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A. INTRODUCTION

In the original Uhlig "Corrosion Handbook," Logan [1] was given the task of describing the state of
knowledge regarding the corrosion of metals in soils. Much of the data presented in this article
remains pertinent today. Other useful references include Starkey and Wight [2], and Booth et al.
[3-5]. Romanoff [6] describes a National Bureau of Standards study in which 37,000 specimens
were exposed to 95 types of soil for exposure periods of up to 17 years! Specimens included ferrous
and non-ferrous metals as well as a selection of coating materials. In 1979, Escalante [7] edited an
ASTM symposium that focused on underground corrosion. Specific articles covered soil surveys,
soil corrosivity, soil testing, and mitigation of corrosion in soils. The ASTM "Corrosion and
Standards: Application and Interpretation" [8] handbook also contains several sections related to
corrosion in soil.

The reason for the abundance of reference material in this area is the economic significance of
material degradation in soils. The method of choice for transportation of water, natural gas, oil, and
refined hydrocarbons remains that of buried pipelines. In Canada, there are ~ 580,000 km of buried
pipelines, which contribute billions of dollars to the economy. In the United States there are about 2
million km of buried natural gas pipeline and ^ 280,000 km of petroleum products pipelines. The
replacement value for such facilities represents billions of dollars. This mode of transportation
remains by far the safest way to ship oil and gas, but deterioration of linepipe steels whether as the
result of external corrosion or environmentally assisted cracking (EAC) can result in spectacular
failures. The reader is referred to other chapters in this handbook for reviews of EAC, cathodic
protection, and coatings.

This chapter will focus on the external corrosion or stress corrosion cracking (SCC) of buried
steel in terrestrial environments with the aim of acquainting the reader with some of the advances
that have occurred in the time since the first Uhlig Handbook.

Traditionally discussions of soil corrosivity have been based on studies where materials including
steel were placed in direct contact with the soil environment. Easily measured characteristics such as
soil resistivity or moisture content were then correlated with the occurrence of material degradation
problems. Such general correlations continue to provide guidance for materials selection, location of
structures, route selection, and overall system design but are often too general to allow the accurate
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FIGURE l(a). Exposure of buried line pipe to the soil environment.

prediction or interpretation of damage in specific sites. Soil is a complex material and the many
parameters, which affect corrosion by soils, are still not fully understood. Simple models based on
the general interpretation of two or three parameters that ignore the specifics of a given situation are
not likely to provide a satisfactory explanation of corrosion and EAC processes at specific sites.
Figure 1 shows two scenarios that provide a framework for discussion in this chapter.

Figure l(a) shows the case where a buried steel pipe is in direct contact with the soil environment.
The overall system includes the exchange of soil gas with the overlying atmosphere as well as the
potential influx of surface water and precipitation to the water table through the unsaturated soil
zone. In the unsaturated zone, gas forms the continuous phase between particles in the soil matrix. In
Figure l(a), the buried pipe lies partly above the local water table. The steel surface in the
unsaturated zone may see a different environment than that lying in the water saturated soil.
Disturbed soil around the buried structure may also lead to a unique environment at the steel surface.

Both corrosion and EAC involve local electrochemical processes sustained by a water phase
acting as an electrolyte at the metal surface. Soil sets the stage for these processes by controlling the
access of agents such as atmospheric oxygen to the steel surface, fostering biological activity, or
otherwise altering the chemical composition of the water phase in contact with the metal.

Figure l(b) shows a second situation where the buried steel is shielded from the soil environment
by a protective coating or rock shield. Where a protective coating remains effective, corrosion or
EAC problems do not occur; however, in situations where water reaches the steel surface, attack on
the metal can proceed. In this situation, changes in composition due to processes at the steel surface
can significantly alter the chemistry of the trapped water.

Cathodic protection is routinely used to protect buried steel structures [9]. This involves
installation of a system to impress a negative electrical charge on the steel surface effectively
preventing dissolution of the metal for thermodynamic reasons. Application of cathodic protection to
the two scenarios shown in Figures l(a and b) can lead to different effects.

The development of risk models to improve the long-term maintenance of buried structures is an
area that has advanced significantly since the original Uhlig handbook. Tools are being researched
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FIGURE l(b). Failure of a protective coating can allow water to reach the metal surface. Water trapped
beneath the coating can develop a composition which is different than groundwater.

that will help to characterize the corrosivity of soils, and the mechanisms of degradation of materials
in soil environments have been advanced.

B. WHAT IS SOIL?

Various schemes have been proposed to categorize soils but no single scheme spans the diversity of
soil environments seen by buried metal structures. Muskegs, peat bogs, and swamps consist
primarily of water saturated decaying organic matter mixed with minor amounts of inorganic
material. Thus peat bogs are typically 95% water with more than 17% of the dry weight being carbon
[1O]. Soils with 20% or more organic content such as those found in the Florida everglades are
classed as histosols [U]. In contrast other soils are almost devoid of humic or organic matter
consisting largely of inorganic materials broken and weathered to various particle sizes. The organic
matter in a highly weathered sandy soil is only ~ 0.5%, while poorly drained prairie soils contain
~6% organic matter [U]. Soluble salts precipitated from ancient lakes or oceans dominate the
behaviour of evaporites. Such large variations in soil environments can support a wide range of
potential corrosion mechanisms and influence rates in various ways.

