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Copper, a noble metal that occurs naturally in its elemental form, is almost totally impervious
to corrosion from soils found worldwide. But it would be misleading to infer that copper will
not corrode. This article identifies a host of possible situations in which copper pipe or tubing
may be subject to external corrosion. These situations are discussed in detail, and suggestions
are given on how to identify underground corrosion of copper pipe without excavating and

how to mitigate existing corrosion conditions.

The belief by knowledgeable engineers,
architects, and water utility personnel
that copper is not adversely affected by
the majority of soils worldwide is well
founded. Uncommonly well-preserved
copper artifacts continue to be recovered
in Mesopotamia from beneath the clay
deposited by the “Great Flood,” which is
believed to have occurred about 4000
B.C.! Many of the underground copper
pipes used to convey water in Egypt
nearly 5000 years ago are still in exis-
tence. Furthermore, copper is one of the
few metals that exists as an element in
its natural form. There is also the out-
standing history of copper tubing as a
highly corrosion-resistant material in
most underground environments.

There are conditions, however, that
can cause copper to corrode when it is
exposed to certain soils. These include

® abnormally aggressive soils,

® localized and long-line-type concen-
tration cells created by differences in
soil composition,

® the action of stray direct currents
(DC) flowing in the ground,

® faulty design and workmanship,

® certain conditions created by alter-
nating currents (AC),

e thermogalvanic effects, and

® galvanicaction involving dissimilar
materials.

Adverse conditions

Abnormally aggressive soils. Copper is
essentially immune to corrosion. It
behaves like a noble metal in most
underground environments because of
the naturally protective film that forms
on the metal's surface. If this film,
which often consists of reddish-brown
cuprous oxide (Cu,0), is destroyed and
cannot be repaired, copper will corrode.
Fortunately, the protective film on
copper remains intact or is readily re-
paired under most soil conditions.

Three definitive studies on the under-
ground corrosion of copper have been
conducted.2-* Very likely, this apparent
lack of interest in the soil-side corrosion
of copper is the result of the metal’s
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known corrosion resistance in under-
ground environments.

Analysis of the results obtained in
these three independent investigations
clearly establishes that the underground
corrosion of copper is unusually compli-
cated. In general, corrosion cannot be
directly related toany one or even several
factors, as many interrelated soil condi-
tions are involved. The data presented
in the three studies and the results of
others 56 permit some tentative conclu-
sions regarding the corrosion of copper
in underground environments. These
include:

® Corrosionisoften associated with a
combination of elevated sulfate or chlo-
ride content in the soil in conjunction
with poor drainage, a soil having con-
siderable capacity to hold moisture, and
a moderate to heavy annual rainfall
(usually more than 76 cm [30 in.}).

® Elevated concentrations of sulfate
or chloride or both in the soil are probably
the primary factor in the underground
corrosion process, but considerable mois-
ture is required to support the electro-
chemical action. The sulfates and chlo-
rides may not adversely affect the copper
if the rainfall is slight and drainage is
adequate.

® Very low soil resistivity (i.e., less
than 100-500 ohm-cm) generally indi-
cates a soil that could be aggressive.

® Soils containing large quantities of
organic matter (particularly soils con-
taining organic acids) can be corrosive.

® Moist cinder fills are generally
corrosive, either because of the sulfides
present or because of the galvanic action
created by the carbon particles in the
cinders.

® Construction rubble that contains
considerable lime should not be particu-
larly corrosive, provided that localized
concentration cells, especially oxygen
differential cells, are not created during
backfilling.

® Soils such as clay, sand, gravel,
loam, and chalk seldom possess the
combination of properties that are asso-
ciated with corrosion.

® Organic soils supporting active
anaerobic bacteria (i.e., sulfate-reducing
species) can produce sulfides, which are
aggressive to copper.

@ Soils containing inorganic acids can
be unusually aggressive to copper.

® Soils containing appreciable
amounts of ammonia compounds are
usually corrosive to copper.

The appearance of the copper surface
and identification of the corrosion prod-
ucts generally provide insight regarding
the cause of deterioration. For example,
green copper corrosion products are often
basic copper carbonate, basic copper
sulfate, or copper oxychlorides. The
existence of appreciable amounts of
copper oxychlorides in the corrosion
products would be expected for a copper
water tube that had been buried in a
low-resistivity tidal marsh environment.
A heavy black layer on the copper would
suggest the presence of copper sulfide
and the possibility of anaerobic bacteria
activity as the cause of corrosion. The
presence of ammonia, in combination
with sulfate compounds on the copper
surface, indicates that the cause of corro-
sion could be lawn fertilizer.

