Influence of corrosion crack patterns on the rate of crack widening of RC beams
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ABSTREACT

Corrosion crack widths are often used by structural engineers in the field to predict level of steel como-
sion as well as residual load-bearing capacities of corroding RC structures. This paper presents further
wiork on this matter but with foecus on comosion crack patterns and how they affect rate of crack widen-
ing. It is based on results from a research where 17 quasi-full-scale {153 = 254 = 3000 mm) RC beams
were cormeded under various levels of sustained loads. The rate of widening of corrosion crack widths
was found tobe very much dependenton crack patterns. Deformation of cover concrete under each crack
pattern was discussed. It was found that at maximum crack widths below 006 mm, the majornity of beams
exhibited nearly similar crack pattems as well as rate of widening of cormsion cracks. A mass loss of stesl
of 1% corresponded to a maximum crack width between 014 and 0222 mm. At large crack widths
(=06 mm |, various beams exhibited very different rates of crack widening. It was shown that at crack
widths above 06 mm, to be conservative anincrease in mass loss of steel of 1% corresponded to corrosion

crack widening of 0.02 mm.

1. Introd wetion

Corrosion of reinforcing steel embedded in concrete probably
provides structural engineers and asset managers with the most
threatening problem because it deteriorates load-bearing capacity
of RC structures, They however, appredate that in reducing their
load-bearing capacity, it gives out measurable indicators of its
occurrence, Researchers worldwide continue o try and identily
these indicators and to develop their relations with level of steel
corrosion as well as with load-bearing capadties of corroding RC
structures. Stffnessis one of the indicators of corrosion that has re-
ceived wide research. Its major shortcoming is that itis very much
influenced by the testing procedure used. For example, when mon-
itored on in-service structures whilst they corrode under load, it is
limited to indicating levels of steel corrosion at low levels of corro-
sion (<7% by mass loss of steel) [ 1-4] However,if at a chosen level
of steel corrosion stiffness is tested by subjecting corroded speci-
mens to a monotonically increased static load, Zhang et al. [5] have
shown that it anindicate up to mass losses of steel of 40%, Unfor-
tunately structural engineers are more interested in changes in
stiffness due to an increase in the level of steel corrosion. Contrary
Lo stiffness, corrosion crack widths have been shown to always
effectively increase with level of steel corrosion. Understandably,
maore research has been devoled to studying them. The following
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secton summarises previous research on relation between corro-
sion crack widths and level of steel corrosion,

2. Previows work on corrosion crack widths

One detailed work o relate widths of corrosion cracks with le-
vel of steel corrosion was presented by Torres-Acosta and Marti-
nez-Madrid [6]. In their publication, they compiled data in the
literature on the interadtion between maximum crack widths and
level of steel corrosion. Since the various researchers from whom
they obtained the data used different experimental procedures, it
is not surprising that the relation they obtained had a large scatter.
However, they found a defined trend that indicated corrosion crack
widths to linearly increase with an increase in level of steel corro-
sion. From this trend, it can be shown that a mass loss of steel of 1%
corresponded to a maximum crack width of 003 mm. Other
researchers (not included in Torres-Acosta and Martinez-Madrid
[B]} such as Alonso et al. [7], also found widths of corrosion cracks
to linearly increase with level of stesl corrosion. They however,
contended that a mass loss of steel of 1% corresponds to a maxi-
mum crack width between 004 and 0,08 mm. El Maaddawy and
Soudki [8] found mass loss of steel of 1% to vield maximum corro-
sion cracks from 0.08 to 0,14 mm. In agreement with above results,
Badawi and Soudki [9] found mass loss of steel of 1% to correspond
to crack widths from 0.1 to 0.14 mum.

It should be mentioned that above relations have been used by
some researchers to predicd residual load-bearing capacities of
corroding RC structures [10]. Their major drawback however, is
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that whilst corrosion orack widths were measured at a particular
location of a wrroding BC member so as to identily maximum
crack width, mass loss of steel was taken as an average loss within
the corroded region. From a structural mechanics viewpoint, load-
bearing capadty of a corrosion-affeced RC structure is related to
maximum loss in cross-sectional area of steel. The interest of
researchers should therefore be to relate maximum crack width
with maximum loss of steel.