Soils are an admixture of rock disintegrated by physical action and modified by weathering
(clastic sediments), materials precipitated chemically from aqueous solution (nonclastic sediments
and evaporites), and organic matter (humus). Relative proportions depend on the specific history of
soil formation in a location. As much as one half of the volume of a dry soil can be made up of pore
spaces between particles. This space is shared by interstitial water and soil gas. Some water is tightly
associated with mineral surfaces and cannot be readily removed. Bulk water can flow through the
porous matrix as a continuous phase in water saturated zones and by drainage in unsaturated ones,
Figure l(a). In comparison, gas diffuses through unsaturated zones as the continuous phase but must
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FIGURE 2. Classification of sand, silt, and clay based on particle size along with size ranges for various types
of minerals commonly found in clastic sediments.

proceed through the saturated zone dissolved in the water phase. Where biological activity by soil
organisms is supported by sufficient nutrients, oxygen is removed in the pore space and carbon
dioxide builds to concentrations a hundredfold higher than found in the overlying atmosphere [U].
Important transformations also occur as part of the nitrogen and sulfur cycles in a biologically active
soil environment.

1. Textural Classification

Inorganic soil components have been traditionally classified by particle size (Fig. 2). The distribution
of particle sizes in a given soil matrix can be very broad or surprisingly narrow depending on the
manner in which the soil developed.

For example, sand originally laid down as a dune by wind action can be finely sorted with a very
narrow range of particle size while soils formed by weathering of rock outcroppings can contain
particle sizes ranging from large boulders to finely divided clays. The particle size distribution along
with the shape, orientation and packing of soil particles determines soil texture.

2. Permeability

The permeability of a soil matrix is strongly influenced by the particle size distribution.
Figure 3 shows how the permeability of well-sorted unconsolidated sand decreases rapidly as the

average particle size gets smaller. Permeability is higher in well-sorted sands with a narrow
distribution of particular sizes while sands with wider particle size distributions show reduced
permeability (Fig. 3).

Permeability plays an important role in setting the stage for electrochemical events on a buried
steel surface because it controls the relative ease or rate of fluid flow through the soil matrix. Coarse-
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FIGURE 3. Variation of sand permeability with average particle size and with the breadth of the particle size
distribution [15].

grained sands allow good drainage and easy access of atmospheric oxygen to structure depth. Fine
grained soils rich in clay are more restrictive. Capillary forces in fine-grained matrices can also draw
water up and keep a soil water saturated even during relatively dry conditions by preventing drainage
and retarding evaporation [12].

Water logged soils are particularly effective at slowing the rate of oxygen ingress from the
overlying atmosphere. Consequently, waterlogged soils are often anaerobic at even very modest
depths. Control of oxygen access can dictate the basic corrosion scenario seen at a buried steel
surface.

Association of inorganic soil particles with organic material can lead to aggregate formation. This
influences soil structure and can alter the soil permeability. A well-developed soil structure can
enhance water and air movement through the affected soil zone [U].

3. Soil Color

Soil color can be used to diagnose oxygen permeation. Good drainage and warm temperatures
encourage extensive weathering and the formation of iron(III) oxides that give the soil a char-
acteristic red tint. This might be expected in a well-drained sandy soil that is gritty to the touch.
Brown and reddish brown hues indicate the presence of organic matter. Yellow or rust colors occur in
soils that are slightly wetter due to the iron(III) oxides being left in a hydrated form. This might be
expected in silt where a relatively small particle size lowers the permeability of matrix and retains
water. Anaerobic soils where iron has not been oxidized to ferric ions are bluish gray, which is
characteristic of water logged low permeability clay soils or gley.

Particle size can be roughly correlated with the mineralogy of soils (Fig. 2). Techniques such as
X-ray diffraction can identify the mineral composition. The diffraction pattern is a fingerprint for the
crystal structure of each mineral. Organic material and some inorganic components such as
noncrystalline iron sulfide formed by anaerobic microbial action do not show up in this analysis.

4. Mineralogical Composition

Mineral composition is a key to understanding how a soil can influence the corrosion of buried steel.
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4.1. Clays Clays are among the most common minerals on earth, constituting perhaps one third
of all sedimentary materials [13]. They form through the weathering of parent materials; the
chemical transformation of feldspars being one of the most common processes [10, 14]. Clay
formation is accelerated where conditions favor weathering and leaching of minerals. In the
extreme case, only the most stable clays, (e.g., kaolinite are found). Other clays being intermediates
in the weathering process dominate the composition where soil has developed under less extreme
conditions.

Most clays have notable plasticity when wet and a marked ability to adhere to surfaces. Owing to
their small particle size and structure, clays have exceptionally high surface areas and show great
surface activity relative to other types of minerals. The surface area of a clay can be 10 thousand
times that of an equivalent weight of sand [U]. Cations required to charge balance the hydrous
aluminum silicate framework in clay minerals provide opportunity for ion exchange and redox
chemistry.

In an extensive survey of prairie soils in western Canada, the Alberta Research Council found that
the clay content correlated inversely with percent sand present. Concentration of metals including
iron, copper, boron, and perhaps cobalt and zinc present in the soil correlated directly with the clay
content but calcium, magnesium and the pH showed no correlation with clay content. The plasticity
index and liquid limit (% moisture) were also a function of clay content.

Four families of clay minerals are described in Table 1.
Characteristics shown in Table 1 suggest that the montmorillonite group will have an important

influence on the corrosion of buried steel structures. High concentrations of montmorillonite (or
smectite) clays are responsible for the sticky yet slippery nature of so called "gumbo" soils. Their
small particle size leads to very low permeability, extraordinary water uptake and retention, low fluid
flow, slow exchange of interstitial water, limited gas migration, and extensive ion exchange with the
electrolyte as well as high capacity buffering of pH and poising of the oxidation reduction potential
in the soil-water system [14].

