
Cement and Concrete Research 40 (2010) 1429–1440

Contents lists available at ScienceDirect

Cement and Concrete Research

j ourna l homepage: ht tp: / /ees.e lsev ie r.com/CEMCON/defau l t .asp
Environmental effects on cover cracking due to corrosion

I. Balafas a,⁎, C.J. Burgoyne b

a Department of Civil & Environmental Engineering, University of Cyprus, PO Box 20537, 1678 Nicosia, Cyprus
b Department of Engineering, University of Cambridge, Trumpington Street, Cambridge, CB2 1PZ, UK
⁎ Corresponding author.
E-mail addresses: ibalafas@ucy.ac.cy (I. Balafas), cjb@

0008-8846/$ – see front matter © 2010 Elsevier Ltd. Al
doi:10.1016/j.cemconres.2010.05.003
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 14 July 2009
Accepted 12 May 2010

Keywords:
Cover cracking [B]
Corrosion [C]
Chlorides [D]
Environment [E]
This paper examines the environmental conditions under which the time to cracking of concrete, due to
pressure caused by rust production on the surface of steel bars, is short. To determine this time, volume
compatibility is assumed, which allows for compaction of all materials affected by the pressure, including the
rust itself. A fracture mechanics concept is also used to signal cover failure. The model reveals that time-to-
cover-cracking is a function of the rust production and the strength of the system to resist the resulting
pressure. It is found that the highest corrosion rates are towards the end of autumn and the beginning of spring,
when humidity reaches relatively high values with moderate temperatures. On the other hand the highest
resistance of the system to corrosion production is during summer, since the humidity is low. In addition, rust
pressure drops during summer due to creep; watermoves out of the concrete which also deforms, givingmore
space into which the rust can expand. Structures exposed to humid summers would suffer from high rust
production and rapid cover spalling. The model can assist in the decision-making process to identify when a
bridge is more likely to corrode, which could indicate that newmaterials, like fibre reinforced polymers might
be the most suitable design solution despite their higher initial cost.
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1. Introduction

Steel works remarkably well with concrete; the strain capacities
and strengths automatically lead to balanced sections with reasonable
amounts of reinforcement. But there is a major problem with rust;
extensive use of de-icing salts on bridges leads to corrosion of the
reinforcement. 15 million tons of de-icing salts are used each year in
the United States of America and 4 to 5 million tons in Canada [1].

When there is significant exposure to salt on the concrete surface,
the alkaline protection to the steel can break down rapidly due to
chloride attack and it may start to corrode; this can result in large and
increasing portions of government budgets being spent to repair the
concrete infrastructure.

New materials such as glass, carbon and aramid fibres have
recently been introduced as alternative reinforcement to concrete;
they are expensive but, if long-term costs are taken into account, the
economic picture changes dramatically [2,3].

Nevertheless, it is not reasonable to expect all forms of construc-
tion to change because some concrete bridges have corrosion
problems. Tools are needed to identify those structures which are
likely to have problems and to apply sensible whole-life costing
procedures to those structures; sensible decisions can then bemade at
the time that contractors bid to provide a structure.
The structural lifetime of a bridge exposed to deicing salts has
two phases: time to corrosion initiation and time to cover cracking.
Once the cover is cracked the corrosion is visible on the surface and
this is often taken as the time when serious consideration is given,
either to downgrading the bridge's load capacity, repairing it, or even
replacing it.

Recently a model was developed to determine the time it takes to
crack the cover after corrosion has begun under controlled environ-
mental conditions [4]. This paper extends the model to include actual
environmental exposures. Applications of the model can reveal the
environmental conditions under which the time-to-cover-cracking is
short. This can assist in the decision-making process that will identify
when a bridge is more likely to corrode, in which case new materials
may be the most suitable design solution.

The corrosion products of steel have a greater volume than the
metal, and as a result a pressure is exerted on the cover, which
eventually leads to spalling.

Cover spalling is obviously a function of the environment to which
thebridge is exposed.Models todetermine time-to-cover-crackingexist
[5–8]. Those models try to predict times to cover failure of specimens
under accelerated corrosion. But there are no models that introduce
environmental parameters in the calculations. This paper identifies the
particular circumstances when high corrosion rates will occur.

The model presented in the paper also improves existing forecasts.
It introduces a volume compatibility condition that allows for the
compaction of all materials that contribute to cover spalling, including
the rust.
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A new condition for signaling cover failure is also established,
based on fracture mechanics and strain energies. Moreover, a new
formula is proposed for the rate of rust production. That formula is
based on Faraday's law and on work by Liu andWeyers [9]. Finally the
mathematical formulation of rust composition is updated, based on
recent experimental data on corrosion products in concrete.

The paper ends with a parametric study that shows which
parameters have most effect on the time to failure, which can lead
to future research.
2. Background

Cover cracking due to corrosion is a well known problem and a
number of models to simulate the effects of rust in the concrete cover
can be found in the literature.

