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was detected in cracked areas, but very little corrosion was observed where cracks reached the reinforce-
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1. Introduction

There is consensus that cracks promote the ingress of carbon
dioxide and chloride, and thus facilitate initiation of reinforcement
corrosion, see e.g. [1-3]. However, there is no agreement on the
extent to which cracks shorten the initiation period [1]. Based on
especially the mentioned references, we earlier [4] summarized
that (i) short-term investigations (up to a few years) indicate that
corrosion rates are enhanced by cracks and mainly depend on
cover depth and concrete quality rather than on crack width, and
that (ii) the few available long-term studies indicate that smaller
cracks (<0.5 mm) have limited influence on long-term corrosion
propagation. Depending on the moisture content, cracking also
facilitates transport of water and/or oxygen into the concrete.

A recent literature review [1] illustrates the impact of cover
depth on reported threshold crack widths below which cracks
are considered unimportant for reinforcement corrosion. An expla-
nation for the impact of cover depth could be that low cover depth
increases the impact of exposure and thus the probability of mois-
ture variations at the steel-concrete interface. Already in 1982
Tuutti [5] suggested that moisture and temperature variations at
the steel surface facilitate corrosion initiation. This was later sup-
ported by others as summarised in a recent review by RILEM TC
262 SCI (steel-concrete interface) [6]. Low cover depth also
increases the likelihood of possible leaching at the steel-concrete
interface, thereby lowering the pH of the pore solution surround-
ing the steel and increasing the susceptibility of the steel to chlo-
ride ions.

Different types of self-healing are the general hypotheses for
reduced corrosion propagation or even re-passivation over time.
In marine exposed concrete precipitation of magnesium hydroxide
and calcium carbonate in cracks is typically observed [7,8]. Obser-
vations of extensive precipitation of solids in marine exposed
cracks of width up to 0.2 mm and in some cases wider indicate that
the potential impact of cracks on transport may gradually cease,
see e.g. [9].

Due to the non-conclusive and limited results from field
exposed structures, and the impact of crack width limitations on
the structural detailing and costs of projects, a research project
was in 2015 initiated within the Norwegian Public Roads Adminis-
tration’s R&D program “Ferry-free coastal route E39”. A main part
of the project was the collection of long-term field data on the
influence of cracks on chloride ingress and reinforcement corro-
sion. It was found that the impact of cracks varies greatly depend-
ing on the orientation and exposure [10]. Cores extracted from
cracked areas in edge beams of two de-iced bridges in Trondheim,
one road tunnel in Oslo, and the splash zone of three marine
exposed concrete elements support the ranking of the impact of
cracks suggested in the fib Model Code for service life design
[11]. Horizontal ponding was found most aggressive, followed by
exposure of a horizonal crack on a vertical surface, to exposure of
a vertical crack on a vertical surface [12]. Chloride ingress is of
main concern, but possible carbonation of the steel-concrete inter-
face causing a major pH drop and thus increasing the sensitivity to
chloride ions as well as the corrosion rate should also be consid-
ered [12].

This paper presents investigations of the state of corrosion in
three pre-cracked concrete beams exposed for 25 years in marine
submerged, tidal and atmospheric zones. The investigations cov-
ered chloride content, moisture content, concrete resistivity, half-
cell potentials and extent of corrosion. Investigations of self-
healing of cracks have been published in a separate paper [9].
The beams differed in binder composition, and the width of the
cracks introduced by 3-point bending varied over the length with
in general largest crack width at the centre of the beam positioned
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in the tidal zone. We found that the steel in the vicinity of the spac-
ers used was most susceptible to corrosion and it was hypothe-
sised that corrosion sustained at these “weak spots” resulted in
reduced susceptibility of the steel to chlorides in other areas by
providing cathodic polarisation.

2. Field station and beams

The present investigations cover three 25-year-old marine
exposed pre-cracked concrete beams. The beams were part of a lar-
ger testing programme established by the Norwegian Public Road
Administration (NPRA) in 1993. Concrete elements were exposed
at four different field sites in Norway, Field Station Sandnessjgen
being one of them. Elements of in total 17 different concrete com-
positions were prepared [13].

This investigation covered three cracked beams (no uncracked
beams were available for reference). The beams were cast lying
horizontally on the side providing similar conditions for the rein-
forcement and spacers along the beams [13]. The cracks were
introduced by 3-point bending. Right after loading the beams in
1993, the distance between the cracks was 100-150 mm, the crack
depth of 70-90 mm, and the crack width 0.1-0.2 mm [13]. The
cracks were maintained by coupling two beams in 3-point bend-
ing. More details on the loading of the concrete beams can be
found in the report from Holtmon and Isaksen [13].

The beams were mounted from a quay near Sandnessjeen
(Fig. 1). The mean water level is about at the middle of the beams;
and the tidal changes are between +0.5 and +1.4 m (tide-forecast.
no) [14]. Information on temperature and precipitation can be
obtained from yr.no and no.climate-data.org, respectively. In
2017 the minimum and maximum temperatures were —10 and
24 °C, and the average temperature during the coldest and warm-
est month was —2°C and 16 °C, respectively. The monthly precipi-
tation was 100-267 mm. The composition of the seawater (Atlantic
Sea) is according to [15] 19,000 mg/L chlorine, 10,500 mg/L
sodium, 1350 mg/L magnesium, 890 mg/L sulfur, 400 mg/L cal-
cium, 380 mg/L potassium, and 28 mg/L carbon.