Physically, clays of the montmorillonite group such as bentonite can radically change volume
through either dehydration/rehydration or ion exchange. This shrinking and swelling can exert force
on structures buried in montmorillonite rich soils leading to potentially detrimental consequences.
For example, coating damage and disbondment can occur when a montmorillonite clay adhering to
the protective coating on a buried structure changes volume. The ability of clay rich soils to adhere to
surfaces can also aggravate coating damage caused by soil settling around the structure. In extreme
cases, shrinkage due to drying can lead to the formation of large scale cracks through the soil matrix
in soils known as vertisols [U]. Swelling conditions can also compromise the permeability of a soil

TABLE 1. Properties of Major Groups of Clay Minerals0

Characteristic

Occurrence
Structural type

Particle size (u)
Permeability
Water absorption
Surface area (m2/g)
Cation exchange

capacity (meq/100 g)

Anion exchange
capacity (meq/lOOg)

Plasticity

Kaolinite Group

Common
2 Layer

4.0-0.3
Large
Slight
5-20
Slight
2.3
7-12
7-20

Slight

Illite Group

Abundant
3 Layer, non-

expandable
0.3-0.1
Moderate
Moderate
100-200
Moderate
16
18-24
4-17

Moderate

Chlorite Group

Common
3 Layer, non-

expandable
0.3-0.1
Moderate
Moderate

Moderate

25-30
5-20

Moderate

Montmorillonite Group

Common
3 Layer expandable

0.2-0.02
Small
Very large
700-800
Large
81
90-100
20-30

Large

0ThIs Table is generally based on [15], Cation exchange capacities are from [14] and [13], respectively, anion exchange
capacity based on phosphate exchange is from [16], and surface areas are from [17].



through both the increase in particle volume and the release of particles into fluid flow resulting in an
irreversible plugging of pore throats in the soil matrix [12].

4.2. Sand Relative to clays, coarse silica sands tend to be relatively permeable, well drained,
and inert.

4.3. Carbonates Even modest amounts of limestone or dolomite in soils will dissolve over time
to saturate associated groundwater. Dissolved carbonate will buffer the solution in the neutral to
alkaline pH range [18]. Exposure of this saturated solution to steel surfaces rendered alkaline by
electrochemical reactions induced by an effective cathodic protection system will precipitate hard
white carbonate scales (e.g., calcite or dolomite) on the metal surface. These scales are strongly
adherent and form an impermeable protective layer that indicates both effective cathodic protection
and negligible corrosion problems.

4.4. Evaporites Evaporation of ancient lakes and oceans has left massive deposits of precipitated
salts in some geographic regions. While construction directly in salt beds is a special situation, high
salinity salt seeps formed by dissolution of soluble salts into mobile groundwater affect soils more
broadly. Consequent increases in the electrical conductivity of the water in the soil system can
accelerate electrochemical reactions causing corrosion of steel directly exposed to the soil
environment [Fig. l(a)]. In contrast, the increased conductivity for electrolyte under failed coatings
can improve the penetration of effective cathodic protection potentials to the underlying steel
surface [19] minimizing corrosion or EAC damage in the scenario shown in Figure l(b).

5. Soil Profiles

Recent geological deposits or those just beginning to develop as soils lack a vertical profile and are
called entisols or inceptisols, respectively.

Mature mineral soils are vertically differentiated between the soil surface and underlying strata or
bedrock. Three general horizons can often be seen in the vertical profile [13]. At the top is the A or
eluvial horizon. The A horizon is in contact with the atmosphere and receives rainfall, nutrients,
and so on, from the surface environment. Biological activity and formation of humus are generally
focused here. Leaching by gravitational water removes soluble minerals from this zone concen-
trating less soluble, more stable minerals in this layer. The underlying B or illuvial horizon is an
intermediate zone that is often low in organics but is enriched by deposition of soluble minerals and
secondary transformation products from weathering reactions in the overlying layer. The C horizon
at the bottom of the sequence is largely composed of parent material unaltered by weathering and
hosts little biological activity. Each of these horizons can be further differentiated into subzones or
can be entirely missing from the sequence depending on local conditions and climatic factors.

The principal factors affecting the soil profile are temperature and rainfall. Increased temperature
can accelerate biodegradation of organic material, chemical reactions associated with weathering
and leaching of soluble minerals. Increased rainfall accelerates the leaching of soluble minerals
from the upper horizons in the soil profile. Carbonic acid dissolved in meteoric water drives the
conversion of key primary minerals into secondary ones, for example, the conversion of feldspars to
clays. The order of decreasing stability of common minerals under weathering conditions is iron
oxides, aluminum oxides, quartz, clays (kaolinites being more stable than illites, chlorites, or
montmorillonites), muscovite, potassium feldspar, biotite, sodium feldspar, amphibole, pyroxene,
calcium feldspar, and olivine [13].

6. Soils in Various Climates

Soil profiles are developed from parent materials in response to factors associated with climate. The
following selected cases illustrate some of the principles and processes outlined above.



6.1. Arid Regions In desert regions, low rainfall results in minimal leaching of soluble minerals,
and low organic loading. Such soils, known as aridisols tend to be light in color and rich in soluble
salts. Where interstitial water is retained in the soil matrix, it can be strongly saline. This can create
very aggressive soil conditions locally even in arid regions. Clays tend to be loaded with sodium
that is released by ion exchange when water is introduced to yield a solution that ranges from near
neutral pH when the prevalent anion is sulfate or chloride to strongly alkaline if carbonate salts
prevail [11,13].

