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Abstract. Concrete is one of the most abundantly used materials in the building industry and cor-
rosion of the reinforcement steel is one of the main reasons of degradation in concrete structures.
Corrosion of the rebars not only reduces the steel cross-section, it is also accompanied by a volume
increase due to the formation of rust products, resulting in rising internal expansion stresses on the
concrete. Eventually, cracks may form when the tensile stress reaches the tensile strength of concrete,
and further propagation of these cracks towards adjacent rebars or to the surface may lead, respec-
tively, to delamination and spalling of the concrete cover. In this work, spalling behaviour due to
a uniform radial pressure, relevant for carbonation-induced corrosion, is analysed using a 2D Finite
Element model. This numerical model is used to assess the adequacy of existing analytical models
in literature predicting the peak pressure during spalling. The allowable peak pressure can be seen
as a resistance against spalling, which may be related to the corrosion level and hence is relevant in
relation to the reliability-based assessment of degrading structures.

1 INTRODUCTION crete cover may endanger passers-by, reduces
the structural cross-section of the element and
reduces the remaining service life due to its in-

fluence on the corrosion process. Yet, limited

Ageing of civil structures is a common prob-
lem in the construction industry, which goes

hand in hand with the development of renova-
tion and refurbishment plans. Assessing and
managing degrading structures, however, re-
quire a certain understanding of the physical
phenomena. One of the main reasons of degra-
dation of concrete structures is corrosion of re-
inforcement steel [3]], which is accompanied by
a reduction of the steel cross-section, and a vol-
ume increase due to the formation of rust prod-
ucts. The latter may result in internal expan-
sion stresses in the concrete, which may eventu-
ally lead to cracking, delamination and spalling
of the concrete cover. Spalling of the con-

models are available that can predict this be-
haviour, and are suitable to assess this failure
mode of degrading concrete structures.

This work considers a FE model to explicitly
simulate crack propagation to analyse spalling
behaviour induced by a uniform internal radial
pressure. This model will be used to assess
the adequacy of two existing models in liter-
ature which predict the peak pressure occur-
ring during spalling of the concrete cover. This
peak pressure is a measure of the resistance
against spalling and hence is relevant in relation
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to the reliability-based assessment of degrading
concrete structures. First, the existing analyti-
cal models describing spalling of the concrete
cover are briefly discussed. Further, the struc-
ture of the FE model is explained, including
a validation using test results from literature.
Subsequently, the numerical model is used to
assess the adequacy of the existing analytical
models. Finally, the conclusions of this work
are given.

2 STATE OF THE ART

Currently, models exist predicting corrosion-
induced concrete cover cracking using thick-
walled cylinder models to relate the deforma-
tion induced by the expanding corroding re-
bar with the internal pressure [4-11]]. Only
a limited amount of models exist that de-
scribe corrosion-induced spalling of the con-
crete cover. One way to approach the phe-
nomenon, is by applying a uniform internal
pressure at the internal surface of the opening
representing the reinforcement steel instead of
an expanding corroding rebar by using for ex-
ample a hydraulic inflator device [ 1,2,12]. Such
tests can measure the maximum occurring in-
ternal pressure during loading, representing a
measure of the resistance against spalling. After
reaching this peak pressure, a softening branch
develops until the concrete cover spalls [2]]. As
an example of this softening behaviour, in Fig-

ure the pressure, p, is plotted in function
of the out-of-plane displacement of the surface,
Uy, ¢y 1s the concrete cover thickness, and ¢ is
the rebar diameter.
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Figure 1: Internally applied pressure as a func-
tion of the out-of-plane displacements of the
surface for a varying concrete cover thickness
where the dashed lines correspond with miss-
ing data, adapted from Moccia et al. [2].

Williamson and Clark [1] made an attempt
on predicting the peak pressure by applying
the kinematic theorem on the spalled concrete
cover assuming that the system obtains a trans-
lational motion, visualized in Figure How-
ever, many effectiveness factors had to be used
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Figure 2: Modes for the prediction of the peak pressure: (a) assumed translational motion applied in
the kinematic theorem in the model of Williamson and Clark [1]], and (b) assumed failure plane with
corresponding stress distributions in the model of Moccia et al. [2].



