistance between cable and
connector base. Both parts must be free of dust and corros-
ion products, and a good, tight connection must be made.
A poor connection will introduce errors in measurement.

It is important to have good contact between connector and
structure or terminal, also. Clips and plugs must be kept
free of dirt, grease, and corrosion products, and paint or
build-up on structure must be scraped away. Clean metal-
to-metal contact is essential for accurate measurements.
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APPENDIX A.

GLOSSARY OF CORROSION TEVIS
('Definitions from NACE Standard RP-01-69)

Aisorytion. The taking up of one substance at the surface
or anotber. The tendency of all solids to condense upon
their surfaces a layer of any gas or solute which contact
such solids.

Aeration cell (oxywen cell). An electrolytic cell in which
a difference in oxygen concentration at the electrodes ex-
uits, producing corrosion.

A, m loteris. Materials subject to attack by both acid and
alaline environments. Aluminum, zinc, and lead, commonly
used in construction, are examples.

SAerobic, Free of air or uncombined oxygen; an aerobic
bacteria are tbhose which do not use oxygen in their life
cycle.

Anion, A negatively charged ion which migrates toward the
anode under influence of a potential gradient.

Anode, An electrode at which oxidation of its surface or
nse component of the solution is occurring. Antonym:cathode.

*Bell hole. An excavation to expose a buried structure.

Catbode. An electrode at which reduction of its surface or
some component of the solution is occurring. Antonym:anode....

sC odio corrosion. Corrosion resulting from a cathodic

condition or a structure, usually caused by the reaction of
alkaline products of electrolysis with an amphoteric metal.

C2tbodic Protection. A technique to prevent the corrosion
of a metal surface by making that surface the cathode of aneleotroohemical cell.

fltoo A positively oharged ion of an electrolyte which
if as toward the cathode under the influence of a po-

tential gradient.
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Concentration cell. An electrolytic cell in which a dif-
ference in electrolyte concentration exists between anode
and cathode, producing corrosion.

*Continuity bond. A metallic connection that provides
electrical continuity.

*Corrosion. The deterioration of a material, usually a
metal, because of a reaction with its environment.

*Current density. The current per unit area.

*Electrical isolation. The condition of being electrically
separated from otber metallic structures or the environment.

*Electro-osmotic effect. Passage of a charged particle
tbrotgb..a membrane under the influence of a voltage. Soil
may act as the membrane.

*Electrode notential. TN potential of an electrode as
measured against a reference electrode. The electrode po-
tential does not include any loss of potential in the sol-
ution due to current passing to or from the electrodes, i.e.
it represents the reversible work required to move a unit
charge from the electrode surface through the solution to
the reference electrode.

Electrolyte. A chemical substance or mixture, usually
liquid, cnaining ions that migrate in an electric field.
Examples are soil and seawater.

Electromotive force series (E4F series) A list of ele-
ments arranged according to their standard electrode po-
tentials the sign being positive for elements having
potentials that are cathodic to hydrogen and negative for
those elements having potentials that are anodic to hydro-
gen.

*ForeWn structure. Any structure that is not intended as
a part or bte system of interest.

*Galvanic anode. A metal which, because of its relative
position in the galvanic series, provides sacrificial pro-
tection to metal or metals that are more noble in the ser-
ies, when coupled in an electrolyte. These anodes are the
current source in one type of cathodic protection.
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Galvanic cell. A corrosion cell in which anode and cath-
ode are -ss Milar conductors, producing corrosion because
of their innate difference in potential.

*Galvanic series. A list of metals and alloys arranged
aceording to their relative potentials in a given environ-
meat.

eBolidav. A discontinuity of coating that exposes the met-
alsrae to the environment.

Aydrosen overvolta.ae. Voltage characteristic for each met-
al-environment comination above which hydrogen gas is lib-
erated.

*Impressed current. Direct current supplied by a power
source external to the electrode system.

*Insulating coating system. All components comprising the
protective coating, tbe Wm of which provides effective
electrical insulation of tbe coated structure.

*Interference bond. A metallic connection designed to con-
trol electrical current interchange between metallic sye-
tems.

Ion. Electrically cbarged atom or molecule.

.IR drop. The voltage across a resistance in accordance
wt M Law.
*Line current. The direct current flowing on a pipeline.