In arder to Turther understand cracking behaviour of corroding
RC structures, some researchers studied pattern of corrosion
cracks, Alonso et al. [7] found that when a corroding steel bar
was placed at the corner ol a concrete specimen so that it had
equal covers on the two near-faces, the frst corrosion cracks
simultanesously-appearsd in both faces and propagated parallel to
steel bars, When cover depths were varied, they found cracks to
appear on the face nearest the corroding bar. In a similar work,
El Maaddawy and Soudki [8] studied patterns of corrosion cracks
in corroding RC specimens but with two corroding bars. The bars
had centre-to-centre spacing of 80 mm and concrete covers of
25 mmon the side and top face of beams. For all samples, they ini-
tially observed two corrosion cracks near each corroding bar, and
cach crack propagated parallel to the bar. These cracks were either
on the top face or on the side face. Interestingly, when the level of
steel corrosion was increased, a third cack appeared next to a
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corroding bar but on aface that was uncracked. This indicates that
the pattern of corrosion oracks changes with an increase in the le-
vel of steel corrosion.

Cabrera [11] also monitored crack patterns but on corroded RC
slabs with different cover depths, Their specimens were rein-
forced with three steel bars with centre-to-centre spacing from
498 o 124 mm. Cover depths of steel bars were also varied. They
found crack widths on all slabs to develop parallel to each corrod-
ing bar. When cover depths on side faces and on the tensile face
were varied, cracks were only observed on the face nearest the
corroding bar. However, when covers were equal, exterior bars
either exhibited a crack on the side face or on the tensile Tace
but not on both faces. Similar crack patterns but on beams that
were corroded under load were observed by other researchers
such as Ballim et al. [1.2], El Maaddawy et al. [12] and Zhang
et al. [5.13,14].

Without understanding implications of these crack patterns on
rate of widening of corrosion cracks, rate of steel corrosion, and
behaviour of corroded structures, there is little value in studying
them. Unfortunately, in studying corrosion crack patterns, many
researchers only prepared crack maps and measured crack widths
at the end of corrosion tests [1.2,6,11] For the few who continu-
ously measured widening of corrosion cracks, they limited their
measurements to a few points on the cover concrete [9,12] This
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Fig. 1. Schematic of the experimental programme.
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Fig. 2. Reinfarcement configuration.

paper presents and discusses results from an extensive research
that was conducted to evaluate influence of corrosion crack pat-
terns on rate ol widening of aacks. It also discusses mechanisms
of deformation of cover concrete due to corrosion of embedded
steel.

3. Experimental programme

Detailed discussion on the experimental programme of the re-
search is in Malumbela et al. [4,15,16]. To help the reader, only a
summary of the programme is given here, The overall experimen-
tal programme involved testing 20 gquasi-full-scale RC beams
(153 = 254 = 3000 mm}. A schematic of the programme is shown
in Fig. 1. As shown in the Agure, beams were tested under fve dil-
ferent levels of sustained loads: 0%, 1% (low deflections ), 8% (high
dellections but no Mexural cracks) and 12% and 165 (high defllec-
tions and fMexural cracks) of the ultimate load-bearing capacity of
a non-corroded beam. Discussions on this paper are on beams 4-
20 but limited to their results during accelerated corrasion. These
results will, in subsequent publications, be compared (o those un-
der natural steel corrosion. As indicated in Fig. 1, some beams are
still under test. Details of loading rigs used in this research are dis-
cussed in Malumbela et al. [4,15].

Reinforcement configuration is shown in Fig. 2 and the com-
pressive strength of concrete used is in Table 1. Longitudinal ten-
sile steel bars used were of 12-mm diameter and had vield
strength of 549 MPa (standard deviation (s.d.}=3 MPa) and ulti-
mate strength of 698 MPa (sd. = 4 MFa). Compression steel bars
were of 8-mm diameter and had yield strength of 385 MPa
(5. =1 MPa) and ultimate strength of 451 MFa (s.4d. = 2 MPa).

Two sequential corrosion processes were used; frstly acceler-
ated corrosion (designated AC is Fig. 1) by impressing an anodic
current (current density of 189 pAjem®) followed, in seleded

beams, by natural steel corrosion (designated NC is Fig 1) Acoeler-
ated corrosion was divided into two processes; one with four-day
wetting cydes with salt solution followed by two-day drving o
cles and another where four-day drying cycles were used instead
For the majority of beams, anodic current was impressed for
44 days to achieve a theoretical loss of steel of about 105 The total
accelerated corrosion days, including drying days, were 64 days for
beams with two-day drying cycles and 84 days for those with four-
day drying cycles. In beams 8 11, and 12 corrosion was limited to
the time of first appearance of a visible corrosion cracke This was

