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Abstract: In the paper an appropriate indicator for degradation of bond strength due to corrosion
of reinforcement is investigated. Common indicators, which are currently in use, are the mass loss
and the average corrosion penetration of steel. The crack width in concrete cover is not frequently
used as an indicator of corrosion induced damage in bond. A comparison between the average cor-
rosion penetration and the crack width in concrete cover with respect to bond strength is discussed.
For this reason, experimental and numerical investigations on beam-end specimens were carried
out. Within the experimental investigations the specimens were corroded to different states before
bars were pulled-out. A modest corrosion rate close to the maximum natural corrosion rate under
splash conditions was chosen. Maximum values of current density were between 15 and 25 pA/cm?,
In addition investigations on morphology and distribution of corrosion products in the vicinity of
the reinforcement surface were performed. In numerical investigations a detailed 3D-FE model was
employed. The reinforcement is discretized by 3D finite elements. In order to model expansion, due
to different levels of corrosion, 1D radial contact elements on the reinforcement-concrete contact
surface were used. The contact elements can take up axial compressive forces and shear forces due
to friction between reinforcement and concrete. In the numerical analyses the damage due to the
radial expansion of corrosion products is simulated first. This is modeled by radial expansion of the
contact elements. Subsequently, the reinforcement bar is pulled-out from the concrete beam-end
specimen. The study confirms that the crack width is a good indicator for the degradation of bond
resistance due to corrosion of reinforcement. The bond strength is dependent on the concrete con-
finement and thus on the crack state of the surrounding concrete. In fact from the mechanical point
of view crack width should be a better indicator for degradation of bond strength, however, the dif-
ficulty is the fact that crack width depends on bar diameter and concrete cover.

1 INTRODUCTION rioration due to corrosion of steel reinforce-
Bond degradation due to corrosion of rein- ~ Ment. Although a tremendous amount of in-

forcement embedded in concrete is an on- vestigations was conducted notably within the

going topic. There is a large number of rein- past two decades there are still a number of

forced concrete structures, which are already open questions. _

degraded due to corrosion of steel reinforce- The principal effects of reinforcement cor-

ment or at which there is a major risk of dete- rosion on bond performance have been ascer-
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tained. These include the following facts: the
pressure due to volumetric expansion of corro-
sion products may initially result in increasing
bond strength at average corrosion penetration
of Xcorr < 25 — 50 um (loss of bar radius), de-
pending on the cover/bar ratio (c/d-ratio). With
increasing corrosion the tensile hoop stresses
in the surrounding concrete exceed the tensile
strength, longitudinal cracks start to split the
concrete cover and the bond strength is de-
creasing [1, 2, 3, 4]. The rate of decrease can
be reduced or even reversed into a certain in-
crease of bond strength due to a transverse
reinforcement [4, 5, 6, 7, 8]. The transverse
reinforcement ensures an additional confine-
ment which is limited by loss of cross section
of the transverse reinforcement. The increase
of bond strength with increasing corrosion,
which was found in some cases, is due to the
pretension of stirrup arms [9] and increasing
friction coefficient between rebar and concrete
[10].

Experimental results on the change in bond
strength with increasing corrosion have a wide
scatter. Beside the two major reasons (i) use of
different specimens and (ii) a wide range of
corrosion accelerations used, the parameter
indicating the change in bond strength with
increasing corrosion might be a reason as well.
This assumption was investigated and is dis-
cussed in the present paper.

2 SPECIMEN GEOMETRY AND TYPES

According to the recommendations of
Chana [11] a beam-end specimen was chosen.
The experimental investigations were per-
formed on specimens with four bars diameter
12 mm and 16 mm placed in corner positions
with concrete covers of 20 mm and 35 mm,
respectively, see Figure 1. The two combina-
tions of bar diameter and concrete cover were
designed without stirrups in fact, two different
types have been investigated, see Table 1. The
specimens had a bond length of 180 mm. For
each type eight specimens were cast. The bars
of two specimens were tested without corro-
sion (reference tests) and the bars of six spec-
imens were tested at different corrosion states
within a period of 16 months. The four bars of

each specimen were pulled-out load controlled
one after each other beginning with the top
cast bars. Mutually diagonally arranged bars
were pulled-out in the same direction.