Andreas DeKeyser, Els Verstrynge, Roman Wan-Wendner, Wouter Botte and Robby Caspeele

since an upper-bound theorem was applied, in-
dicating that possibly another method would be
more effective.

Subsequently, Moccia et al. [2] developed a
model predicting the peak pressure, by apply-
ing the static theorem, starting from a certain
assumed failure plane, visualized in Figure
where ¢ is a variable and -y is taken as a con-
stant value equal to 37°. It should be mentioned
that experiments have shown that this angle can
range from 30° to 45° in case of non-uniform
corrosion [14]. Furthermore, Moccia et al. [2]
assume an averaged tensile strength, 7. f.; with
N« = 0.80, along the cracks. By stating that
the vertical equilibrium needs to be satisfied,
the pressure can be written in terms of the vari-
able 1. Applying limit analysis, the expression
of p can be minimized with respect to 1), such
that the peak pressure, or also called the critical
pressure, yields [2]]:

Per =
f 2 ( dagbres \ 7
2nzsnct ct C_y+ (C_y) < dg ref) (1)
tany \ ¢o ®o dag ref®o
in which 7, = 0.6 is a reduction factor to

account for the bleeding effect on the tensile
strength of concrete in case the rebar is a top re-
bar. If the rebar is a bottom rebar, then 7;, = 1,
which will be considered in 1this work. Further-

more, the factor ( 24s%</ )™ takes the size ef-
ddg;r'ef(]ﬁo

fect into account as larger openings are accom-
panied by smaller peak stresses [2], where the
reference values equal ¢,y = 20 mm, dgg ref =
32 mm, m = 3, and an average roughness [2]]:

dgg = min{40 mm; 16+d,} (2)

for f, < 60 N/mm?, and d, the maximum ag-
gregate size. It should be mentioned that Moc-
cia et al. [2] extended this model in case multi-
ple rebars are present in the failure plane and
also in case spalling of the concrete cover is
caused by pull-out failure. However, these cases
will not be treated in this paper.

Another model developed by Su and Zhang
[19] gives a relation between the corrosion de-
gree of non-uniform corrosion, the crack width,

and the amount of bulging of the surface as-
suming that the concrete behaves rigid in the
direction perpendicular to the surface and that
the spalling concrete cover obtains purely a ro-
tational motion. At first, concrete behaves lin-
ear elastic after which a crack develops when
the tensile stress reaches the tensile strength of
concrete. This way, the crack width or the cor-
rosion degree can be estimated by measuring
the amount of bulging of the concrete surface.
Although it does not have a direct link with the
models predicting the peak pressure when an in-
ternal uniform pressure is applied, it gives in-
sight into the kinematics of the system.

3 FINITE ELEMENT MODEL

A FE model is developed to analyse spalling
behaviour induced by a uniform radial pressure
using Abaqus FEA software. A 2D rectangular
section with size 400 x 250 mm is modelled in
which the shape of a rebar is cut out as a hole
and placed in the centre line of the width. In
order not to excessively increase the computa-
tional time, three-node triangular plane stress
elements are used. Triangular elements allow
to model more complex shapes, resulting in a
crack path which is less mesh-dependent. Fur-
thermore, a plane stress situation is consistent
with the assumption underlying the classical
thick-walled cylinder model used for the predic-
tion of cover cracking [4-11]. The aggregates
are not modelled. However, previous meso-
scale models in which the aggregates are explic-
itly modelled as randomly distributed through
the mortar matrix have shown that cracks tend
to propagate along the aggregates [20,21]]. Not
modelling the aggregates is consistent with the
analytical models discussed in section [2| where
straight crack paths are assumed. An approx-
imate mesh size of 1 mm is implemented in
the critical zones, i.e. in the vicinity of the
rebar. Going further away from the rebar, the
mesh size is increased to reduce the computa-
tional time. The model is load-controlled by in-
crementally increasing the uniform radial pres-
sure on the internal surface in time. The ex-
plicit time integration scheme is used in order
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to prevent convergence problems when mod-
elling crack propagation in concrete. As such, it
was ensured that the kinetic energy is negligible
compared to the internal energy of the system.