Table 1

Experimental resulis on orack patterns
Beam Mo, JL MPa{sd) Sustained loxd & T ol Crack pattern

ultimate capadty during
accelerated commasion phase

4+ 455{11) i 1]
5 350{12) 1%
g A55{11)
™ A66{11)
| 402{12) A
9 389{14) C
10 389(14)
11 352(08) A
12 A6.61.4)
13 352(08) 2% 1]
14 401 {1.3)
15 A0.1{1.3)
16 401 {1.3) A
17 401 {1.3) 1z C
13 A00(11) 1]
13 A00{11)
20 402 (1.2)

T =compressive strength of anonete.
Sl = atamelard devistion
* Faur-day drying cyeles.
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meant to verily variation aof load-bearing capacity of beams with
mass loss of steel. It also represents a conservative approach where
the time of first appearance of visible corrosion cracks is used as a
criterion of end-of-service life of corrosion-affecied RC structures,
Steel corrosion was limited to tensile steel bars and only the
middle part of bars with a span of 700 mm was corroded (Figs, 2
and 3. AL the end of serviceability testing, residual load-bearing
capacities of beams and mass losses of steel were measured and
are discussed in detail in Malumbela et al. [15]. Their results will
only be mentioned here 1o corraborate discussions in the paper.
Rather than directly measuring crack widths as done by many
other researchers discussed earlier, in this research transverse
strains across corrosion cracks were measured instead. As shown
in Fig. 3, seven sedions at spacings of 100 mm and limited o the
corrosion region were monitored for transverse strains on tensile
faces af beams. This was done using a demec gauge with a gauge
length of 100 mm and a range of £10 to £5000 micro strains, A
minimum strain of 10 micro strains recorded from the gauge is
therefore equivalent to a crack widening of 0.001 mm. Vertical
strains on side faces were also measured at seven sedions that
were directly opposite the measuring sections on tensile faces.
During accelerated corrosion, strains were measured before and
after each wetting cycle. For the first set of beams tested in the re-
search, the accelerated corrosion set-up was such that vertical
strains near corroding steel bars could not be measured. The
change of the set-up to allow for them to be monitored was pri-
marily carried out to assess the nature of strains on uncracked side
faces of beams. As was discussed in Malumbela et al. [16], this
change was equally imporiant in assessing the effectiveness of

FRP strengthening schemes used in the research to control the rate
of corrosion crack widening. It should be mentioned that despite
the change in corrosion set-up, it was not possible to measure ver-
tical strains on all side faces of beams. A number of beams under
nominally similar conditions were tested.

4. Resulis
4.1, Corrosion crack patterns

Table 1 gives corrosion crack patterns that were exhibited by
beams in this research namely; crack pattern A, crack pattern B
and crack pattern C Similar to results from Ballim et al. [1,2], El
Maaddawy et al. [12] and Zhang et al. [5,13,14], these results indi-
cate that it is difficult to associate corrosion crack patterns with le-
wel all sustained load.

In crack pattern A, asingle cack that propagated parallel to cor-
roded steel bars was observed on the tensile Tace of a beam where
corrasion agents were drawn into the concrete. As shown by Table
1 and Fig. 1, only one beam corroded to a theoretical mass loss of
steel of 10%(beam 16) and all lightly corroded beams(beams 8, 11,
and 12) from beams tested in this research exhibited this cack
pattern.

In crack pattern B, a beam initially cracked on its tensile face as
in crack pattern A. However, as corrosion continued, another cack
was observed on one side face of the beam whilst the other side
face remained uncracked. The crack on the side face of the
beam was at the level of the corroding tensile reinforcement and
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{a) Transverse strains on the tensile face of beam 16
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propagated { parallel to the bars) to a distance of about 150 mm be-
yond the ends of the corrosion region. The majority of beams in
this research exhibited this crack pattern as indicated by Table 1.
The times at which crack patterns in various beams changed from
crack pattern A to crack pattern B were however, dilferent and
ranged from about 19 days to about 50 days.

In crack pattern C, a beam initially cracked on its tensile face
{crack pattern A) followed by a crack on one side face (to give crack
pattern B) and fnally cracked on the other side face as corrasion
continued. It is important to mention that cracks on side faces in
crack pattern C were abserved at different times. For beam 17, a
crack onone side face was observed after 25 days and on the other,
after 33 days ol testing.