The concrete used had a cement content of
360 kg/ms3, a water/cement ratio of 0.5 and a
maximum aggregate grain size of 8 mm. The
resulting material parameters of concrete and
the parameters of the reinforcement steel are
shown in Table 2. To proceed depassivation of
the reinforcement, a chloride content of 2.5 %
per weight of cement was added to the con-
crete.
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Figure 1: Geometry of beam end specimen

Table 1: Specimen types

Type d c c/d
No. mm mm }
12/20 12 20 1,67
16/35 16 35 2,19

Table 2: Concrete and steel parameters

concrete steel
fcm fct E GF fy Rm
MPa MPa MPa J/m? MPa MPa
41 3.3 29,400 180 500 600

a)

Figure 2: Crack pattern after bar pull-out of a) a
type 12/20 reference specimen and b) a type 12/20 spec-
imen after 16 months of corrosion
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In order to accelerate the corrosion process,
a potential of +500 mV NHE was applied be-
tween the rebars (anodes) and two platinized
titanium meshes (cathodes) one at each side of
the specimen. Twice a day the two longitudi-
nal sides of each specimen were wetted with
1 % chloride solution for 1 and 3 minutes. The
resulting current densities for bar diameter
d =12 mm were around icor = 20-25 pA/cm?,
and for bar diameter d =16 mm they were
about icorr = 15-20 pA/cm?. Due to this sensi-
tive conditioning, maximum crack widths of
around w=1.3mm at corrosion penetration
depths of around Xcorr =400-500 um were
reached after a corrosion time of 16 months.

In Figure 2 the crack pattern after bar pull-
out of a type 12/20 reference specimen with
d=12mm and c=20 mm and a type 12/20
specimen after 16 month of corrosion time are
shown. In both cases failure was reached due
to splitting of the concrete cover.

3 NUMERICAL MODEL

The numerical calculations were performed
with the FE-code MASA [12]. For concrete
the microplane material model was used. The
results presented in the paper are based on the
following detailed 3D model. The model taken
for numerical calculation was geometrically
identical to the beam end specimen used for
the experimental investigations except, for the
sake of simplicity, only one bar was modeled,
see Figure 3a.

concrete

ww 00T

interface layer with
expansion bars

a) c)

Figure 3: Detailed FE-model with a) discretization
and constraints of full model, b) detail of bar discretiza-
tion and c¢) schematic view of bar-interface-concrete
area.

The reinforcement bar was modeled by 3D
solid elements with a simplified axially sym-
metric rib geometry, see Figure 3b. To clarify
the transition between rebar and surrounding
concrete a detail is illustrated in Figure 3c.
Hence it becomes apparent that the load trans-
fer between steel and concrete is performed by
the rib front faces. No transfer of tension forc-
es can occur at the rib back faces. The expan-
sion of the corrosion products and the lateral
pressure dependent Mohr-Coulomb friction
component was modeled by an interface layer
within the rib dales, see Figure 3c.

The expansion of the corrosion products
simulated by the above mentioned interface
layer was assumed to be uniformly distributed
around the bar circumference as well as over
the bond length and defined by the following
equation:

Ar=-r+ \/r2+(kv,eﬁ —1)'(2r'xcorr—Xgorr) (1)

With 4r as the free radius increase depend-
ent on bar radius r, effective volume ratio
(volume factor) between corrosion product and
iron kye and average corrosion penetration
depth Xcorr. Experimental investigations (men-
tioned under chapter 4.2) and numerical cali-
bration of the model resulted in kye = 1.5.
Another important value is the stiffness of the
corrosion products. In the literature there are
values mentioned between 100 to 500 MPa
[13] and 215,000 to 350,000 MPa [14] de-
pending on the structure of the investigated
sample. The low values come from the granu-
lar structure of corrosion products. The high
values are measured at crystalline level. How-
ever, the stiffness applied for the numerical
investigations was chosen to Ecorr = 250 MPa
since this value gave best agreement between
numerical and experimental results within the
calibration.