3. Experimental investigation
3.1. Materials

The concrete compositions are given in Table 1. Three concrete
compositions were investigated, one in accordance with today’s
NPRA requirements (E), one used during the 80’s and 90’s (B)
and a more extreme composition with a high silica fume content
(F). The composition of the binders is given in Table 2. SEM-EDS
point analyses showed that the concretes containing only silica
fume as supplementary material (Beam B and Beam F) were rather
similar in paste composition which mainly consisted of C-S-H with
calcium hydroxide and AFm phases, whereas the concrete also con-
taining fly ash (Beam E) differed somewhat in paste composition
[9,16]. In general, the paste in Beam E had a higher Al/Ca and Si/
Ca ratio compared to the two other concretes, resulting in a lower
C-S-H content [9,16].

The location and numbering of cores and the nomenclature
used are illustrated in Fig. 2. The concrete beams had a dimension
of 300 x 30 x 15 cm with truncated corners. Ribbed reinforcement
bars with 16 mm diameter were used. One U-bended rebar provid-
ing two parallel legs (corresponding to Line 2 and Line 3 in Fig. 2)
was used in each beam. As mentioned in Section 2, the beams were
cast lying horizontally; the rebar in Line 2 was top-bar in Beams B
and E, but bottom-bar in Beam F. The U-bend was facing up (in the
atmospheric zone) where the beams were fastened; the bend is not
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Fig. 1. Beams at Field Station Sandnessjgen.

Table 1

Concrete compositions [17].
Component Unit Beam B Beam E Beam F
Cement (c) kg/m> 373 384 398
Silica fume (sf) % (bwc) © 4 4 12
Fly ash (fa) * % (bwc) © 0 (20) 0
Free water (w) kg/m> 160.5 166.6 198.7
Aggregate 0-8 mm kg/m>3 928 1014 881
Aggregate 8-16 mm kg/m?> 904 820 841
Air entrainer kg/m> 0.3 0.6 0
Plasticizer kg/m> 6.0 7.9 8.5
Paste volume % 28.6 29.5 348
Theoretical density kg/m> 2384 2401 2371
Equivalent w/c * - 0.40 0.40 0.40

2 Equivalent w/c = w/(c+(ksf"sf)); Kse = 2. The fly ash was intermixed with the cement at the cement plant and thus part of the cement and given efficiency factor, k¢, = 1. The

resulting fly ash cement was called CEM II, MP30.
® bwec: by weight of cement.

Table 2

Composition of cement (CEM I, P30 Norcem), fly ash and silica fume (composition of fly ash and silica fume used in parallel project [18]).

Oxides Unit CEM I Fly ash Silica fume
Ca0 wt% 63.3 3.6 0.1
Si0, wt% 20.6 55.4 95.1
Al,05 wt% 4.8 274 1.0
Fe,05 wt% 35 39 0.1
MgO wt% 22 1.0 0.4
SOs wt% 2.8 N/A 0.0
K0 wt% 1.0 1.1 1.0
Na,O wt% 0.35 0.3 0.1
LOI wt% 1.0 N/A N/A
Specific surface area m?/kg 341 N/A N/A

N/A = not available.

shown in the sketches. As indicated in Fig. 2, two connections were
placed at approximately 100 and 200 cm from the top. These con-
nections were placed beneath the main reinforcement and there-
fore had a larger cover. The connections were welded to the
main reinforcement. The prescribed concrete cover to the main
reinforcement was 25 mm from the cracked (“top”) side and
75 mm from the adjacent shorter sides. The position of the rein-
forcement in the concrete beams was located with a cover meter
and later checked with excavating the rebars. The measured con-
crete cover was in agreement with the drawings. Plastic spacers
(see Fig. 12, c) were used from the top side (25 mm cover) to keep
the reinforcement in place during casting of the beams. The beams
were taken out of water, partially cleaned from seashells, packed
tightly in thick plastic and transported on an open truck to Trond-
heim on 14th March 2018. The following day, before moving the

beams into the laboratory, remaining seashells and algae were
scratched off the surface with a big spatula and the beams were
cleaned with water using a pressure washer.

3.2. Experimental methods

3.2.1. Visual inspection
The visual inspection included documentation of crack pattern
and the location of spacers, spalling, and precipitations.

