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Abstract: Corrosion of buried infrastructure,
such as pipelines, is an issue that leads to significant
economic loss. Corrosion induced pipe failures are
increasingly encountered by water utilities with
aging pipe networks around the world. Macro
corrosion cells formed due to differential aeration in
soil are known to cause significant levels of localised
patch corrosion, which can lead to the loss of
structural integrity of buried pipelines. This paper
presents a finite element model developed using
COMSOL Multiphysics® software to identify and
characterise regions experiencing high levels of
underground corrosion due to differential aeration.
Electrochemical reactions on the pipe surface are
coupled with the reactant transport mechanisms -
through the soil to the pipe depth. Closed form
equations are used to characterise the electrical and
mass transport properties of the three-phase soil
medium using common soil parameters that include
porosity and the degree of saturation. The present
model enables a study of the effects of variations in
soil properties and external conditions on pipeline
corrosion. Model results agree well with results
presented in the literature and case studies conducted
at pipe failure sites in the field. It is envisaged that
the model developed herein will enable the water
utilities to develop predictive tools that may be useful
in condition assessment.
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1  Introduction

In a practical sense, it is difficult to locate and predict
regions of buried pipeline undergoing corrosion, due
to lack of access to the underground asset, and
usually, a lack of information related to the asset
condition. Furthermore, it is challenging to develop
empirically based predictive lifetime equations
owing to the difficulty in collecting sufficient data
over an asset lifetime that are both accurate and span
the range of relevant variables. To circumvent these
problems, empirical and statistical methods have
been previously used to characterise underground

corrosion[1],[3],[4]. However the accuracy of these
methods also relies on actual data and field
observations. These challenges have necessitated a
method to locate and predict the condition of a buried
pipeline  without physical exhumation and
examination. With an understanding of soil as an
electrolyte and the mechanisms involved, the
electrochemical theory can be used to characterize
corrosion in soils[4]. Past research and field evidence
show that the level of aeration of soils, and in
particular the differences in aeration, plays a
significant role in the rates of underground
corrosion[1],[4],[5]. The soil properties controlling
aeration including porosity and saturation control
secondary properties such as resistivity which, when
used as the sole indicator for underground corrosion
has shown limited success[3], [6]. Therefore a model
taking into account the direct and consequential
results of soil aeration may solve the problems
encountered in soil corrosion. This paper presents a
finite element model developed using COMSOL
Multiphysics® to  characterize  underground
corrosion influenced by differential aeration and its
long term effects. This model couples together
mechanisms of diffusion control, active area and
corrosion product dynamics to demonstrate the
detrimental long term effects of underground
corrosion due to differential aeration.

2 Differential Aeration and underground
corrosion
The spatial separation of regions on a metal surface
with different surface potentials results in the
formation of macro corrosion couples. Macro
couples could arise from variations of several soil
properties from which differential aeration takes a
significant role[1],[4],[6]. The formation of insoluble
corrosion products creates a shielding effect[4], [8]
and also passivates the metal thermodynamically[9],
selectively restricting the anodic reaction eventually
leading to macro cell formation. This means that
spatial variations in soil properties controlling
aeration including porosity and degree of saturation
can result in the formation of corrosion cells. In
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addition to the soil properties, external features that
promote or inhibit soil aeration could also result in
the formation of differential aeration cells.
Impermeable covers such as surface paving,
driveways and the presence of vegetation and root
zones can be cited as examples. Once formed, the rate
of corrosion in a differential aeration couple could be
significantly increased by a high ratio of cathode to
anode surface area as it increases the corrosion
current of the cell[1], [5]. Over long periods of time
such localization of the corrosion reaction lead to
corrosion patch formation and it has been shown that
these corrosion patches are responsible for most pipe
failures[10], [11].

3 COMSOL Multiphysics® Simulation

3.1  Model development

A 3D model geometry was created to simulate a
section of pipe running through a block of soil with
an impermeable cover over half of the ground surface
exposed to the atmosphere. This is achieved by
imposing a constant concentration boundary
condition on one half of the top surface of the block.
This illustrates a situation similar to a pipe running
through a driveway which restricts the diffusion of
oxygen to the pipe lying in the covered region thus

promoting the formation of a differential aeration cell.