Bazant [10] was the first to consider the problem. He used thick-
wall-cylinder formulae to evaluate stresses generated by the rust, but
he assumed that the cover fails with the first appearance of a crack on
the inner surface of the cylinder.

Molina et al. [11] used finite elements to model cover cracking. It
was a good early modelling attempt, but it made a number of
simplifying assumptions. The rust production rate was assumed to be
constant; the long-term properties of concrete were not taken into
account and compaction of the rust was not properly introduced.

Liu and Weyers [9] performed experiments on concrete slabs and
used thick-wall theory for elastic and partially cracked cover to model
cover cracking. They proposed a formula for rust production that takes
into account the reduction in rust production rate as the rust layer
thickens. The phenomenon is well known [12,13], but their formula
gives unrealistically high values of rust production at early ages when
concrete resistivity is low. Liu and Weyers' model formulation does
not take into account rust compaction or the crack space available for
filling with rust.

Perez [14] extended the thick-wall formula, but did not study the
cracked part of concrete in detail. He introduced compatibility
conditions but did not properly model rust compaction and the
model gives short times to cover cracking. Pantazopoulou and
Papoulia [7] then introduced the Liu and Weyers formula for rust
production and focussed on detailed modelling of cracked concrete.
They introduced concrete softening and allowed for the crack
presence, which gave space where the rust could be accommodated;
the result was reduced pressure on the cover and longer times to
failure. They analyzed the behaviour of the cover using Finite
Differences. Other models appear at a later stage following similar
lines [7] using thick-wall-cylinder formulae [15,16]. These formulae
were updated by introducing stiffness changes due to rust presence,
which altered the raised pressure in the system [17].

Finally, fracture mechanics have been implemented to model
cover cracking [18,19]. The intention of those models was not to give
good time predictions but to enhance understanding of crack
initiation and propagation inside the cover.

From the preceding it is obvious that a number of efforts exist in
the literature to forecast time-to-cover-cracking. Themodels use thick
wall cylinder analysis or fracture mechanics. As cover fails due to
crack propagation an analysis is needed to combine both stress and
fracturemechanics analysis; stress evolution can be given from a thick
wall cylinder analysis and a fracture mechanics concept can be
developed to signal unstable crack propagation and cover failure. In
addition proposed rust production formulas are either linear (based
on Faraday law) or non-linear which give non-pragmatic high
production rates at low age. According to test results rust production
is linear at early ages whereas grows non-linear at latter stages
[12,13,20]. Rust mechanical properties are not yet well understood as
they are difficult to measure but recent tests [21,22] shed some light
in to this aspect and can be used in proposed models.
3. Research contribution

The models described in Section 2 try to mimic laboratory tests
performed under controlled conditions. As themainmotivation of this
work is to determine the environmental conditions under which
time-to-cover-cracking is short, a model has been developed to
forecast such times under given environmental conditions.

The newly developed model is based on the models outlined in
Section 2 and focuses on details that need to be improved. It proposes
a new volume compatibility condition to determine the pressure that
arises due to the presence of the rust. This condition allows for the
proper compaction of all materials affected by the pressure on cover,
including the rust itself. As the cover fails due to crack propagation, a
fracture mechanics approach is used, based on strain energies, to
signal cover failure. A new rust production formula is proposed, based
on the linear Faraday law and the non-linear Liu andWeyers proposal
[23]. It also proposes a modification to a formula proposed by Lopez
et al. [24], which relates concrete resistivity to humidity. This
modification introduces an increase of concrete resistivity near
saturation. This is combined with a corrosion rate formula proposed
by Liu and Weyers [9]. Attention is also paid to the mechanical
properties of the rust. Data from papers which look at the
microstructure of rust are used to evaluate the rust properties that
are crucial for this analysis i.e. volume expansion, density and bulk
modulus [21,22]. As the motivation of this work is to identify the
environmental conditions under which time-to-cover-cracking is
short, the environmental effects on rust production and concrete
(short and long term) properties were carefully introduced.

4. Time to cracking model

After corrosion initiation, hydrated rust accumulates around the
bar, causing pressure and leading to cover cracking. The ability to
predict the time to cover-cracking is important because it marks the
end of structure's fully-effective service life.

To predict the damage caused by corroding reinforcing bars,
knowledge of the state of stress in the surrounding concrete is
required; this can be determined by means of a concrete ring model,
which will be described later. The radial stresses on the concrete
result from the volume increase of hydrated red rust, can be regarded
as a uniform pressure acting on the inside of a thick-walled concrete
ring, whose thickness is determined from the thinnest concrete cover
around the bar, which gives the shortest crack path from the bar to the
free surface. The concrete ring approximates the effect of surrounding
concrete, but due to different geometry between the cover ring model
and the real cover, the stresses will only approximately correspond to
the stresses in the real situation. However, the critical tensile stresses
at the thinnest section are likely to be reasonable so the concrete ring
model can be accepted for the analysis [5,25,26].