3.2.2. Cover measurements

A cover meter from Proceq (Profometer) was used to locate the
reinforcement in the concrete beams. The location of the reinforce-
ment was drawn on the concrete surface to support later measure-
ments of half-cell potential, concrete resistivity and surface crack



M. Geiker, T. Danner, A. Michel et al.

Beam B Beam E
- L 20 — — 20
Sl e
1 BAR — 40 N — 40
_:A_ 60 _‘R@”“_ 60
+H—#} 80 —:-j\_ 80

_E il I j\_ 100

| bz |- 100 s
[ 4]
_\N_ 120 T 120
TIOOD e {Te) o
,\/\:A Emzé @ >ETCM
__’,\_ 160 —EM]— 160
(AN [ 7]
4 — 180 {#  #|-180
il - 200 - |- 200
_’w“_ 220 -:@‘_ 220
H-EH
_ L 240 | 240
260
. L 260 —
1S Sl
. | 280 @ I— 280

30

w
o

Construction and Building Materials 286 (2021) 122801

FTCr4

O DO

Core

Spacer

Beam F - -
20 — 20
e [z
L 40 g — 40
- 60 — 60
@1
__Bt80 —80
i~ |- 100 - 100
0 o M 0
— 120 —120
(DO 100 g 140
|| R — 160
B :_ 180 — 180
[ o ol [
ezl |- 200 200
: v@ :_ 220 — 220
4 240 —240
L 260 b — 260
1Sl Mz
@ - 280 — 280
30 T8 89
Crack Steel

Fig. 2. Location and numbering of; left: cores and right: lines for half-cell potential (L1, L2, L3 and L4) and surface resistivity measurements. Distance from the top and width

in cm.

widths. The cover measurements were checked when opening the
beams.

3.2.3. Crack width measurements

The crack widths were measured with a crack width ruler
before unloading the beams. The crack width ruler had intervals
of 0.05 mm above 0.1 mm, and intervals of 0.025 mm below
0.1 mm. It was difficult to differentiate between 0.075 and 0.1
when measuring visually. The crack widths were measured along
all four lines (L1, L2, L3, L4) (Fig. 2) and in between lines L3 and
L4. The crack patterns and surface crack widths were documented
in crack maps.

3.2.4. Half-cell potential measurement

Half-cell potential measurements (HCP) were performed above
the reinforcement according to [19] using a Profometer wheel elec-
trode collecting data points every 5 cm. The potential was mapped

above the reinforcement of the concrete beams along lines L1, L2,
L3 and L4 (see Fig. 2). A copper/copper sulphate electrode was
used. To check the accuracy of the wheel electrode, the potential
difference between the wheel electrode and a rod electrode (as
well CSE) was measured. The difference was 3 mV which is consid-
ered negligible.

3.2.5. Resistivity measurement

Resistivity measurements were performed at selected areas of
40 cm x 10 cm on the top surface of the concrete beams in the,
atmospheric zone (20-60 cm), tidal zone (120-160 cm) and sub-
merged zone (240-280 cm) (see Fig. 2). The measurements were
taken between reinforcement (between Line L2 and Line L3) at
approx. 20 °C in the laboratory using a Proceq Resipod Wenner
probe (4-electrode setup, 50 mm probe spacing). Twenty (20)
resistivity measurements were taken and the average value was
calculated.
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Additional resistivity measurements were performed on con-
crete cores (-R) according to [20]. Metal plates were placed on
the two flat ends of the concrete cores with moist cloths between
the metal plates and the concrete surfaces. Tap water was used as
contact solution. The electrode plates were coupled to an Agilent
LCR meter and measurements were taken with a frequency of
100 and 120 Hz, 1 and 10 kHz. For each core, the value with the
lowest phase angle was used [21]. Measurements were taken at
5+ 1 °C in the cooling room were the concrete cores were stored.

According to Polder [22] a temperature increase causes a
decrease of resistivity and vice versa. The temperature effect may
vary with moisture content, laboratory data indicate a resistivity
change of 3% for saturated and 5% for dry concrete for each degree
Celsius change [22].

3.2.6. Chloride profiles measurement

Profile grinding and chemical analysis were performed accord-
ing to [20]. The layer thickness for profile grinding was 0-3, 3-6, 6—
10, 10-15, 15-20, 20-30, 30-40, 40-50 mm. About 5 g of the con-
crete powder from each layer were dried overnight at 105 °C. The
dried powder was dissolved in 50 ml 80 C (1:10) HNOs and fil-
trated after 1 h. The chloride content in the filtrated solution was
determined by potentiometric titration with a Titrando 905 titrator
from Metrohm using 0.01 M AgNOs.

3.2.7. Elemental mapping using p-XRF

u-XRF elemental mapping and qualitative determination of
chloride ingress was performed using a M4 Tornado from Bruker
according to [23]. Elemental mapping was performed at 50 kV
accelerating voltage and 600 pA with a silver X-Ray tube. Two sil-
icon drift detectors were used simultaneously for fast data collec-
tion. Elemental mapping was performed with 80 pm distance
between each pixel and 1 ms/pixel collection time. The whole area
of the taken concrete cores was mapped, i.e. 95 mm x 150 mm and
70 mm x 150 mm. Note that intensities are relative to the maxi-
mum intensities detected in each individual map.

3.2.8. Moisture characterization, degree of capillary saturation and
relative humidity

Concrete cores of 100 mm diameter and 150 mm length were
taken from all three exposure zones of each concrete beam. The
concrete cores were split in three slices of approximately 50 mm
thickness each. In a third step, each slice was split further into four
parts. All steps were undertaken fast to reduce disturbance of the
sample during subdivision.

