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Abstract:

It is estimated that the cost of underground corrosion each year in the United States is approximately
$1,000,000,000. Practically all unprotected iron structures underground will eventually waste away. It
is only since 1900 that the electrolytic nature of corrosion has become understood and any general
recognition given to the corrosion problem.

Underground corrosion results from the tendency of certain metals to pass into solution as positive
ions. If there exists both a metallic and electrolytic path between a pair of metallic surfaces called the
anode and the cathode, then a galvanic current will probably flow. The anode wastes (rusts or corrodes)
away, while the cathodic surface is protected. Galvanic currents arise on underground structures
because of differences in kind or condition of metallic surfaces and surrounding soils. If there is a
closed electric circuit and if there is some degree of moisture present in the soil, a current will flow
underground from anode to cathode.

The prevention of corrosion consists mainly of applying a water-proof coating to an underground
structure, and by lowering the potential of the pipe to a point where a current will flow from ground to
the pipe. The latter is called cathodic protection. It is accomplished by impressing a voltage oh the
ground area through a. ground bed made of scrap iron or carbon rods, with the negative terminal
connected to the protected metallic surface. Cathodic protection may also be achieved by the use of
magnesium anodes, which are buried in the ground after being connected to the metal structure by a
length of conducting wire. The magnesium being more active, will cause a current to pass from the
anode to the iron structure, which will protect the latter.

Soil resistivities and pipe-to-soil potentials are useful information for locating areas where conditions
favorable to corrosion exist. A sensitive voltmeter and copper-sulfate half-cell are necessary for
obtaining the potential measurements. The voltage between an underground pipe and the surrounding
soil is obtained by connecting- the positive terminal of the voltmeter to the half-cell and placing the
half-cell in contact with the ground. The - negative terminal of the voltmeter is connected to the pipe.
Roughly, a voltmeter reading of less than 0.6 volt indicates a possibility of corrosion, and a reading
between 0.6 and 0.85 volt indicates some degree of protection. A reading of more than 0.85 volt is
commonly accepted as an indication of full cathodic protection to the underground iron structure at that
point.

A survey of the Montana -State College campus indicates most of the underground pipe is in good
condition, with a few localised areas where corrosion is taking place. A complete cathodic protection
system using rectifier stations to furnish a protection voltage Is. considered to be rather expensive in
comparison to corrosion losses taking place on the campus. A system of localized protection using
magnesium anodes to furnish protection voltage in areas where corrosion is known to exist is
recommended as being more economical and. practical.
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ABBTRACT

It is estimated that the cost of underground corrosion each year in
the United States is approximately %1,000,000,000. Practically all unpro-
tected iron structures underground will eventuslly waste away. It is only
since 1900 that the electrolytic nabure of corrosion has become undsrstocod
end any general recognition given to the corrosion problem.

Underground corrosion results from the tendency of certsin mebals to
pass into solution as posivive ions, If there exists both a metallic and
electrolytic path between a pair of mebtallic surfaces called the anode and
the cathode; then a galvanic current will probably flow. The anode wasbes
(rusts or corrodes) away, while the cathodic surface is protected. Gal-
vanic currents arise on underground structures because of differences in
kind or condition of metallic surfaces and surrounding soils. If there is
a closed electric circult and if there is some degree of moistune present
in the scil, e current will flow underground from ancde to cathode.

The prevention of corrosion comsists mainly of epplying a water-proof
coating to an underground structure, snd by lowering the potential of the
pipé to a point where a current will flow from ground to the pipe. The
latter is called cathodiec protection. It is accomplished by impressing =
voltage on the ground area through a ground bed made of sersp iron or car-
bon rods, with the negative terminal conumected to the protected metallic
surface. Cathodic protection may also be achieved by the use of magnesium
anodes, which are buried in the ground after being comnected to the metal
structure by a length of conducting wire. The magnesium being mors sctive,
will cause a current Lo pass from the anode to the iron structure, which
will protect the latter. '

Soil resistivities and pipe~to-soil potentials are useful information
for locating areas where conditions favorable to corrosion exist. A
sensitive voltmeter and copper-sulfate half-cell are necessary for obtain-
ing the potential measurements. The voltage between an underground pipe
and the surrounding soil ‘is obbained by conneeting the positive terminal
of the voltmeter to the half-eell and placing the half-cell in contact
with the ground. The negative terminal of the voltmeter is connected to
the pipe. Roughly, a voltmeter reading of less than 0.8 volt indicates a
possibility of corrosion, and a resding between 0.8 and 0.85 volt indicates
some degree of protection. A reading of more than 0.85 volt is commonly
accepted as an indication of full cathodic protection to the underground
iron structure at that poink.

A survey of the Montana State College campus indicates most of the
underground pipe is in good condition, with a few localized sreas where
corrosion is taking place. A complete cathodic protection system using
rectifisr stations to furnish a protection voltage is considered to be
rather expensive in comparison to corrosion losses taking place on the

campus. A system of localized protection using magnesium anodes to fur-
nish protecticn voltage in areas where corrosion is known to exist is
recommended as being more economical snd practical.
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T§TRUDUCTION

Corrosion of metallic structures causes a significant waste of natiounal
rescurces, the cost of which is estimated st approximately 45,000,000,000
annually in the United States. OF this, $1,000,000,000 is the estimeted
loss by corrosion of underground metallic structures. Practically all
unprotested iron struetures in underground locstions will evenbtually waste
away.

In 1823 8ir Iiumphrey Davy recognized the electrochemical nabure of
corrosion and upon his recormendation, zinec plates were tried on English
warships for the purpose of pretécting the copper on the hulls. This was
probably the First cathodic protection system in history and while not .
successtul, the fault lay with the marine growths on the shiﬁ bottoms
rather than with any error in Davy's thinking.  However nearly 100 yesrs
were to pass before there was any gene¥a1 recﬁgnitisn of the gorrosion
problem. Prior to the year 1900, accelerated corrosion was ncted on some
buried pipe lines near electrified street-railway tracks, and by 1910 the
electrolytic nature of such corrosion was understood. With the subsequent
rapid growbh of buried cebles, pipe lines ebe., Amorican industry became
more conecrned about the corrosion problem and the necessity for finding a
means of control. Cathodic protection was first reported to heve been used
in 1922, but its eifectiveness was not generelly recognized until the early
1930's. 8ince then the use of cothodic protection as a means of reducing
coerrosion of underground (and underwater) metal structures hes become wide-
spread.

During bthis time the’effectiveness of weterpreoof coatings for the
preventioﬁ of corrosion wes known, snd used. For example, a bituminous

coating was being applied to pipes as early as 1840 in this country by a




Fig. 1. The cost of corrosion.
A 6'"gas main no longer service-
able because of leaks, is being
replaced by new pipe at left.

Fig. 3. Section from I'" gas line
showing advanced corrosion (rust-
ing) along lower side of pipe.

Fig, 2. Rusted pipe from project
illustrated in Fig. I, with new
pipe at bottom of picture. Note
waterproof wrapping (paper over
asphalt) around new pipe, which
is the primary means of prevent-
ing corrosion.

Fig. 4. lgllunion corroded entire-
ly through. Pipe and cut-off valve
of same line no longer serviceable.
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1 while coatings are still the primary

gentleman of the name of Angus Smith.
means of extendihg the life of und@rground piping, it remeined for the

advent of cathodiec protection‘tg close the gap in the protegtion given by
coatings, by providing-a means‘fqr stopping corrosion at any pointb whe;e a
break existed -in theﬁcoatingg. The two methods applied togeﬁher;‘give the

best economic means known today for the prevention of pipe line leaks, the

ineviteble result of rusting and pitting of underground metal surfaces.

1Spe‘ller, F. N., Corrosion Causes and Prevenﬁion, New York; McGraw-Hill,
1935, Pb 5660 ' )
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THE BLECTROCHEMICAL NATURE OF GORROSION

From a practical standpoint the corrosion engineer is not so much con-
cerned with the exact chemistry of corrosive action, as he is with the more
immediate one of corrosion control. But to obtain an understending of the
electrical means for corrosion éontrol-it is necessary to set up a certain
minimo of electrochemical theory. . |

If we recognize‘aorrosion as an eleﬁﬁrochemical phencmena, that is, by
& corrosive ares as being one where an eléc%riq~current is flowing sway from
& ﬁatallic surface’; then it would appear that the elimination of this cor-
rosive'tendenoy-ééuld ﬂe accomp1is£ed by”ﬁﬁe'apﬁlicatioﬁ of a reverse po-~
tential. This is precisely what a cathodie protection systaﬁ does. Simply
sbtabed, it is an electrical circuit for applying a posibtive potential to
the ground area adjacent to buried mebal structures (or negative potentisl
to the metal), so that any éendency for galvanic curreunts to flow from mebal
to soil will be smothered oub by this reverse différence of potential applisd
between soil and metal. At least some degree of galvanic currents are almost
certain to Flow between ér along bare metal surfaces underground, as ﬁhe
result of electrolytic action between the metel and conbacting soil. As we
shall see later, the metallic surfaces beconme eiectrodes in the électrolytic
soll solutions, and the electrical phenqména is exactly the same as that i@
a2 wet cell. |

The electrical nature of corrosion has been well established, at least
as far as‘underground surfaces are concerned. In fact it is diffieult to
drew an exact dividing line between electrochemical and straight chemical
reactions. The tarnishing by oxidation of metéllic surfaces in air for

exsmple, has been connected with electrochemical processes, largely by the




-G
work of C. Wagner in the early 1930's.* The theory developed by Wagner led
%o an eéuation to explain the tarnishing rate, and while there ars observed
deviations from the equation, Wagner did establish the faot that the pas-
sage 6f metal iqns-through the oxidation lay§r played a significant role.