6.2. Tropical Climates In contrast tropical or semitropical climates with high rainfalls leach
soluble minerals extensively from soil horizons. Warm temperatures promote the degradation of
organics thinning the top zone. The result is a red lateritic soil rich in iron and aluminum oxides
underlying a thin veneer of humic material. These soils tend to be very acidic and are called oxisols
[11,13].

6.3. Temperate Zones In temperate zones, a range of soil profiles can be found that depend in
part on the extent of rainfall experienced. Mollisols occur where rainfall is modest, thick top soils
accumulate, prairie grasslands being typical. Alfisols are slightly wetter, more acidic soils that
occur on the wetter borders of grasslands, while ultisols in even wetter, wanner regions show more
clay accumulation in the B horizon.

6.4. Arctic Conditions Arctic regions are represented by vast areas of tundra. Freeze-thaw cycles
result in the mechanical weathering or disintegration of parent rock. These cycles can also alter soil
structure and sort soil components. Low temperatures result in the accumulation of thick organic
layers.

Heaving during freeze and thaw cycles can displace buried steel structures. One study has
reported effects seen on a length of pipe buried in sand and in silt under controlled conditions [2O].
During freezing in silt, ice formed beneath the pipe that left a cavity running along the length of the
pipe on thawing. This would generate a discrete channel for groundwater flow in the field. In such a
situation, the composition of water in contact with exposed steel surfaces might be different to that
expected for the local soil environment [Fig. l(a)].

Permafrost found in arctic and antarctic regions underlies up to one quarter of the earth's land
area. Permafrost is ground remaining at or below O0C. It may consist of cold dry earth; cold wet
saline zones (called talik); icy lenses or ice cemented earth and rock. Unfrozen saline zones may be
of special interest in terms of corrosion scenarios seen on buried steel structures. These arise by
exclusion of soluble salts from ice as crystals form. This concentrates salts in the remaining unfrozen
solution [10, 2O]. In coarse soils where migration of soil water is relatively easy, unfrozen, high
salinity zones can appear as thick layers (called cryopegs). In fine-grained matrices where transport
is more constrained, near microscopic pockets of unfrozen saline water are often found.

C. INSTALLATION SCENARIOS

The manner in which steel structures are constructed can lead to different scenarios even in similar
soil. For example, steel structures can be

Driven into ground (e.g., piles).
Installed in excavations and then buried with backfill (e.g., most pipeline construction).
Inserted into predrilled shafts or horizontal tunnels (e.g., trenchless pipe installation).

In the case of driven piles, the soil profile is left largely undisturbed except for compaction around
the structural unit being pounded into the ground. This can reduce the permeability of the soil matrix
adjacent to the steel slowing the ingress of oxygen from the atmosphere and forcing an intimate



contact between the steel and soil. Romanoff [21] concluded from a study of 19 installations in
service for 7 to 40 years that corrosion on steel pilings driven into undisturbed soil was insufficient to
affect the strength or useful life of the load bearing structures. Soil conditions aggressive to steel
buried under disturbed conditions were not corrosive to steel pilings in undisturbed soil. Corrosion
was found to be variable but not serious above the water table [21,22] and negligible below the water
table. Correlations between soil properties and corrosion developed for buried steel structures were
of no practical value in predicting the corrosion of pilings.

In the second installation method, the backfill used to bury the structure can be a jumble of
various soil horizons and debris that requires extended periods of time to settle and resume
development of a normal vertical profile. Even after many years, Harris [23] found that only the
surface zone of the backfill came to resemble adjacent undisturbed soil. The zone above the pipe
remained more permeable, more biologically active and more heterogeneous than adjacent soil at the
same depth. The increased permeability allowed increased oxygen penetration into the soil matrix
and provided drainage paths for gravitational water. At and below pipe depth, moisture content in the
backfilled trench exceeded that of adjacent soil with free water being found in some cases. This could
make measurement of bulk soil properties deceptive in terms of predicting the chemistry occurring at
the steel surface. For pipeline construction today, top soils are purposely separated from other
horizons during excavation and are restored as the covering layer after burial. This minimizes burial
of organic rich soil at pipe depth and allows rapid revegetation of the soil surface. Burial of organic
materials can promote bacterial activity in the soil adjacent to buried structures fostering microbially
assisted corrosion scenarios in a zone that would be otherwise deprived of organic nutrients [24].

The third installation method can leave gaps between the steel surface and soil matrix. The influx
of meteoric water or surface water and direct interaction with the atmosphere become possible. In
this situation, bulk soil properties again may not reflect conditions at the metal surface.

D. FACTORS THAT INFLUENCE CORROSION IN SOIL

1. Soil Type

Many potential consequences of soil properties have already been noted in the foregoing discussion
of soil particle size distribution, organic content, mineralogy, and structure.

In general, the soil structure and particle size distribution determine the physical properties of the
matrix such as its permeability. Permeability in turn controls the rate of movement of fluids or gases
through the matrix. Hence, soils made up of a broad distribution of small size particles such as clay
are restrictive while well sorted coarse sands allow much greater flux and exchange. Capillary forces
in low permeability soils also draw groundwater in to form a water saturated zone. This effectively
raises the local water table and creates an effective barrier to the movement of gases that must
dissolve and travel in the continuous water phase. One key consequence is the restriction of oxygen
access from the atmosphere to a buried structure. Exchange of water in contact with the buried steel
surface with gravitational water or groundwater [Fig. l(a)] can also be limited allowing the local
environment to develop its own composition as events on the steel surface proceed.