3.1 Constitutive law of concrete

To properly model crack propagation in con-
crete, the damage-plasticity theory as described
in Lubliner et al. [22]] and later modified by Lee
and Fenves [23]], is applied in the FE model. It
assumes that concrete mainly fails in tension as
cracking and in compression as crushing [20]].
The model is suitable to predict non-linear be-
haviour for both dynamic and static loading. It
accounts for the stiffness degradation for plas-
tic straining in compression and tension, and
it accounts for the triaxial effect [20]. In this
work, it is assumed that concrete behaves lin-
ear elastic in tension and compression until the
tensile stress reaches the tensile strength of con-
crete [[16], and the compressive stress reaches
0. = 04f., [15] respectively. After reach-
ing this point, the following equations are used
for concrete in tension and compression respec-

tively [15,/16]:
ge _ M)
Jem B (1+<k_2)77 ©)

fctm 1 - 081%) )
Fom (0.25 — 0.0510&1) D w < w < w,

“4)
in which n = e./eq, k = 1.05E.|ec1|/ fems
€¢1 18 the strain at maximum compressive stress
(Table , Ecim 18 the nominal ultimate strain

w < w;
Oct =

(Table , fem 18 the mean compressive strength,
w is the crack width, w1 = Gy/ fum, we =
5G't/ fetm is the crack width for which the ten-
sile stress equals zero, Gy = T73f%1% is the
fracture energy, and f., is the mean tensile
strength. So the post-fracture constitutive law
for concrete in tension is modelled using a frac-
ture mechanics approach in which the resid-
ual tensile stress is expressed in function of the
crack width using a bilinear curve.

The damage parameter, defining the magni-
tude of the stiffness reduction, is defined us-
ing the stress state for compressive and tensile
stress respectively [[17]]:

Oc

d.=1-— (®))
O-CU,

d=1— ¢ (6)
Uctu

in which o, and o, are respectively the ul-
timate compressive and tensile stress, i.e. the
mean compressive and tensile strength. The
stiffness reduction is then formulated as (1 —
d;)Eepm, with i = ¢, t [17].

The plasticity parameters are taken as the de-
fault values, Table [l The dilation angle typi-
cally ranges between 30°-40° [18], for which a
higher dilation angle corresponds with a higher
ductility [17]. Here, the angle was chosen equal
to 40° as this showed to have good correspon-
dence compared with the test results of Moccia
et al. [2].

3.2 Validation of the numerical model

To validate the numerical model, the test re-
sults of Moccia et al. [2]] are used. The relevant

Table 1: Strains ¢.; and €., for a concrete with a grade up until C50 [15,|16], and the plasticity

parameters for the damage-plasticity model [17,|18]].

Concrete grade C12 Cl6 C20 C25 C30 C35 C40 C45 C50

Eet %] 1.9 20 21
Ectim [%d] 3.5 35 35

22 23 23 24 25 -26
-35 -35 -35 -35 -35 -34

Dilation angle [°] Eccentricity [-]

fo0/fcO[-] KI[-] Viscosity parameter [-]

40 0.1

1.16 2/3 0
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material properties are mentioned in Table 3|
CM11 is the test series with a varying concrete
cover, and CM12 is the test series with a vary-
ing rebar diameter. The modulus of elasticity is
estimated using the following equation [15]:

f 0.3
E.., = 22000 ( 161) (7

Table 3: Material properties applicable to the
tests of Moccia et al. [2]].

Series  f. [N/'mm?] f. [N/mm?]
CM11 39.7 2.49
CM12 40.5 2.78

To compare the numerical results with the
test results in Moccia et al. [2], it is of utmost
importance to have an understanding of the dif-
ference between the executed tests and the nu-
merical model. In the testing campaign of Moc-
cia et al. [2]], hydraulic inflator devices were
used to induce a radial pressure on the inner
surface, for which the inflator membrane has a
negligible stiffness. The pressure was measured
by means of a pressure gauge. As is clear from
Figure|l| softening behaviour is captured, indi-
cating that a pressure release between the infla-
tor device and the spalling concrete body is in-
cluded. A load-controlled model in ABAQUS,
however, is not able to capture this post-peak
softening behaviour correctly, as will be dis-
cussed in the following.