A'numﬁer of’invéstigators'héve'perfef@éd experiments which tend to
establish the electroch@mical’nature of'any.corroding actiAﬁ oceurring on
2 metalli¢ surfacé immgrsed‘in:afcheﬁ;éal solution. in -this connection it
is intveresting bo noﬁe that one theory suggested to explain the rusting of
iron in éoft'water %ﬁéﬁés'tﬁat the iron becﬁﬁéslgovéred with a layer of

"wagnetite (F§504) which in turn is covered with a 1ajer of hydrated ferric
oxide Fe(OH)S,2 But the magnetite and iron constitute a galvanie couple
with iron being the ancdic surface, that is; the iron is sloﬁly carried
eway by & current flowing from the iron to the mapgnetite layer.

In ordef to understand the nature of the protection problem, some of
the electrochemical aspects‘of underground corrosion will be explained. In
a sense almost any chemical action can be regarded as electrochemical, since
there is a transfer or displacement of electrons. However in this paper, an
electrochemical action will be considefed as a chemical action resulting
from the flow of an electric current between spatially separsted anodic and
cathodic areas.

Basically, natural,cérrosion results from the tendency of refined
metals to return to the compounds in which they exist in nature. After .
metal such as iron; has been reduced and refined from its nabural cres, it

will have & tendency to rajoin the elements from which it was taken. A4n

1Miley, Ho 4., CGorrosion Handbook, sd. by H. H. Uhlig, New Yorks;
Wiley & Sons, 1948, p. 16.

albid., Evans, U, Rog.Ps T
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iron sample if placed in an electrolytic solﬁtian, will tend to pass iuto
that solution as positive ions. This tendency is termed the sclution
pressure or potential, and it mey be measufed in an electrolyte containing
its own salts, with rgféreﬁce to the hydrogen electrbde. This forms’the
basis for the electromotive series, or somstinmes callad_the electrode~
pobential series. The series éctgally représents thé relative tendency of
the reapective metallic atoms to give up one of more.valence electrons to
form positive ions.

An electrolyte may be defined as a solutle furnlsh:ng free ions in
solution. Faraday 1nvest1gated the conductlon of electrlc currents in
electrolytic solutions, theorized on the possibility of small particles
being the “carriers," and even gave them the name ioms. But it remained
for Arrhenius to ciarify the actual dissociation of the compound (elways an
uelectrovaieﬂt‘ccmgound) into electrieslly charged‘gaytiéleé?:or ions. Al-
though‘ﬁot élijbf‘%he electrolvte-may‘diESQGiate; éhere'wiil he at least a

Lpartlal dissoclation (1n a water solutlon) and the resultlng ions will
enter into the mechanlcs of corrosion. .

As bhefore stated any metal with corrosive prppertieslwill, when placed
in an electrolytic solubion, givé off positive ions. These ions in tﬂrﬂ_
will join negative oxygen or other ions, already present by reason of the
dissooiétion pro?erties of the solution. Hydrogen ions are displaced and
a balance is soon reached in solution pressures and no furﬁher ions will
leave the metel. Then if another piece of metal, or electrode, is placed
in the solution and an outside electric potential impressed, with the posi-
tivg connection to the fivst electrode, the transfer of iong will then be
resumed and ﬁili continue untilithat electrode is entirely transferred to

the solutiom, or the electric current stopped.
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Aziother way to set up a ourrent in an electrolytic solution is to use
two dissimilar metals for electrodes. Lost any two metals will do; it is
only necessary that they exhibit different solution pressures by reason of
their positions in the electromotive series. Then whichever electrode passes

current into the solution will waste away. The process is illustrated in

Fig. 6.
e
In the wet cell shown, zinc and cop-
per electrodes are pieced in a hydro- Cu 7n
chloric acid solution. The zinc, having Zn +

a higher solution pressure, (greater H
negative voltage from electromotive \ ZnCle
series) will transfer positive ions into V G/
the solution. An excess of electrons HCI Solution
w 11 be left on the zinc plate, which
Fig. 5. electrolytic action
may be said to be an electronegative of copper and zinc plates
immersed in an JCl solution.
metal w.ien in tnis state. These elec-
trons are available for an outside circuit and will flow to the other elec-
trode if a suitable connection is made between the two. At the copper plate,
the electrons will join positive hydrogen ions, resulting in a layer of
neutral hydrogen gas. As the hydrogen accumulates on the copper plate
(polarization) additional resistance is thereby introduced into the electric
circuit, and the magnitude of the ourrent will decrease.
Inside the solution of UCI of the above cell, the hydrochloric acid
dissociates. The negative Cl ions, sc etimes celled anions, migrate toward
the zinc electrode, or anode, by virtue of the electric field through the

solution. Conversely, the positive hydrogen ions, or c°tions, migrate to-

ard the copper plate, or cathode. Note that the electrons flew from the
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zine to copper plates in the outside cireuit. The conventional current flow
is in the oppesite direction. An sncde may be defined as the elec£rode
whish passes current inbto the electrolytic‘splution. A.metél surface is
called enodic when it is passing into solutiom by the release of positive
ions: A pair of metal surfaces in an electralyﬁé (two dissimilar meﬁals,
or twe dissimilar electrolytes must be involved) is called & galvanic cell.
Electrolysis is thé‘term given to conduction of electricity through an
electrolytic solution, accompanisd by a transfer of ions.

The common dry cell offers enother illustration of electrochemical
action. The electrolyte in this case is apmonium cﬁloride (éctually a wet
gsolution), the zinc shell is the anpde, and the carbom‘fod inlthe center is
the cathode. Positive zine ions tend to ge into solution, but the action
will be self limiting unless én outsidevelectrical cuﬂnection:is established
between the electrodes; in which cese the excess of electrons on the zinc
can flow over to the corbon rod where they will join Nﬁéﬁ ions.

The sbove and previcus illustrations are given to bring out basic
corrosion theory. The actual transfer of‘electrons and chemical changes in
many electrolybic cells become quite ccmpléx, and will sﬁow a wide variely

of reactions according toc the chemical constituents of the cell, current

density, bemperabure, and ionic concentration. However it is not the purpose

of this paper to give an exbended treatment of electrochemical theory, but
rathsr do agply‘certainwfundgmental fects to.an understanding of corrosion
procééses tﬁéb oceur on undergrouné metaijstructures, Once éhe nature of
the corrosive sction is understood, 8, means‘for controlling. it will be
evident..‘ | | |

From.ths theory ﬂiscus$ed\so far, the fpllowing‘facts are set out as

being perticularly impoftent in corrosive processes. An anodic surface
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oorrcdes, or tostes nray, under the flow of en electric current. The
current may be furnished by an outside source, or it may result from chemi-
cal sotion. In order to come fro, chemical action (galvanic current), it is
necessary that there exist a potential unbalance somewhere within the
elements of the solution or galvanic cell. In addition, the e must be both
a metallic and an electrolytic path between the electrode areas. The latter
statement merely implies that a closed circuit must exist for the current

to flow. A water solution is necessary and some water will usually enter
into the chemical changes by virtue of its tendency to form hydrogen and
hydroxyl 1ions. The most imncrtent fact from the standpoint of corrosion
control is the stability of the cathodic surface, which does not enter into
the chemical reaction. The last statement implies that if a metallic sur-
face could be ;\ak cathodic, tien no corrosion would occur.

A discussion of underground corrosion in relation to the electrochem-
ical tneory previously discussed, is in order. lhenever en iron structure
is buried underground, there is almost a certainty that somewhere on the
structure conditions will exist favorable to the creation of galvanic cell
currents. The metallic structure constitutes the electrodes end te soil
is an electrolyte, provided some degree of moisture is present. Almost any
<ind of a dissimilarity, either in the soil environment or in the metal
structure, will give rise to a potential difference. For example, in 1l::. 6

a potential difference is caused by the dissimilarity between the surfaces

5 old pipe Mew pipe old pipe ~
n (Cathodic) (Anodic) (Cathodic) <
_T__ —— —_— — _ :T_

Fig. 6. Galvanic currents between old (rusted)
pipe and new pipe in an underground pipe line.
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of the new and old pipe. This is the same as saying that the solution
pressure of the rusted steel surface is different from the new steel surface,
or thaet the two surfaces cecupy & different place in the chiemieal elestro«‘
moetive series. From the illustration, it can be seen that the current flows
from the new to old pipe, and therefore, the new pipe will cérrcde.

Nearly sll cathodic protection literature explains corrosion phenomena
in the above mannef, that is, by a current flow carrying the anodic surface
© away into solution. This is a simple explaﬁétioh and easy to remembar, and

it will be used in the remginder of this peper after Ehe electron Gheory
has been given some additionel afténtion. 'Acﬁu&lly of eourse., the élecm
tronic flow is opposite to the conventional current flow. In the above
situation, positive iron ions frém‘the ﬁaw pipe pass off into the seil
solution, leaving behind the valence elécﬁfoné, which are then free'ﬁo fléw
through the pipe to the cathodic area‘and join positive ioﬁs (usually o
hydrogen) at the pipe surface bounaéry. As thé'positiﬁe iron ioms emteér
intOrchemieai combination with negative ioms in the electrolyte, hydrogen
ions are displaced, since the overall charge of the soiution-must remain
neutral. These hydrogen ions migrate to the cathodic surface (rusted area
in this cese) where, after receiving electrons they combine to form molec-
ular hydrogen. Thus the commonly aceepted explanation for gaivanic corrosién
< 1s not technlcally correct but it is used becsuse of its simplicity.
Thenever two dlfferent klnds of plpe ar other metal struetures, are
joined underground or in water, a galvaniF eell is set up. Copper water
pipes when édnneéted-t;jSteelupipa;'can.resﬁlﬁgin corrosion to the latter.
Iron, being more electronegative éhaﬁ copper inAthe potential series, will
be the element whlch'w111 go into solu‘olono .