Clays of the montmorillonite or smectite group can exert physical force on underground
structures by their ability to adhere to coating or steel surfaces and through volume changes related
to the swelling and shrinking caused by hydration effects or ion exchange [14]. As noted previously
consequent coating damage can allow water to reach the steel surface [Fig. l(b)] providing the
opportunity for corrosion or EAC to develop.

Soil mineralogy plays a key role in the chemistry of associated groundwater. Clays especially
montmorillonites support the adsorption and exchange of both cations and anions (notably
phosphate). These clays also buffer groundwater pH and poise the oxidation-reduction potential
(ORP) of the soil, water system. A detailed discussion of how soil influences groundwater com-
position can be found in Stumm and Morgan [14].



Soil type and the position of a buried structure in the soil profile influences biological activity.
Arid soils, low in water and organic matter, support little microbial activity relative to moist organic
rich soils. In the latter case, aerobic microbiological activity is focused in the decaying organic
matter on top of the soil and in the rhizosphere around plant roots. Other microbiological processes
that use nitrate, sulfate, carbon dioxide, or various metal cations (Fe3+, Mn4+) in place of oxygen are
found in more reducing conditions [25]. These tend to develop deeper down in the soil as aerobic
processes in overlying zones consume oxygen. Certain microorganisms active in the sulfur cycle,
such as the anaerobic sulfate reducing bacteria can be especially important in the corrosion of steel.
In mineral soils, organic nutrients become limiting and microbial numbers fall off rapidly with depth
[17]. Organic matter mixed in the backfill around a buried structure or even organic components of a
protective coating system can become the focal point for microbiological activity [26].

2. Moisture Content and the Position of the Water Table

The presence of moisture in the soil is a key requirement for corrosion [27]. The position of the water
table also influences the nature of the corrosion process as it can determine rates of oxygen transport
in the soil [28, 29]. The position of the water table may also vary seasonally and this in turn may
influence the nature of the corrosion process occurring on the buried structure. There are essentially
three sources of water in soil [Fig. l(a)]. Gravitational water in soil is derived from precipitation
(rainfall or snow), capillary water is held within the capillaries of soil particles and groundwater,
which is the result of accumulation of gravitational water at the water table [27].

The water table is the top of a water saturated zone where water forms the continuous phase in the
soil matrix. It rises and falls seasonally with precipitation. Capillary effects in the soil matrix also
influence the height of the water table. High capillary forces associated with low permeability silts
and clays draw the water table up nearer to the surface of the soil. Local variations in soil
composition mean that the top of the water table is not flat but rises and falls in a zone sometimes
referred to as the capillary fringe [Fig. l(a)].

In terms of corrosion Booth et al. [3-5] determined that a soil moisture content of > 20% can be
potentially aggressive toward corrosion of carbon steel and was likely to result in general corrosion.
Moisture contents of < 20% would often result in pitting corrosion, whilst dry soils were not of
concern with respect to corrosion.

These observations may be explained as a result of differential aeration processes as described by
Durr and Beavers [28]. The moisture content and position of the water table will influence the
diffusion of oxygen into the soil. In saturated stagnant soils, anaerobic conditions may become
established, oxygen transport will be low, and the corrosion rate of a buried metal (in the absence of
microbial influence) will be low.

Terrain surrounding a site of interest can influence conditions in the underground environment.
For example, a distant impermeable barrier could block the drainage through a permeable zone
creating a perched water table and water saturated conditions not normally expected for the local soil
type. Topography must be considered in assessing a particular location regardless of soil type.

3. Soil Resistivity and Soluble Ion Content

In general, it is believed that as soil resistivity becomes lower (i.e., groundwater becomes saltier
and more conductive) then corrosion of a buried metal becomes faster. However this dependency is
only true for metals that are not subject to cathodic protection. Cathodic protection also becomes
more effective as the resistivity of the soil becomes lower. In the case of buried pipelines coated
with polyolefin tape products it has been shown [19] that penetration of effective cathodic
protection potentials under a shielding disbondment is limited in part due to the conductivity of
the water trapped under the coating [Fig. l(b)]. As the conductivity of the trapped water
increases cathodic protection will penetrate further under the coating and arrest corrosion on the steel
surface.



TABLE 2. Classification of Soil Corrosivity Based on
Resistivity"

Resistivity Range (17cm)

0-1000
1001-2000
2001-5000
5001-10,000
10,001 +

Corrosivity

Very severe
Severe
Moderate

Mild
Very mild

"See [3O].

For unprotected steel exposed to soil, Booth et al. [3-5] suggested that a soil was corrosive if the
soil resistivity was less than 2000 Hem and noncorrosive if the resistivity was > 2000 Ocm. Palmer
[30], as shown in Table 2, gave a more refined classification of soil corrosion based on soil resistivity.

Miller et al. [31], Kulman [32], and others [27] proposed similar classifications to those presented
in Table 2. While all agree that lower resistivity leads to accelerated corrosion, the actual values used
to categorize soil corrosivity differ. Others suggest that corrosion by soil can be divided into
microgalvanic cell corrosion leading to general corrosion and macrogalvanic cell corrosion leading
to localized corrosion. Low resistivity leads to acceleration of the latter type of corrosion but it does
not affect the former type of corrosion.