5. Active corrosion

Once the chloride concentration at the reinforcing steel reaches a
specified threshold, a difference in electrical potential on the steel
surface is established, and a corrosion cell is formed (Fig. 1). The
corrosion current which flows in the cell is governed by the
resistances that result from:

• the iron dissolution rate in the anode (RA),
• the oxygen and water availability in the cathode (RC), which are
converted into hydroxyl ions,

• the transport rate of the hydroxyl ions through concrete which acts
as an electrolyte (Rc,res).

The resistance of the steel (Rst) is negligibly small compared to the
other active resistances.



Fig. 1. Simplified electrical circuit model for the corrosion of steel in concrete [27].
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Corrosion stops if one of the three resistances is infinite. This
happens under three circumstances:

• when the steel is passivated (RA→∞)
• oxygen is not available at the cathode, e.g. underwater structures
(RC→∞), or

• concrete is totally dried out (Rc,res, RC→∞).

The value ofRA is a functionof timedue to increasing thickness of rust.
The ionic diffusiondistance increases and rate of rust formationdecreases
[7,28], but there is only limited data available from experiments.

Under partially saturated conditions, which are predominant in
highway bridges, corrosion rates are extensively dependent on the
concrete electrolytic properties (Rc,res) that govern the transport of
negatively charged ions from cathodic to anodic areas. The transfer of
those ions are mainly through the pore water, so the pore structure
characteristics of the concrete, the degree of water saturation and the
total ionic concentration of the pore solution are relevant factors
affecting the ion movement and therefore the corrosion propagation
[24,29–31].

Experiments have shown that corrosion rates are very slow at low
relative humidity (b50%) and essentially corrosion stops below 35%.
The rate increases exponentially from 50% to 70%; it remains nearly
constant from 70% to 90% and decreases from 90% to complete
saturation, due to oxygen limitation at the cathode [24,29,30,32,33].

Corrosion is also affected by temperature. At high temperatures,
water content decreases, but on the other hand ions become more
mobile and salts become more soluble. At the low end of the
temperature scale the pore water will freeze and corrosion stops as
the ions can no longer move [34].
Fig. 2. Relationship between corrosion rate and relative humidity for a concrete
element with Cl− content 1.8 kg/m3 under temperature 23 °C and age 1 year.
The above effects are included in a formula introduced by Liu and
Weyers [9]. The formula is based on 2927 corrosion rate measure-
ments from seven series of chloride contaminated specimens,
covering exposure up to five-years. The chlorides had been introduced
in the original mix. The corrosion rates, measured as corrosion current
density, were correlatedwith temperature, concrete ohmic resistance,
chloride content and exposure time by using a multiple non-linear
regression model, as follows [9]:

icor = 0:0092 expð8:37 + 0:618 ln 1:69Cfc

� �
−3034

T
−0:000105Rc;res

+ 2:35t−0:215Þ A=m2
h i

ð1Þ

where Cfc is the free chloride content (kg/m3), T is temperature at the
depth of steel surface (K), Rc,res is the ohmic resistance of the cover
concrete (ohms), and t is time from initiation of corrosion (year).

Eq. (1) does not include the corrosion rate reduction at high
humidity levels due to limited oxygen availability. Lopez et al. [24] have
studied the above relationship. By fitting to their published experimen-
tal data, Rc,res can be given as a function of relative humidity (h):

Rc;res = 90:537⋅h−7:2548 1 + exp 5−50 1−hð Þð Þ½ � ohms½ � ð2Þ

Rc,res from Eq. (2) can then be substituted into Eq. (1) to give the
corrosion rate; Fig. 2 shows the relationship between corrosion rate
and relative humidity for a one year old concrete element with Cl−

content 1.8 kg/m3 at 23 °C.
Corrosion rate is strongly affected by the environmental conditions

and time of exposure. Liu's formula (1) is the only formula found in
the literature, although results from such laboratory tests normally
give higher rates than those taken from real structures [7,35]. More
long term corrosion tests are needed to establish relationships
between corrosion rates and environmental properties.

5.1. Rust properties

Several papers have studied the properties of rust formed on bars
embedded in concrete [22,36–41]. The properties that are of interest
for this work are the chemical composition, together with the
percentage by weight, the density and the volume of each chemical
component. Although in all the cited work the chemical composition
of rust and the mass properties are determined, only Suda et al. [22]
have reported values for percentage and volume of each chemical
component in the final product. Note that the volumetric ratio of rust
in relation to that of steel is the most important parameter as it is the
one responsible for cover cracking. Hence, Suda's results are used in
this work and are shown in Table 1.

According to Suda, rust formed on bars embedded in concrete
consists of magnetite (Fe3O4), geothite (αFeO(OH)), lepidocrocite
(γFeO(OH)) and amorphous components (Fe(OH)3 and FeOOH).
Knowing the percentage, density and volumetric ratio of each
chemical component in relation to steel, the density and volumetric
ratios of rust in relation to that of steel (rd and rV) can be found. On the
table the mass ratio of iron to that of rust rm, is also shown.