Local action. Corrosion caused by local cells on a metal
surface.

ill scale. The heavy oxide layer formed during hot fabri-
cation or'eat-treatment of metals. The term is applied
cbiefly to iron and steel.

f Concentration of a solution expressed as the
nmbeo gram molecules of the dissolved substance per
1000 grams of solvent.

O.A measure of hydrogen ion activity defined by pH -
10 (1/aff) where aH+ - hydrogen ion activity - molal

concentration of bydrogen ions multiplied by the mean ion
activity coefficient (= 1 for simplified calculations).
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Polarization. The deviation from the open circuit potent-
ial of an electrode resulting from the passage of current.

*Reference electrode. A device whose open circuit potent-
ial is constant under similar conditions of measurement.

*Reverse-current switch. A device that prevents the rever-
sal of direct current thr6ugh a metallic conductor.
"Stray current. Current flowing throul' paths other than
the intended circuit.

*Stray current corrosion. Corrosion resulting from direct
current flow through pats other than the intended circuit.

*Structure-to-electrolvte voltsae. (also structure-to-soil
potential or pipe-zo-soil pozential). The voltage differ-
ence between a buried metallic structure and the electro-
lyte which is measured with a reference electrode in con-
tact with the electrolyte.

*Structure-to-structure voltage. (also structure-to-struct-
ure potential). Tbe difference in voltage between metallic
structures in a common electrolyte.

*Voltase. An electromotive force, or a difference in elec-
trode potentials expressed in volts.
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APPENqDIX

ELECTRO!OTIVE FORCE SERIES

Standard Electrode gotential

Electrode Reaction-. EU(volts)._25 C.

Potassium - K + + e- -2.922
Calcium =Ca+  + 2e -2.87
Sodium +a + + e -2.712
Magnesium = Mg + + 2e- -2.34
Beryllium Be + 2e- -1.70

Aluminum = Al++ + 3e -1.67
Manganese Mn++ + 2e -1.05
Zinc- , " Zn + 2e- -0.762
Cbromium Cr:'++ 3e- -0.71
Gallium Ga + + 3e -0.52

Iron Fe++ + 2e- -0.440
Cadmium Cd++ + 2e -O.I02
Indium = In++ + 3e -0.340
Thallium =T1 + e -0.336
Cobalt -o +0 + 2e- -0.277

Nickel - Ki+" + 2e -0.250
Tin = Sn++ + 2e- -0.136
SLead = P1+  + 2e- -0.126
Hydrogen 2H+ + 2e 0.000
Copper Cu+4  + 2e 0.345

Copper Cu++ e 0.522

Mercury Eg + 2e- 0.799
Silver Ag+ 0.800
Palladium - Pd ++ + 2e -0.83
Mercury - Hg + 2e 0.854

Platinum - Pt' + 2e 1.2
Gold u Au+  +-3e- 1.42
Gold -Au4 + e 1.68
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APPENDIX

TABLE D-1

GALVANIC SERIES WITH RESPECT
TO SATURATED CALOMEL ELECTRODE1

Negative Potential
to Saturated Caloml1

Metal Electrode, volts

Zinc 1.03
Aluminum (Alclad 3S) 0.94
Aluminum (3S-H) 0.79
Aluminum (61S-T) 0.76
Aluminum (52S-H) 0.74
Cast iron o.61
Carbon §teel o.61
Stainless steel type 430

17% Cr (active) 0.57
Ni-resist cast iron, 20% Ni 0.54
Stainless steel type 304

18% Cr, 8% ni (active) 0.53
Stainless steel type 410,

13% Cr (active) 0.52

Ni-resist cast iron, 30% Ni 0.49
Ni-resist cast iron, 30% Ni + Cu 0.46
Naval rolled brass 0.40

• Yellow brass 0.36

Copper 0.36
Red brass 0.33
Composition G bronze 0.31
Admiralty brass 0.29
90-10 Cupro nickel, 0.8% iron 0.28
70-30 Cupro nickel, 0.06% iron 0.27
70-30 Cupro nickel, 0.47% iron 0.25
Stainless steel type 430,

17% Cr (passive) 0.22

1 Based on potential measurements in sea water; velocity
of flow, 13 ft. per sec.; temperature 25'C. (770EF).
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TABLE i (Continued)