Soluble ion content of the soil has a direct impact on the resistivity of the soil. An increased
soluble ion content will decrease the soil resistivity, which in turn for unprotected metals will
increase the corrosion rate. However, certain ions will have the opposite effect. For example, calcium
and magnesium ions tend to form insoluble carbonate deposits at the metal surface so that in soils
that are rich in minerals such as limestone and dolomite calcareous deposits can form at the metal
surface resulting in a lowering of corrosion rate. This is even more pronounced for cathodically
protected metals in carbonate rich environments.

In some locations, salt seeps can be encountered that can be highly concentrated in sodium,
chloride, and sulfate ions. Such locations have very low resistivity and can be potentially very
aggressive with respect to metallic corrosion on unprotect steel surfaces.

4. Soil pH

The pH of soil will generally fall within the range 3.5-10. Soils containing well humified organic
matter tend to be acidic. Mineral soils can become acidic due to leaching of basic cations (Ca2+,
Mg2+, Na+, and K+) by rainwater and as the result of dissolving of carbon dioxide into the
groundwater.

The corrosion of iron as a function of pH increases considerably at pH values < 4, but passivation
occurs at high pH values [33]. In contrast to iron, amphoteric metals, such as aluminum, which are
protected by oxide films, can be rapidly corroded in alkaline soils with high pH values as well as in
acidic environments.

King [34] developed a nomogram that combined the influence of resistivity and pH on the
corrosion of steel (Fig. 4) but cautioned that the figure should only be used as a guide. The nomogram
ignores the influence of both oxidation-reduction potential and microbial activity, key parameters in
underground corrosion. It may be best applied to the prediction of corrosion rates in aerobic
conditions.

5. Oxidation-Reduction Potential

The ORP of soil is the potential of an inert electrode such as platinum, with respect to a reference
electrode such as copper/copper sulfate or saturated calomel. It is not a measure of the oxygen
concentration but rather an indication of the oxidizing or reducing capacity of the soil. Under aerobic
conditions oxygen content of the soil will be high and the ORP will be more positive than that



FIGURE 4. Nomogram relating soil resistivity, pH, and corrosion rate for steel pipe in soil [34].

measured for an anaerobic soil. In an anaerobic soil, electron acceptors other than oxygen determine
the ORP of the soil. The ORP is somewhat of an abstract value but research and field evidence have
indicated that it can be used with some success to help in prediction of soil corrosivity.

Starkey and Wight [2] determined a classification of soil corrosivity based on redox potentials as
shown in Table 3.

Booth et al. [3-5] developed a similar classification scheme . In this work, soils were considered
aggressive if the ORP reading was <0.4 V (NHE at pH 7.0) and nonaggressive if the ORP was
> 0.4 V (NHE at pH 7.0).

The general conclusion made in these systems is that aerobic soil conditions are relatively benign.
More severe damage is seen under anaerobic conditions. This observation is at least partly explained
by the potential for anaerobic microbial activity in soils with a low ORP.

6. The Role of Microbes in Soil Corrosion

Microbiologically influenced corrosion of iron based materials in soils has been well documented.
While numerous scenarios have been described, two are particularly associated with the corrosion of
buried line pipe.
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TABLE 3. Classification of Soil Corrosivity Based on
Oxidation-Reduction Potential0

ORP Range (mV) b

<100
100-200
200-400
>400

Degree of Corrosion

Severe
Moderate
Slight
Noncorrosive

"See [2].
*The ORP value is corrected to the normal hydrogen electrode (NHE) scale
at a pH 7.0.

As long ago as 1934, sulfate reducing bacteria were identified as being responsible for severe
corrosion damage observed under anaerobic conditions in wet, black soil [35]. These organisms
reduce groundwater sulfate to sulfide as part of their anaerobic metabolism and cause the
precipitation of black iron sulfides associated with severe corrosion on pipeline systems. These
bacteria can derive energy for growth and metabolism by coupling the oxidation of molecular
hydrogen to sulfate reduction [36]. Hardy [37] has shown that sulfate reduction can be stimulated by
cathodic hydrogen formed on metal surfaces.

A scheme for the corrosion mechanism is shown in Figure 5. A galvanic couple formed between
steel and microbially produced iron sulfide is sustained by the removal of electrons possibly in the
form of cathodic hydrogen from the iron sulfide matrix by these bacteria. This prevents saturation of
the iron sulfide with electrons and leads to further iron sulfide production, which in turn further
extends the corrosion cell [38, 39]. The amount of iron sulfide present determines the rate of
corrosion observed in the lab experiments [4O]. Field observations reported as early as 1940 support
an increasing pitting rate correlated to the amount of iron sulfide present [41] consistent with this
mechanism.

This scenario is anticipated in anaerobic environments with pH and ORP favorable to the
development of sulfate reducing populations [17, 25, 36]. Water saturated clay rich soils provide
suitable conditions [27]. Organic coating components and the availability of cathodic hydrogen
derived from the steel surface can foster microbial growth and activity [26, 37].

GALVANIC
COUPLE

BACTERIAL
ENHANCEMENT

Overall Reaction:

FIGURE 5. Corrosion mechanism for microbially influenced corrosion involving anaerobic sulfate reducing
bacteria [38].
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Pope et al. [42] identified a second biologically influenced corrosion scenario with the discovery
of high concentrations of organic acids in corrosion products taken from damaged pipe surfaces in
the field. These are generated by so-called acid producing bacteria (APB). Unlike sulfate reducing
microbes, anaerobic conditions are not a prerequisite for activity of these bacteria.

