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Abstract. Transport of corrosion products into pores and cracks in concrete must be considered
when predicting corrosion induced cracking in reinforced concrete structures, since this transport
significantly delays the onset of cracking and spalling by reducing the amount radial displacement
displacement imposed on the concrete at the steel/concrete interface. We aim to model this process
by means of a transport-structural approach, whereby the transport part is driven by a pressure gradient
generated by the volumetric expansion due to the transformation of steel into corrosion products. This
pressure driven transport was introduced in an analytical axisymmetric thickwalled cylinder model
and a numerical network approach. The influence of cracking and permeability on corrosion induced
cracking process with increasing inner displacement is investigated with these two approaches.

1 INTRODUCTION

Corrosion induced cracking is the most com-
monly encountered deterioration mechanism in
reinforced concrete structures, which involves
the transformation of steel reinforcement into
corrosion products, which occupy a greater vol-
ume than the original steel. This volume expan-
sion due to this chemico-mechanical process
results in internal pressure acting on the con-
crete, which is equilibrated by circumferential
tensile stresses leading to cracks in, and poten-
tially spalling of the concrete. Understanding
corrosion induced cracking in concrete is dif-
ficult because of multiple interacting processes
and phenomena, such as the transport of corro-
sion products into pores and cracks, the spatial
distribution of steel areas affected by corrosion,

compaction of corrosion products, the influence
of the chemical environment on the rust prod-
ucts, and creep, shrinkage and cracking of con-
crete.

The transport of corrosion products into
pores and cracks in concrete must be consid-
ered when predicting corrosion induced crack-
ing in reinforced concrete structures, since this
transport significantly delays the onset of crack-
ing and spalling by reducing the amount radial
displacement displacement imposed on the con-
crete at the steel/concrete interface. The en-
tire process of corrosion induced cracking is
commonly divided into initiation and propaga-
tion phases [21], whereby the propagation is
characterised by the progression from corrosion
initiation, surface cracking, spalling and even-
tually structural collapse either due to loss of
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anchorage or reinforcement rupture (Figure |1)).
The present work is focused on the propagation
phase by modelling the transport of corrosion
products into the concrete and its influence on
the process of corrosion induced cracking.

Physical tests on corrosion induced crack-
ing have been reported for single and multiple
reinforcement bars in [2, [1, [15]. Experimen-
tal studies on the transport of corrosion prod-
ucts have been performed in [24]] and [13]. The
modelling approaches can be categorised into
analytical models mainly focusing on obtain-
ing compact solutions for specimens with sim-
ple geometries [3,[11}17] and numerical models
applicable to general geometries and boundary
conditions [14, 12, 20, 16, [18]].
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Figure 1: Corrosion induced cracking: Service life defi-
nition after Tuutti [21]].

In both analytical and numerical models, the
transport of corrosion products into the con-
crete has been considered in different ways. In
many approaches, a porous zone was consid-
ered which had to be filled before the volume
expansion due to the transformation from steel
into corrosion products started to generate pres-
sure in the surrounding concrete [11, [8]. Other
studies proposed to fill voids and cracks once
corrosion induced cracking had started [6} 20]].
However, these modelling approaches do not
describe the rust transport by a mechanistic ap-
proach, but instead use adhoc rules to describe
the penetration of the rust. One exception to this
is the work reported in [16] in which diffusion

is used to describe the transport of rust into the
concrete.

The aim of the present work is to model the
mechanics of the transport of rust into concrete
by a transport-structural approach, whereby the
corrosion products are transported into the con-
crete by means of a pressure gradient originat-
ing from the volume expansion due to the trans-
formation from steel into corrosion products.
To the authors’ knowledge, this approach has
not been proposed before.