GALVANIC SERIES 'AITH RESPECT
TO SATURATED CALO1ML ELECTRODE1

Negative Potential
to Saturated Calomel

Metal Electrode, volts1

Nickel 0.20
Stainless steel typ- -6, 18% Cr,

12% Ni, 35 -e (active) 0.18
Inconel 0.17
Stainless steel type 410,

13% Cr (passive) 0.15

Titaniujm (commercial) 0.15
Silver 0.13
Titanium (high purity frrr. iodide) 0.10
Stainless steel type 304',

18% Cr, 8% Ni (passive) 0.08

Hastelloy C 0.08
Monel 0.08
Stainless steel type 316 18 Cr

12% Ni, 3% Mo (passive5 0.05

1 Based on potential measurements in sea water; velocity

of flow, 13.ft. per sec.; temperature 250 C. (770F.).
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TABLE

GALVANIC SERIES W ITH RESPECT TO
SATURATED COPPER-COPPER SULFATE ELECTRODE1

Negative Potential to Saturated
Metal Copper-Copoer Sulfate electrode

Magnesium (Galvormag alloy)a 1.75
Magnesium (H-I alloy)a 1.55
Zinc 1.10
Aluminum (Alclad 3S) 1.01
Cast iron 0.68
Carbon steel 0.68
Stainless steel type 430, 17% Crb 0.64
Ni-resist cast iron, 20% 1i. 0.61
Stainless steel type 304, 18% C. 8% jib 0.60
Stainless steel type 410, 13% Cr6  0.59
Ni-resist cast iron, 30% Nli 0.56
Ni-resist cast iron, 20%, I + Cu 0.53
Naval rolled brass 0.47
Yellow brass 0.43
Copper 0.43
Red brass 0.40
Bronze, composition G 0.38

* Admiralty brass 0.36
90:10 Cu-Ni + 0.8% Fe 0.35
70:30 Cu-Ni + 0.06% Fe 0.34
70:30 Cu-Ni + 0.47% Fe 0.32

* Stainless steel type 430, 17% Crb 0.29
Nickel 0.27
Stainless steel type 316, 18% Cr,

12% Ni, 3% MoD 0.25
Inconel 0.24
Stainless steel type 410, 13% Crb 0.22
Titanium (commercial) 0.22
Silver 0.20
Titanium (high purity from iodide) 0.17
Stainless steel type 304,18% Cr,8% Nib 0.15
Hastelloy C 0.15
Monel 0.15
Stainless steel btype 316, 18% Cr,

12% Ni, 3% MO 0.12

1 Based on potential measurements in sea water; velocity
of flow, 13 ft. per sec.; temperature 25"C. (770F).

a Based on data by The Dow Chemical Company.
b The stainless steels as a class exhibited erratic poten-

tials depending on the incidence of pitting and corrosion in
the crevices formed around the specimen supports. The values
listed represent the extremes observed and, due to their er-
ratic nature, should not be considered as establishing an in-
variable potential reaction among the all3ys which are covered.
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APNDIX

UNDERGROUND CORROSIOL: SURVEY
CHECK LIST

New Construction
I. Meeting with A/E or owner.
A. Description of facilities to be constructed.
1. What is included?
a. Gas
b. Water
c. Buried electrical and grounding system
d. Buried communications or signal
e. Tanks
f. Piling
g. Bulkheads
h. Building structural members
i. Other

2. Materials to be aled and where?
a. Steel
b. Cast Iron
c. Lead
d. Concrete
e. Copper
f. Aluminum
g. Other

3. Construction methods specified.
a. Coatings - Types?
b. Insulation between structures?
c. Are special fills being used?
d. Road and railroad casings?

Are they insulated?
e. Type pipe joints - weld, flange, dresser, other?
f. Type grounding connecting cables?
g. Layout of structures (distance between those of

varying materials, etc.)?
h. Roadways - Will deicing salts leach down into

buried structures?
i. Lawns - Their location. Is it objectionable to

install above grade test stations, etc, in or
near them?

a. Pavement - Its location and type. What buried
facilities will be placed under it?

B. Get complete drawings of all facilities.
1. The following are usually included:

a. Electrical
b. Meebanical
a. Communications
d. Fire Protection
a. Piling
f. Fuel systems
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g. Storage tanks
2. Be sure they are the latest.
3. Ask to be kept advised of any changes.

C. Ownership of Facilities.
1. Gas, water, power, telephone, e c. - Which are to

be included in project? 'dhich are "utility own-
ed"?