E. FIELD OBSERVATIONS

Kulman [32] compared 5 years of leak data for New York City gas mains with the seasonal variation
in soil parameters. Increased soil moisture, decreased aeration, and an increase in the proportion of
anaerobic soil bacteria were found to correlate with the maximum monthly frequency for leaks
caused by the underground corrosion cycle. In a program of 472 excavations carried out through the
1940s, severe corrosion was found at 185 sites. Of these excavations, 103 of them were in clay soil
and ferrous sulfide was found in 81% of the sites. In contrast, soil properties including the
concentration of soluble sulfate, the number of sulfate reducing bacteria and the soil pH failed to
show any correlation with corrosion behavior.

Jack et al. [43] studied the corrosion of line pipe steels over a number of years in a variety of
prairie soils in Alberta, Canada. At least six scenarios could be identified from the analysis of
indicator minerals present in the corrosion products (Table 4). Primary sites were those that showed
evidence of only one corrosion scenario. Secondary corrosion sites showed evidence that a change in
conditions had altered the corrosion scenario. Sites where sulfate reducing bacteria were involved
in either the primary or secondary scenario suffered the most severe damage. Laboratory studies
for these six scenarios showed that corrosion rates ranged from 0.01 mm/year in sustained anaerobic
conditions to rates of 1 mm/year where secondary oxidation of an anaerobic SRB scenario
occurred [44].

R CHARACTERIZING SOILS

1. Soil Probes

The likely rate of corrosion of underground corrosion can be assessed in terms of the soil pH,
resistivity, temperature, and redox potential. A number of probes have been developed for field
measurement of these parameters.

TABLE 4. Corrosion Scenarios Identified on Pipelines in Soils in Alberta0

Corrosion Scenario
(% of sites examined)

Primary aerobic corrosion (3%)

Primary anaerobic corrosion (29%)
Primary anaerobic microbial corrosion

(SRB) (27%)
Aerobic site becomes a secondary anaerobic

microbial (SRB) Site (3%)
Primary anaerobic site becomes aerobic (21%)
Anaerobic microbial (SRB) site becomes

aerobic (17%)

Typical Corrosion Deposits

Various iron(III) oxides including: Fe3O4

(magnetite), a-FeOOH (goethite), y-FeOOH
(lepidocrocite), Y-Fe2O3 (maghemite), Fe2O3

(hematite)
FeCO3 (siderite)
Siderite + amorphous "FeS", mackinawite (FeS),

greigite (FeS)
Mackinawite (FeS), pyrite (FeS2), marcasite

(FeS2) + iron(III) oxides
Siderite -f various Iron(ni) oxides
a-FeOOH (goethite), y-FeOOH (lepidocrocite) +

elemental sulfur

a See [43].
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FIGURE 6. Comparison of soil ORP readings with the occurrence of stress corrosion cracking observed along
a pipeline [5O].

Starkey and Wight [45] and Deuber and Deuber [46], in association with the American Gas
Association, developed the first probes for field measurement of redox potential along pipeline right
of ways. Costanzo and McVey [47] developed this probe further. Their probe consisted of two
platinum electrodes coupled to a saturated calomel reference electrode. A similar probe for field
determination of redox potentials was developed by Booth et al. [3-5]. A more comprehensive probe
was patented in Japan [48].

In 1992, Wilmott et al. [49] reported the development of a new soil probe that could be used to
determine soil pH, resistivity, redox potential, temperature, and pipe to soil potentials. This probe has
been used in the characterization of buried pipeline environments associated with external corrosion,
stress corrosion cracking, and external hydrogen induced cracking. In most cases, it has been found
that the soil redox potential and resistivity are important parameters in determining the nature of the
scenario that is found at a given location. As an example, Figure 6 shows the incidence of SCC on a
pipeline as a function of distance and on the same plot shows the ORP reading with distance.

The seasonal variation in soil parameters can be significant. Soil readings for resistivity, ORP, and
moisture content were monitored monthly for 87 sites in the United Kingdom. These readings were
then used to classify the sites as aggressive or nonaggressive according to the scheme of Booth et al.
[5]. In only about one-half of the sites did the monthly readings consistently result in the same
diagnosis. In 5-9% of the sites, an individual monthly reading had a 50% or more chance of giving
an incorrect diagnosis relative to long-term site behavior. These observations led to a recognized
need to take as many measurements as possible and to use seasonally averaged values to predict the
soil corrosivity [5].

One way of characterizing a site more reliably over its seasonal variations is to use permanent soil
probes. Recently, Gabrys and Van Boven [50] reported such a study. The probe used was based on the
principles of that reported by Wilmott et al. [49] but was designed to be permanently buried. It is
being used in conjunction with corrosion coupons to monitor seasonal variations in cathodic
protection, environmental parameters, and associated corrosion rates for pipeline steels. A second
approach to soil corrosivity mapping was recently reported by Wilson et al. [52] in New Zealand.
These researchers developed a probe, which can be used for measuring corrosion potential, corrosion
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rate and soil resistivity as a function of time and probe depth. Again the aim of this research is to
monitor seasonal variations in parameters associated with corrosion of buried metals.

Geotechnical engineers have also developed a number of tools that should be useful in chara-
cterizing soil corrosivity. These probes are commonly called Cone Penetrometers and were initially
designed to measure soil mechanical properties. Adaptations of such devices have allowed deter-
mination of resistivity, pH and redox potentials [53-56].