Differences in the surrounding soil can also create potential dlﬁfer-
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enoes in buried metal structures. Reference to Pis;. 7 shows a typical
corrosive situation caused by a difference in soil environment, the pipe

being; uniform through both soils. There are two conditions here that are

Clay -— Loam

Pig. 7. Underground pipe showing path of
galvanic currents caused by a difference
in soil conditions.

likely to be predominant in creating a favorable environment for galvanic
currents. First is the greater amount of moisture that the clay soil will
hold, giving a solution into which the iron ions can pass. Second, the
loam soil will drain and dry out better, allowing air to circulate around
that part of the pipe. The difference in the ability of the air to get to
the pipe in the two kinds of soil gives rise to a condition called differ-
ential aeration. The latter condition favors the growth of galvanic cur-
rents because the air tends to combine with the hydrogen on any cathodic
section of the pipe. Retention of the hydrogen (polarization) tends to
lower the magnitude of a galvanic current.

Une typical corrosive situation arises from pipe being laid on hard
firm ground in a trench bottom, with loose fill material being thrown around
it. Air will be excluded and moisture retained at the contact between the
pipe and the firm ground on the bottom side, thus creating a condition
favorable to the flow of galvanic currents from the bottom of the pipe to
the sides end top.

Small galvanic cells can cause pits in a steel surface. Such cells are

the result of impurities in the metal, or scratches and nicks on the surface,
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exposing fresh metal whieh will readily corrode. On an underground pipe
there is usually a combination of loeal galvanic cell action along with
1onger-lihe currents between different sections of the pipe. |

Stray ground currents, if they pass through an underground structure,
will set up e corrosive aresa at whatever point they pass from metai to soil.
They will sometimes cause 2 considerable smount of corrosion and can be
difficult to deal with. |

In setting up a visual picture of galvanic currents and corrosion
phenomena on a burled metal system, 1t -should not be assumed that it is a
‘ststic S1Luatlon, where steady currents flOW'ln a constan% direction. Nor
can we always point to a certain location and say that corrosion will, or
will not occur’tﬁére. lFor exam?le,.conﬁectiong betwesn copper snd steel
pipes will cause trovble 1n some locations and not in others. - ?erhaps the

most certain aspect of underground gorrosion (and electrochemical phenomensa
in general) is the varlablllty in observed results. Chemical changes in the
sqil, changes in temperature and moisture, as well as polarization effects,
all influence the rate (and sometimes, direction and location) of corroéing
currents. The resulbting products of electrochemical decomposition may
either promote or decrease the rate of corrosion. An oxide or other chemical
coatlng formed close to iron mey increase the resistance of the pipe~to=-soil
boundary s sufflclent to nearly stop further corros1on. :Or again, & loose
non~aaherent coating may actually promote corresion by acting as a second
slectrode of a galvanic cell. This charaeusxlsblc of varlaLlllty'w1ll
account for the frequent use of qualifying bterms in this paper.

The resulting compounds of corrosion vary widely, depending on the
metals involved, kind and concentration of scil chemicals, temperature and

curvent density. In gemneral, the metal of the urderground strueture returns
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to a more stable (or lower energy) form, such as an oxide, sulphide; car-
bonate, etc. In the ecase of iren, thé end product is usuwally rust, even if
it is not alweys the initial decomposition material. An anodic arsa on am
iron surface will pass inbo the soil, exhibiting‘a valence of two in the
process (explained by the presence of two valence electrons in the outer,
~or fourth shell), to probably form ferrous hydroxide (Fe(OH)Z), whieh in
turn is Joined by oxygen and hydrogen atoms from moisture present té form
the porous ferric hydroxide (FG(GH)S). Generally, electrolytic action tends
to coat the metal with’a chemical compound that reduces the rate of corrosion
but does not stop it. It is fcrtunate that this tendency exists, otherwise
underground corrosion would be a far more serious problem than it is.
The‘undergrouﬁd-corrosion_of iren is bhe main.concern‘of this paper

since it is one of the most important cerresion prohléms iﬁ.the country as
a whole and is the main corrosiqn problem on the Bozemen campus. No reéfer-
ence has been made to corrosion above grdund;'ﬁhich.repreéents an even
lerger loss to industry, since %ﬁ‘is‘beyogd the scope of this paper.
Corrosion of buried lead-sheathed cables is éométimeé encounfered'where the
lead is in the proximity of mofe active mebals. Certain metals such aé
chromitm, copper, and gold sh&w a mininwe tendency o corrode. It is known
that this resistance to corrosion is 1inked‘up with the formation of an
extremely thin (sometimes only s few aboms thick) and tenacious oxide coatb-
ing. TWhile iron will assume an oxide coating, the ferrcus hydréxide, which
usually forms next to the mebtal, is scoluble and unstable, which perhaps

aceounts for the fact it does not furnish a good protective coating.
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. THE PREVENTION OF CORROSION

Referring to the summary of some basic facts from electrochemical

theory on page 1% and 13, it will be recognized that two methods of conbrol-

ling corrosion are readily apparent. First, since moisture is necessary for
conducting a galvaniec ourfent; we need 6n1y to exclude it from the buried
structure. Second, if moisture cannot be entirely excluded, then causing
the buried strucfgrq‘to assume é cathodic stabe would prevent corrosiém.
These are the two primary methods used in controlling or mitigating‘ths
effeets of underground corrosion.

The applidation of an insulating, waterproof.coating on any buried
metal is the most basic method of corrosion comtrol. However, no known
coating will give permement protection at a reasonable cost, and furthermore,
it is seldomﬁpossible to lay the mebal structure in the ground without
causing at least some damége %o the coating. . The latter necessibates a
second line of def'ense againgt corfo%iono Electrqchemical theory tells us
that if a positive potentisl cén be aﬁplied to the gréuﬁd, causing a cuﬁrent
to pass froﬁ ths'ground to the bﬁried metal - (causing the metal to assume a
cathodic state), no corrosion would oceur. The latteQ process can be carried
out and as before stated, is calieé cathodic protection. Of course if the
entire buried structure is to be made a cathode we will need to supply an
anode, but that can be done by arranging a ground bed of scrap iron or
carbon rods.

The application of a ground-to-pipe potential of around 0.28 volt has
been found to effectively stop corrosion on a buried iron or sfeel strue-—

ture.t This counter-voltage‘not only stops the long line galvenic currents,

INational Assoeiation of Corresion Engineers, Report of {orrelating
Committee on Cethodic Protection, Houston, Texas, 1951, p. 14
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but smothers cut the losal cell action also. When no galvanic‘currsnts oan
flow corrosion ceases, and this fact furmishes proof of the electrochemicél
nature of underground corrosion.

There are a few basic facts about cathodic protection that should be
sét up ot this time. First, a cathodic protection system is not aﬁ adequate
substitute for a waterproof coasting over extensive underground structures.
Current requiréments are excessive'on bare surfaces, making cathodic pro-
tection expensive on uncoated pipe lines. It is sometimes applied to un-
coated lines to brimg corrosion under at least a partial degree of control,
but the applicétion of cathodic proﬁgcticn to coated lines is much more
sconomical. The cathodic protection has been found necessary bo protect a
pipe at points where the coating has been damaged or'has deteriorated with
age, Since the coabing is an effective insulator for the low voltages in-
volved, current requirements will be very low, as it will flow into the pipe
only at thé points where breaks exist in the ccatingo‘ Backing up a.good
coating on an underground pige line with a cathodic protection system is

the most effective means now knowr of preserving the line.
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EQUIPHMENT USKD FOR CATHODIC PROTECTICH STUDY

To give a further undsrstanding of corrosion of buried metal structures
and their protection by electrical means, the equipment used and some lab-
oratory experiments will be described. It was foun& that most of the current
literature on sabhodic protection d4id not go into the simple essentials con-
cerning its praétical application. For instance, polarities on test cir-
cuits to measure pipe~to-ground potentialé were not olear ffdm articles on
the subject, and thére was little information as to kind of eguipment to
use, or how to use the equipment in making testss It was therefore desirable
%o set up simulated models in the laboratory and outdoors, in order %o study
corrosion currents under controlled conditions. It was at this point that
considerable help was received from Mr. Carl bavis of the Montana Power
Company .

The first problem was to obtain bthe nscessary equipment for taking
measurements on laborabtory tests, and latgr for the cempus sdrvey. Although
large engineering firms that eugape in cathedic érotection gervice have
gquite elaborate apparatus, s small amount of equipment wes considered
adequate for the purposes of this particular study.

Thé first piece of equipment which will be considered is the so called
"half-cell;" cémmonly em@loyed‘in cathodic proteetion surveys, for obbeining
a2 steble ground conbact. If a méfallic conbact is made with the ground, a
surface contact potential will exist, the magnitude of which will depend on
the kind of metel, ground moisbure and salts, ebte. In short, the potential
introduced into the measuring circuit will never be accurately known.

The h&lf-céll constructed qu ﬁhis.study we's made from a coppsr tube
about ‘eight inchés lomg.‘.A wooden plugdiﬁéerted in the lower end -of the

tube and moistened with a copper-sulfate solution, is the ground contact.
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I -k pertioular oell, illustrated in Fip;. 8, is

Cork
patterned after the h;me used by the Montana
To er Company. The cube is partly filled with
Afatsr, and oopper-sulfate crystals are added to TerrinelﬂAC
roduce a saturated solution. The wooden plug
should be made from a porous type of wood and
out slightly small because the moisture will " Copper
tube
cause it to swell. The grain should be
lengthwise so the solution can soak through.
A length of about 5/8 inch was found satis-
factory. A rubber boot should be arranged to
slip over t".e lower end of the half-cell, so
- _ _ _ Wood
the wooden plug will remain moist when not in Plug_
use. In the field, the half-cell 1is used to )
Fig. 8. Copper-sulfate
connect the voltmeter to ground when making half-cell.
potential measurements between buried metallic surfaces and ground. Its

advantage lies in the fact that the contact potentials introduced by the
half-cell ere fairly stable, being around 0.h volt.