Corrosion of underground copper can
be either uniform or localized (Figure 1).
Localized corrosion suggests the exis-
tence of local-action cells such as those
created by nonhomogeneous backfills.
Local-action-cell corrosion is also sus-
pected when the underside of a horizontal
copper-water-tube service line suffers
preferential corrosion.

Concentration-cell corrosion. There are
at least three types of electrochemical
concentration cells that cause corrosion
to a metal or alloy because of differences
in the environment. These include oxy-
gen, neutral-salt, and hydrogen-ion cells.

Areas on a metal surface in contact
with a seil that has an elevated oxygen
content will generally be cathodic rela-
tive to those areas where less oxygen is
present. Oxygen usually functions as a
cathodic depolarizer; further, areas of
increased oxygen tend to be preferred
cathodic sites where the reduction of
oxygen can occur:

2H,0 + 0, + 4e — 40H"

This is commonly referred to as an
oxygen-differential concentration cell.
Oxygen-type concentration-cell corrosion
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is often the explanation for the preferen-
tial underside corrosion of a copper water
tube (Figure 2). The underside of the
tube is often in contact with reduced-
oxygen-content, undisturbed soil, where-
as the upper portion of the tube is
exposed to aerated backfill. Corrosion on
the underside of the tube is aggravated
under this condition by the large ratio of
cathode area to anode area that exists.
Oxygen-differential concentration cells
can also be created by nonhomogeneous
backfills. Metals and alloys in contact
with lumps of clay will almost always be
anodic to nearby metal when the major
backfill material is sandy loam. Similar-
ly, long-line corrosion currents can exist
if the service line passes through areas
of major soil differences.

Corrosion of underground copper can
be caused by certain neutral-salt con-
centration cells. Regions of elevated
chloride are generally anodic to regions
of reduced chloride. Such choride-type
concentration cells are sometimes creat-
ed by deicing salts, such as in a service-
line trench that can act as a subsurface
drainageditch for several years following
its excavation and backfill.

There is also reason to believe that
regions on a metal surface in contact
with soil having a low pH will be cathodic
to areas on the same metal where the
localized pH is somewhat higher. The
concept of hydrogen-ion concentration
cells is supported in part by the observa-
tion that the corrosion potential of a
metal or alloy generally becomes in-
creasingly positive as the pH of the
environment decreases.”

Stray direct current corrosion. Stray-
current corrosion or interference, too
often erroneously referred to as “elec-
trolysis,”” can occur on underground
copper water tubes when uncontrolled
direct currents exist in the area. This
form of corrosion is related to the magni-
tude and direction of direct currents
flowingin the earth through paths other
than those intended. When stray cur-
rents flow onto the underground struc-
ture, no corrosion damage occurs because
these areas are cathodically protected.
These stray currents also cause no de-
terioration while they are flowingin and
along the structure. However, the cur-
rents must eventually leave the struc-
ture, return to the earth, and flow to
their source of generation. Areas where
these currents leave the structure and
enter the soil are anodic, and serious
corrosion can occur at these locations.

A common source of stray DC elec-
tricity is an impressed-current-type
cathodic protection system such as those
widely used by utilities and gas and oil
transmission companies for the mitiga-
tion of corrosion on underground steel
pipelines. Electric utility high-voltage
direct-current (HVDC) transmission
systems, DC-powered transit systems,
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Figure 2. The underside of a metal or
alloy pipe or tube exposed to the
underground environment often de-
teriorates preferentially from oxy-
gen-differential, ¢oncentration-cell
corrosion.

Figure 1. The general appearance of the 20-mm- (0.75-in.-)diameter copper service
line suggested that uniform corrosion had occurred. Removal of green copper
corrosion products (basic copper carbonate and copper chloride) revealed major
deterioration from pitting attack. Pits contained porous, powdery, reddish-
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Figure 3. Schematic diagram of condi-
tions leading to corrosion-fatigue
damage to copper tubing in domestic
hot-water systems associated with
on-slab construction. The cyclic
stresses required for fatigue are pro-
duced by periodic expansion and con-
traction in the constrained tube.

welding facilities, and mining equipment
are also potential sources of stray direct
current.

Faulty design and workmanship. In addi-
tion to those problems created by ab-
normally aggressive soils, concentration
cells, and stray DC, the corrosion of
underground copper can be aggravated
by faulty design and workmanship.

Allowances must be made for thermal
expansion and contraction when copper
water tubes pass through the concrete
slab of a building. If this is not done,
corrosion fatigue can sometimes occur
on the convex surface of the tubes near
where they pass through the concrete
(Figure 3).5# Corrosion fatigue is indi-
cated when brittle-type, transverse
cracks are present in the ductile tube
(Figure 4). Although the incidents of
corrosion fatigue are rare, they can occur
on improperly installed, under-the-slab,
domestic hot-water lines, where periodic
expansion and contraction take place.