Due to scatter of values for geothite's density and volumetric ratio,
lower and upper values are determined for rust properties. Average
values, shown in bold in the table, are used below. The results show
that the average volumetric ratio rV is close to 3, which is lower than
the values given in [6–8], where for cover cracking calculations the
ratio is taken between 3.6 and 4. However, the value of 3 agrees with
recent published data on rust composition evaluation [36,41]. A
parametric study below will reveal the affect of rV.

Since rustwill be under compressionbetweensteel and concrete, the
mechanical properties of rust, such as its elastic and bulk moduli, are
needed. Because those properties were unknown, rust has traditionally

image of Fig.�2
image of Fig.�1
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been assumed to behave like liquid water with bulk modulus 2.00 GPa
[7,11,14]. Recently, Konopka has tested specimens of rust andmeasured
a range of 40–87 MPa for the elastic modulus and 0.48–0.54 GPa for the
bulkmodulus [21]. In the absence of other tests on the elastic properties
of rust, Konopka's values are used in this work.

5.2. Corrosion build-up

Faraday's law, which states that the rate of electron flow to or from
a reacting interface is a measure of reaction rate, is often used to relate
the mass of steel erodedMs over time, which is transformed to rust, to
the current density icor (A/m2) that flows through the electrochemical
corrosion cell:

dMs

dt
=

icorA
nrF

mole= m2s
� �h i

ð3Þ

where F is the Faraday constant (=96494 A s/mol e−) and A is the
atomicweight of the iron being dissolved (for Fe, A=0.05585 kg/(mol
Fe)) and nr is the valency of the reaction which is given in mol e−/mol
Fe. The valency in any given reaction should be an integer and is
usually taken empirically as 2.0 mol e−/mol Fe. That value assumes
incorrectly that all corrosion products are Fe(OH)2. The Fe valency
from Suda's results (Table 1) would give nr about 3, due to the
presence of many different rust compounds. However, Faraday's Law
gives good agreement with test results when nr=2, so that value is
used here [5–7,14,42]. By substituting those values the annual
corrosion rate is given from:

dMs

dt
= 9:127icor kg= m2 year

� �h i
ð4Þ

The rate of rust production (dMr/dt) can be given from the rate of
steel consumption (dMs/dt):

dMr

dt
=

1
rm

dMs

dt
=

9:127icor
rm

kg = m2year
� �h i

ð5Þ

where rm is the mass ratio of iron to that of rust, andMr is the mass of
rust. If the diameter of a corroding bar is ϕ then the total mass of
consumed steel per unit length of bar for a given period of active
corrosion time tcor is given from:

Ms = 9:127πϕ∫tcor

0
icordt kg=m½ � ð6Þ

As the rust layer thickens, the iron ionic diffusion distance increases,
so the diffusion rate goes down and the rate of rust production decreases.
Table 1
Properties of rust formed on bars embedded in concrete [22].
Liu [23] performed experiments on slab specimens and proposed the
formula below to allow for rust mass rate reduction with time:

dMr

dt
=

kp
Mr

⇒Mr = 2∫kpdt
h i1=2

kg=m½ � ð7Þ

where kp is an empirical coefficient related to the rate of metal loss
and is given from:

kp = kcoef 1 = rmð Þπϕicorr ð8Þ

ϕ is expressed inm and icorr in A/m2, while kcoef is a coefficient that
allows for the reduction of corrosion rate with rust thickness; it has
not been studied so is typically evaluated by fitting the proposed
models [7,8,23,43] to published experimental data by Liu on concrete
slabs with bars under uniform corrosion [6]. Work to study the rate of
rust production in relation to rust layer thickness is needed.

Eq. (7) assumes that the rust layer formed is uniformlydistributed and
thediffusionproperties are the sameacross the thickness of the rust layer.
Examination of corroded bars embedded in concrete, under natural
exposure, showed that the corrosion products form two layers
[20,37,38,44]. Although the composition of the two layers is found to
depend on the environmental exposure [45], in all cases the inner layer
was found to be denser than the outer. For layers of rust, with varying
diffusionproperties through thickness, Eq. (7) is transformed [6,20,46] to:

dMr

dt
=

kp
Mnl

r
⇒Mr = nl∫kpdt

h i1=nl kg=m½ � ð9Þ

in which the coefficient nl takes values between 2 and 3 (2 for
rust with uniform density across the thickness). As nl increases from
2 to 3 the non-linearity of the rust production versus time increases.
Values for kp are dependent on nl; they decrease while nl increases
from 2 to 3.

Both the Faraday law (4) and Liu and Weyers' formula (9) have
disadvantages. Eq. (4) does not include the presence of a gradually
thickening protective rust layer. On the other hand, Eq. (9) gives
unrealistic corrosion rates at short times.

Tests on corrosion propagation mechanisms have also revealed two
phases: the kinetic and the non-linear diffusion [12,13,20]. During the
kinetic phase the rust production versus time is linear. When the
thickness of the layer of corrosion products grows enough, the rate of
rust production decreases and is dependent on the rust layer diffusion
properties.