The next item of equipment needed was a low range d-o voltmeter of
high sensitivity. In taking a pipe-to-soil potential measurement, the
voltmeter is connected between the pipe and the half-cell, with the letter
constituting the ground connection, bince the ground resistance is ordin-
arily rather high, the meter current will cause a voltage drop through the
ground, and tine error can be appreciable if a meter of low sensitivity is
used. In cathodic protection work, a voltmeter of 100,000 ohms per volt

vith a center-zero scale is considered desirable. The expense of such a
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meter would not be justified for the projeet described in this paper,' The

meters at the engineering laberatoery were checked over end a Simpson mulbi-

meter (model 260) appeared to be the most desirable. The instrument was
portable, fairly rugged and moderately sensitive. The lowest voltage
renge was 2.5 volts, which was satisfactory, and the lack of a caﬁter-zero
scale was not deemed serious. The inclusion of milliampere and ohm ranges
in the szme instrument was convenisnt, since both would be used at times.
The sensitivity of 20,000 ohms per wvolt (50,000 ohms on the 275 volt
range) was not up to cathodic protection stendards, but the accuracy would
be fair if ground resistance values were not excessive. The Simpson meter
No. 939 was selected for this work.

The 2.5 volt and 10 m.a. ranges were checked against standard labora-
tory meters and found to be quité acecurate for a meter of éhis class. The
zero adjustment was sef so the 2.5 volt range was correct at 0.85 volb
(éhe standard éritefion for cathodie protection). Tests were made to
verify the menufacturer's sensitivity rating of 20,000 ohms per volt. Tﬁe
tests indicated 50,000 ohms resistance on the 2=é volt d-e seale within
2100 ohms. The.resistance tests were made both on an impedance bridge and
wheatstone bridge, the latter giving better accuracy.

A means of compensating for the resistance drop in the ground coused
by the meter current, called the two-reading method, consists of bridging
the voltmeter with a resistance approximately squal to that of the volt-
meter. When a voltage reading is takén across a high reslstance circuit,“
two readingé are taken; with and wibhout the shunt circuit comnected across
the voltmeter. The difference hebween the two readings is added to the
higher reading. Although the two-reading method does noﬁ give an exact

voltége reading, it does improve the aceuracy of the meter for eathodic
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protection work. The methemeticel
Volt-

analysis of the voltmeter circuit meter

for the two-reeding method is given
in the appendix. Ground

Fig. 9 shows in the most simple

sanner, the voltmeter connections

Fig. 9. Voltmeter connections for

for measuring pipe-to-soil measuring pipe-to-ground potential.

potentials. The meter will read

a voltage which primarily represents: (@) the electrochemical film
potential on the surface of the pipe, (b) the contact potential of the
ground lead from the voltmeter, and (c) the voltage drop in the ground,
between the pipe and ground lead. Assuming a soil resistance between pine
and ground lead of 10,000 ohms, then using the Simpson voltmeter with an
internal resistance of 50,000 ohms, let us assume a reading of 0.7 volt.
The voltmeter requires a current of"1.4 x 10" amperes for the particular
reading. ,ultiplying 1.4 x 10-6 by 10,000 gives a voltage drop through
the ground resistance of 0.14 volt. The latter figure constitutes an error
which could be significant in cathodic protection work.

Fig. 10 illustrates a typical situation on an underground oipe where
galvanic currents are flowing due to differences in soil, pine surface, and
moisture conditions. In a cathodic protection survey it is necessary to
determine whether conditions favorable to corrosion exist and at what points
in the system they exist. Part of the survey will consist of obtaining pipe-
to-soil potentials at various points, because they will be indicative of
areas where current may be flowing into or out of the pipe, and of course ,
the direction of these currents between pipe and soil are the key to the

corrosion problem. In Fig. 10, the voltmeter has been connected to the
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0.35 volt
Volt-
metor
Grcund
Cethodlo - Anodic
area area j 0.2 volt

Fig. 10. Circuit diagram of t typical field test for measuring a pipe-
to-soil potential, using copper-sulfate half-cell as ground terminal of
voltmeter.

pipe at an anodic (corrosive) rrea, where current is flowing from the oipe.
Assume a pipe contact potential of 0.2 volt, that is, the pipe has a higher
voltage then the surrounding soil. If the potential of the sulfate half-
cell is 0.55 volt, then the voltmeter will reed 0.35 volt. tote that tne
entire voltmeter circuit corresponds to a wet cell, with the ground soil
end copper sulfate solution being the electrolyte.

In ocaunodic protection practice a voltmeter reading taken under con-
ditions similar to those in Fig. 10, would usually be recorded as e nega-
tive quantity, or as -0.35 volt. It is a question of whether we want a
pipe-to—soil potential, or soil-to-pipe potential. Since it is customsry
to refer to the potential as a pipe-to-soil measurement, t en reference to
the polarities in Fig. 10 will show that the voltage should be expressed
as a negative quantity when considered from the voltmeter and half-cell
side of the circuit. The negative concept here also fits in with the basic
principle of cathodic protection, namely* the pipe should be negative with
respect to ground in order that a protective current may flow from ground

to pipe.
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A test circuit was set up in the

latooretcry as snown in Fig. 11 for the

. _ Volt-
purpose of determining the optimum
meter
resistance to use in parallel vith the
voltmeter, for the application of the 1.55 volts
; . e fi
two-reading method. The Simpson W
multi-meter, set on the 2.5 volt d-c Fig. 11. Test circuit to deter-
mine correct value for parallel
scale, was connected into the test resistance R , used in the two-

reading methibd.
circuit. For the first trial was

set at 48,000 ohms. Pipe-surface film and half-cell potentials were repre-
sented by a dry cell (1.66 volts).

The direct meter reading was 1.6 volts and with the shunt circuit
closed the reading was 1.45 volts. Adding the difference of 0.06 volt to
the first reading gave 1.55 volts, tne correct result. A lower voltage was
tried and results were equally good. Further tests indicated a negligible
error for ground resistance values up to 5,000 ohms. A second series of
test: using 41,000 ohms for Rp indicated that the value of the shunt resis-
tance wes not critical.

After further testing, a parallel meter resistance Rp of 40,000 ohms
was chosen. This resistance gave a slight overoompensation with ground
resistances under 1,600 ohms, but was quite accurate wer the range between
1,500 and 7,000 ohms. Aith a 10,000 ohm ground resistance R, the following

results were obtained:

Voltage on Error, using two-
test circuit reading method.
1.6 4#
1.0 S#

0.5 o#
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& small 40,000 ohm resistor of & watt rating was mounted inside & push-
bubton switeh, which in ‘turn was taped on the‘meter. The leads from the
switeh were soldered across the meter leads. This arrangement gave a con-
veniént means éf obtaining the second voltmeter rsading and did not inber-
fere with the use of the meter as én ammeter or ohmmeter.

The remaining pieqe of equipment was é fibre tube for obtaining ground
resistivity measurements. The particular tﬁbe was cut three centimeteré
long and measured 2.7 em. inside dismeter. To obtein a ground resistivity
measurement a séil semple ié packed firmly in ﬁhe‘tube, then a resistance
measurement is made between a pair of metal plates held tightly against the
ends of the scil sample. The olmmeter leads should be reversed for a second
reading so that eny difference bebtween the contact potentials of the metal
plates con bhe averéged‘out; Readings should be taken gquickly as polar-
ization effects almoét immedistely set up an increase of apparent resistence.

The resistivity in ohms per cubic centimeter can be calculated from

£
A‘s

5062

R = k or k= R = SR = 1.87R.

N

There is special equipment mede for measuring grouhd resistivitiesy
which is faster to use and probably more accurate. But it is considered that
the above method will give sufficient aécuraéy‘fﬁr-th@ study and survey

deseribed in this paper.
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Some experiments were set up to study corrosion currents, and the
effect of cpthodio protection voltages. A pair of steel rods and e copper
rod were driven in the ground at several locations and voltages observed.
Letween the steal and copper rod there was always a difference of potential
of around 0.3 to 0.4 volt. There was also a difference of potential between
toe steel rods, but generally less than 0.05 volt. These tests established
the fact that a pair of metal electrodes in the ground are almost certain
to show a difference of voltage, even when the electrodes are of the same
metal . In the latter case variations in contact pressures and ground
moisture will account for the potential difference. From the standpoint of
corrosion, all that is needed is a closed circuit. Figures 6 and 7 showed
how a closed circuit can exist on an underground pipe.

10 try out the equipment and observe the effect of a cathodic protection

volta e under controlled conditions, a model situation was set up as shown

in Fig. 12.
Cathodic
protection
voltage
Volt-
Ground meter half-
cell
rod
Fi . 12. Circuit r t jlioating underground corrosion currents

end cathodic rr Cvit system. Volti eter is connected in tre
usual menr € ,=. <.belning pipe-to-soil potential; in the field.
Corrosion ¢ oro flows from iron to copper, "hior cm b" stopped
by the over-riding cat Pdic protection voltage. rrcws shew
directions of current "I v.
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An iron and copper bar were bolted together and buried a few inches in
the ground cutside the engineering leboratory. A galvanié current flowed
from the iren through ground to the copper. A voltage-divider circuit was
arranged to pfovidé a variable voltage for cathodic protection. Note that
the voltmeter reads ﬁotbléhé‘ireﬁmﬁurface film pobential and half-cell

potential. The results are recorded in Table I. |

Teble I. Current snd Voltage Readings in Test Cathodic Protection System.