Soil probes provide an essential insight into local conditions adjacent to a buried structure.
Disturbed soil, perched water tables, groundwater flow through gaps generated by installation, or
freeze thaw cycles as well as other local effects can preclude the reliable correlation of local soil type
with the probability of corrosion behavior at a specific site. Soil probes can characterize the
environment at the buried metal surface where the bare metal is in direct contact with the soil [Fig.
l(a)] and provide the data needed to assess likely corrosion rates without excavation.
Characterization of environments under defective coatings in the scenario illustrated in Figure
l(b) is more problematic and will require further research effort to understand how this environment
evolves based on background soil and groundwater characteristics.

G. MSK ASSESSMENT MODELS

Having assayed parameters that can influence corrosion and cracking scenarios on buried structures
the question arises as to what to do with the information that is gathered? The goal of soil corrosivity
mapping should be to enable development of models that can ultimately be used to identify specific
sites and would be susceptible to a given corrosion or cracking scenario. Such models should help
prioritize maintenance and inspection activities.

Risk assessment and risk management processes are increasing in popularity, particularly in
the pipeline industry, as a means of prioritizing pipeline hazards and identifying cost effective
maintenance actions. There are a number of components to this process.

Identification of all likely hazards.
Determination of the probability of failure from each hazard.
Prioritization of pipeline segments based on risk (including consideration of consequences).
Optimization of maintenance activities to reduce overall risk.

In the case of SCC, Marr and Associates, in conjunction with TransCanada Pipelines LTD,
developed a predictive model that is used to identify and rank areas along a pipeline that are most
likely to develop SCC [57, 58]. Wilmott and Sutherby [58] reported on a fault tree analysis that can
also be used to identify locations of high SCC susceptibility. The factors employed in these models
include the following;

Type of coating.
Year of pipeline construction.
Pipeline operating conditions.
Soil type, drainage, and topography.

The models help to prioritize inspection activities in an attempt to reduce the probability of SCC
failure for a given pipeline.

In terms of external corrosion of pipelines, risk management has been addressed in a number of
articles [60,61] and a textbook has been written by Muhlbauer [62]. The processes employed in such
analyses range from indexing methods [62] through to more complex decision analysis frameworks
based on influence diagrams [6O].



H. SOIL EFFECTS ON CATHODIC PROTECTION AND COATINGS

Cathodic protection and protective coatings are used to prevent the external corrosion and EAC of
buried steel structures [9]. Either method on its own can effectively protect steel in the underground
environment. Used together the coating can reduce the cost of cathodic protection while the cathodic
protection system can protect steel surfaces exposed to the soil environment through coating damage
or defects.

Occasionally, soil conditions can compromise the performance of cathodic protection. For
example, the electrical conductivity of the soil is a key factor in the design of an appropriate cathodic
protection system. Poor design or an unexpected increase in soil resistivity brought on by drought or
other factors can result in a loss of effective protection at buried steel surfaces.

Coating damage or defects can create the opportunity for corrosion or EAC on buried steel
surfaces by allowing water to reach the steel surface [Fig. l(b)] in the absence of effective cathodic
protection. One example of this occurs where soil stress has pulled a polyolefin tape wrap coating off
the steel surface. The electrical insulating ability of the disbonded tape effectively shields the
underlying steel surface from effective cathodic protection allowing metal damage to proceed at
essentially the freely corroding potential [19]. This scenario is most common in high clay soils and in
locations where soil movement or extensive settling occurs. High temperatures or excessive
cathodic protection potentials can accelerate coating disbondment. In another scenario, coating
materials including polyvinyl chloride, asphalt or coal tar can suffer a loss of integrity in service
through removal of coating components by water leaching, oxidation, or biodegradation. High
temperatures can again accelerate coating deterioration. The resulting increase in coating
permeability allows water access to the underlying steel surface. If the permeable coating holds
water on the steel surface during dry spells when the surrounding backfill dries out and cuts off
effective cathodic protection corrosion and EAC can occur. Examples of both these scenarios have
been seen in the field.

L SUMMARY

Early work correlating readily measured soil parameters with the degradation of buried materials has
provided simple models for soil aggressivity. These models provide general guidance for materials
selection and for the location and design of underground systems.

As scientists and engineers learn more about the role of soil in corrosion and environmentally
assisted cracking processes it becomes apparent that, while useful generalizations regarding the
corrosivity of various types of soil can be made, the underground environment can be complex. A
simple, unified theory describing all soil conditions and the resulting corrosion processes is
unlikely. Corrosion in soils is a multivariate problem that requires an understanding of chemistry,
geology, materials science to name but a few topics. No single unified process for assessing
soil corrosivity has been or is likely to be developed. Direct measurement of soil parameters
in disturbed soil adjacent to buried steel structures can improve understanding of site specific
conditions; however, a better understanding of corrosion and EAC mechanisms is needed to
refine the linkage between conditions in the surrounding soil and events on a buried steel
surface. Where protective coatings have failed in a way that allows water to access the underlying
steel surface in the absence of effective cathodic protection, it becomes even more difficult to
make this link. An understanding of how coatings fail and the consequences in terms of
conditions developed at the steel surface in various soil environments becomes a key issue for
future work.

The ability to predict the probability of corrosion or cracking damage on a site specific basis is
important for the ongoing maintenance of a reliable pipeline infrastructure. Risk management tools
are being developed to prioritize effort in both the maintenance and inspection of aging systems to
ensure their safety and reliability cost effectively.
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