2. Wbere does utility's ownership and plant's juris-
diction begin?

3. Will the utility install insulation?
D. What life does the owner expect from his facilities?

How many y~ccrs?
E. What does a corrosion failure cost? (Each type

facility)
F. Are any facilities extremely critical? (no failures

of any kind to be tolerated because of cost or has-
ard.)

G.- Is direct current being used anywhere in this plant
or nearby?

2. Get complete information on where and why.
2. Wiring diagrams and schematics.
3. Method of rrounding.

H. Are any abandoned facilities located in the vicinity?
(Metal pipes, etc. migbt be used as groundbeds.)
Are they connected or to be connected to anything
else?

II. Field Tests
A. Soil Resistivity

If site is uniform, take 5' and 10' (usual depth of
buried structures) readings at suitably spaced grid.
(20' to 100' readings may be required.) Do not ex-
ceed 100' spacing with Vibroground instrument. If
route of piping or structure known, follow route.
Take readings of fill, if any.

B. Soil pH
Take pH at same places resistivity, if soil is moist.

C. Soil Samples and/or Water (steam riser etc.)
Take samples for sulfides and sulfate tand pH) at re-
presentative grid locations. (Min. . 6)

D. Stray Currents
Using 2 copper sulfate cells, take soil potential
profile reading in a rosette pattern as necessary.

III. Consulting
A. Contact Corrosion/Maintenance Engineers of operators

in area.
1. Oil Transmission Pipelines
2. Gas Transmission Pipelines
3. Gas Distribution Company
4I. Telephone Company
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5. Water Department
6. Electrical Power Company
7- Manufacturing Plants in area
8. Corrosion Coordinaing Committee
9. Railroad (do nearby railroads have signal systems?

Electrical Propulsion - AC or DC?)
B. Data to get from those contacted in A.
1. Failure and corrosion experience.
2. Is cathodic protection being used?

Type?
Rectifier locations?

3. Personnel to contact for coordination tests-
names, addresses and telephone numbers.

4. Place and time of Coordinating Committee meeting.
5. Is stray current a problem? Its source?

Wbat structures have beer. affected?
6, Are deicing salts used in 'streets?
?* "Are underground structures coated?

Which ones?
Type Coating?

8. Get drawings and/or other location information on
all structures in the area.
Mark those protected and locations of rectifiers.

9. Are other new facilities planned for this area?
Utilities, pipelines, etc.

10. Will these new facilities be coated and/or cathod-
ically protected?

11. Is it objectionable to use impressed current catb-
odic protection?

Existing Structures
1. Meeting with A/E or owner.
A. Find out what facilities are to be covered by this

investigation. Also get data on all others in area.
I. Look for the following:

a. Gas
b. Water
a. Buried electrical and grounding system
d. Buried communications or signal
e, Tanks
f. Piling
go Bulkbeads
b. Building structural members
i. Other

2. Wat materials have been used and where?
a. Steel
b. Cast iron
co Lead
d. Concrete
*. Copper

[_o
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f. Aluminum'
g. Other

3. Construction methods used.
a. Coatings - Types?
b. Insulation between structures?
e. Are special fills being used?
d. Road and railroad casings?

Are they insulated?
e. Type pipe joints - weld, flange, dresser, other?
f. Type grounding connecting cables?
g. Layout of structures (distance between those of

varying materials, etc.)?
b. Roadways - Will deicing salts leach down into

buried structures?
i. Lawns - Their location. Is it objectionable to

install above grade test stations, etc. in or
near them?

3. Pavement - Its location and type. What buried
facilities will be placed under it?

k. Have test wire, been installed on buried struc-
tures?

1. Where can connections to buried structures be
made? Exposed valves, sections of pipe, etc.

B. Get complete drawings of all facilities.
1. The following are usually included:
a. Electrical
b. Mechanical
c. Communications
d. Fire protection
e. Piling
f. Fuel systems
g. Storage tanks

2. Be sure they are the latest.
3. Ask to be kept advised of any changes.
4. Test station locations.
5. Test station wiring diagrams.
6. Insulation joint locations.
7. Insulation joint types.

C. Ownership of Facilities.
1. Gas water, power, telephone, etc. -Which are to be

included in project?
Which are "utility owned"?

2. Were does utility's ownership end and plant's
jurisdiction begin?

3. Will the utility install insulation?
4. Are utility companies using cathodic protection?
5- Have the utility company's made any tests or in-

vestigations on the systems covered by this survey?
D. Wat life does the owner expect from his fact Lities?