Cathodic . Cathodic : Iron-to~Soil
Protecgtion - .. Protection -~ . Pobential
Voltage ‘ Current Through CuS0y
MeB o Half-cell

0.0 0.00 - ' -0.49"

0.2 ' 0ok ~0.63

004: ’ 1nlo '0073

0.6 f - 1.50 _ <0.8%

0-8 BoOO : "‘0089

1.0 2,40 | -0.97

All irom~to~soil potenbials 'in Table I include a eorfection factor of
0.03 volt, which represents the difference observed between the volbages in
the two-reading method, Note that the cathodic protecéion eurrent and‘the
test voltages do mot follow a proportionai relationship with the protection
voltageor Such a non-linear relstionship is typieal of eleétroehemiéél
actions.

Another experiment was sebt up similar Lo the above,‘ﬁsing 8 différent

type of soil which was placed in a box so the experiment could be performed

in the laboratory. Enough water was sprinkled on the soil to meke it moder-

ately demp, and a copper plate and two steel plates were inserted in the
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soil . The purnose of this experiment was to study the actual galvanic
current flowing cut of an iron anode and the effect of different cathodic
protection voltages. This was not done in the previous experiment because
the micro-ammeter necessary to measure these currents, introduces consider-
able resistance into the circuit, end it was desired to make that experi-
ment representative of field conditions. The circuit diagram is set up in

Fig. 13, and Table Il shows the results as the cathodic protection voltage

is varied from zero to one volt.

iViicro-
ammeter Ealf-
eell
Volt- Volt-
meter meter
Cathodic_ Corrosion Anode
protection current
__current

Fig. 13. Circuit diagram of cathodic protection experiment to show
magnitude of galvanic current flowing from an iron anode. Arrows
indicate the various current directions before sufficient counter-

voltage was applied to stop the underground current from leaving
anode. Open circuit voltage between copper and iron, 0.6 volt.

The most important fact brought out in the experiment is the decrease
of current leaving the iron anode underground, as the cathodic protection
voltage is increased, ijote also that with e cathodic protection voltage
of 0.63 the current flow from the anode is stopped completely. That is the
ideal level for a cathodic protection system, but cannot be achieved in an

actual system (except at a few points) because of voltage drops along the

protected structure.
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Table IT.- Currents and Voltages in Laboratory Cethodic Protection Test.

Cetnodic | Cathodic Gurrent through Iron-to-soil
Protection -~ Protection Iron Ancde to Potential
Voltage ~ Current Ground, Through CuSOy4
: o MeBe Micro-anps . Balf-cell
0.0 0.00 . 310 - 0,62
0.1 . 0.24 180 -0.70
0.2 | 0,30 150 ~0.72
0.3 - 0,40 110 -0, 75
0.4 - . 0445 g0 ~0. 77
0.5 0.52 50 -0.79
0.6 ° 0460 .15 -0.81
0.6% - 0.64 0 | ~0,.82
0.70 0.70 Z -25 - ~0.84
C d 0.8 T 0.78 B ~58 ~0,886

@' 1.0 0.92 ~140 ' -0.92

Another fact brought out in the experiment is that beobal protection
was achieved at the point where potential between pipe snd soil as measured
through the half-cell, was 0,82 volt. This gives & criterion by which %o
estimate wbether‘fﬁlllprotectionnhas*been'reaohédyinvfie?d éurveys.' Aot~
ualij 0.82 volts f&lls“insiéé the thedretical“féﬁgezaﬁ'whiéhﬁgalvanie curs
rents should be stopped from an iren surfaco (O 812 to 0.831). L 1n field
pracbice, the crlterlon is ccmmonly set at O Bo volt to include s safeby
faetor. - Another éritérion‘soyetimes used is to apply the necessary

gathodic protection voltage (or curfent)'to raise the sbatic ground-to- -

liational Association of Corresion Engineers, Report of Gorrelating
Comnittes gg_ﬂethodlc Prqtectlon, Houston, Texas, 1951, pe 14
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pipe potential by 0.3 volt.
The‘iron*tq~soil potential reaéings in Téble IT include an average
gsorrection faebor of 0.02 velt. 4n approximete check can be made by-using
equation (8) from page 3 of appendiz. The ground resistance in voltmeber

eireuit is expressed by - R Rva(ma ) A”,)

R
V;RVI-‘WSRVE

where Ry, is voltmeter resistance, Hy, is resistance  of voltmster and shunb

in parallel, V;; 1is voltmeter reading without shunt resistance, and V,;’ is

voltmeter reading with shunt resisbance connected ian cirecuit.

50,000(22,222) (0.77 - 0,75)
0.76(50,000) - 0.77(22,222)

= 1,093 ohms

0.77
50,000

Multiplying ground resistance by the mebter current gives a voltage drop of

The voltmeter uses empéres at a voltage reading of 0.77.
0.017 volt. This corresponds to the 0.02 correction factor actually used.

It is of interest to check the éurrenﬁ requirement per unit area for .
complete protection of the iron surface. The area of the iron plate under-
ground wes appréxim&bely 6 s¢. iﬁo Full cathodic protection wes achieved
with a currenb of 0.62 m.a., which amounts to 15 m.a. /sq.ft., a rather high
Pigure., In practice it usually requires from one to 20 weao/5q.F. to
protect a bare iron surface with 2 to 3 m.ao/équt. being perhaps an
average range.

Some further‘labor&tory tests were run to establish the nature of
corrosion. OUne test involved two soil samples plaéed in the samé 5ar with
a2 nall inserted in each soil. The naiIS'wae connected electrically
through a microammeter. The initial current was 30 microamperes but by the

sscond day was down to four microamperes. ' After this the curremt direction
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would change occasionally, particularly at timés when water weas added to
maintain the soil moisbture content, reversing later as the soil dried out.
After about two mgﬂths the nails were removed, with both showing surface
ruste. )

In another test two nalls were placéd in a beaker of tap wabter and a
voltage impresséd on them until the portion of the anodic nail below water
line was completeiy corroded away. The water in the beaker w&svallcwed
to dry by atmospheric evaporation. The remaining sediment was found to be
magnetic, which would mesn that at leést part of the material was magne-
tite, (F6304), The material was weighed'and the calculatad.ﬁeight of iron-
(assuming the material to be megnetitie) was compared to the loss of weight
in the nail. The calculated weight of iron (8.0 prams) was boo much in
comparison to the loss of weight in the nail (7.4 grams). On the other
hand, if the xﬁaterial in the. besker was all ferric hydroxide (Fe(0H)s), the
calceulated weight of iron woﬁld be too smell. It was concluded then #hat
the material was some of éaeh, in fact caleculations indicated 74 percent
nagnetite and 28 percent ferric hydroxide.

The above explanation assumes the presence of only two compounds of
iron with oxygen end waber. it is guite possible that there are also
present other hydrated forms of ferrie oxide, but the aboverc%}pulations
probably do not contain any serious error. Perrous hy§r9xide fér example,
tends to oxidize to the ferric form. Ordinery rust is‘considéred to be

maiﬁly ferric hydroxide.
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CATHODIC PROTECTION SYSTEMS

A‘cathbdicnprptecﬁiop system may be oﬁﬂthe-impressed eurrent Lype., or
the galvanic snode type. The impressed current type uses a d-c voltage to
cause the undérgfduﬁd matal‘structufe to éééuﬁg'§ lower potential level
than the ground. The positive lezd is connected to & ground bed consisting
of scrap irom, cerbenm or graphite rods; and the negative lead is commected
o the system to be protected., If serap irom is used, the irom will
corrode away et the rate of about 20 pounds per ampere‘year. It is a c#se
of sacrificing the scrap iron to protect the underground system..

In the application of ecathedic protection,'a survey is first made in
which the entire underground system‘to be protected is given a close study
and mapped out. A record-is made of strusture-to-ground pdtentials,
ground resistivity measurements, and possibly soil'analysasg Areas showing
high structﬁreufoéground potentials, low soil resistivities, ér high chem-
ieal content, are more likely to be corrosive.

To interpret the record of p&tential measurements between the metal
structure and ground, in the case of irom a guide often used is to consider
a potential measurement (through copper-sulfate half-cell) less then 0.6
in magnitude as being indieative of a current flow out of the iron surface,
while bebween 0.8 and 0.85 is considered to be a range over which current
might flow out of the irom but corrosion is not apt to be serious. &
reading of 0.85 volt or more indicates of course, a current flow into the
iron surface, which is thereby protected. However in general, the record
of potentials and ground resistivity measurements must be taken as a guide
and not es an absolute indicator of oorrosiva‘locaﬁioné. It mus% be noted
that mo lmown method will accurately predict where and to what extent

corrosion will occur.
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-Before applying cathodic protection 1t is necessary to electrically
isolate the system to be protected. This not only provides an economical
application of electricity by keeping.it on a given syéﬁem;'bﬁt stray
curreﬁt from 2 cathodic protection system ﬁay cause corrosioﬁ on foreign
1ines\by teking ground paths between &ifférent structures. A ‘sedond-
reguirement 1is that of bonding the system to be protested until it is
electnicaliy éontinuouso %hile insulated joints 6n an unprotected system
may reduce current flow through the structure, they will inerease corrcesion
on a protected system because the currenmt will tend to follow a ground
peth around any insulated point, causing corrosion wherever current ieaves
the metal surface.