Looking at the numerical model, the ap-
plied pressure is incrementally increased as a

result of the load control application. However,
when cracks appear in the first row of elements
around the rebar circumference, the transferred
pressure to the system depends on the amount
of stiffness degradation of these elements as a
result of the damage-plasticity theory applied
in this model. The principal compression stress
around the rebar circumference is shown in Fig-
ure 3] where the bottom, i.e. at § = 180°, is
the side located near the concrete surface. The
effect of cracked elements is clearly visible at
the locations where the principal compression
stress obtains a lower value.

2707

Figure 3: Principal compression stress at p =
6.12 N/mm? measured at the first row of el-
ements around the rebar circumference, ¢, =
15 mm for CM11.

Taking this into account, the evolution of the
average principal compression Stress, Py, dur-
ing loading can be plotted as a function of the
maximum out-of-plane displacement of the sur-

Table 2: Comparison of the maximum pressures between the measured values reported in Moccia et
al. [2]] and the estimated numerical values for the different test series.

Series ¢0 [mm] Cy/(b() ['] Permeasured [N/me] [2] Per numerical [N/mm2]
CM11 20 0.50 5.2 5.9

20 0.75 6.4 6.7

20 1 7.8 8.4
CM12 10 1.25 114 12.2

28 1.25 10.8 10.9
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face, see Figure
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Figure 4: Average principal compression stress
along the first row of finite elements at the rebar
circumference as a function of the maximum
out-of-plane displacement of the surface, ¢, =
15 mm, ¢, /¢y = 0.75 for CM11.

It can be seen that the post-peak behaviour
is not captured accurately compared to what is
expected (see Figure [I)). This is the result of
the application of a load-controlled model. In
an incremental implicit integration scheme, the
arc length method could be applied to capture
this post-peak softening branch. However, due
to the application of concrete damage-plasticity
theory applied as constitutive law, full propa-
gation of cracks through the cover results in
large displacements and could lead to conver-
gence issues. Another solution for capturing
the post-peak behaviour more accurately is a
displacement controlled method by incremen-
tally increasing the magnitude of a uniform ra-
dial displacement field, which still would allow
to use the explicit integration scheme to tackle
convergence issues. Yet, an equivalent response
compared to when a uniform radial pressure
is applied can not be ensured, especially when
cracks form, resulting in a non-linear response.
Nevertheless, the domain of loading which is
of interest for this analysis is until reaching the
predicted peak pressure, i.e. before the system
obtains large deformations for which softening

behaviour is expected. The moment the average
pressure stagnates, 1.€. at Pgyger = 6 N/mm?,
is used to predict the peak pressure which is
applied in the corresponding load step on the
inner surface, which is p., = 6.7 N/mm? in
this case. This calculation can be done for sev-
eral geometrical configurations of the test series
CM11 and CM12. The results are presented
in Table 2l The critical pressures are system-
atically overpredicted by the numerical model
compared to the tested values. However, the nu-
merical model still accurately captures the peak
pressures. The overprediction can be attributed
to the differences between the tested pressure,
where at reaching p,,. already some minor soft-
ening behaviour is captured, and the numerical
model, where this softening behaviour is not in-
cluded. Additionally, the three-node triangular
elements predict spurious shear strains, leading
to an overestimation of the stiffness [[13]].
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Figure 5: Out-of-plane displacement of the sur-
face captured by the FE model for different load
steps for ¢, = 20 mm and test series CM11,
measured between the locations where the in-
clined cracks meet the surface.

4 RESULTS AND DISCUSSION

In the following, the FE model is used to
analyse spalling behaviour. Furthermore, these
results are used to assess the adequacy of the
underlying assumption of (1) the model of
Williamson and Clark [|1]], where a translational
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motion was assumed for the spalled concrete
body in the kinematic method to predict the
peak pressure, and (2) the assumed stress dis-
tribution for the static method in the model of
Moccia et al. [2].

4.1 Analysis of the kinematics of the system

The system’s kinematics can be analysed us-
ing the FE model as developed in section
by plotting the out-of-plane displacements of
the surface, see Figure [S| The vertical dis-
placements decrease approximately linearly go-
ing further away from the rebar, when moving

@ CM1112

(a)

\\ “‘\l‘ bottom
\ \U\\J Im ¢, = Al i
H‘vj “ .

away from the centre line. This indicates that
rather a rotational displacement field develops.
Since the kinematic theorem is an upper-bound
theorem, the predicted critical pressure will in-
deed be an overestimation if some assumptions
do differ significantly with reality, introducing
the need for correction factors.