How many years?
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E. What does a corrosion failure cost? (Each type
facility)

F. Are any facilities extremely critical? (No failures
of any kind to be tolerated because of cost or ha-
zard. )

G. Have any corrosion failures been experienced?
1. How many?
2. When (dates)?
3. Where? (Mark on drawings)
4. WhLt was their appearance?

H. Have other failures occurred?
(investigate to be sure they were not really cor-
rosion.)

I. Is direct current being used anywhere in this plant
or nearby?

1. Get complete information on where and why.
2., Wiring diagrams and scbematics.
. Method of grounding.

J. Are any abandoned Lacilities located in the vicinity?
(Metal pipes, etc. bnigbt be used as groundbeds.) Are
they connected or to be connected to anything else?

K. Are additional facilities planned? (Immediate or
long range) If so, get information.

1. Type and methods of construction.
2. Probable location.
3. How will they be connected to existing facilities?
4. Will direct current be used?

II. Field Tests
A. Soil Resistivity

If site is uniform, take 5' and 10' (usual depth
of buried structures) readings at suitably spaced
grid. (20' and 100' readings may be required.) Do
not exceed 100' spacing witb Vibroground instrument.
If route of piping or structure known, follow route.
Take readings of fill, if any.

B. Soil pH
Take pH at same places resistivity, if soil is moist.

C. Soil Samples and/or Water (steam riser etc.)
Take samples for sulfides and sulfate (and pH) at
representative grid locations. (Min. = 6)

D. Structure-to-Soil Voltage (at descretion of engineer).
1. Thorough test of bare structure requires one over

structure and one on each side every 25'.
2. Coated Structure-less frequent.

E. I.R. Drop (get at least one on every structure.)
1. Always test external circuit resistance.
2. Correct readings if necessary.
3. Be sure to indicate polarity of all readings.

F. Voltage between structures. Teat voltage between all
uetallic structures. (Be sure to indicate polarity
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of each reading.)
G. Insulating Joint- Test resistance of all known and

look for others.
1. Use four connections (two on each side of Joint)

with D. C. Method.
H. Mecbanical pipe Joints.

1. Test each piping system to find if mechanical
Joints exist.

2. Test representative number of mechanical Joints to
determine quantitative resistance per joint.

3. Be sure to use four po.ant contact method with di-
rect current.

I. Electrical and communications cables in duct.
1. All electrical tests at each manhole.
a. As in D, E, and F (above),
b. Be sure to test voltage between all cables in

multiple run duct systems.
2. Visually inspect all hardware in each manhole.
a. Brackets
b. Bonds
c. Condition of cables
d. Note material of each component and its condition
e. Note fastening methods and insulation between

components
J. Stray Current Investigation

1. Stray currents will be indicated by abnormal struc-
ture-to-soil voltages and/or IR drop. (Either
steady or fluctuating.)

2. If stray current is suspected, investigate:
a. Any possible source of direct current in area.
b. Operating cathodic protection.

3. Have suspected source turned off and on to estab-
lish its affect on any structure.

4. Get additional IR and voltage readings to estab-
liash circuit.

!1 K. Current requirement tests (for cathodic protection).
At least cursory current requirement tests should
usually be conducted if there is any chance of using
cathodic protection at the site.

1. Test using artificial groundbed for both magnesium
anode and impressed current design.

2. Extent of testing will be determined by scope of
work laid out by client. (Is all design data to be
included with tbis survey?)

L. Existing cathodic protection.
1. Visually inspect all equipment.
2. Test to determine protection being afforded and

possible interference to other structures.
3. Get operating record.
4. Find out when installed and turned on.

M. Miscellaneous - Note any other corrosion problems
(chemical, water, atmospheric, etc.) which could use
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further detailed study.

II. Consulting
k. Contact all plant personnel who have knowledge of

structures being studied and get all possible in-
fozmation from them.

B. Contact Corrosion/Maintenance Engineers of operators
in area.

1. Oil Transmission Pipelines
2. Gas Transmission Pipelines
3. Gas Distribution Company
4. Telephone Company
5. Water Department
6. Electrical Power Company
7. Manufacturing Plants in area
8. Corrosion Coordinatini Committee
9.. Railroad (Do nearby railroads have signal systems?