The above discussed crack patterns were the main patterns that
were abserved. In a few beams, side faces that were considersd
uncracked actually had small isolated corrosion cracks which
probably indicated a change between crack patterns. As already
mentioned, change in crack patterns as steel corrosion progressed
was alsoreported by El Maaddawy and Soudki [8]. The primary dif-
ference between crack patterns obtained here 1o those found by
other researchers is that they at times found multiple cracks on
tensile faces of beams that propagated along positions of each
reinfordng bar [6.8,11]. This is probably because they used larger

spadcng between bars, For example, Bl Maaddawy and Soudki [8]
used bar spacing of about 80 mm whilst in this research, a dear
spacng of 18 mm between bars was used. Both bar spacings are
practical and accepted in various design codes such as the South
African National Standard [17].

It was found here and also by other researchers [8,11,12] that
even for nominally identical specimens, it is difficult to predict
the type of crack pattern that each specimen will exhibit. As al-
ready mentioned, the majority of specimens here and elsewhere
[8.12], firstly exhibited crack pattern A at the early corrosion stages
(such as beams 8, 11, and 12} followed by crack pattern B as corro-
sion was continued.

4.2 Widening of corrosion orecks in crack pattern A

Transverse and vertical strains in beam 16 (with crack pattern
A} are shown in Fig. 4. It is clear from the figure that large trans-
verse tensile strains were recorded on the tensile face af the beam,
However, vertical strains on its side face (151 and 57 aside) were
largely contractional. Vertical strains at ts1 and ts7 can be attrib-
uted to location of discrete corrosion cracks. The figure also shows
that each measuring point along the tensile face of the beam dem-
onstrated a near-constant rate of increase of transverse tensile



NE! Tensile face of a corroded RC beam @ failure (beam inverted)

Fig. 5. Failure mode of beam 4 (crack pattem B)

strains during testing. This implies that the width of corrosion
cracks on the tensile face of the beam widened at a near-constant
rate as steel corrosion continued. To predict accurately the rate of
widening of corrosion cracks, it is important to understand the
behaviour of the cover concrete due to steel corrosion.

To help explain influence of crack patterns on deformation of
cover conarete, ultimate failure modes of beams 4, 9, and 17 are
shown here as Figs. 5 and 6. As shown in Table 1, beam 4 exhibited
crack pattern B while beams 9 and 17 exhibited crack pattern C. It
is clear from Fig. 6 that combined flexural cracks due to applied
loads and longitudinal cracks from steel corrosion detached the
cover concrete of beams 9 and 17 from the parent concrete. In
beam 4, delamination of the cover concrete was only observed
on sections of the corroded length where the beam exhibited side
cracks (Fig. 5). For the cover concrete to delaminate due to flexural
cracks and corrosion cracks, then certainly it wasn't attached to the
parent concrete beam. Itis therefore reasonable to assume that for
crack pattern A, the majority of the cover concrete was attached to
the parent concrete beam. However, surely for a crack thatis lim-
ited to the cover concrete to widen as indicated by Fig. 4a, some
sections of the cover concrete must be detached from the parent
concrete beam to permit slippage between them.

It is logical that during corrosion, first sections of the cover con-
crete to be detached from the parent concrete are around corroding
bars. This is because in those regions, the cover concrete will be
pushed outwards to allow for deposit of voluminous corrosion
products. Fig. 7 shows a pidure of exposed corroded area when
beam 11 (crack pattern A) was opened for repair. From the figure,
corrosion products were largely observed within the area bound by
corroding steel bars with little products on the side cover concrete.
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(a) Tensile face of a cormded RC beam (beam 9 lying on the side face)

(b) Side view of a corroded RC beam (beam 17) at failure

Fig 6. Failure mode of beanms 9 and 17 (crack pattemn C)

In this paper this area (shown in Fig. 7) will be named the corrosion
region. It is reasonable to assume that for crack pattern A, the cover
concrete is only detached from the parent concrete within the cor-
rosion region. The side cover concrete (shown in Fig. 7) remains
fully-attached to the parent concrete beam.

Corrosion regica

Corosion products

Fig. 7. Distabution of corrasion products in a beam with crack pattem A
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From the above-discussion, a aoss-sedion through A-A {prior
to removing cover concrete ) of Fig. 7 can be schematically repre-
sented by Fig. 8. For clarity, only one corroding bar, instead of three
used in this research, is shown in the figure. As the figure shows, to
allow Tor deposit of corrosion products around the bar, the cover
concrete was pushed outwards, Since it was fixed on the sides,
pressure from steel corrosion induced internal transverse mo-
ments where it was fxed. Bear inmind that before corrosion prod-
ucts apply pressure on cover condarete, they must completely fill
the porous zone between steel and concrete [15,19].