4.2 Analysis of the crack pattern and cor-
responding stress distributions

In Figure [6] the simulated crack pattern is
compared with the tested crack pattern in Moc-
cia et al. [2]], for ¢9 = 20 mm, ¢, = 20 mm

(b)

Figure 6: (a) Tested crack pattern [2], and (b) simulated crack pattern, for ¢y = 20 mm, ¢, = 20 mm,

and test series CM11.

- - == Along the crack of the numerical model

2

p = 5.5 N/mm? P = Per = 6.7 N/mm?

p =5 N/mm?

(d)

®

Figure 7: Principal tensile stress distribution evolution along the inclined crack for the properties of
test series CM11 and (a-c) ¢, = 15 mm, and (d-f) ¢, = 20 mm.
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and test series CM11. Considering that the ag-
gregates were not explicitly modelled, the simu-
lated crack pattern corresponds reasonably well
with the tested crack pattern. Furthermore, it is
also consistent with the assumed failure plane
in the analytical model of Moccia et al. [2], see
Figure

The evolution of the principal tensile stress
distribution along the inclined crack for subse-
quent load steps until reaching p,,. is plotted in
Figure [/|in case ¢, = 15 mm and ¢, = 20 mm
respectively. First, case ¢, = 15 mm will be dis-
cussed. In Figure[/a} the crack has partly prop-
agated through the concrete, where the tip of
the crack corresponds with the principal stress
being equal to the tensile strength of concrete,
the reduction of the principal tensile stress go-
ing from the crack tip towards the rebar indi-
cates a certain widening of the crack consider-
ing fracture mechanics. Increasing the internal
pressure, Figure [7b|and later Figure[7d] it is ob-
served that the inclined crack propagates further
towards the surface. In Figure a significant
stress reduction has occurred for the part be-
tween the rebar and the stress peak, indicating
a significant widening of the crack. The same
observations can be made looking at the prin-
cipal tensile stress distribution evolution along
the inclined crack in case ¢, = 20 mm.

The final steps, Figure [7c|and[7f] correspond
with an internal pressure equal to the predicted
critical pressure. At this stage, the stress distri-
butions have an irregular shape, which are de-
cisive for the prediction of the critical pressure
in the static theorem as applied in the model
of Moccia et al. [2]. In this analytical model,
the stress was taken as uniform and equal to an
averaged tensile strength, 7. f.;, along the in-
clined crack, see Figure For engineering
purposes, having a measure of the resistance
against spalling using a simplified approach is
preferred, as demonstrated in the prediction of
Per using a uniform distribution in the model of
Moccia et al. [2]. However, the implementa-
tion of the factor 7., in Moccia et al. [2], where
it is referred to as an averaged tensile strength,
can be questioned. For a correct estimation of

the critical pressure according to the static the-
orem, it is important that the stress distributions
are resembling a realistic situation. In this con-
text, an averaged stress along the inclined crack
at the moment p = p,,., eventually resulting in a
uniform distribution, to determine the factor 7).,
would be more suitable.

5 Conclusions

This paper analysed spalling behaviour us-
ing a FE model in case a uniform radial pres-
sure is applied at the surface representing the re-
bar circumference. The damage-plasticity the-
ory was used to model concrete, which allowed
to study crack propagation with corresponding
stress distribution evolutions. The numerical
model was used to compare with the assump-
tions underlying two models predicting the peak
pressure during spalling, i.e. the model of
Williamson and Clark [|1]] and Moccia et al. [2],
from which the following can be concluded:

* The analysis of the kinematics of the
spalling body revealed a more dominant
rotational motion, indicating that the lat-
ter would be more appropriate to apply in
the kinematic theorem.

* The principal tensile stress distribution
along the inclined crack was analysed
at the moment that the internal pressure
equals the peak pressure. This stress dis-
tribution exhibited an irregular shape, in-
dicating that it would be more suitable
that the factor 7., is determined by aver-
aging the principal tensile stress distribu-
tion along the inclined crack at the mo-
ment p = pey.
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