The transport-structural modelling of corro-
sion induced cracking is introduced here both in
an analytical axisymmetric thick-walled cylin-
der approach for describing the stage from ini-
tiation to surface cracking and a discrete net-
work approach, which, in principle, is capable
of describing the full propagation phase (Fig-
ure [I). The analytical thick-walled cylinder
model is an extension of previous analytical
models reported in [17]. The network model
belongs to the group of discrete element ap-
proaches, for which the connectivity between
elements remains the same during the analysis
[19L15,17]. They also often called lattice or rigid
body spring networks. Network models have
been shown to be capable of describing fracture
and transport in concrete mesh-independently
and capable of modelling the coupling of frac-
ture and transport [4, 9, [10].

2 CORROSION PRODUCTS AT
STEEL/CONCRETE INTERFACE

The key novelty of the present work is that
the pressure driven flow of corrosion prod-
ucts into the concrete is considered when mod-
elling the formation of corrosion products at
the steel/concrete interface. For this new ap-
proach, the main assumptions are that the corro-
sion products are an incompressible fluid with
a time independent viscosity. Concrete is as-
sumed to be fully saturated and Biot’s coeffi-
cient for the porous concrete is assumed to be
ZEer0.

The overall approach for the modelling of
the volume expansion associated with the trans-
formation from steel into corrosion products is
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to apply an increment of Eigen-displacement
Au.,, at the interface between the steel and con-
crete, which results in a reactive pressure Py in
the mechanical part of the model. This pres-
sure is then used to determine the flow of corro-
sion products into the concrete by the transport
part of the model. With this approach, the me-
chanical analysis is independent of the transport
part. In Figure 2] the decomposition into differ-
ent components is illustrated. For a time incre-
ment At, the volume balance is

ancor = Axcor + Aucor + th (1)

Here, the total increment of volume of corro-
sion products is « Az, where Ax.,, is the in-
crement of radius that is removed from the steel
bar and « is an expansion factor, describing the
volume increase due to the transformation from
steel into corrosion products. The mechanical
part is Au + Az, Where Auw is the increment
of prescribed radial Eigen-displacement. The
remaining part is transported into the pores and
cracks of the concrete, which is qAt. Here,
q = Q/(2mrt) is the flux of corrosion prod-
ucts at the steel/concrete interface, whereby ()
is the total flow and r; is the radius of the rein-
forcement bar.
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Figure 2: Corrosion products at steel/concrete interface:
Steel reinforcement bar with layers illustrating the split
into different corrosion product components.

Assuming that the entire applied corrosion
current density .., is consumed in the corrosion

process, the increment of loss of radius Az,
can be related to the corrosion rate through
Faraday’s law where

Aoy = 0.0315% 0, At 2)

in which 0.0315 is a factor converting the units
of i¢r from pA/cm? into pm/days as used in
[14]. Substituting At form (2) in (1)) and solv-
ing for Ax.,, gives

A,LLCOI'
a—1—¢q/(0.03157c0)
In the following section, this approach is used

within the analytical and network model, re-
spectively.

Axcor = (3)

3 ANALYTICAL MODEL

The analytical model is based on an axisym-
metric formulation of a thick-walled cylinder
using orthotropic elasticity following the work
in [22, [17]. The main approach is to divide
the thick-walled cylinder into an inner cracked
and outer uncracked region (Figure [3). For
the cracked region, orthotropic elasticity is used
[17], whereas the uncracked region is modelled
with isotropic elasticity [22]. The orthotropy
for the cracked cylinder is introduced by reduc-
ing the tangential Young’s modulus by means
of a scalar damage model, which is driven by
an exponential stress-crack opening law.
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Figure 3: Analytical model: Axisymmetric thick-walled
cylinder divided into an inner cracked and outer un-
cracked part.
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The main equation for the mechanical part
of the thick-walled cylinder model for both
cracked and uncracked region is the second or-
der ordinary differential equation

Pu 1ldu Eyu

S T e A 4
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whereby u is the radial displacement, r is the
radial coordinate and Ee is the ratio of circum-

T
ferential and radial Young’s moduli. This ratio
is related to the damage parameter w as

—=1—-w 5

E 5
For the uncracked region, w = 0 so that @) is
linear. For the cracked region, w is a nonlinear
function of the radius and the radial displace-
ment, which is controlled by an inelastic strain

wr Wt
€ = Ne— = Neg——
l, 2rr

(6)

Here, wy is the crack opening threshold in the
exponential stress crack opening law which is
related to the fracture energy G and the ten-
sile strength f; as wy = Gg/f;, and n. is the
number of cracks assumed to be present in the
thick-walled cylinder.