Degree of capillary saturation (DCS) measurements were per-
formed according to [20]. The following procedure was applied:

1. Splitting of concrete cores

2. Weighing of samples directly after splitting

3. Submersion in water and weighing saturated surface dry in air
after 21 days to determine the suction capacity

4. Drying at 105 °C for 7 days

5. Submersion in water and weighing saturated surface dry in air
and in water after 7 days to determine the volume.

The relative humidity (RH) was measured by SINTEF as
described by Lindgard et al. [24]. For measurements of RH the sam-
ples were crushed into smaller pieces (max 5 mm). Aggregates
were to the extent possible separated from the cement paste and
discharged. The remaining grains of mainly cement paste were
transferred into a test tube, filling half of the tube, which was
closed by mounting a RH sensor and sealing the opening with par-
afilm. The closed tube was placed in an isolated box in a climate-
controlled room (20 °C). Readings were performed daily for
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approximately a week, and the maximum value was used. For most
of the samples the maximum value was observed after a few days
of equilibration; however, for unknown reasons some of the sam-
ples showed decreasing RH from the beginning (BAM, BTM, FAM).
The RH was measured with calibrated Vaisala sensors “HM44”. The
reported accuracy of the sensors is +2% in the range of 0-90% RH
and #3% in the range of 90-100% RH [25].

3.2.9. Sorption balance measurements

For each sorption balance measurement, a few grams of mate-
rial were extracted from the centre part of the submerged cores
BSs, ESs, FSs. The material was crushed using a mortar and pestle
(maximal particle size approximately 1 mm) after which a gener-
ous amount of deionized water was added covering the sample.
The moist material was then placed in 20 ml plastic vials, sealed
with tight plastic lids, for 24 h before the start of the sorption bal-
ance measurements.

Desorption isotherms were measured on approximately 80 mg
samples of the crushed and water saturated material using a DVS
1000 (BSs) and two DVS Intrinsic (ESs, FSs) sorption balances from
Surface Measurement Systems, UK. In these instruments, the mass
of a sample is continuously measured with an analytical balance
during exposure to a pre-determined RH, see e.g. Williams [26].
The desired RH is achieved by a mixture of saturated water vapour
and dry nitrogen gas. The RH of the sorption balances was vali-
dated by measurements on saturated salt solutions according to
the method described by Wadsé et al. [27] and found to vary + 1.5%
from the set values.

In this study, a RH-program consisting of nine steps between 95
and 11% RH was used. The steps and their durations are given in
Appendix 1. The isotherms were derived from the final measured
mass at each step, see [28]. The upper RH-limit at 95% is an exper-
imental constraint as at higher RHs water may condense inside the
instrument. The lower RH-limit, i.e. the dry state, was defined as
mass equilibrium at 11% RH. According to Feldman and Ramachan-
dran [29,30] further drying will result in a significant loss of chem-
ically bound water. However, some loss of chemically bound water
will have occurred already at 30% RH [31]. The desorption iso-
therms are expressed as mass of evaporable water (We) per gram
of binder (B), where dividing by the latter made it possible to com-
pare the desorption isotherms of the different concretes. The bin-
der content of each sample was calculated from the calcium
content as measured by inductively coupled optical emission spec-
troscopy (ICP-OES), according to the method described by Lin-
deroth & Johansson [32].

3.2.10. Excavation of reinforcement, characterization of pits and
estimation of corrosion rate

The concrete was completely removed from the reinforcement
to determine the extent of corrosion. The concrete was cut from
the back (side wide large cover) with a concrete saw until about
0.5 cm above the reinforcement and then carefully split with ham-
mer and chisel. The rebars were cleaned by sandblasting before
characterising pits. Fig. 12 shows examples of rebars before and
after cleaning.

Corrosion pits were characterized by measuring their maximum
depth and length. The corrosion rate was calculated based on two
assumptions: a) maximum pit depth being representative for the
whole length of the anodic site, b) constant corrosion development
during the entire exposure period (25 years). The first assumption
leads to an overestimation of the corrosion rate, while the latter
assumption leads to an underestimation, and the calculations
should therefore only be taken as indicative. Further details can
be found in [21].
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Fig. 3. Chloride profiles measured in the atmospheric, tidal and submerged zones of Beam B, Beam E and Beam F. The vertical gridline at 25 mm coincides with the cover

depth.

4. Experimental results

The results of the experimental investigations are summarized
below. Raw data can be found in the data report prepared by Dan-
ner et al. [21]. Data on self-healing were given and discussed by
Danner et al. in [9].

The beams contained multiple horizontal cracks of maximum
width 0.20 mm (Beams B and Beam F) and 0.35 mm (Beam E). Spal-

ling was observed at one spacer in Beam B and at three spacers in
Beam F. Maps of the visual appearance of the three beams are given
in the Appendix 2.

