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Abstract. Corrosion of reinforcement bars in concrete plays a significant role in determining a struc-
ture’s durability and serviceability lifetime. Corrosive species diffuse through the pore space of ce-
mentitious material and chemically react to form corrosion products. These precipitates grow within
the confined pores and exert pressure on the solid phase, which leads to fracture initiation and, ul-
timately, to a structure’s deterioration. The deposition of corrosion products and internal cracking
changes the pore structure over time, consequently influencing various mechanisms (ion diffusion,
precipitate growth, stress development) that lead to corrosion-driven concrete fracture. In this con-
tribution, we summarize how various processes change the pore structure of a cementitious material.
We employ numerical simulations to analyze how different corrosion-driven processes, such as the
deposition of corrosion products and the initiation and propagation of cracks, occur within a com-
plex microstructure. We discuss how various corrosion-driven mechanisms lead to crack initiation
and propagation at the microscale, changing microstructural details over time. Finally, we discuss
how incorporating information about micro-structural details and their evolution may lead to better
predictive models for corrosion-driven fracture.

1 INTRODUCTION

Corrosion of reinforcement bars in con-
crete plays a significant role in determining
a structure’s durability and, hence, its ser-
viceability lifetime. Ferrous ions released
at the steel-concrete interface diffuse through
the pores and undergo many chemical re-
actions, forming rust (ferrous/ferric precipi-
tates). A precipitate, confined in the pore
space, grows with time, exerting pressure on
the walls. Internal cracking begins when the
surrounding matrix’s stress exceeds the ma-
terial strength. (see Figure 1). The three
corrosion-driven mechanisms- ionic diffusion,
chemical reactions, and stress development- co-
occur at the micro-scale (within pores ranging

from nanometers to micrometres) and subse-
quently influence the load-bearing capacity at
the macro-scale. Thus, the pore structure and
the pore space in cementitious material play
a crucial role from the initiation of corrosion
until the crack nucleation. The pore structure
in concrete is highly complex, with pore sizes
ranging from nanometers to micrometres, and
this complexity of the micro-structure evolves
due to the corrosion-driven mechanisms. The
two main process that changes a micro-structure
are micro-cracks formed due to the expan-
sion of precipitates within the pores and pore-
clogging due to the deposition of precipitates
within the micro-pores. Since the corrosion-
driven processes occur at a very small scale it
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is difficult to observe these process experimen-
tally. In the following section, we employ nu-
merical methods to study the micro-structural
changes at microscale. In particular, we look
into the crack initiation and formation around
the micro-pores.

2 MULTI-PHYSICAL PROCESSES IN
FRACTAL MEDIA

In this paper, we employ spectral-based ap-
proach [1–3] to simulate the diffusion of ions
and the development of stresses. Although the
numerical methods used in the literature [4–
11] have been crucial to the understanding of
corrosion-driven damage, these methods (the
Finite element method, the pore network model,
and the Lattice Boltzmann method) approxi-
mate the real micro-structure in the cementi-
tious material to reduce the high computational
cost associated with the simulation of ion dif-
fusion, stress development and crack initiation
in a fractal domain. Applying the Fast-Fourier
Transform (FFT) to solve partial differential
equations in spectral methods makes the sim-
ulation of physical processes within a complex
domain computationally efficient compared to
other methods. Furthermore, an FFT-based ap-
proach requires a pixel-based representation of
the structure; therefore, the approach can be
employed to µ-CT scans of cementitious ma-
terials directly without making any approxima-
tions.

We consider a cementitious bar exposed to
a constant flux of ferrous ions from one end.
Each material point of the bar is coupled to a 2D
representative volume element (RVE), shown
in Figure 2a. We perform multi-scale simula-
tions for the ionic diffusion of ferrous ions. At
the macro-scale, we solve a transient diffusion
equation (see Equation (1)). Within coupled
RVEs, we solve a static diffusion equation until
the average microscopic concentration gradient
is equal to the macroscopic concentration gra-
dient i.e. ⟨∇c(x)⟩ = ∇c(X). Thus, the two
equations for diffusion at two different scales

are given as

∂c(X)

∂t
+∇j(X) = f, ∇D∇c(x) = 0 (1)

where D represents the intrinsic diffusion coef-
ficient of ionic species. For this example, we
consider a pore solution constantly buffered at
a pH of 8 and the formation of ferrous hydrox-
ide Fe(OH)2 as the only corrosion product. The
stress develops within the RVE due to the vol-
umetric expansion of ferrous hydroxide, given
as

∇C : (ε(x)− εeig(x))︸ ︷︷ ︸
σ

= 0, ∋ ⟨ε(x)⟩ = 0

(2)
where εeig(x) is the eigen strain developed due
to the expansion of ferrous hydroxide at a mi-
croscopic point within pores of an RVE. We
employ a phase-field approach [12] to simu-
late fracture initiation and propagation within
an RVE.