The soil block has dimensions 10x3x3 m and the pipe
is of diameter 0.3m lies at a depth of 1m below the
surface. Physics dependent meshing was chosen with
a finer element size close to the pipe surface.

Figure 1: Model geometry showing covered region
(depicted by the red shading) and pipe running through

Iron being the major constituent of pipeline alloys
including cast iron, ductile iron and steel, the anodic
reaction is considered to be the oxidation of iron.

Fe - Fel+2e” 1)
Most soils having neutral to basic conditions, the
cathodic reaction was considered to be the reduction
of oxygen[4].

0, + 2H,0+ 4e~ » 4 (0H)” )

For underground corrosion, the anodic reaction is
under activation control and the cathodic reaction is
under concentration control[4]. Hence the
corresponding current densities for the above two
reactions are expressed using Tafel laws as,

NFe
ipe = lop, X 104Fe ()
for the anodic reaction and,
Coz 102
[ = — [ Ao2
io2 conref X ip,, X 10 4

for the cathodic reaction, where i,, and iy, are the
respective exchange current densities. The
concentration polarization effect is included in the
cathodic current density expression as described by
Kranc and Sagues[12] where C,,is the concentration
of the diffusing oxygen and C_O2_ref is the
reference oxygen concentration (atmospheric). Ag,
and A, are the Tafel slopes and 7, and n,,are the
respective over-potentials given by,

Npe = — ¢y — Eequ 5)
and
Noz = — 1 — Eeqoz (6)

where, is the electrolyte potential of the soil medium
and E.qp, and E.qr. are the equilibrium potentials
for the cathodic and anodic reactions respectively.
The Tafel slopes and the other polarization
parameters were sourced from literature. The above
equations were included as boundary conditions in
the secondary current distribution physics interface
in COMSOL Multiphysics®.

3.2 The soil electrolyte

Soil is a heterogeneous medium with three different
phases-solid, liquid and gas with the solids forming a
capillary-porous structure and the liquid and gas
occupying the pore network. The soil properties such
as porosity, degree of saturation, level of compaction
will change the properties of this three-phase
electrolyte and will reflect in the level of corrosivity
of the soil. Soil resistivity or conductivity is used to
characterize the soil as an electrolyte which is also
the chosen parameter associated with soil corrosion
in many studies[3], [13]-[17]. To characterize soil as
an electrolyte in the model, The closed form equation
developed by Mualem & Friedman[18] which builds
upon previous work by Rhoades et al.[19] was used
for this work. The equation for the bulk soil solution
EC, defined as,

9n+2
EC, = ECy.5 @
sat
where, EC,, is the electrical conductivity of the bulk
soil solution, EC,,, the conductivity of the pore water

and n, the porosity. 8 and 6,,, are the volumetric
water content of the soil and the saturated volumetric
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content, corrected for bound water so that,
6 = ©® — 0,. The volumetric water contents in this
equation were written in terms of the soil porosity
(n) and the degree of saturation (S,.) as follows and
was input into COMSOL® as an analytic function.

_ n+2
EC, = EC,,. 5% (8)

n—0q
The function is called to define the electrolyte
conductivity based on soil properties and is used in
running parametric sweeps for different situations.

3.3 Oxygen diffusion and cathodic control

In most natural soils metal corrosion proceeds chiefly
through cathodic control, as a result of the limiting
oxygen transport to the metal surface[4]. Under
isobaric and isothermal conditions, the dominant
mode of transport of oxygen in soil is diffusion[4].
Diffusion is modelled using Fick’s laws with an
effective diffusion coefficient adjusted for tortuosity
factors and the reduction in cross sectional area
available for diffusion due to the porosity and
moisture content of soil. The Millington & Quirk
model[20] for unsaturated soils, although widely
accepted, considers diffusion only through the air
filled pores, and neglects the water phase diffusion.
Although very small when compared to the diffusion
in the air phase, the diffusion of oxygen through
water also could contribute to the corrosion process.
Aachib et al. [21] proposed the following model
including the diffusion through both phases.

D, = 5; D65, + HDY6;,,] ©)
where, D, is the effective diffusion coefficient in
both phases, D2, the diffusion coefficient of oxygen
in free air, D), that of free water 6, , and 6,,, are
volumetric air and water contents respectively and H
is Henry’s equilibrium constant and p is a calculated
or approximated exponent. As in the previous case
the volumetric water and air contents were written in
terms of n and S, to give the following equation.