It should be mentioned that prior to cover cracking, targets on
tensile faces of beams recorded actual transverse tensile strains
on fibres of the concrete, Vertical strains on side faces of the beam
were therefore due o Poisson's effeds. This can be confirmed by
ratios between strains reported in Malumbela et al. [19.20]. How-
ever, alter cracking, rather than recording strains on fibees of the
concrete, targets on tensile faces recorded widening of corrosion
cracks. This is because they were purposely placed across the
cracks. Vertical strains on side faces were therefore, not a Poisson’s
effect of recorded transverse strains on tensile faces. Moreover, val-
ues of vertical strains recorded on side faces of beams were too
large to have been due to Poisson's effects of actual strains on other
faces, Forexample, for a compressive strain of 600 micro strains on
concrete o be due to Poisson’s elfects, the corresponding tensile
strain should be about 3000 micro strains which is not possible
for uncracked concrete. Therelore, similar to targets on tensile
faces, targets on vertical faces of beams recorded translation of
the cover concrete rather than actual strains on fibres of the con-
crete, The word ‘translation’ is used here to avoid mistaking it for
deformation which is a direct result of stresses on the concrete,

From Fig. 4, widths of corrosion cracks on tensile faces of beams
with crack pattern A recorded as transverse tensile strains (Fig. 4a),
is because point A in Fig. 8 shifted to points & If points By and B,
weere to be stationary or fixed, then the cover concrete was sup-
posed to significantly compress to allow for the A-A" movement.
Considering the width of corrosion cracks that were recorded in
beam 17 (up to 1 mm) and hall the width of the beam

(76.5 mm), this is not possible. Therefore, point B had to move to
points B The movement B-B' was possible because fixity of the
cover concrete discussed earlier was along C-C whilst point B
was free. [tis this movermnent that is attributed to the large contrac-
tional vertical strains recorded on side faces of beams. Certainly
vertical stresses applied on the cover concrete by corrosion
produds shown in Fig. 8 were resisted by the tensile strength of
concrete along C-C. As corrosion continued, applied stresses in-
creased so that section C-C finally cracked to give crack pattern B.

4.3 Widening of corrosion cracks in crack pattern B

Fig. 9 shows transverse strains on tensile faces and vertical
strains on side faces of beams that exhibited crack pattern B, As
mentioned earlier, beams 14 and 15 are some of beams that had
to be tested under nominally similar conditions because it was
not possible to measure vertical strains on all sides. The figure
shows that under this crack pattern, tensile strains (transverse
and vertical} were recorded on faces of beams that had corrosion
cracks (Fig. 9a, ¢ and d) whilst contractional strains were recorded
on uncracked side faces (Fig. 9b). Fig. 9¢ and d shows that before
recording vertical tensile strains on side faces of beams, rates of in-
crease of transverse tensile strains on the tensile face of beams
were nearly constant and about the same as in beams with oack
pattern A, This is expected since at that stage, they were under
the category of crack pattern A Interestingly, when vertical strains
were recorded on side faces of beams such as after 19 days for
beam 15, rates of increase of corresponding transverse tensile
strains on tensile faces decreased. However, rates of increase of
vertical tensile strains on the (now) cracked side faces of beams
were nearly constant through the entire testing period as shown
in Fig. 9d. In beam 14, cracks on the side face (which was not mon-
itored jappeared after 20 days. Similar to beam 15, rates of increase
of transwverse strains on the tensile face of the beam decreased
Interestingly, contractional vertical strains on the uncracked side
face of the beam were not affected by cracking of the other side
face of the beam. This implies that a longitudinal crack on the
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tensile face of the beam resulted in the divided parts of the cover
concrete behaving independent of each other.

From the behaviour of the cover concrete in Fig. 8, vertical ten-
sile strains on side faces of beams can only be recorded when sec-
tion C-C is cacked. This would imply that within the corroded
length of the beam, the part of the cover concrete with a corre-
sponding cracked side face was completely detached from the par-
ent concrete beam. In corroboration, Fig. 6 showed delamination of
part of the cover concrete that exhibited corrosion cracks on the
tensile face as well as on the side face. Similar to crack pattern A,
the distribution of corrasion products (Fig. 10) can also be used
Lo assess sections of the cover concrete that were attached or de-
tached from the parent conorete beam. As previously mentioned,
where they are observed, then the cover concrete was pushed out-
wards (detached from the parent concrete) to allow for them to be
deposited. Fig. 10 dearly shows detached sections in crack pattern
B 1o have been the corrosion region (as in cack pattern A) as well
as the side cover concrete which corresponded to a cracked side
face.