Well designed ground beds are essential to the efficient operatioﬁ of
a cathodic protection system. They should be buried below the frost line,
and ‘the resistance bestween ground bed and soil must be low. A backfi}l of
fine coke (coke breeze) is frequently used, both to lower the resistence
to earth and %o incréasé'the life of the ground bed. The ground bed should
be TQGated in a 10w resistance ground aresz and the lececation should permit, |
as much as possible, an even current distribubion over the protected under-
ground structure.

The s81z9, numbérn and location of rectifier sbations must be planned
with respect to suitabie location of ground beds, and distance each recti-
fier unit will furnish protective current. Sources of electrio power mey
SOmetimes"influence ﬁhe location of stations alsc. Raising the volbage
output to increase the area of protective coverage can be carried only to
a certaln pOlﬂt. An exfessive potential epplled to a plpe for example,
will result in a wasteful use of current, snd if the pipe is coated,

hydrogen mey form under the coating causing the bond to weaken bétween
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coating’andApipe;K‘Voltagés far caﬁhodiéfp}ofécticﬁ‘are low; usually under
twenty volts. For long coated pipe lines, each rectifier station may serve
vp to 20 miles of pipé, oOr MOre. | -

Caleulation of current réquirements-and éomparison with similar
eathodic protection systems oftén helps in the ovefall deéj.gn° Because of
the varibles, computations may be difficult, and actual tests are preferred
when possible. ‘Tests are made by using a portable d-c voltage source and
temporary ground beds. After a test voltage is applied, .structure~to-soil
potential measurements are taken to determine how far a protective level
of volbtage exﬁends,

mhen the rectifier sfations,,or other sources of direét current are
‘connected to the underground system and ground beds, the véltage at each
station must be adjusted unt11 a suitable'le#el of protection is achieved.
This can be determined by baking half-cell potential readings at dif'ferent
looations on the pfdtécted structure. The current requirements will proba-
bly chanae for a time, and several weeks may elapse before the operatloa
becomes feirly stable., However, ground beds deterlorate,_3011 conditions
chenge and chemical changes are likely Yo occur on and near the metal sur-
faces of the ground bed, all of which influence the 0peratlon of the |
cathodic protection system. For such reasons, it is necessary to make
periodie chetks on current output and potential rsadings‘if‘the system is
-to melntaln its efficliency. |

The photographq on page 36 show a cathodic protection unit on tne
Montana Power Compeny gas trensmission pipe line near Gut Bank, Montana.

In Fig. 14 the distribution transformer neer top of the poie'rédubes VOl
tage for the recéifier in cabinet near base of pole. The positive output

leéd, about half way up'the left side of pole, goes to the grouné bed.
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k
Fig. 14. Cathodic protection Fig. 15. G-E rectifier unit
station on Montana Power Co. with cover open. Output at
gas transmission line near time of picture was 15 amperes
Cut Bank, Montana. at 17.5 volts.
Fig. 16. Ground bed of cathodic Fig. 1?. One of steel rails
protection station shown in Fig. in ground bed. Rod at top is
14. Rectifier cabinet on pole welded bonding connection be-

in distance. tween the rails.
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Fig. 16 shows the ground bed fof the eathodic protection uwnib of‘Figo 14.
Barely showing through the surrounding grass, are Several steel rails and
a steel bonding rod coﬁneoting the rails together. The rails‘are set
vertically iunte the ground and the bonding rod is welded bo esch rail form-~

ing an electrically continuous ground bed. The bed extends for approxi-

‘mately 100 yards, and is a Y shape. The Montana Power Compeny is at the

>

present timé'faVOring'%he use of discérdedqpipe‘for ground beds. ' The pipe

is buried in a horizontal position. The lead-in wire and its connection

. %o the pipe must be insulated, otherwise that portion of The wire buried in

the ground would corrode aﬁay Just like the ground bed.

The locetion 6f the aﬁove cqthodié prdtagtion unit has been chosen
with reference to fhe location of the gas line, the availability‘of eieOu
tric power,.and nearness to é suitable area for a ground bed. The partic-
ular ground bed lies in a low ares where drainsge is poor, gut soil‘mois;
ture conditions favor a low resistance contact between the scrap iron and
gréund, the labtber being essential to the efficlent opération éf the system.

The use of -galvanic anodes is another means of applying a protective
current, and is often economical on small underground_sysﬁsms, or on larger
systems where protection is only neéded in oceasional ereas called "hot
5pots.“ Aluminum, zinc, and magnesium are all more active'thén‘ifon {more
negative in bthe electromotive series) but magnesium is'generally preferred
because of its higher voltage and more dependable operation. The magnesium -
acts as a sacrificial aﬁode when connected o thé buried structure by a
conducting wire. Current will flow from the magnesium to ﬁhﬁ'iron struc-
ture by the ground path. The magnesium—#o—ground potentiél as measured
through o half-cell is about -1.5 volts and is quite stable.

Hegnesium anodes made especially for cathodic protection work cam be
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obtaiﬁed. Thej way be purchésed'with 10 feet of wire attacheds, They are
made in various weights, but the 9, 17 and 32 pound sizes are ‘the more
common. In most soils it will be found desirable-to surround the magnesium

enode with a backfill material to provide a lower resistance, as well as a

more homogeneous ground contact. One Ltype of backfill is made from powdered

bentonite and gypsum, hydrated (Ga804,2h20). Each pound of megnesium will
furnish 500 ampere-hours of current. '
The use of magnesium anodes is quite simple. 4An anocde is connected

to the underground structure by & conductiung wire, then buried in the

gfound, preferable.b@low frost line. The wire only ﬂeedsiﬂabe-Buried deep .

' .

énough ‘o aveid daﬁage, and it doeé not need to be insulated; since it 1s
on the protectéd side of the cir@uit. Insulated wire is ordinarily used
though; to reduce the currént drain on the anode. Novelaborate survey is
generally nacessafj; they éah be insﬁélled by untrained ‘help, and they
require no meintenance obher then replacement. Soil.resigtivity mea.sure~
ments are useful in estimeting an opbimum size of anode to use. A life
expectancy of ten years is the usual basis on which estimates are made.
Tables are available which give a recommended spacing between anodes
according to size of pipe.snd ground resistivity.

It should be again stated that cathodic protection is .not to be con-
sidered as a primery means for prevemtion of undergroﬁnd corrosion, exdept.
in speecial qéses° Sound corrosion engineering should teke inte considere
ation all,pdssiblé economic means for extgnding the life of wunderground
metallic sbructures. Adequate draiﬁage of areas where steel structures
are located is a most effective way of getling af g basic cause of cor-
rosion. If pbssible, metallic structures should not bhe located in arees

where waste products have been disposed of. Trash gnd general waste items
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‘ieft over from eonStrucﬁioﬁ jobs éhbuid not be used aé backfill on pipe
lines., Ashes‘ahd ¢linders are‘mosf iikely to cause acubte corrosion prGB—
lems. The use of differeﬁt kindslofimetals‘in adjacent structures should
be svoided, if possible. It has been previously stéted in this paper that
insulating jéints caﬁ:SOQetimegkréAuce‘ourrénts flowing throﬁgh an under-
ground structurs, but if cathodic pfotection is contemplated, then an

alectrically continuous system is nhecessary.
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CATHODIG PROTEQTION SURVEY OF MONTANA STATE CQLLEGE CAMPUS

The survey of tne college campus was mede to determine the kind and
~extent of a cathodlc protection qystem thet mlght be set up. The need for
at least some probeetlon “Wes already establlshed sinece some plpe replace-
menbs have been made. Trouble oceirred primarily on gas plpe.llnes and
only in a few éreasQ Corrosién has not been a serious problem on the
cempus, but it was considered desirable to make a survey for the purpose
of determining to what extent coriosioh was ﬁaking plece and recommending
means of reducing corrosion in the future.

The system of underground piping on the cémpus consists of steam, gas
and water pipes, the latter including a system of lawn SPrinkling pipes.
Together it malkes a fair coﬁcentration of underground pipeé going inv,
different directions under most of the campus,

The steaﬁ.pipes afe not considered & problem since they are already
- covered with heat insul'za:fbionu Tpe-wateg mainglare'casﬁ iron and no trouble
has been. eipéfiéncéd'ﬁith them, -The §a§ iinéé.0£ the-camptS‘are ordinery
"wrought 1ron, they ere owned by the col]ewe and are 1nsuleted from the
hmntana Power Company mains.. The gas lires are welded to&ether, maklng
them electrlcqlly contlnuous, Most of the gas lines are bare but present
practice is to use a coated pipe on any new 1ﬂsta11at10nso The water mains
on the campus are not insulated from.the city systemJ‘ Joints on the water
meins are of different types; some are insulating while others give an |
uncertain degree of electrical conbact. Resistance checks were made -
between the fire hydfanta at Hamilbton gnd Lewis halls, and from Lewis Hall
to the fire hydrant at the southeast corner of tﬁe agriculbure building,
giving 1.5 apd‘5.0 ohms respecsbtively. The ﬁeasureﬁents indicate fair con-

ductivity at joints‘albng those pértiqular runs of water'pipe. A few
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checks between faucets on sprinkler system showed negligible resistance.
there is some degree.of-bonding between the water and gas 1ine§ at the gas
hot-water heateré in hcﬁsing afeas. |

During the stmmer of 1956 a number of trenéhes were excavated qﬁer the
campus, giving an oPportuniﬁy to meke observations om underground piping at
a number of different points. ?ipeufousoil‘potential measuroments were
made and condition of any exposed lines noted. in general it can be said
. that corrosion was mild. .Mpst vgltage readings ran between -0.5 and -0.67
volt, a range over which it can be said that corrosion czn exist, but is
not likely to be severe. Nearly ali the pipe exposed was in good con-
dition, with only superficial rust in scattered areas. Oné pipe in fronb
of the 8tudent Umion building was badly rusted, but this could have been
due to the proximity of a copper pipe ﬁﬁich crossed within five feet.
Another pipe near the northwest cormer of the heating plant was badly
rusted. This pipe was exposed by a trench rumning at right‘angles and a
section had been cut out of the pipe bo make a free pathway along the
trench. The pipe—to-soii potentiai was =0.5 volt. ‘Of more signifidanqe
was a voltage of 0.4 volt ﬁetween the two ends of the pipe. 4 check with
the milliammeter showed 0.22 m.a. There are ashés ané cinders in some of
the soil aréund the heating plant area, which would acecuﬂt'for‘eorresive
conditions. In general the soil on the cempus gives no evideﬁce“of being
esPeoiall& corrosive. it is common practice to join copper weter lines %o
steel lines in ‘bhe housing ereas, with no troubie having been experiencéd,
which is further indieation of tThe mild naturé of the soil.