Fig. 3 shows the chloride profiles of concrete cores taken
between cracks from Beams B, E and F from the atmospheric (cores
BAR, EAR, FAR), tidal (cores BTR, ETR, FTR) and submerged (cores
BSR, ESR, FSR) zones. Tabulated values can be found in the data
report prepared by Danner et al. [21]. In all three concrete beams,

BAC
(0.075 mm)

Fig. 4. p-XRF chloride maps of left: reference cores (BAR, BTR, BSR) and right: cores with cracks (BAC. BTC, BSC) from the three exposure zones of Beam B. Surface crack widths
are indicated in brackets. Each picture is normalized to the highest measured intensity within the picture. The mapping area was slightly larger than the whole width of the

core causing black stripes on the left and right sides in some maps.
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EAC
(0.075 mm)

_/\

ESC
(0.075 mm)

¢

Fig. 5. u-XRF chloride maps of left: reference cores (EAR, ETR, ESR) and right: cores with cracks (EAC, ETC, ESC) from the three exposure zones of Beam E. Surface crack widths
are indicated in brackets. Each picture is normalized to the highest measured intensity within the picture. The mapping area was slightly larger than the whole width of the

core causing black stripes on the left and right sides in some maps.

the deepest chloride ingress was measured in the submerged zone.
However, for Beam E, little difference in chloride ingress was
observed between the three zones, which might be explained by
comparable surface concentrations and relatively low and compa-
rable moisture contents, especially in the tidal and submerged
zones (see Fig. 10). In total, there was less chloride ingress mea-
sured in Beam E. The profiles from shorter exposure times given
in Appendix 3 show similar limited difference in chloride ingress
in the three exposure zones.

In Fig. 4, Fig. 5 and Fig. 6 the chloride maps measured with p-
XRF on uncracked reference cores (-R) and cores with cracks (-C)
from Beam B, Beam E and Beam F are shown. The chloride maps
show gradients of intensities from the surfaces to the centre. Note
that each picture is normalized to the highest intensity within the
picture as intended calibration did not allow sufficient quantifica-
tion. Thus, unless comparable concrete composition and exposure,
different pictures should not be directly compared regarding inten-
sities of chloride. Concrete cores were drilled through the beam;
therefore, chloride ingress is visible from both sides of the concrete
cores.

All concrete beams were mounted as pairs on the ferry quay
near Sandnessjgen. The left side in Fig. 4, Fig. 5 and Fig. 6 repre-
sents the cracked “top side” of the beams. The right side represents
the “bottom side” of the beams, oriented towards the other con-

crete beam of each pair. No systematic difference in chloride
ingress from top and bottom sides was observed.

Considering that the surface concentrations in the atmospheric
zone were lower or equal to the surface concentrations measured
in the tidal and submerged zone (see Fig. 3) and that the minimum
concentration (detection limit) should be the same for all scans,
the pu-XRF scans confirm that for all concrete beams the chloride
ingress depth is increasing from the atmospheric to the submerged
zone (see Fig. 4, Fig. 5 and Fig. 6).

In some cases, a deeper ingress of chlorides is observed along
cracks when compared to the chloride ingress of the reference
cores without cracks, see Fig. 4, Fig. 5 and Fig. 6, left hand side cores
without cracks (-R), right hand side cores with cracks (-C). Espe-
cially, the cores from the tidal zone (BTC, ETC, FTC) having the
widest cracks show an impact of the cracks on chloride ingress.

As a general observation, a white precipitate was observed on
the reinforcement and the imprint in the concrete near cracks
when removing the concrete from the reinforcement; an example
is shown in Fig. 7a. u-XRF elemental mapping showed increased
chloride and sulphate content in areas with the white precipitate
(Fig. 7b, c), and SEM-EDS point analysis indicated that the white
precipitate was ettringite [16].

Water vapour sorption isotherms for the three types of concrete
are given in Fig. 8. The data are tabulated in Appendix 1. Beam F
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FAC
(0.10 mm)

Fig. 6. 1-XRF chloride maps of left: reference cores (FAR, FTR, FSR) and right: cores with cracks (FAC. FTC, FSC) from the three exposure zones of Beam F. Surface crack widths
are indicated in brackets. Each picture is normalized to the highest measured intensity within the picture. The mapping area was slightly larger than the whole width of the

core causing black stripes on the left and right sides in some maps.

Fig. 7. Cracked core with imprints from removed reinforcement. a) White precipitate at reinforcement imprint in the concrete near crack. b) and c) u-XRF elemental chloride

and sulphate mapping. Beam E, line 2, 150 cm from the top.

(with the high silica fume content) had a higher fine porosity, indi-
cating a relative higher amount of C-S-H, and in the hygroscopic
range measured a total higher porosity. Beam E (with fly ash)
had a relative higher volume of coarser pores indicated by the stee-
per slope in the high RH range. Similar observations of higher coar-
ser porosity of fly ash containing paste were made by Linderoth
testing samples up to 1.5 years [28], however only in samples with
high fly ash content (35%). Despite the coarser pore structure,

decreasing water vapour transport was found with increasing fly
ash content indicating change in the morphology of paste [28].
Fig. 9, Fig. 10 and Fig. 11 summarize for each of the three beams
the measured half-cell potential, the concrete resistivity of the sur-
face concrete (ppeam Measured at approximately 20 °C) and the
bulk concrete (pcore measured on extracted cores kept at 5 °C),
the degree of capillary saturation (DCS) and the relative humidity
(RH) of the 0-50 + 10 mm slice from the exposed surface, the chlo-
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ride content at the reinforcement (samples collected 20-30 mm
from the exposed surface) and the extent of corrosion observed
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on reinforcement after removal of concrete and cleaning of the
reinforcement. Tabulated values can be found in the data report
prepared by Danner et al. [21].

An overview of the observed corrosion pits is given in Appendix
4. Examples of severe pitting corrosion at a spacer in the tidal zone
of Beam B (location at around 110 cm at Line 2) and distributed pit-
ting at a spacer in the tidal zone of Beam E (location at around
160 cm at Line 2) are shown in Fig. 12.