To include the above observations in the present work, a combined
rule is adopted, where it is assumed that initially the corrosion rate is
constant, following Faraday's law (4), but when the corrosion rate of



Table 2
Values of kp on given nl.

nl kp

2.00 0.086
2.25 0.036
2.50 0.0154
3.00 0.00324
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Eq. (9) is lower than Eq. (4), the corrosion rate is evaluated using Eq. (9)
(Fig. 3). Hence, the consumed mass versus time can be given by:

Ms = min Ms;FL; rmMr;LW−Mdiff

� �
kg=m½ � ð10Þ

in which Ms,FL is the steel mass consumed according to the Faraday
law (6), Mr,LW is the rust produced according to Liu and Weyers
formula (9) and Mdiff is given from:

Mdiff =
rmMr;LW−Ms;FL forrm

dMr;LW

dt
b
dMs;FL

dt

0 forrm
dMr;LW

dt
N

dMs;FL

dt

8>><
>>:

ð11Þ

where dMr,LW/dt is the rate of rust productions according to Eq. (9),
and dMs,FL/dt is the rate of consumed steel according to Eq. (6). Both
dMr,LW/dt, dMs,FL/dt can be determined numerically.

By fitting Eq. (9) to published data by Liu [6] values of kp for various
nl are shown in Table 2.

6. Pressure on cover

The following analysis assumes that the steel bar is surrounded by
a cylinder of concrete, whose thickness equals the minimum distance
Fig. 3. Steel consumed and rate of consumed mass versus time following Faraday law
(4), Liu and Weyers formula (7) and combination of the two (nl=2).
from the bar to the air (Fig. 4(a)). The concrete quality in the cylinder
is assumed to be uniform. Corrosion is assumed to take place at a
uniform rate all round the bar.

The rust is larger than the steel (Fig. 4(b)). It expands into the pore
spaces and then exerts pressure on the surrounding concrete, which
behaves like a thick cylinder under internal pressure (Fig. 4(c)).
Clearly, knowledge of the rate at which the rust expands, and the
volumeof pores to befilled, are crucial to the determination of the time
at which the radial pressure starts to develop. The stresses on the
inside of that cylinder eventually reach the tensile strength of the
concrete, which then cracks. The cylinder then consists of two zones,
an inner cracked zone where the tangential stresses are zero, and an
outer solid cylinder (Fig. 4(d)).

The analysis takes account of the compressive strains on the steel
bar, the rust, the cracked ring of concrete and the uncracked ring of
concrete, all caused by the radial pressure generated by the rust. Since
the process is slow, account is also taken of the creep strains that are
induced. Compatibility conditions, between the amount of rust
produced by the corrosion and the volumetric changes that arise
from the material strains, allow the evolution of the process to be
followed. Details can be found in [4].

It has to be noted here that Fig. 4(d) shows a symmetrical
propagation of cracks in the cover, which would be expected from
uniform corrosion. In reality corrosion on the bars may not be
uniform, and non-symmetrical crack propagation may be observed.
Realistic non-symmetrical rust production and pressure generation
around the bar, which will cause a non-symmetrical crack propaga-
tion, may change the time-to-cover-cracking. In such cases times-to-
cover-cracking are expected to be shorter hence uniform rust
generation around the bar predictions is conservative.

Tests have also been performed in which local pitting corrosion is
induced on bars embedded in concrete [47,48]. The tests aimed to
control the bars corroding length and had only a fraction of the steel
length to corrode. This was achieved by embedding in concrete
mechanically continuous bars, which had a center segment made of
carbon steel and two PVC or stainless steel segments for the
remainder. The center carbon steel segments were relatively short
in the order of 20–60 mm. The observed times to cover cracking were
shorter in comparison to model's predictions. Although the applica-
bility of those tests in real situations may be questioned as corroding
lengths of 20–60 mm are considered too low, nevertheless it has been
concluded in [4] that model applications are limited to cases in which
relatively long corrosion lengths are expected along the bars.

The final breakthrough of the critical crack occurs when the strain
energy released as the crack propagates to the surface exceeds the
fracture energy of the new crack surfaces formed. This marks the
moment when the cracking becomes visible to inspectors and this is
the time when concerns will (or at least should) be raised about the
strength and longevity of the structure.

6.1. Partially cracked ring model

When a crack initiates at the interface between bar and concrete it
will fully propagate through the cover only when the tensile concrete
capacity of the ring is exhausted. Thus the concrete will be cracked at
places where the tangential stresses have exceeded ft and uncracked
in the outer part of the cylinder where the stress is less than ft.

image of Fig.�3


Fig. 4. Idealisation of cover concrete as a thick walled cylinder.