A cross-section of a corroding beam with crack pattern B can
therelore be schematically presented by Fig. 11, As shown in the
figure, corrosion products pushed part of the cover concrete with
a cracked side face (designated by a subscript 1) directly upwards.
The other part behaved like those incrack pattern A Since point &)
no longer moved in the transverse direction but rather in the ver-
tical direction, transverse strains recorded on the tensile face of the
beam were only due to the movement of A— A, . Expectedly, Fig. 9
shows that rates of increase of transverse strains on the tensile face
of beam 15 decreased when vertical tensile strains were recorded
on the side face. Moreover, part of the cover concrete with a corre-
sponding uncracked side face (designated by subscript 2) contin-
ued to exhibit large vertical contradional strains o suggest the
A=Ay movement (Figs. 9b and 11},

4.4, Widening of corrosion cracks in creck pattem C

As shown in Fig. 12, the variation of transverse strains on the
tensile face and vertical strains on the side face found in crack

Detached from parent concrebe

pattern C was initially similar to that recorded in crack pattern A
followeed by that in crack pattern B. Contrary to crack patterns A
and B, when both side faces of the beam cracked in crack pattern
C (33 days for beam 17), transverse tensile strains on the tensile
face of the beam stabilised and ceased to increase despite contin-
ued corrosion. Alter cracking, the rate of increase of vertical tensile
strains on the side face af the beam however, remained near con-
stant as shown in Fig. 12b.

It was pointed out under crack pattern B that part of the cover
concrete which exhibited cracks on the tensile face as well as on
the side face was detached from the parent conerete beam. In cack
pattern C here, all side faces were cracked. This implies that over
the corroded region, as well as on the side cover concrete, the en-
tire cover concrete was detached from the parent conorete bean.
Thiswas corroborated by delamination of the entire cover concrete
when beams 9 and 17 (with cqack pattern C) were tested to failure
(Fig. 6). Corrosion products in Fig. 6a were uniformly distributed
around the corroded area as well as on the side cover concrete. This
again suggests that within the corrosion region, the cover concrete
was completely detached from the parent concrete, A cross-section
of the beam on the corrasion region is shown in Fig. 13, The fgure
shows that corrosion products pushed A and &, upwards. As indi-
cated by transverse strains on the tensile face, there was little
transverse movement of A-A. However, vertical strains on the
two side faces of the beam increased. Note that here, the cover con-
crete was attached to the parent concrete only at the ends of the
COFPASion region.

4.5 Discussion on rate of widenmng of corrosion cracks

As previously mentioned, prior to a change of crack patterns,
the majority of beams exhibited a similar rate of widening of cor-
rosion cracks. This is confirmed using Fig. 14 which shows the var-
iation of transverse tensile strains on tensile faces of beams after
three wetting oycles or 12 days of impressed current density. Dur-
ing this period, all beams shown in the fgure exhibited orack pat-
tern A, Exception was beam 9, 10, and 20, Beams 9 and 10 had
maximum crack widths on the side face which, as pointed out
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Fig 11 Cross-section ol & corrading beam with orack pattern B.
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a3 Transverse strains on the tensile face of beam 17
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Fig. 12 Transverse and vertical strains for orack pattern O

earlier, the initial experimental set-up could not monitor, Beam 20
had maximum crack widths on the side face which also could not
be monitored. [t however, showed interesting behaviour after re-
pair which will be discussed in other publications,

The period shown in Fig. 14 corresponded to a total of 24 days
for beams with four-day drying cycles and 18 days for those with
two-day drying cyces, The position along the beam shown in the
figure was measured from the current input side of the beam to
the current output side. “Zero’ in the fgure therefore indicates
the edge of the corrosion region on the current input side whilst
700 mm indicates the edge of the region on the current outpat
side. It is clear from the figure that after three wetting cycles, max-
imum crack widths from various beams ranged from 035 Lo
0.55 mim.