It is also known that improperly pre-
pared or installed flared tube joints on
underground service lines, caused by
the presence of residual burrs on the
seating surface, can result in localized
erosion and corrosion. When this occurs,
the problem is readily recognized by the
U-shaped pits on the affected areas,

which are essentially free of residual
corrosion products (Figure 5). This can
be aggravated by abnormally fast water
velocities in the distribution system.

Alternating current action. The role of
alternating current on the underground
corrosion of copper is not well under-
stood.? Some investigators contend that
any metal dissolved during the anodic
half-cycle should be redeposited during
the cathodic half-cycle. Others believe
that the efficiency of the anodic half-
cycleis greater than that of the cathodic
half-cycle and, therefore, that AC-in-
duced corrosion can occur. The argu-
ment persists as to whether cuprous
oxide on the outer surface of an under-
ground copper water tube can rectify
AC, although some of the recent research
suggests that this rectification does not
occur.loam

Some investigators believe that a
critical AC density must be exceeded for
AC corrosion to occur.i213 It is also
possible that AC facilitates depolariza-
tion of the local anodes and cathodes on
an underground copper surface.' This
depolarization would be expected to in-
crease the corrosion-current density and
the resultant corrosion rate.

Until these differences of opinion are
reconciled and recent research results
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TABLE 1
Tentative correlation between tube-to-soil potentigl and the underground corrosion
activity of copper'’”

Potential—V Versus Copper-Copper Sulfate

Corrosion Activity

-0.5 or more negative

-0.25 or more negative
-0.1 or less negative
0.0 or positive

Copper is well protected; suggests that copper
is cathodically protected

No corrosion in most soils

May be corroding

Probably corroding

Figure 4. Brittle-type, transverse, corrosion-fatigue cracks (encircled areas) in an
improperly installed, 20-mm- (0.75-in.-) diameter, copper-tube hot-water system
under the slab of a residence where poor drainage existed

Figure 5. Improperly installed flared tube joints on service lines allow rapid-
velocity water to escape from the system and cause erosion and corrosion of
exterior copper tube surfaces. The absence of residual corrosion products and the
presence of U-shaped pits in affected areas are evidence of erosion and corrosion.

are corroborated, it is reasonable to
believe that the commonly used practice
of grounding electrical systems to under-
ground copper water systems can lead to
corrosion. If the copper plumbing system
is connected to a nonconducting main,
such as asbestos-cement, some corrosion
damage can be anticipated where the
current leaves the copper, even if the
current is alternating. Further, cuprous
oxide could become semiconducting
under certain conditions of soil pH and
electrical-field intensity. Grounding of
the AC system to the underground copper
water tubing and unbalance in the AC
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system could very well be involved in
the underground corrosion process.

Thermogalvanic effects. Driving poten-
tials for the corrosion of copper can be
created by temperature differences in
under-the-slab, hot and cold domestic
water lines that are in metallic contact
with each other at the hot-water heater.
This phenomenon should be suspected
when the external corrosion of copper
water lines occurs only to the hot-water
tubes.

Thermal effects in the immediate
vicinity of underground hot-water tubes
can sometimes aggravate the corrosion

problem by concentrating salts at these
locations through the evaporation of
water that might be draining through
the soil.

Galvanic action. Although copper is
normally cathodic to most commonly
used underground metals and alloys
such as steel, galvanized steels, and cast
iron, two forms of galvanic corrosion
can occur to underground copper lines.
These are-the carbon-copper cells asso-
ciated with certain cinder fills, and the
copper-in-soil-copper-in-concrete cell
associated with on-slab construction.

Copper is anodic to carbon, and corro-
sion can be expected to occur if the
cinders used for backfill contain appre-
ciable amounts of carbon. Moisture,
however, must be present for this gal-
vanic action to take place.

It is also known that copper embedded
in concrete will normally be cathodic to
nearby copper that is exposed to soil.’
This subtle form of galvanic corrosion
can cause the deterioration of copper
exposed to the soil in the immediate
vicinity of the soil-concrete interface.
Reportedly, this form of corrosion is the
reason that complete concrete encase-
ment of copper water tubes is required
in some Southern California areas.’

Identifying the corrosion problem
without excavation

Close-interval surveys of tube-to-soil
potential can often be used to predict
those areas where active corrosion of
underground copper is taking place.15-17

Based on one investigation,!” which is
supported by another,'® it is believed
that the data in Table 1 can be used to
predict the corrosion activity on an
underground copper-water-tube system.