1434 I. Balafas, C.J. Burgoyne / Cement and Concrete Research 40 (2010) 1429–1440
The newly cracked concrete takes the form of teeth, and the cracks
between them form more voids into which the rust can expand. The
radial pressure in the concrete teeth, and the corresponding strain, are
governed by the pressure in the rust, while the tangential strain in the
teeth is assumed to vary linearly from zero on the inner surface of the
teeth to that on the inner surface of the uncracked outer ring. The outer
ring still behaves as a thick-walled elastic cylinder. Balafas et al [4]
showed that by setting up suitable equilibrium and compatibility
conditions, and using the assumed elastic properties of the concrete
and the rust, it is possible to find the radius of the crack front Rc as the
root of:

ftR
3
c + Rrb + trcð ÞpiR2

c− c + Rrb + trcð Þ½ �2ftRc

+ c + Rrb + trcð Þ½ �2 Rrb + trcð Þpi = 0 ð12Þ

from which the root Rrb+ trc≤Rc≤(Rrb+ trc)+c is chosen for the
crack front. c is the cover thickness, Rrb is the reduced bar radius due to
corrosion and trc is rust's thickness while compressedwith pressure pi.

7. Cover failure

As pressure increases, cracks propagate through the cover; experi-
ments have shown that although, at the early stages of crack propagation
several cracks appear, by the end of the test there is a single crack that
finally breaks the cover [18,49] on the weakest side of the concrete
element.Whenthis crackappears there is aneffect of stress relaxation that
stops the propagation of the other internal cracks [49].

To determine when this single crack propagates unstably through
the cover, fracture mechanics concepts can be employed. As existing
cracks extend, the energy needed to form associated new surfaces,
depends on the interface fracture energy, andmust be compared with
the energy released by the system, which in turn depends on the
change of the strain energy stored in the system [50,51].

A crack will finally extend to fail the cover only when the energy
release rate GR is greater than the fracture energy of concrete GF ; if not
there is insufficient energy for the flaw to propagate [50].

8. Model application

A numerical model was built which could be applied to real
conditions with annual humidity and temperature fluctuations and
corrosion may appear over relatively long lengths (N60 mm) along
the bars. Consider a concrete cover with properties shown in Table 3,
which also shows the environmental conditions that for the purpose
of this analysis are assumed to vary sinusoidally through the year. It is
accepted that this is a gross simplification of the real situation, but it
allows some basic inferences to be drawn. Corrosion production is

image of Fig.�4


Table 3
Model inputs for cover cracking evaluation.

Concrete properties
Thickness, c [mm] 50
Compressive strength, fc [N/mm2] 30
Tensile strength, ft [N/mm2] 3.28
Elastic modulus, Ec [KN/mm2] 31.9
GF [N/mm] 0.12

Rust properties
Er [N/mm2] 60
Kr [kN/mm2] 0.5
rm 0.643
rV 2.964
rd 1.907
nl 2.00
kcoef 0.086
tfill [μm] 8

Steel properties
Bar diameter, ϕ [mm] 16
Density, ps [kg/m3] 7850
Elastic modulus, Es [KN/mm2] 210

Environmental properties
Annual relative humidity range [%] 40–85
Annual temperature range [°C] (−5)–(+35)
Time to corrosion initiation [years] 30

Fig. 6. Pressure built-up versus time at crack front and at rust–concrete interface with
and without taking into account softening of concrete in tension.
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assumed to follow the combined Faraday Law–Liu and Weyers
relationship (Section 5.2).

In Fig. 5 the change in corrosion rate with time is shown. The
lowest corrosion rate at mid summer is due to low relative humidity
but the highest corrosion is not at mid-winter, as might be expected,
since the temperature is then low. The two annual icor peaks take place
at the end of autumn (fall) and the beginning of spring.

Fig. 6 shows the pressure build-up on the cover due to the rust. Three
curves are shown; the top is the pressure at the rust–concrete interface
while the lower two curves describe pressure development at the crack
frontwithandwithout taking into account tension softeningof concrete.
It is clear that tension softening has little practical effect. In the early
stages after corrosion initiates, the pressure is zero as the rust is
consumed filling the pores around the bar. The pressure then builds but
fluctuates; it drops during the summer when the concrete dries while
creep deformations increase the available space for rust. In the winter
the rust production rate increases.

Fig. 7 shows the variation of concrete resistivity with time; as
expected, it is highest during summer because of the low humidity.
Fig. 5. Corrosion rate versus time.
In Fig. 8 the mass of steel consumed is shown, according to
Faraday's Law and the combined rule (10). The point where the slope
of the Faraday law equals that of the Liu and Weyers formula (7) is
presented. From that point onwards the combined rule departs from
the Faraday Law to Liu andWeyers formula. The rust mass production
according to the combined rule is also drawn. In addition, Fig. 9 shows
the steel mass consumption rate versus time. At early ages the Liu and
Weyers formula predicts substantially higher consumption rates,
which reduce to values lower than those given by the Faraday law
after 4 years of corrosion. It can also be observed that the
consumption rates are minimum during summer while they reach
their maximum values towards the end of autumn and the beginning
of spring.