Seil resistivities over the campus ren from 2,500 to 9,000 ohms per
cubic centimeter. In this part of the counbry, seil resistences averaging

thisvhigh are not apt to show acubte corrosion problenms.
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Actual observations along with soil rgsisfivity measurements indicétes
that some of the area around lontana and Hémilton halls, the hesting plant,
and some éoints in the houging‘area at the northwest corner of the campus
night be places of possiblé corregsion. Ié should_ﬁe noted howevef,‘that
time did not permit a compléte survey of soil resistivity meesurements.

_The problem of isolation and bandiﬁg the ﬁnderground,piping.systém on
the cempus would be expensive. There are three comnections to the eity
water system that Would need insulating 301nts, The 1érgest expense would
probably be the installation of bonds between each 1ength of pipe on the
water mains.‘ Such bonds should be brazed or welded to the pipes, and ‘to
the joint itself if separate from the pipes, In addition, & number of
bonds should be installed beﬁwaem steém,-gas and waber systems, to reduce
stray currents from passing between different parts of the underground
" gystem thfough a ground path. Such currents can ocour‘at a point where
for exaﬁple, a gas ahd water line cross wiﬁhin.a few feet of each other.
If a difference of potential exists between the twe lines, say dus to a
difference in resistance. between thls location and the ‘point where the
connectlon is made to the recblfler otatlon, then a current may pass he-
tween the gas ‘and water llnes, corrodlng the partlcular surface where the
curzeﬂt 1eaves for.the gzouna path,:

After bondlng and isolabing, rectlfler/unlts would need to be set up
at vérious p9ints‘t¢'f@rnishQa d-c,voltage,';f_iﬁ were decided to use an
impressed current system. MNr. Davis of the Montana Fower Company es timated
thet four or five rectifier stetions would probably be needed.. The reason
for this number is that most of the gas and water pipe is bare, and pro-

' fection would not extend very far from each unit unlegs an excessive vol-

tage was used. The actual location of the stations could bo decided on
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after trial tests. ”

The above information is given relative to the possible installation
of a cathodic protection system on the campus, usiné ?ectifier units and
ground beds. This'is not to say it is necessarily the best system, but
the information is given by way of shﬂwing whatt would be regquired and the
difficulties involved. No cost study waé"made, but §15,000 is given'as.

an estimats.
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TRIAL RUN QE‘IMPRESSED‘GHRRENT.CATEBDIC PROTECTION SYSTEM

4 trial run of en impressed-current system of protection was made at
the new housing area from a point on Deer street. Initially, two tésts
were run near Méntana Hall using o steel red drivén in the gréund, and
ancther test waslmade near the engineering laboratory using a similar
ground, A oar battery was the voltage scurce. The results from these
teSES'were poor. On the latter test a current of 90 m. a.‘was‘récorded,
with the protective level not extendLng over fifty feet any dlrectlon. A
second ground rod was driven and the current'went up to 125 m.a., which
“indicated that lack of a suitable ground bed might be the reason-for the
low test curfent. | ‘ o |

The next locaflon for a test was chosen on Eeer street primarily be-
cause of the proxxmlty of a steel fence which might give a good ground.
The test was set up at apartment Nq. 1403, running e connection from the

steel fence to positive side of a car battery. A length of wire was run

from the negative terminal to the water pipe going into the apartment. The

" eurrent measured from 590 to 442 m.2. during the period of the test. How-
ever, a suitable level of ecathodic protectlon was still not achieved.
¢n another day while ‘the ground was still slightly aamp from a recent
rain the teat was repeated, using the fence as a ground bed, and connectlng
the negative babbery terminel te the gas 1Lne ot apartment 1403. This time
a current of 4.7 sm.pereq was recorded and it was found that a suiteble
level of protectlon exbended over a 1arge portlon of the hou31ng area.
Pipe~to-soil potenbials ran from =0. 6 at the flre hydrant on Blk street,
$o -1.2 volts in the area adgacemb to the test., Before the test the po-
tential rangs ran from -0.41 to -0 62 1n the same ares. The map 6n page

45 shows results of the test over a portlon of the test ares.
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Gas 1.00 V.
Water 0.53
0.60
Gas 0.78 V.
Water 0.69 Steel fence
0.55
6.3 V.
Deer St. I )
Gas 0.96 V as pipe
Water 0.75
>?.58
Gas 0.73 V. Gas 0.92 V.
0.54 Water 0.67
0.55_

Gas 1.01 7.

MAP OF PORTION OF COLLEGE
HOUSING AREA SHOWING RESULTS

OF CATHODIC PROTECTION TEST

Figures show potentials between
ground and pipe through CuS04
half-cell. Lowest figure of

Gas 0.78 V. each group is potential before
Water 0.67 test voltage aoplied.
_ 0.55
Scale I = 100°
Sept. 1966

U. S. HIGHWAY NO. 191
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The potential measurements are shown on ‘the map without the negative
sipn, to save space. It will be noted that a difference exists betwsen
potential measurements made on gas and on wabter pipes, at each locatiocn.
Gas and wabter pipes'weré gensrally nct over five fest apart, énd péféntial
measurements were the same befdve test voltagé‘was applied (given by lowest
figure at Each location on map). No entirely satisfactory éxplanation has
beén found for this but two pdssible favtors are: poor electrical contact
at some of.ﬁhe water-pipe joints and the:screW~Oﬂ type couplings used on
the gas lines around the gas meters; end 2 difference in the water and ges
pipes used in serviece lines. The water.pipeé for example, were probably
galvanized when first installed. However, the water pipes entered the
ground underneath buildings; so no visual check could be made on the
coﬁdition of the gelvanized coating ab the present time. Tests‘made with
an ohmmeter showed some resisbtaence in the gas lines around neters.

The above tests demonstrated the importance of an adequaté grouad,
even for a trial run. The tests also showed the need for good electrical
continﬁity in the protected structure. Thé cathodic pro%ection level
obtained in the final test at the new housing area tended to back up the
estimate of Mr. Davis of the Moptané Power Compeny, thet four or five
rectifier statlons mighﬁ be required for complete campus protection. Also,
it should be mentioned thst both the sbove test and the 1aborétory tests
described previously in this pPeper, confirmed the variable nature of

electrochemical action underground.
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REGOMMENDAT IONS

The mognesium ancde type of cathodic pfoteot@on is recommended for the
Montana State Gollege campus,.as being the most economiéal, as weil as most
practical choice. Considering the fact that corrosion hes not beén an
acubte problem on the campus, that the corrosion whiech has been encountered
has been limited bo certéin areas; it is believed that the expense of the
rectifier. system would not'ﬁe jus’cifiedu

Magnesiun anedes offer a convenient mgahs of protection over re-
stricted areas. MAuodes could be placed in the few areas where corrésicn
“has been experienced. After that the only additional coverage would be at
any poiﬁt where co;rosion ﬁight show up 'in the future.

For the first instellations, the Dow type 17-D& (17 1b. anode), Galvo-
Pak megnesium anode, or one of a similar type, is recommended. The partic-
ular anod§ comes packed in a baekfill contaiﬁga in & eloth sack, and with
ten feet of wire attached. One supply house currently quotes a priece of
#12.81 plus freight, on the abovs anode,and.gllaal in quantities greater
than 11. Anodes of the sbove type are generally sold omly in multiples of
two, since they are éhipped in waterproof comtainers which hold two anodes. -

For an initial.éstimate of the length of bare pipe each ancde will
p?@tect, use 60 ft. for 6", 90 £t. for 4%, and 150 ft. for 2" pipe.
Recommendations as to btype, weight, and spacing of anodes should be modi-
fied in the future according to experience'gainedo Also, it is important
that a record be kept of the date, weight, type, and location of each anode

that is placed in the ground.
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A SITHLII FOR ADAPTING A VCLTIVETfcR CF OPERATE

EfcfjRITIVITY TC CATFiIiCDIG PROTECTION MEASURE, ViSNTS1

The following analysis is based on the magazine article by Hayward
and Jainwrlght, set out in the footnote on this page. However, the ma-
terial of that article has been modified to better suit the conditions of
tris oaper, and it has also been specifically directed toward the Simpson
.odel 260 multi-meter with a sensitivity of 20,000 ohms/volt on the d-c
scales. While the method described will improve the accuracy of any volt-
meter on low-energy measurements, for cathodic protection purposes the
above meter probably represents the minimum sensitivity that is practical.

The circuit diagram which illustrates the situation when obtaining a

potential measurement between pipe and ground is shown in Fig. |I.

Voltmeter
Rv/
A +
Az Ground J
R
Fig. 1. Voltmeter circuit for measuring

pipe-to-scil potential through half-cell.

The voltmeter is indicated by its resistance Rwy , A is the surface Ffilm
potential at the pipe, is the half-cell potential, and is the ground
resistance. The circuit is further modified in Fig. 2, by adding a
parallel resistance Kp around the voltmeter. The pipe and half-cell are
replaced by voltage sources.