Similar potential surveys can be used
to identify major areas of stray-current
corrosion. In general, negative potentials
will be recorded where the stray current
enters the copper tube and the material
is cathodically protected. Much less
negative and even positive potentials
will be obtained where the stray current
leaves the underground structure, re-
turns to the earth, and causes corrosion.
Stray-current corrosion can also be con-
firmed with the tube-to-soil potential
survey technique. Interruption of the
offending current source will often reveal
major potential differences between the
current-off and current-on readings,
especially if the reference cell is located
at the site of major anodic activity.

Mitigating the underground corrosion
of copper

The underground corrosion of copper
can be effectively mitigated by a number
of techniques. These include

® cathodic protection,

® improved drainage,

® avoidance of nonhomogeneous and
cinder backfills,
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® judicious use of selective nonaggres-
sive backfills,

® proper system design and industry
standard workmanship, and

® mitigation of any stray-current
corrosion.

One of the most cost-effective methods
for mitigating the corrosion of copper
exposed to a hostile environment is
cathodic protection.1719 Corrosion control
is achieved when the potentials of the
cathodes on the corroding copper surface
are polarized to the open-circuit poten-
tials of the local-action anodes. For most
copper-water-tube systems, this can be
readily accomplished using sacrificial
anodes. Zinc anodes in packaged backfills
can be used, provided the soil resistivity
is less than approximately 2000 ohm-
cm. Packaged magnesium anodes should
be used if the soil resistivity is greater
than about 2000 ohm-cm.

Although the current required to
protect underground copper cathodically
will vary depending on local soil condi-
tions, copper apparently polarizes quite
readily in most soils. The current re-
quired to protect a square foot of bare
copper can be as low as 0.4-1.7 mA.2
The belief that relatively small currents
are required to protect underground
copper cathodically is supported by the
observation that this form of electro-
chemical corrosion control is generally
achieved automatically when service
lines are in metallic contact with cast-
iron water mains. General guidelines for
the design of a workable cathodic protec-
tion system for underground copper are
available in the technical literature.!”

Improvements in the drainage pattern,
so that water flows away from the
building or service line, can be used to
eliminate underground copper corrosion
problems. The trench containing the
service line must not be directly down-
stream of any septic drainage systems
or building downspouts. Similarly, the
trench must not be a collection basin for
deicing salts and lawn fertilizer.

For those areas in which it is known
that the underground copper will be
exposed to abnormally aggressive soils,
it is possible to encase the metal com-
pletely in a selective backfill. These
backfills can be prepared by mixing
sand with cement powder, screened soil
with chalk, or screened soil with pulver-
ized limestone. A selective backfill,
however, may not accomplish its in-
tended objective if the drainage is such
that aggressive species can concentrate
and come into contact with copper.

Stray-current corrosion of under-
ground copper should be mitigated by
the responsible organization. This dele-
terious form of underground corrosion
is readily rendered innocuous through
resistance bonds and the proper installa-
tion of sacrificial anodes on the adversely
affected structure. For severe conditions,
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when the offending current source is an
impressed-current-type cathodic protec-
tion system, it is sometimes necessary
torelocate the anode bed associated with
the cause of the interference.

It cannot be overemphasized that
underground copper-water-tube systems
must be properly designed and installed.
Provisions must be made for thermal
expansion where copper hot-water tub-
ing passes through concrete slabs. Im-
properly installed flared tube joints on
copper service lines must be avoided.

Summary

Copper water tubing has an outstand-
ing history of corrosion resistance in
most underground environments. Cop-
per does not naturally corrode in most
clays, chalks, loams, sands, and gravels.
Certain aggressive soil conditions, how-
ever, can cause this relatively noble
metal to corrode. The basic prerequisite
for corrosion is the presence of appre-
ciable amounts of moisture. Other fac-
tors that can facilitate the corrosion
process include soils having: (1) elevated
concentrations of sulfate, chloride, am-
monia compounds, or sulfide; (2) poor
aeration, which supports anaerobic bac-
teria activity; (3) large amounts of organ-
icor inorganic acid; and (4) large oxygen
or neutral-salt (especially chloride) dif-
ferentials.

Copper is also subject to corrosion by
stray DC electricity. It can apparently
be adversely affected by certain condi-
tions in the AC system to which it might
be grounded. Underground copper is
reportedly susceptible to thermogalvanic
effects and dissimilar material corrosion.
Copper water tubes can occasionally
experience corrosion fatigue.

Fortunately, in those rare instances
in which copper corrodes in the under-
ground environment, the cause of the
deterioration can be identified. Once
this is accomplished, corrosion can be
economically mitigated by a variety of
techniques.
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