For each part of the cylinder, two bound-
ary conditions are required to solve the sec-
ond order differential equation. For the outer
uncracked cylinder, the conditions are that the
radial stress at the boundary is equal to zero
(ov(r = 1,) = 0) and the tangential stress at
the boundary between cracked and uncracked
region is equal to the tensile strength (oy(r =
r.) = fi). The two conditions for the cracked
cylinder are that the two radial stresses at the
boundary between cracked and uncracked re-
gion are equal (o,(r = r}) = o(r = r_))
and the tangential stress at the boundary be-
tween cracked and uncracked region is equal
to the tensile strength (o4(r = 1.) = f;). For
the uncracked part, (4)) can be solved explicitly.
However, for the cracked part, a finite differ-
ence scheme is used to obtain the solution nu-
merically. The two solutions of the radial dis-
placement u of the two regions are obtained for

an incrementally increasing radius .. From w,
the radial and tangential stresses and strains are
obtained [22]. Furthermore, the crack openings
as a function of r can be determined as

l, 2mr u

We = —WEY = w— (7)
Ne Ne T

This crack opening is then used for the trans-
port part of the model extending the analyti-
cal approach described in [10] to case of the
cracked cylinder. The radial stress at the inner
boundary (o,(r = 1)) is set equal to the fluid
pressure Py, the spatial gradient of which in the
radial direction is related to the total flow rate ()
through the cylinder as

=" 9 g ®)
K 2mrt

where 1 is the dynamic viscosity of the cor-
rosion products, which is the fluid transported
through the thick-walled cylinder. Furthermore,
k 1s the permeability which is composed of
a cracked and uncracked contribution as kK =
Ko + Ke(r), whereby

3
wC

9

121, ©)
is the cubic law [23]] reduced by a factor £ taking
into account the influence of fracture roughness
on the crack permeability.

Ke = Nk

4 NETWORK MODEL

The network model used in this study is very
similar to the approach presented in [9, 10], and
is here only briefly reviewed. The structural
part consists of an irregular network of beam-
like elements which are arranged based on the
Delaunay tessellation of a random set of points
(Figure dp). Each element connects two nodes
which each possess three degrees of freedom,
namely two translations and one rotation. They
are related to a discontinuity at the mid-point
C' of the mid-cross-section (Figure @p). This
displacement discontinuity is used to model the
constitutive response of the elements. Identical
to the analytical model in the previous section,
the stress-crack opening law is chosen to be ex-
ponential with a crack-opening threshold wy.
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(b)

Figure 4: Network model: (a) Discretisation based on
dual Delaunay and Voronoi tessellation, (b) Structural
and transport elements.

For the transport part conduit elements are
arranged in a network based on the Voronoi tes-
sellation of the domain, which is dual to the net-
work of structural elements. The constitutive
response of the transport elements takes into ac-
count the transport through the uncracked and
cracked material by means of the permeability
Kk = Ko + K¢, as used in the analytical thick-
walled cylinder model. A detailed description
of how the boundary conditions between struc-
tural and transport lattices are enforced at the
inner boundary can be found in [10].

S ANALYSIS AND RESULTS

The two modelling approaches outlined
above are applied to the failure process of a
thick-walled cylinder subjected to an increasing
inner radial displacement representing a layer
of corrosion products. The aim of this anal-
ysis is to investigate the nonlinear relationship
between the radial pressure and loss of diame-

ter x.o.;. The analyses are performed incremen-
tally, whereby for each increment a sequence of
structural and transport analyses are performed.
Then, x.., is determined by considering the ap-
plied radial displacement and transport contri-
butions according to (3)).