Voayward, . . end Wainwright, R. ., "'Low-Energy Measurement Problems in

Cethodic Protection,”™ Electrical Engineering, vol. 71, larch, 1952, pp.
276-278.



Fig. 2. *uuivelent circuit fcr the vclb-
meter end half-cell shown in Fi . L.

The algebraic addition of potentials from the equivalent circuit is
Wl = IKyy r - )2 - Kj*. D)
The voltage 13, recorded by the voltmeter, is not the pipe-to-soil
1 < Is wanted. V/3 induces the ground resistance drop and
the half-cell potential ~34. Put the latter can be given a known value,
or since it is fairly stable, we can cause our reference values to include
the half-cell voltage and thereby disregard its actual magnitude. But the
rouna resist-nee drop is a variable which can cause a significant error.
Frcir equation (1) 234 - B2 = I1(Kwz + h) 1°J

Dividin (1) by (@

_ IKvi - Ky, and V,3 = ~ &2 )R @A)
N34 - h/a (s + rVI+ n Rw + &

BiTiiilFrly, when the switch to Rd is closed

M3* - IRy2 = J ~ (O
Rv2 + R

Where M3 is the voltmeter reeding when the switch to K? is closed

and Ky2 Rp ny/ #

Rp + Ky|
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Dividing the two voltmeter readings

(B34 = B2)Re, - ‘ o ‘
Ry, + R - Ry (Ryp + B) . Ry R+ ByyR (8)

Vis
Vs (Bsq - B,2)Ry, Rya{Ry + R)  RyyRy, + R,R
Bya + R ‘ ‘

The only unknown is R (ground resistance), but it ean now be calcu-
lated. From (5) V)3 (Ry Rys+ ByoB) = V3" (Ry Ry, + By R)
Vis ByyByg + Vi3 BypR = Wid' By, By + Vii'Ry R

Ryz < Ry, Therefore V,;<<V,

and Ry Ry, (Vs = V') = R(V/.?’Rv‘l - V15 Byp)

then R‘ = ._ RV,RV‘.._(V,_; - Vl.?’) ‘ (6)
V‘hl.al va ~ vls Bya
B - B R + R ¥ + R
From (3) 34V,3 L v}; and ¥,4 - B2 = L2 (R;' ) - (1)
s )

V5 (Ryp + R)

Rya

E34 - E,a - sz'f' R

= - - - and B = EIE_ =
\l'rlal ‘ Rva 24

Similarly

Substituting weluwe for R in (7)

. Ry RyolVis = Vis?)
T, . + U ) :
E 3 [RW V}..?’RVI - VI.! Rva
34 T Fi2
’ ' RVI

B

1]

Vis [Be ('R, = ViRya) + RyyRoo(Viy = V,_?’):|.
- Boi{V3'Ry; = VisRyp)

= U 1l +
/3 Vs’ By = V3 By

R_'V&(v/.? - vI.-?I) ' (8)
L 2

o R
To simplify, choose R, so that Ry, = ....Jé’..’.. . Then (8) becomes

Ry, o
"‘%’L (Vla - VI.?I)

E34"E/a - v./\s 1+ , . Rv
vl.':’RVI - VIJ""é“"'
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- - / ’ -V,
Beg = Brp 2.V, [1 + Zu (V/s/ v.d) = Vil - —----—--—-——-Y'3 - Vi
o L. %RV - Ry T, L 203" = Vs

S N T Y B .
or Ly, -~ B = V 1+
34 12 /3 [ v’a/ - (‘rla - -VIBJ) (8)

Vis (Vla -~ v/.s")
V/s' - (vig - V/.ar)

To further sixﬁplify, from (9) if B,, - B,, = V,,

Assaning V,;° - V37 in denominator is a small value,

V5 (U5 = V,57)
V97

By -~ 85 = Yy and if v:a"*jf../;a,

then By, - B = Uy + (V5 = W) (10)
Equation (10) is the basic relation that gives a method for determining
the e_lgebreiic sum of pipe-to—s;:il and half-cell volbtages. This meﬁhoci cen
be seen to rejuire two voltmelber readings, with the difference between the
two being .a.‘dded to the nigher lreading. The awvove relabjon was ée‘v‘eioped on
the hasis of the simplifying assumpbion that P\10 would be chosen 'so By = "I"g{'}:l’
but there is no indication of how well this will work over a wide range of

ground resistance values. In equation (6) make above substibtution for Ry,.

R | _
B Ry g' (V/.; - v/;') = By, (Vls - V3')
Ry Vs’ - (‘VIS - V,7)
Vi Rys - V,3 ; .

Allowing V,3 - V,3” to disappear in the denominator, the followizig;

relation is evident R Visg. = V57
[U—————— SN e m—————
Ryy Vs

This indicates that as R becomes large, the difference betwsen the two
voltmeter weadings will become grester. Sinee the above relation is not
linear, there might be doubt as to the aceursey of the two-reading method

when ground resistance is high in comparison to the meter resistance.
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The Pollowing calculations are made to find & relation between R and
the voltmeter resistance

- l*":1:': -V, = V5 = V3’ “From (10)

Esq
From (3) and (4) V}J‘ - (Byq= B,z )Ry, and V,, = (Bsy = B,)R, .,
' Ryy+ B . - Ryp + R
Esq - Ejz - Vis = (ES«:’. - E,a) ‘(E-"‘ - E’E)RVI
By, + R
. R “ ) ‘ . N : R - v
= (B -E 1 v b} - B, - ‘
( 34 la)‘ R +R:| = ( 34 B,2) [RW T R] (11) .
AISO) V,a = V/JI = ) (an' - E'E)RVI : - (E‘?d- - E,B)Rva_
By +R Rypo + R
< ] . R Ry
v, -V, = B - & F AL - St N
13 13 (Bse 12) ‘:ﬁv: + R Ryo+ R ]
= (Bsq - B/2) [R(Rv' " Bre) (12)
. (R\Tl + R)(Rvg + R)

Then substituting (11) and (12) into (10),
: 2 R . R(Ry, - Ryp)
Baa - E"a) l:RV" -+ R’] <E34 B E"a) [(RV‘I -+ R) (sz +R) |

Ry, =R
Gancelling . I

Byp + R

and Ry, +R = By; = Ryp

The last equation gives a clear stabement as to what conditions will
give a reaéonably correct voltage.indication, (subject to simplifying
assumpbions, made‘in developing equation 10). Obviously, to obbain a
corrsct answer for each ﬁeasurement would require g'determination of R,
and then an adjustment of Ry, (ﬁhrough RP)' Such a proceduré would be
impracticael, but the above equation also indicétes thet if R is small com-

Ry

pared to Ry, , we can set Rypz ~= o

2




Using the above relation, the following calculation can be made for

\/ the parallel resistance around the meter

Vi = n and SSpRv, hv,(tp - Rkfj
kp + R4

or Rp = Rvi
The calculated voltages for an actual situation can be shown, using
the above relation. Fig. 3 illustrates the voltmeter circuit, using the
two-reading method, where R represents the ground resistance in a cathodic
protection measurement. The voltage source whose potential we wish to
measure, represents the combined half-cell and iron-surface film potentials.
eter errors are not considered in the following calculations. The Simp-

son multi-meter has a resistance or b0,000 ohms on the 2.5 volt d-c scale.

. 60,000 oTims
ZV—

0.8 volt

Fig. 6. Voltmeter circuit, using two-reading method, with
stunt resistance made equal to the resistance of voltmeter.

Fr the first reading, the current in the circuit will be

0.8 = 0.000014645 ampere
50.000 + 5,000

The IR drops across ground resistance and meter ere

5.000 (0.000014545)
60.000 (0.000014546)

0.0727 volt
0.7273

0.b0O00O
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For the second reading, with shunt resistance in the circuit, the

s

current through the groimd resistance will be

0.8
25,000 + 5,000

0.00002667 smpere

The IR drop across the metéf will be 50,000(0.00002667)(%) = 0.6687
volt. Adding the difference between the two IR drops, or meter readings
(0.7275 - 0.6667), to the higher reading gives 0.7879 volt, Compering the
latter value to 0.8000 volt gives an error of 1.51 percent. The advantage
of‘the two-reading method is apparent Wheﬁ the error in the original read-
ing (0.7275 volt) is found £o be 9.09 percent.

The above calcuiations indicate that the £wo~reading method used with
the Simpson model 260 multihmetar is capable of an accuracy within about
1.5 percent on the 2.5 volt d—c scale, under the fellowing conditions:
the shuntlng r=S1stance be madc equal b0 the meber resisbance and the
. resistanée of the‘measured GLTGUlt‘be undst 5 000 ohms.
| Talking 1nto account mebter errors, it would be necessary to keep resd~
ings under ong volt if the above scouracy was ﬁo be approximated. The
particular meber had been previously adjusted to give the same reeding as
a laborabtory standard meter at 0.85 volt. Gémparison with the standard
meber afﬁer'ﬁhe above adjustment showed very close agreement from near
zero to 0.9 volt. Haking allowenee for meter errors and the humen error

in reading the meter, we could say the practical accuracy under the above

conditions would probably fall within two percent. This would be about The -

minimum sccuracy compatible with cethodic protection work, over the above
rangs. FPFor voltage readings higher tuan one volt, the particular meter
will inbroduce slightly more error, but this would not be eriticsl. The

volvage range where the most accuracy is mneeded in cethodic protection
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- surveys is around 0.5 to one volt. The above meter will give the desired
accuracy over this range, when used with the two-resding msthod, and

provided that ground resistance values do not execeed 5,0@0 ohms.
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