D, = ;- [D(n(1 = 5,))" + HD}(n$,)?] (10)
This equation too was used as an analytic function to

be called to define the soil property dependent
oxygen transport properties.

3.4 Active area of corrosion

The interface of the soil and the corroding metal is
heterogeneous and the corrosion reaction occurs only
at the areas in contact with the electrolyte. This is
termed the active area and has been shown to be
directly proportional to the bulk soil conductivity[22],
[23]. The reason for this is that, the anodic reaction
of iron dissolution needs an aqueous medium and
therefore occurs at the regions of electrolyte contact.

Lower degrees of saturation would lead to low active
areas and full saturation would lead to the highest
active area, being the same as the original area of the
surface. Therefore, the corrosion rates that are
measured in electrochemical experiments need to be
corrected based on the active area. Dang et al.[22]
showed  using  electrochemical  impedance
spectroscopy (EIS) that the electrical conductivity is
proportional to the active area and used it to correct
the measured corrosion rates. Without active area
being considered, the computed corrosion current
density is assumed to be distributed over the entire
surface of the electrode. This is an over estimation of
the experimentally measured current density. Thus,
to model the current density obtained experimentally,
the true current density needs to be adjusted for active
area using conductivity ratios. This modification as
described by Dang et al.[22] was included in the
anodic current density term.

4 Corrosion products and time-dependent
behaviour

The current densities are related to the change in

mass of charged species according to Faraday’s law

of electrolysis. Hence, the molar flux of iron lost by

corrosion is given by,

_ —VfelFe
Np, = —rete (12)
And the molar flux of (OH)" is given by
Noy_ = —‘”;::T- (12)

where F is Faraday’s constant and ng, and n,,_ are
the number of electrons involved in the respective
redox reactions. —vp, and —vyy_ are the
stoichiometric coefficients for respective reactions.
The above fluxes can be converted to a thickness
given the density and molar mass of the species
involved. Thus the loss of iron due to corrosion is
modelled as a decrease in thickness while the
corrosion product deposition is modelled as an
increasing thickness of the electrode. The corrosion
product was considered to be Iron Il Hydroxide
(Fe(OH)3) or hydrated iron oxide (Fe2O3.H,0) which
is commonly identified as a reddish brown deposit in
corroding iron[4], [9], [24]. This product is formed
by the following reactions

Fe?t + 2 (0OH)™ = Fe(OH), (13)
Fe(OH), + (OH)™ = Fe(OH);+ e~ (14)
The loss of metal was calculated based on the current
density of the anodic reaction (equation 1) while the
corrosion product deposition was calculated from the
(OH)™ current density the cathodic reaction (equation
2). The stoichiometric coefficient (v,y_) for the
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cathodic reaction molar flux was taken to be that of
Fe(0OH); formation from the above reactions
(equations 13 and 14). Hence the rate of thickness
gain or loss of products in meters per second is,

_ Npempe
VFe - (15)
PFe
_ NoH MFeoH3
VFeOHS - (16)
PFeOH3

where Mg, , Pre aNd Mpeons, Preons are the molar
mass and density of the iron and iron 111 hydroxide
respectively. Passivation of the metal surface was
modelled as a result of the shielding effect of
corrosion products in a similar approach to that taken
by Chang et al [24]. Chang et al used the surface
coverage of iron hydroxide corrosion products to
weight the contributions of active and passive current
densities. In the present work, the effect of
passivation was included by a sigmoid function
modifying the anodic current density depending on
the thickness of the corrosion product layer formed.
As a rough approximation, the hinge point of this
sigmoid function was chosen to be 1mm, thus
diminishing the corrosion rate for corrosion products
in a macro scale. The thickness of the Iron Il
hydroxide layer formed is a time dependent quantity
calculated by integrating the rate of growth of
Fe(OH); over time.