For all analyses, the same input parame-
ters were chosen for the analytical and network
model. The geometry of the thick-walled cylin-
der is chosen as r; = 8 mm and r, = 58 mm.
The material parameters for the mechanical part
are Young’s modulus ¥ = 30 GPa, Poisson’s
ratio v = 0, tensile strength f; = 3 MPa and
fracture energy Gy = 0.15 N/mm. For the
structural part of the analytical model, it was
also required to assume the number of cracks,
which was chosen as ., = 4 based on the results
obtained from the network model. For the trans-
port part, two permeabilities of the uncracked
material were used to investigate the influence
of this parameter on the loss of radius x.,,. The
permeabilities were chosen as kg = 1 x 10719
and 5 x 107! mm?. Furthermore, the other pa-
rameters for the transport part were selected as
¢ = 0.001 and p = 0.019 MPas. Finally, the
expansion factor of the corrosion products was
assumed to be o = 2 and 7o, = 100 pA/cm?.

In Figure [5] the internal pressure P; versus
the loss of radius z,, for the two uncracked per-
meabilities kg are shown for the two modelling
approaches. The agreement between the two
approaches is very good. The analytical model
only slightly overestimates the maximum pres-
sure obtained by the network model. Further-
more, kq has a strong influence on the Ps-x.o,
curve. For the greater permeability, the maxi-
mum pressure is reached at a greater x ... Al-
though cracking strongly influences the Py-xcor
curve resulting in the nonlinear mechanical re-
sponse, it was found to have a small influence
of the overall permeability of the transport part
for the present small crack openings (w3 <
0.1 mm).

In Figure[5] three stages are marked at which
the cracking is shown in Figure[6] The red and
grey lines refer to active and inactive cracks, re-
spectively. Here, an active crack is defined as a
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Figure 5: Internal pressure Pj versus loss of radius x.,, for the network and analytical model. The three marked stages

refer to crack patterns shown in Figure[6]

mid-crosssection at which damage increases at
this stage of analysis. The dashed line shows
the interface between the crack and uncracked
region in the analytical model. It can be seen
that there is again a very good agreement be-
tween the analytical and network model. For
stage (c), the four main cracks from the net-
work model do not have the same length any-
more. This indicates the limit of the analyti-
cal model. Any further radial displacement at
the inner boundary, would lead to a completely
asymmetric crack pattern with only one crack
remaining active. The crack patterns in Figure[J]
apply to both analyses (kg = 1 x 107! and
5 x 107!° mm?), since the structural part of the
analysis is independent of transport part.

The strong dependence of ., on the perme-
ability kg is further illustrated by showing the
ratio of increments of transported and total vol-
umes of corrosion products versus the loss of
radius for the two models in Figure [7] Again,
a good agreement between the models is ob-
tained. The greater the permeability, the greater
is the volume of corrosion products transported
into the concrete. At stage (c), the volume ratio
predicted from the analytical model is greater
than that from the network approach, since also
the inner pressure of the analytical model is

greater than from the network one.

6 CONLCUSIONS

A new transport-structural modelling ap-
proach to corrosion induced cracking has been
proposed, which includes the pressure driven
transport of corrosion products. This approach
has been applied to both an analytical thick-
walled cylinder model and a network model.
The results of the two models are in very good
agreement in the form of pressure versus radius
loss, crack fronts and transported volumes ver-
sus radius loss. Whereas the analytical model is
limited to axisymmetric situation, which appear
to be valid up to the peak of the pressure-radius
loss curves, the network model has the poten-
tial to predict the entire propagation phase up to
spalling.
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inactive cracks. The dashed line represents the interface between cracked and uncracked region of the analytical model.
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