Electrical Propulsion - AC or DC?)
C. Data to get from those contacted in B.
1. Failure and corrosion experience.
2, Is cathodic protection being used? Type? Recti-

fier Locations?
3*. Personnel to contact for coordination tests - names,

addresses and telephone numbers.
4. Place and time of Coordinating Committee meeting.
5- Is stray current a problem?

Its source?
What structures have been affected?

6. Are deicing salts used in streets?
7.. Are underground structures coated?

Which ones?
Type coating?

8. Get drawings and/or other location information on
all structures in the area. Mark those protected
and locations of rectifiers.

9. Are other new facilities planned for this area?
Utilities, pipelines, etc.

10. Will these new facilities be coated an./or catbod-
ically protected?

11. Is it objectionable to use impressed current cath-
odic protection.

. .1



INDEX

Paragraph

*: A

Ammeter zero-resistance ............................. 2.2.1

Antimony reference electrode ........................ 1.2.1e

B

Bacteria, anaerobic ................................. 1.2.1f

Batteries ........................................... 2.3.2

C

Cable ducts, for lead sheath cable ................... 1.2.2f

Cathodic interference ............................... 12.2b

I Chloride content .................................. 1.3.1c

Circuit, electrical ................................. 1.1.1

Coatings, conductance .............................. 12.2e

Combination meter ................................. 2.2.11

Contact resistance .................................. 1.1.2

Continuity tests .................................... 1.2.2d

Correlation curves ......................... 1.2.1b, 1.2.2c

Current

alternating ..... .............................. 1.1.1

direct ........................................... 1.1.1
interrupter ...................................... 2.3.3 A

measurement ............................ l..2a, 1.2.1b 4

"Null Method" of measurement ..................... 1.2.1b

D

D'Arsonval movement ............................... 2.1.la.

Drainage bonds.................................... 1.2.2b

Ducts, cable ........................................ 1.2.2f

? ~K .1
* -.



Paragraph

E

Electrical connecitons ................................. .1.2.2

Electrical quantities...................................1.1.1

I

Instruments ........................................... 2

accessories ........................................ 2.3

accuracy ........................................... 2.2

typical field ...................................... 2.1

Interference .......................................... 1.2.2b

testing ............................................ 1.2.2b

M

Meter movement .......................................... 2.1.1

0

Ohm's Law ............................................. 1.1.1

P

pH measurement ........................................ 1.3.1a,e

Pipe locators ........................................ 2.2.9

Potential structure-to-electrolyte .................... 1.2.1a

Potentiometer-voltmeter ............................... 2.2.4

R

Recorders ............................................. 2.2.3

Rectifiers

efficiency ......................................... 1.2.lg

oortable ........................................... 2.3.1

Redox ................................................. 1.2.1f

A



Paragraph

Reference electrode................................ 1.2.la(l)(c)

antimony ....................................... 2.3.9

calomel ........................................ 2.3.6

copper-copper sulfate ............................ 2.3.5

lead-lead chloride.............................. 2.3.8

silver-solver chloride ........................... 2.3.7

Remote earth ...................................... 1.2.la(2)

Resistance

contact ........................................ 1.1.2

external circuit................................ I.2.la(l)(b)

internal ....................................... 1.2.1c

measurement.............................l1.1.2c, 1-2.1c

vs. resistivity.................................l1-1.2d

Resistivity ......................... l1.1.2d, 1-2-1d, 2.2.8

meters ......................................... 2-2.8b

soil box ....................................... l1.3. d

Resistor, variable................................. 2.3.11

S

Shepard canes ..................................... 2;2.8b

*shunt ................................. 2.3.10

Sol

box .................................... l1.3.1d, 2.3.4

rod..o..........................................l1.2.d03)

Stray current ................... o.................. 1.2.2
f

Sulfate content ................................... 1.3.2

Sulfide content..................................1-3.1b



Paragraph

T

Tanks potential measurement inside ............... 1.2.la(2)

Taut band suspension ............................. 2.1.1b

Testing .......................................... 1

laboratory .................................... 1.3

V

Voltage

CL-op .......................................... 1.1.1

measurement ................................... 1.1.2b

Voltmeter ........................................ 2.2.2

recording ..................................... 2.2.3

vacuum-tube ................................... 2.2.6

Volt-ohm--millianmeter ............................ 2.2.11a

W

Water analysis ................................... 1.3.3

/

.... ... -- , . ... . .. .. . .. ... ..- - .., _ , 1