−Gcl0
2

∇ ·∇d+
Gc

2l0
d+H+d = H+ . (3)

Figure 2 shows the evolution of the pore
network in the considered RVE due to micro-
cracking. The precipitation of ferrous hydrox-
ide leads to crack initiation and propagation
within an RVE. We show how the precipitation
occurs within the pores of the micro-structure,
with maximum precipitation happening within
the small pores. As these precipitates expand
within the pore space, the surrounding solid ma-
trix is damaged, leading to fracture initiation
and propagation. As observed, the evolution of
micro-cracks within the solid phase is complex.
Due to the complex crack propagation, certain
fragmented solid phases under pure compres-
sion inhibit crack growth, and therefore, the av-
erage RVE damage saturates around 0.35 Fig-
ure 3a. As a result, the total porosity of the con-
sidered RVE also saturates around 0.45. Inter-
estingly, the total damage and the total porosity
of the RVE never go to 100%, unlike what is
assumed in several studies.

2



Mohit Pundir, Ueli Angst and David S. Kammer

Figure 1: Schematic showing the different corrosion-driven mechanisms within micro-pores of concrete and the interplay
among them that leads to corrosion-driven damage in concrete at structural scale.

Figure 2: RVE Snapshots show the pore structure’s evolution within the RVE due to micro-cracking. The leftmost figure
shows the actual pore structure with the RVE before the start of the simulation. The precipitate concentration is zero ev-
erywhere within the pores. The middle figure shows the precipitation of ferrous hydroxide and the simultaneous initiation
of cracks (shown in white) around the pores. The maximum precipitation occurs within the constricted portions of the
pore network (as seen by the purple colour). The right-most figure shows the final state of the RVE and the new pore
channels created due to the fracture propagation at time t = 3500 sec. We show micro-cracks (in white) only for damage
values greater than 0.8.
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Figure 3: (a) Evolution of total porosity of the RVE (shown in red) and the average damage in the RVE (shown in blue).
Both quantities saturate over time. The initial porosity of the RVE is 0.26. (b) The evolution of fractal dimension F for
pore structure. The fractal dimension is computed from the box-counting method where D represents the box size and
n(D) is the number of boxes of size D that could fit within the pore space. (c) The radial density function and its evolution
over time. The radial density function is computed from the distance transform of pore space.

3 CHARCTERIZATION OF FRAC-
TURED MICROSTRUCTURE

In this section, we characterize the fractured
micro-structure. Various measures exist in the
literature to describe a porous micro-structure,
namely, pore size distribution, n−point corre-
lation function, and fractal dimension [13–20].
For this example, we mainly chose two mea-
sures: fractal dimension, which gives an esti-
mate of the roughness of the pore walls, and
radial density function, which provides an es-
timate of the pore size distribution [21]. Fig-
ure 3b-c shows the evolution of these two mea-
sures for the evolving RVE. The fractal dimen-
sion of the pore network increases from an ini-
tial value of 1.1 to 1.2. As the propagation and
initiation of new cracks within the solid phases
stop (as shown by the saturated value of the av-
erage damage in Figure 3a), the evolution of
the fractal dimension also saturates to roughly
1.2. We also analyze the distribution of radial
density function within the pore network. This
measure, as defined by Torquato [21], gives the
probability of finding a point at a radial dis-
tance between r and dr from the solid inter-
face. Compared to other measurements (such as
Mercury-Intrusion-Porosimetry (MIP), NAD),
the radial density function gives a better esti-
mate of pore size distribution since it does not
assume the pore shape to be spherical or cylin-
drical. Similar to the fractal dimension, the ra-
dial density function also saturates. We see that

the initiation of micro-cracks mostly leads to
the creation of smaller pores as seen by the in-
crease in probability density of smaller pores
((r/∆x < 0.4) and decrease in the density of
bigger pores (r/∆x > 0.4 ).

In this study, we did not consider the pore
structure changes due to the deposition of the
ferrous hydroxide. However, in reality, the
precipitation should lead to clogging of pore
space, especially small pores, as seen in Fig-
ure 2b-c. This should decrease the total poros-
ity and, therefore, is expected to affect how
cracks initiate and propagate within the solid
material. Both phenomenons i.e. crack initi-
ation and pore-clogging must be considered si-
multaneously to fully understand the pore struc-
ture evolution during corrosion-driven damage
in concrete. Finally, we believe that the char-
acteristics measures that represent evolution of
micro-structure must be taken into considera-
tion for predicting deterioration of structures
sue to corrosion-driven process.

4 CONCLUSIONS
In this paper, we employ a spectral-based

method to numerically simulate a corrosion-
driven process within an actual micro-structure
of cementitious material. We show how precip-
itation of corrosion products leads to the initia-
tion and propagation of micro-cracks and how
this changes the pore structure over time. Due
to the complexity of the crack network, a micro-
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structure is never damaged completely. The to-
tal damage within a micro-structure naturally
depends on the initial micro-structure and its
evolution. We characterize the evolving struc-
ture, which shows that the pore structure’s evo-
lution saturates and reaches a steady state. We
believe that micro-structure evolution should be
considered within the predictive models.
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