Based on the size of the corrosion pits (using maximum
length and depth; see Section 2) and assuming a constant corro-
sion rate during the entire 25 years, corrosion rates between less
than 1 and 60 pm/year were estimated (Appendix 4). High corro-
sion rates were only observed at spacers in the tidal and sub-
merged zone, but not at all spacers. The only corrosion spot
not coinciding with a spacer or a crack was not related to a vis-
ible void.

u-XRF elemental mapping of chloride, magnesium and sulphur
at a spacer (Beam B, location at around 110 cm at Line 2) is shown
in Fig. 13. The chloride map shows increased chloride ingress along
the spacer. The magnesium map indicates a high ingress of seawa-
ter. The sulphur map indicates a high moisture load (causing disso-
lution and reprecipitation of sulphur rich phases) and potential
seawater ingress.
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Fig. 9. Beam B. a) half-cell potential, b) degree of saturation (DCS), relative humidity (RH), surface and bulk resistivity (ppeam and pcore, NOt temperature compensated) and
chloride content at rebar, and c) extent of corrosion observed on reinforcement after removal of concrete and cleaning of rebars (marked in red). Length measures in cm. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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5. Discussion

The focus of this study is the long-term impact of cracks on the
corrosion performance of the embedded reinforcement. Data for
the general properties of the beams (resistivity, chloride ingress,
moisture state) are given to provide background for this. To keep
the focus of the paper, we have by purpose limited the discussion
of the individual parameters here. The measured chloride profiles
are supported by unpublished data for ingress after 2.5, 10 and
21 years (see Appendix 3) performed by NPRA. For Beam F, the pro-
files are varying, and especially the measured ingress in the sub-
merged zone is unexpected deep and large (see Appendix 3).
Concerning the half-cell potential and resistivity data, unpublished
data from NPRA show similar trends for concrete beams exposed at
NPRA's field exposure station at Solsvik near Bergen, Norway [33].

For the investigated beams with a cover depth of 25 mm, the
threshold crack width below which cracks are considered unim-
portant for reinforcement corrosion based on literature data sum-
marised by Kathler et al. [1] is in the range 0.1-0.2 mm. Surface
crack width above 0.1 mm were observed in all beams, whereas
surface crack width above 0.2 mm were only observed on Beam
E (3 cracks) and Beam F (1 crack).

10

The observed correlation between crack width, spacers and cal-
culated corrosion rate is illustrated in Fig. 14. In general, very lim-
ited corrosion was observed outside spacers despite cracks and
high chloride content. Observations on all three beams after
25 years marine exposure show:

a) Corrosion at some spacers, especially in the tidal zone (see
Fig. 9, Fig. 10 and Fig. 11)

b) Increased chloride ingress at cracks (see Fig. 4, Fig. 5 and
Fig. 6), but very little corrosion at cracks

c) High chloride content in the submerged parts of Beams B
and F (see Fig. 3), but no or very limited corrosion outside
spacers and a few cracks.

Estimated corrosion rates at spacers, cracks and in bulk are

given in Appendix 4. The estimates are based on observed corro-
sion pits after 25 years.

5.1. Corrosion outside spacers and cracks

Corrosion outside cracks and spacers was only observed in one
beam and at one location (Beam B, line 4, 275 cm). This location
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Fig. 11. Beam F. a) half-cell potential, b) degree of saturation (DCS), relative humidity (RH), surface and bulk resistivity (Obeam and pcore, NOt temperature compensated) and
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Fig. 12. a) Severe pitting corrosion at a spacer in the tidal zone of Beam B (location at around 110 cm at Line 2), cleaned and uncleaned; b) Distributed pitting at a spacer in the
tidal zone of Beam E (location at around 160 cm at Line 2), cleaned and uncleaned; c) Representative plastic spacer removed from beam B showing a nail in the middle with

potential contact to the reinforcement.

was characterised by high chloride content, low resistivity, and not
close to a spacer. In an extensive review, Angst et al. [34] pointed
out that large variations are observed in chloride thresholds for
corrosion initiation. For Norwegian coastal bridges, a chloride
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threshold at 0.72% chloride by weight of cement was suggested
by Fluge [35] based on a survey on coastal bridges. This compares
to 0.12, 0.12, and 0.14% chloride by weight of concrete for B, E and
F, respectively (assuming composition as in Table 1 and 4% air con-
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Fig. 13. u-XRF elemental mapping of chloride (Cl), magnesium (Mg) and sulphur (S) at spacers and in surrounding concrete. Beam B (location at around 110 cm at Line 2).

tent). With a concrete cover of 25 mm, this threshold values have
been surpassed by a factor of 5-6 in the submerged zone of Beam B
and Beam F, while the measured chloride concentrations are below
the threshold in Beam E and the tidal and atmospheric zones of
Beam F. The chloride contents at more than 0.35% chloride by
weight of dry concrete measured at the depth of the reinforcement
in the uncracked bulk concrete would, based on [35], indicate
“heavy corrosion and pitting”.