The change in the radii of the inner and outer surfaces of the
concrete ring are shown in Fig. 10, which also shows the reduction in
the steel bar radius, which is small due to the high modulus of the
steel. The change of the inner concrete radius is much bigger than the
outer.
Fig. 7. Concrete resistivity versus time.
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Fig. 8. Consumed steel and rust mass production versus time. Fig. 10. Radius change of inner (rust–concrete interface) and outer concrete ring
surfaces as well as steel bar radius reduction due to rust pressure only.
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The propagation of cracks through the cover versus time is shown
in Fig. 11, measured from the centre of the bar which has a radius of
8 mm. Several plateaus can be observed; these are due to an increase
of creep deformation of concrete during the summer. The concrete
expands due to water movement to the environment, which creates
more space for rust to expand into, and corresponds to the drop in
pressure shown in Fig. 6. The plateaus get longer as the concrete ages
due to a slowing in the rate of rust production caused by thickening of
the rust layer.

The strain energy built up in the cover ring versus time is
important since it governs when final fracture takes place; it is shown
in Fig. 12. Initially the strain energy is zero as pressure is zero, but
again due to creep effects the strain energy drops during summer and
the drops become more pronounced due to reduced rust production.
When the strain energy reaches the critical value of the concrete's
fracture energy, the cover can no longer support the pressure from
rust and fails.

The total strain energy of the cover consists of strain energies from
elastic concrete, cracked concrete and steel bar. Each contribution is
shown in Fig. 13; the highest is from elastic concrete while the lowest
is from cracked concrete in tension (under softening). The steel bar
Fig. 9. Steel mass consumption rate versus time.
holds relatively high strain energy, despite the low deformations, due
to its high Young's modulus.

Fig. 14 shows the build up of rust thickness with and without
concrete pore filling. On the same graph the reduction of bar radius is
also sketched. The difference between curves “rust thickness with
pore filling” and “bar radius reduction” causes pressure on cover. The
radial deformation of the cracked part of the cover, which occur due to
the internal pressure causing radial strains is also drawn for
comparison.

Finally, the total volume created to accommodate the rust within
the concrete cover and its components can be found in Fig. 15. It can
be observed that the space made available by steel for rust
accommodation (mainly due to steel consumption, rather than steel
contraction due to pressure) and the inner concrete perimeter radial
expansion are the two basic components of the total volume. The
volume formed in cracks and due to radial compression of the cracked
part of the cover represent only a small portion of the available total
volume. Although Fig. 10 showed that the radius change for the inner
concrete radius was more than double that of the outer, Fig. 15 shows
that the volumes created by the expansions of those perimeters are
similar.
Fig. 11. Propagation of cracks in cover versus time.
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Fig. 12. Concrete ring energy release rate built-up (per metre length) versus time. Fig. 14. Change of thickness for rust with and without concrete pore filling, steel bars
and cracked compressed concrete, versus time.
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9. Parametric study

The environment plays a role in controlling the time when the
cover will crack. To study its influence, three different environmental
conditions are defined for detailed study: these will be labelled mild,
medium and severe. The properties of those conditions are described
through chloride concentration, relative humidity and temperature as
shown in Table 4. Temperature T and humidity h are assumed to vary
sinusoidally according to:

hen =
hmin + hmax

2
−hmin−hmax

2
sin 2πtð Þ ð13Þ

Ten =
Tmin + Tmax

2
+

Tmin−Tmax

2
sin 2πtð Þ ð14Þ

where Tmax, hmax and Tmin, hmin are maximum and minimum annual
temperatures and humidities respectively; t is in years. Note that the
different sign in front of the second term in the two equations means
that the highest temperature occurs with the lowest humidity, and
vice-versa.

The de-icing salt's Cl− concentration increases depending on the
lowest temperature values. A 20% de-icing salt solution can depress
Fig. 13. Elastic concrete (radial and tangential), cracked concrete and steel bar strain
energies (per metre length) versus time.
the water freezing temperature to −16 °C. It is assumed that for
“severe” environmental conditions a 20% Cl− concentration solution is
applied to the bridge (Table 4) since the temperature drops to−10 °C.
10% and 6.5% Cl− concentration solutions are applied when the
bridge is subject to “medium” and “mild” environments respectively,
according to the low temperature values.

The times to cover cracking are 4.2, 6.2 and 7.2 years for mild,
medium and severe environments respectively, which is counter-
intuitive. The severe case gave the highest time to cracking because the
average temperature is the lowest while the humidity reaches high
values, when O2 availability is limited. As a result, and with reference to
Eq. (1), the average corrosion rates for mild, medium and severe cases
are 1.918, 1.160 and 0.853 A/m2 respectively. The higher corrosion rates
can also be observed on Figs. 16 and 17. The build-up of strain energy
and the rust production, are both faster under mild environmental
conditions. Note onFig. 17 that the criticalmass of rust to crack the cover
decreases frommild to severe environments. This happens because the
average humidity with time drops from mild towards severe environ-
ment. Creep strains are then highest for mild conditions and the space
available for rust to expand is more. Consequently, more rust is needed
to create the appropriate pressure to crack the cover.
Fig. 15. Total volume created for rust accommodation in concrete cover and its
components per metre length, versus time.
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Table 4
Environment definition (T and h fluctuate according to Eqs. (13) and (14)).