AL the end of aceelerated corrosion (64 days Tor beams with
two-day drying cycles and 80 days for those with four-day drying
cydes), beam 16 (stll with crack pattern A) had a maximum crack
width of 1T mm compared to 0.54 mm in beam 17 (now with crack
pattern C). Moreover, the widest crack in beam 17 was dormant
whilst cracks on the side face of the beam, which were actively-
widening, had a maximum width aof 025 mm (Fig. 12} In contrast,
the crack width of 1 mm on the tensile face of beam 16 was still
actively-widening. The obvious implication is that end-ol-service
life that is based on the aiterion of maximum corrosion crack

width of 1 mm is likely to suggest repair of RC structures with
crack pattern A prior to those with crack pattern C

It should be pointed out that Figs. 4, 9 and 12 are not always
possible to draw for in-service structures because practitioners af -
ten measure corrosion crack widths on corroded RC structures at
discrete times. They then use maximum corrosion crack widths
to predict levels of steel corrosion as well as to assess if there is
nesd for repair [1,2,6,12). To understand the implication of this,
Fig. 15 shows maximum tensile strains {or crack widths) at the
end of accelerated corrosion Tor various beams in this research,

Only transverse tensile strains on tensile faces of beams are
shown in Fig. 15 because except Tor beams 9, 10, and 20 (already
discussed), they still exhibited maximum crack widths, Beam 17,
despite having a dormant crack on the tensile face for nearly hall
the wtal tme of accelerated corrosion testing, also exhibited max-
imum cracks on the tensile face, ITsteel corrosion was to be contin-
ved, it is expected however, that maximum crack widths in beam
17 would belong with the side face as opposed to the tensile face.
Interestingly, other beams that exhibited crack pattern B and had
maximum cracks on the tensile Tace such as beams 6, 7, and 14
had comparable crack widths as beam 17, This points out to the
complexity of the rate of widening of corrosion cracks, especially
at larger crack widths,

Contrary to maximum crack widths after three wetting cycles
discussed earlier, maximum crack widths at the end of corrosion
were very different. Owing to varying times at which different cor-
rosion crack patterns were observed on beams (indicated by Figs,
4,9 and 12} and since rates of widening of corrosion cracks were
closely related 1o crack patterns, beams were expected to show
these varying corrasion crack widths, As discussed earlier, the fig-
ure shows that a beam with crack pattern A (beam 16] had widest
corrasion cracks. Unfortunately, narrowest cacks belonged with a
beam with crack pattern B (beam 7).

The overall implication from Fig. 15 is that for wider cacks, itis
difficult to provide a deterministic value for maximum crack
widths of corroding beams. Results on crack pattern A are really
not conclusive since it was only found in one heavily corroded
bearm. Previous discussion however, indicated that as corrosion
progresses, it changes to crack pattern B Since this research and
others [8,12] did not find a definite level of stesl corrosion at which
crack pattern A changed to crack pattern B, there is large variation
of crack widths in crack pattern B. It is therefore difficult to predict
accurately crack widths in this crack pattern. However, crack pat-
tern C offers the most challenge because unless corrosion cracks
are continuously monitored as in Fig. 12, it is difficult to predict
accurately when it occurred.

Discussions of results from Alonso [7] and from Cabrera [11],
pointed out that crack pattern C (as in this research) only occurs
where the cover depth ol exterior bars to the tensile face is equal
to their cover depth to the side face. Where they are different, RC
speamens exhibit cack pattern A Zhang et al. [13] recommends
that where a corroding bar causes two cracks on adjacent faces
of a RC structure, an equivalent crack width should be taken as
the sum of the two cracks. Their assertions will be confirmed here
using defarmation of cover concrete shown in Fig. 8.

As previously noted, it is reasonable to assume little deforma-
tions of the cover concrete under crack pattern A so that crack
widths on the tensile face were mainly due to its translation
(movement without bending). Angles 2 and p shown in Fig. 8 were
therefore nearl y equal. This section of the cover concrete is Turther
illustrated using Fig. 16, If distances ‘a” and “b" in Fig. 16 are equal
and the cover concrete only rotates but does not deform then
Averscar equals Apanserse. The implication of this is that vertical
movemnent af the cover concrete (which gave vertical tensile
strains on the side face if C-C was free as in Fig. 11) was equal Lo
A—A, movement. It follows then that the rate of widening of
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corrosion cracks on the side face of a RC beam with crack pattern ©
should be hall its rate of widening on the tensile face if it exhibits
crack pattern A. To confirm this notion, for the first 20 days, the
rate of widening of corrosion cracks in beam 17 (then with crack

pattern A)was 19 pm day. When it exhibited crack pattern C, the
rate of widening of aradks on the side Face was 8.1 pm/day. If this
i implemented on crack widths in beam 17, it gives crack widths
that are similar to those found under crack pattern B
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Another interesting feature about Figs. 14 and 15 is that
corrosion crack widths on beams varied longitudinally along the
corroded region with maximum cracks experienced at the centre
of the corrosion region. Smaller cracks were found at the ends of
the region. This can be attributed to an increase in transverse stfl-
ness of beams by shear sticrups that were only placed within the
shear span (Fig. 2} If they were uniformly placed along the beam,
maximum corrosion crack widths would probably be at random as
found by Zhang et al. [5,13,14]. Results from El Maaddawy et al.
[12] where fewer stirrups were placed within the corroded region
also showed maximum corrosion crack widths at the centre of the
corrosion region. On the other hand, Ballim et al. [1,2] found max-
imum corrosion crack widths at beam ends most probably because
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Fig 16 Schematic ol machamsm of widening ol corragion cracks.