5.2. Corrosion at cracks

All beams had a substantial number of transverse cracks with
typically 10-15 cm distance (see Fig. 14). The large frequency is
based on literature expected to reduce the corrosion rate at the
individual cracks [1]. Several of the cracks coincided with spacers
(Fig. 14), which is expected to make the reinforcement more sus-
ceptible to corrosion at these places.

Corrosion at cracks is suggested to be facilitated by (i) rapid ini-
tial ingress and (ii) possible wetting and drying [6], but limited by
(iii) possible self-healing and (iv) ongoing corrosion at other places
(here the spacers) causing cathodic polarization and thus increased
chloride threshold, see e.g. [36]. Increased chloride ingress at
cracks was observed and the small cover depth of 25 mm suggests
moisture variations at the reinforcement (see e.g. [37]), both fac-
tors which are expected to facilitate corrosion. Observations in
all three beams of extensive precipitation of solids (self-healing)
in cracks of width up to 0.2 mm, and in some cases wider, indicate
that a possible short-term impact of most of the cracks on trans-
port might have ceased [9]. In addition, precipitation of ettringite
on the reinforcement near the cracks was observed (see Fig. 7),
which indicates a high pH (10.5-13) [38] that might have provided
some long-term protection of the steel. However, the observation
of very limited corrosion at other places than spacers despite a
high chloride content suggests sustained corrosion at these “weak
spots” and cathodic polarization of the surrounding reinforcement
as the most likely explanation for the observed limited corrosion at
the cracks and on the reinforcement embedded in the bulk. This is
in line with the preventive/protective mechanism described by
Sagiiés and co-workers [36,39,40]. Sagiiés et al. [36] suggested a
mathematical expression of the influence of polarisation of
the steel potential, while in its passive state, on the chloride
threshold:

CT = CTO for ES > ETO (1)

(2)

CT = CTO‘IO(ES*EO)//"U for ES < ETO
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where Cy is the chloride threshold and Es is the potential of the steel
while still in passive state, Cr is the initial chloride threshold at the
baseline potential, Eq, and Bcr the characteristic inverse slope of Cy
with respect to Es when plotted in a logC{(Es) representation
(Ber = 0.16 V/dec based on literature data [36]). Applying these
potential-depended chloride thresholds (Eqs. (1) & (2)), Sagiiés
et al. [36] found that he impact of cathodic polarisation of passive
steel by adjacent corroding areas can be quite substantial and affect
not only the predicted service life, but also the predicted damage
progression trends which may impact structural design decisions
to control corrosion.

This suggestion of preventive/protection provided by neigh-
bouring corrosion spots is supported by Fig. 15, where calculated
average corrosion rates are plotted as a function of the distance
to the nearest major corrosion spot. Not considering the corrosion
in Beam E significant, major corrosion spots are observed mini-
mum 1 m apart. The distance of “mutual protection” appears to
be 1 m in Beam F and almost 2 m in Beam B (Fig. 15a). Normalising
the distance by multiplying with the resistivity indicates a thresh-
old around 5 10® k ohm cm? (Fig. 15b).

5.3. Corrosion at spacers

High corrosion rates were only observed at spacers in the tidal
and submerged zone; but not at all spacers. Corrosion at spacers is
assumed to be due to a combination of (i) rapid ingress of chlorides
through an inhomogeneous and porous microstructure at the spac-
ers [41,42], (ii) a low(er) chloride threshold at spacers due to inho-
mogeneities and moisture variation at the steel-concrete interface
as well as leaching causing a reduced pH [6], and (iii) sustained cor-
rosion at spacers due to the mentioned inhomogeneities in combi-
nation with aggressive environment, which based on the observed
corrosion spots appears to be in the tidal zone (Figure 16).

The observations of a detrimental impact of inadequate spacers
is supported by Tang and Utgenannt [43]. Investigating chloride-
induced corrosion in uncracked concrete slabs after 13 years of
marine exposure, Tang and Utgenannt [43] found that in half of
the cases the highest corrosion rate occurred at or near the inter-
face between concrete and mortar spacers.

The detrimental impact of the spacers was limited in Beam E
and significantly less here than in the two other beams.
Microstructural analyses indicated no major differences in phase
assemblage between the concretes in Beam E and Beam F, whereas
the phases in beam E differed and reflected the higher aluminium
content of the binder [9,16]. Visually, all beams were well
compacted.
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A higher number of larger voids was observed in Beam E com-
pared to Beam B and Beam F. also at the steel-concrete interface.
The voids were spread randomly and there was no apparent impact
of the casting direction. Full imprints of the reinforcement were
observed indicating absence of bleeding (photos can be found in
the datareport prepared by Danner etal. [21]). Possible explanations
for observing less corrosion in Beam E could be (i) the generally
lower chloride content (see Fig. 3), (ii) the apparent lower degree
of capillary saturation (DCS), (iii) the expected limited leaching
because of the lower DCS, and (iv) the higher surface resistivity
(Pbeam) of Beam E compared to Beam B and Beam F and higher bulk
resistivity (pcore) compared to Beam B. It should be noted, that there
is no general relationship between corrosion rate and concrete resis-
tivity as all three (anodic, cathodic and ohmic) partial corrosion pro-
cesses affect the rate of active corrosion [44].

5.4. Perspectives

Reviews [1-4] have indicated a need for detailed long-term data
and understanding of mechanism of corrosion propagation of steel
reinforcement embedded in cracked concrete.