The simulation was performed in two stag-
es. First the expansion of the interface layer
was performed to the respective corrosion ex-
pansion level. The elemental expansion was
kept to this stage during bar pull out. After-
wards the bar was pulled out at increments of
0.08 mm, whereas the load was transferred by
the rib front faces. Due to the cracked concrete
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cover and the lack of lateral pressure almost no
load transfer took place at interface layer with-
in the rib dales.

The calibration of the model was obtained
by simulating the experimental types 1 and 3.
As a result concrete parameters shown in Ta-
ble 2 (except Gg) were increased by around
10 %. The reason for this correction is found
in the very small element size at the interface,
which is rather small to present macroscopic
concrete characteristics, which is intended by
the microplane model.

Numerical simulations were carried out for
variety of bar diameter-concrete cover combi-
nations, see Table 3. For two of the nine com-
binations experimental results were obtained.

Table 3: Geometrical variations of numerical simu-
lations and experiments

d c c/d experimental
mm mm . type
12 1.0 -
12 20 1.7 12/20
36 3.0 -
14 1.0 -
14 28 2.0 -
42 3.0 -
16 1.0 -
16 35 2.2 16/35
48 3.0 -

4 EXPERIMENTAL RESULTS

4.1 Effects on bond strength

The large differences between the results of
corrosion affecting bond strength of different
research teams are the major problem and
makes assessment of uniform standards diffi-
cult to obtain. For this reason, own experi-
mental results are compared to the results from
the literature. As evaluation parameters for the
effects on bond strength the average corrosion
penetration and the crack width are consid-
ered. By comparing different results it was
ensured that always the same or similar bar
diameter and concrete cover were compared.

The average corrosion penetration was cal-
culated from the gravimetrically obtained mass
loss by the following equation:

Xeorr = T - T —Am (2)
r-L-p r-L-p

The average corrosion penetration in Equa-
tion (2) is calculated from the original mass
mp, the mass loss due to corrosion Am, the
bond length L and the density of the steel p.
The crack width was measured at the end of
the conditioning time directly before bar pull-
out. Measurement was performed at three
points over the crack length by means of a
crack magnifier. In case of two cracks, one on
each side of the concrete faces, the sum of
both was taken into account, see Figure 4.

W,

= =

Figure 4: Measurement of crack width

In Figure 5 the normalized bond strength is
plotted over the average corrosion penetration
and over the crack width. Results of Rodriguez
et al. [8] and own investigations with bar di-
ameters of 16 mm are shown. Bond strength
plotted over the average corrosion penetration
gives no correlation between the two sets of
results, see Figure 5a. However, plotting the
same results over the crack width, see Figure
5b, an almost perfect correlation was found.
Similar results were found by comparing other
diameters [9]. Hence the crack width as indi-
cating parameter for the change in bond
strength due to reinforcement corrosion shows
advantages compared to the average corrosion
penetration.

This raises the question about the reason for
the better correlation with crack width as indi-
cating parameter. In this context it should be
noted that the crack width has the great ad-
vantage of being a non-destructive determina-
ble parameter. However, to find an answer for
the previous question investigations on nature
and distribution of corrosion products have
been performed. They are presented in the
following chapter.
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Figure 5: Bond strength values of Rodriguez et al.
[8] compared to own results for 16 mm bars a) over
average corrosion penetration and b) over crack width

4.2 Nature and distribution of the corro-
sion products

Almost all investigations on the influence
of corrosion on bond strength are based on
accelerated corrosion conditioning. Accelera-
tion factors vary between the 10- and 2,000-
fold of the maximum natural corrosion rate
[9]. Hence nature and distribution of corrosion
products of so conditioned specimens might

differ from corrosion products developed un-
der natural corrosion. In contrast to previous
investigations the corrosion rate of the present
investigation was between 15 and 25 pA/cm?
and thus at most 5-fold the maximum natural
value of 5 pA/cm? [15].