Environment Pore Cl− concentration Relative humidity Temperature

[kg/m3] % °C

(% by weight of salt in solution) hmin hmax Tmin Tmax

Mild 70 (∼6.5) 50 85 0 50
Medium 100 (∼10) 55 90 −10 30
Severe 230 (∼20) 60 100 −15 20

Fig. 16. Energy release rate build-up in cover under various environmental conditions,
versus time.

Table 5
Concrete properties and times to cover cracking.

Concrete cube strength Equivalent rust thickness
to fill pores [16]

Time to cover
cracking

[N/mm2] [μm] [year]

30 8 14.2
40 6 10.2
50 4 8.1
60 2 6.1
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The model also revealed that time to cover cracking decreased
with increasing annual temperature. The same trend was observed
with humidity up to ∼90%, above which the time-to-cover-cracking
increased due to limited O2 availability (Fig. 2).

Concrete strength also influences the time when cover-cracking
occurs. Three types of concrete were introduced to themodel with the
properties shown in Table 5. Time to cracking decreased when the
concrete strength was increased. Stronger concrete is less porous, so
less rust is needed to fill the pores around the steel bar, but more
importantly it is stiffer. Thus the same rust mass exerts more pressure
when put in a stronger concrete. This is illustrated in Fig. 18 where,
Fig. 17. Rust mass build-up under various environmental conditions, versus time.
when a similar rust mass was produced, a much higher strain energy
was generated in stronger concrete.

The properties of rust have by far the highest effect on time-to-
cover-cracking. Analyses were performed by changing one of the rust
properties, while all the other parameters took the values given in
Table 3. The results are shown in Fig. 19, fromwhich it can be observed
that there is a substantial influence of the rust expansion ratio (rV). On
the other hand, rust's molecular weight ratio (rm) shows only a
moderate effect, while the bulk modulus Kr, only causes a limited
variation when it takes very low values (∼0.2 kN.mm2).

10. Conclusions

The model presented in this work only determines the time it
takes for the concrete to crack after corrosion has initiated.

The presented model assumes volume compatibility to determine
the pressure caused from rust products to cover. Volume equilibration
allowed for the compaction of all materials affected by the pressure on
cover, including rust.

A fracture mechanics concept, based on cover's strain energy has
been introduced to identify cover failure. The rust properties assumed
were based on experimental data on rust composition. A new rust
Fig. 18. Concrete strength and energy release rate build-up versus time.
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Fig. 19. Effect of rust properties on time to cover cracking.
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production formula based on existing experimental evidence has also
been introduced. The formula is a mixture of Faraday's Law and a
formula proposed by Liu and Weyers. The latter was modified to
account for change of rust layer diffusivity with thickening. Detailed
concrete behavior has been introduced including tension softening
and the effect of creep, which is important since the pressure exerted
by rust is a long term loading.

As the main object of this work was to identify the environments
under which structural lifetime is limited, the environmental
conditions were carefully introduced and a parametric study was
performed. The model reveals that time-to-cover-cracking is a
function of rust production and resistance of the system to that
production. The highest corrosion rates are towards the end of
autumn and also towards the beginning of spring. On the other hand
the highest resistance of the system to corrosion production is during
summer, since the humidity levels reach low values. Therefore,
structures with humidity levels close to 90% and high temperatures
gave the shortest times to cover failure. In addition, structures
exposed to humid summers would suffer from high rust production
and rapid cover spalling.

The model also exposed behaviors that still have to be confirmed
by experiments. It showed that rust pressure drops during summer
due to creep. Water moves out of concrete and concrete deforms
giving more space into which rust can expand. Stronger concrete
cracks its cover sooner due to higher stiffness; the same rust volume
translates to more pressure in stronger concrete. Further, the lower
porosity means that a high proportion of the rust causes pressure on
the cover, as less rust is needed to fill the pores. It was also found that
tension softening has a marginal effect on cover cracking.

Rust volumetric ratio rV gave an extensive influence on the output,
while the molecular weight rm gave an effect for values b0.6. Finally
rust bulk modulus Kr affected time to cover failure only for low values
(b0.3 kN/mm2). Although research of rust composition is extensive,
only one paper ([22]) gives the mass and volume properties. Because
rust composition is a function of the environment, more research is
needed in this field. The model presented here could then be updated
with a formula that would give rust mass and volume properties as a
function of h and T.

The model presented in this paper is deterministic; a more
complete model would allow for the variation in the input
parameters. However, there is still uncertainty even about the mean
values of many of the parameters, to say nothing of their variability. If
such knowledge could be obtained, it would be possible to apply
Monte Carlo simulation to this analysis to determine probabilities of
failure after various times.
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