Due to the observed impact of the plastic spacers used on the
corrosion performance of the adjacent steel, this study cannot be
used for making any general statements on the role of cracks,
except that the impact of cracks might be very case specific due
to the presence or absence of weaker links. Considering this, we
suggest that part of the non-conclusive observations made in the
field might be due to other factors than cracks creating weak spots.
Potential weak spots facilitating chloride induced corrosion were
recently discussed in a review prepared by RILEM TC 262 SCI
(steel-concrete interface) [6]. Besides cracks, other macroscopic
interfacial concrete voids at the steel-concrete interface as settle-
ment and bleeding zones, and other characteristics as spacers, tie
wires, rebar intersections, and welding spots should both be con-
sidered when designing and inspecting structures, and when set-
ting up research studies and field exposure sites. Furthermore,
monitoring of instrumented rebars in cracked concrete elements
exposed in Redby harbour, Denmark, indicate slow (1-2 years)
cycles of de-passivation and re-passivation of steel in submerged
and splash marine zones [45]. The investigations are ongoing and
not yet supported by destructive investigations. The observations
of cyclic behaviour stress the need for not only investigation of
long-term exposed structures, but long-term monitoring of corro-
sion behaviour and other relevant materials and exposure param-
eters to provide improved understanding of the underlying
mechanisms.

To support design and assessment of civil infrastructure in
harsh environment with long design life, field exposure data from
high quality concrete using high quality spacers, e.g. spacers from
high quality mortar, and relevant concrete cover [46] as well as
high quality construction methods [47] are needed. Such concerns
are reflected in NPRA’s recently established exposure site, Field
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Station Austefjorden near Bergen, focuses on continuous long-
term monitoring [48].

6. Conclusions

In 25 years old marine exposed pre-cracked concrete elements,
increased chloride ingress was observed at cracks. Severe corrosion
was observed in connection with some of the spacers, whereas
none or negligible corrosion was observed at cracks not in contact
with spacers. It is hypothesised that corrosion at the “weakest link”
(here the severely exposed reinforcement at plastic spacers) pro-
tects the steel in other areas including at cracks.

Three concrete compositions were investigated, one in accor-
dance with today’s NPRA requirements (OPC + 4% SF + 20% FA),
one used during the 80’s and 90's (OPC + 4% SF) and a more
extreme composition (OPC + 12% SF). Fly ash (FA) appears to sub-
stantially improve the resistance to chloride and moisture ingress.
Comparing to the chloride thresholds typically used, the level of
corrosion in the beams with high chloride ingress was very limited.

The present study illustrates the limited importance of cracks in
the presence of preventive/protective action from weaker spots.
The study does, however, not confirm that cracks are of limited
importance if they present the weakest link. Additional long-
term studies of cracked structural elements with adequate spacers
not providing weak spots are needed to deliver further under-
standing of the mechanisms and factors controlling the state of
the reinforcement. Such knowledge is required to support stan-
dardization and preparation of design guides.
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Appendix 1

Table A1

Moisture content per gram of binder at each relative humidity step as well as the duration of each step. Reference at 11%.
Relative humidity 95% 90% 85% 80% 75% 70% 50% 30% 11%
Duration of step (h) 50 22 20 22 25 35 55 55 50
Beam B 0.183 0.178 0.174 0.169 0.165 0.160 0.131 0.048 0
Beam E 0.198 0.192 0.185 0.179 0.171 0.163 0.129 0.044 0
Beam F 0.203 0.197 0.192 0.187 0.182 0.178 0.1503 0.053 0
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Appendix 2
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Appendix 3

Chloride ingress profiles after 2.5, 10 and 21 years
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Fig. A3. Chloride profiles measured in the atmospheric, tidal and submerged zones of Beam B, Beam E and Beam F after 2.5, 10 and 21 years of exposure. Data courtesy of
Norwegian Public Road Administration (NPRA).
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Appendix 4

Table A4

Observed corrosion pits and estimated corrosion rates.

Construction and Building Materials 286 (2021) 122801

Beam Location Geometry (mm)(Length + 1 / Depth * 0.5) Picture (after sandblasting) Estimated average corrosion rate(um/year)
B Line 2, 110 cm(spacer) 44 | 6 60 + 10
B Line 2, 150 cm(crack) Small distributed pitting* <1

B Line 2, 170 cm(spacer) Small distributed pitting* <1

B Line 4, 265 cm(spacer) 27 /3 20%5
B Line 4, 275 cm(bulk) 2/0.73/09 2+1

E Line 2, 100 cm(spacer) Small distributed pitting* <1

E Line 2, 160 cm(spacer) 5/1 2+1

E Line 4, 120 cm(crack) Small distributed pitting <1

E Line 4, 160 cm(spacer) 14 /09 2+1

F Line 2, 110 cm(spacer) Small distributed pitting* <1

F Line 2, 190 cm(spacer) 48 |5 45+5
F Line 4, 110 cm(spacer) 34 /45 40+5
F Line 4, 190 cm(spacer) Small distributed pitting* <1

* Small distributed pitting is defined as corrosion spots with a depth lower than 0.5 mm, which approximately corresponds to a corrosion rate lower than 1 pm/year.
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