Within the present investigations the
emerged corrosion products have been ana-
lyzed with aid of Raman spectroscopy and
compared to corrosion products developed
under natural conditions. For this, a thin sec-
tion of the transition zone of steel-rust-
concrete was analyzed, see Figure 6. In this
picture a dense rust layer between steel and
concrete developed which is the source for the
expansion pressure and thus the cracks in the
concrete cover. With the aid of Raman spec-
troscopy the major corrosion products of this
layer were identified as goethite (a-FeOOH)
with inclusions of lepidocrocite (y-FeOOH).
Same findings were made by Chitty et al. [16]
at archeological artefacts of reinforcement in
concrete corroded under natural conditions.

However, corrosion products are not only
kept at the steel surface but penetrate into
pores and cracks of the surrounding concrete,
see Figure 7. Thus there is only a certain
amount of corrosion products to build up the
expansion pressure causing the cracks in con-
crete. However, the cracks directly indicate the
loss of bond strength whereas the corrosion
penetration indicates the total amount of corro-
sion.

This finding is quantified by comparing the
nominal volume factor k, (volumetric factor
between corrosion product and iron) and the
effective volume factor ky ¢ (the volume factor
responsible for the corrosion expansion). The
nominal volume factor for goethite and lepido-
crocite is around ky = 3. The effective volume
factor obtained from the experimental investi-
gations is around kye=1.35 [9]. It follows
that only around 45 % of the total corrosion
products are responsible for the corrosion ex-
pansion pressure, which initiates concrete
cracking and loss of bond strength. This value
was obtained at testing conditions comparable
to a maritime splash zone. Changing these
conditions may alter this value.
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Figure 6: Microscopic picture of a thin section of
transition zone concrete-rust-steel (removed)

corrosion products penetra
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Figure 7: Microscopic picture of a thin section of a
crack zone in the concrete indicating widely distributed
corrosion products

5 NUMERICAL RESULTS

In addition to the experimental investiga-
tions numerical simulations were performed.
Within the simulations a variety of three dif-
ferent bar diameters each with three different
concrete covers were analyzed, see Table 3.

In Figure 10, 9 and 10 results of bond
strengths over average crack width for bar
diameters 12 mm, 14 mm and 16 mm each
with c/d-ratios of around 1, 2 and 3 are shown.
From these figures it becomes apparent that
the simulations of the experimental types
12/20 and 16/35 are showing a good correla-
tion. However, simulations of bar diameter
12 mm are rather conservative at high corro-
sion levels compared to experimental results.
Furthermore, it is found that the change of
bond strength over crack width depends on

both (i) bar diameter and (ii) concrete cover.
The larger the bar diameter is the more con-
sistent is the loss of bond strength, especially
at higher corrosion levels. The decrease of
bond strength at small corrosion levels intensi-
fies with increasing concrete cover. The reason
is explained in more detail in [9, 17]. It fol-
lows that the crack width is a good indicator
for the loss of bond strength, however, the
intensity of the loss depends on both the bar
diameter and the concrete cover.
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Figure 8: Normalized bond strength over average
crack width of simulations and experiments with 12 mm
bar diameter and c/d-ratios of around 1, 2 and 3
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and c/d-ratios of around 1, 2 and 3
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6 CONCLUSION

The reinforcement corrosion of concrete
structures involves many different aspects and
one is the effect on bond behavior. Within this
topic the assessment of bond degradation plays
an important role. To assess the objective indi-
cator for the bond reduction caused by corro-
sion in the paper the average corrosion pene-
tration and the crack width are compared. It
turns out that the crack width better represents
the reduction of bond strength. This was par-
ticularly clear in the comparison of results
from different researchers. Based on the nu-
merical results the decrease of bond strength
showed a dependency of both the bar diameter
and the concrete cover. An increasing bar di-
ameter results in an overall higher loss of bond
strength. However, increasing concrete cover
tends to a stronger decline of bond strength
already at small levels of corrosion.
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