With the above relations given as inputs, the soil
medium is characterized using the degree of
saturation and the porosity, and the time dependent
with initialization solution method in COMSOL was
used to calculate the electric potential distribution,
oxygen concentration and the resulting anodic and
cathodic current densities on the pipe surface. A total
time period of 5000 days (=14 years) was simulated,
allowing enough time for long term trends of
corrosion to develop. A parametric sweep was
performed for the degree of saturation S,., varying it
from 0.1 to 0.9 with a 0.1 increment.

5 Results and Discussion

Time dependent trends of electrolyte potential and
current, and the electrode potential showed the
formation of a macro corrosion cell due to the effect
of differential aeration. The results are compared in
the region covered by the impermeable barrier, and
the region which is open to the atmosphere, hereafter
referred to as closed and open regions respectively.
The low access to oxygen in the closed region leads
to a higher electrolyte potential in that region and the
formation of corrosion products rapidly on the pipe
in the open region diminishes the corrosion current.
The corrosion current in the open region then

becomes larger than that of the open region forming
a “corrosion hotspot” in the covered region. A net
electrolyte current then flows through the soil
electrolyte from the anodic closed region to the
cathodic open region.

Corrosion hotspot

Figure 2: Corrosion current density on the pipe and
electrolyte current flowing through soil, showing corrosion
hotspot in covered region (denoted by red shading)

The corrosion rate as given by the iron oxidation
current density and the resulting mass loss calculated
from Faraday’s law were plotted for the covered
region. The time dependent corroded mass loss
agrees well with the exponential model proposed by
Rajani et al [2]. According to Rajani et al., the mass
lost due to corrosion or the pit depth P could be
expressed as an exponential function as shown below
with controlling parameters a,b,c and time t.
P=at+b(l—e"c) (21)
The corrosion rate is obtained by differentiating this

expression with respect to time to get,
dap

—=a+ bce™ct (22)
This indicates that the maximum corrosion rate,
equal to a + bc occurs immediately after exposure,
at t =0 and gradually decreases with time. The
minimum corrosion rate equal to a is obtained
when t - oo . In practical terms this could be
interpreted as a short term and long term corrosion
rates given by the gradients of the above exponential
curve initially and at the quasi-steady state after a
significant period of time. These trends are seen in
the mass loss and corrosion current densities
obtained by the simulation. Changing the units of
time into years and fitting the model data to the
exponential curve results in a very good fit (figure 3)
and gives the following values for constants-
a=0.1216, b=5.447, ¢=0.6934 (R-square: 0.9987,
RMSE: 0.05556). Overall, the evolution from the
high initial short term corrosion rates to the much
lower long term corrosion rates over time is captured
well with this model and also agrees to the average
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time scales and mass losses in experimental data
presented in the NBS corrosion study conducted by

Romanoff [1].
8 T

(=]
T

==COMSOL Model

__Exponential model by Rajani et al [2]
a*t+b exp(-c*t)

Mass Loss (kg/’mz)
B

N
T
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Figure 3: corrosion data from model fitted to the
exponential model by Rajani et al [2]

The short term corrosion rates (calculated at t =100
days) at different degrees of saturation S, show that
the corrosion rate increases gradually with increasing
soil saturation up to an optimum value around S, =
0.7 after which it starts to decrease. This relationship
of an optimum moisture content has been obtained
experimentally by several researchers [23], [25], [26].
The increase of corrosion rate initially is attributed to
the increasing soil conductivity with moisture and the
drop is due to the diffusion limitation of oxygen at
higher saturations due to filling up of pore spaces in
the soil. Both of these mechanisms are accounted for
in this model thus confirming the experimental
observations.

6 Conclusions

Finite element modelling using COMSOL
Multiphysics® was revealed to be a useful tool to
represent the underground corrosion as influenced by
differential aeration. The following conclusions were
drawn from the present study.

1. The combined effects of differential aeration and
passivation due to corrosion products result in the
formation of macro corrosion cells and lead to the
corrosion of the pipe sections in regions with poor
access to oxygen.

2. The time dependent mass loss and corrosion rates
show excellent agreement with  empirical
relationships in literature.

3. The existence of an optimum moisture content for
underground corrosion as experimentally shown by
researchers has been confirmed with this model by
incorporation of the relevant mechanisms giving rise
to it.

If combined with experimental and field evidence,
finite element models could provide valuable insights

regarding underground corrosion which could be
easily incorporated into pipe condition assessment
efforts.
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