they had fewer stirrups there, Note that it is a commaon practice to
reduce shear stirrups around constant moment regions, This re-
search therefore presents the worst scenario where the corrosion
region does not have shear sticrups. Another argument to this
behaviour as presented by Frangois and Arliguie [21] is that it is
the loss in adhesion at the steel-concrete interface that causes
large crack widths. This adhesion is of good quality around stirrups
50 that minimum crack widths are found there. Further research to
confirm these arguments is necessary.

5. Relation between crack widths and mass loss of steel

Fig. 17 shows the variation of loss of steel in beams as previ-
ously discussed by Malumbela et al. [15) From the fgure and
based on the duration of the accelerated corrosion, it can be shown
that mass loss of steel under two-day drying cydes ranged from
1.1 to 1.68 g/day/m of bar length. In relation o maximum cack
widths in Fig. 14 {below 06 mm}, it can be shown that 1% mass loss
of steel corresponded to maximum crack widths between 0.14 and
022 mm. These relations give larger rates of widening of corrosion
cracks than those presented earlier from previous researchers,
They contended that 1% mass loss of steel corresponds to cack
widths between 0,03 and 0.14 mm. Note that previous researchers
monitored crack widths at the end of corrosion. Therefore, there is
likelihood that the rates of widening of corrosion cracks that they
provided included a change of crack patterns. However, Fig. 14 is
only when beams exhibited crack pattern A Should that be true
then relations provided by previous researchers may overestimate
service life of corroding RC structures,

As already mentioned, above relations were based on mass
losses ol steel with two-day drying cydes. This is because Malum-
bela et al [15] pointed out that long drying cycles caused larger
losses af steel because they allowed more drying of the corrosion
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region. Influence of dryness of concrete on rate of steel corrosion
was also found by Torres-Acosta et al. [10]. At the early corrosion
stages such as in Fig. 14 aswell as prior to cover cracking, the influ-
ence of long drying cydes on the rate of steel corrosion was not yet
expected. However, for in-service structures where it would take
tens of years to reach a crack width of 0.6 mm, different relations
are expected. They are discussed using crack widths at the end of
steel corrosion.

Probably the most important information Trom Figs. 15 and 17
is that despite having larger rates of steel corrosion, beams with
four-day drving cycles (beams 4-7) did not necessarily have the
widest corrosion cracks. For example, beam 6 had the largest max-
imum mass loss of steel (Fig. 17) and it was within a group of
beams (beam 6, 7, 14, and 17) that exhibited the narrowest corro-
sion cracks (Fig. 15) Note that large rates of corrosion on beams
with four-day drying cycles was attributed to longer drying periods
allowing for more drying of the corrosion region and hence result-
ing in formation of less voluminous products such as haematite
[15] This maost likely allowed Ffor more corrosion agents to reach
the steel. It also left more space which permitted deposit of addi-
tional corrosion products without applying excessive stresses on
the cover concrete, However, other beams with four-day drying cy-
cles, especially beam 4, exhibited maximum corrosion crack
widths that were comparable with those in beam 16, This was de-
spite beam 4 having crack pattern B, Contrary to other beams
where rack pattern B was observed alter about 20 days of corro-
sion, in beam 4 it was observed after 50 days. Therefore, when
rates of widening of corrosion cracks on its tensile face were re-
duced by a change ol crack patterns, it had already extensively
widened. To confirm this notion, after three wetting cycles, beams
5 and, interestingly, 17 had wider cracks than beam 4

Figs. 15 and 17 imply that a corroding RC beam with a maxi-
mum crack width of 0.54 mm (cack pattern B) can have mass
losses of steel ranging from 7.9 (two-day drying cycles) to 23.4%

[four-day drying cydes ). A similar range of mass loss of stegl can
be obtained by a beam with a crack width of 1 mm (crack pattern
AL Therefare, according to crack widths limits in [22], one beam
may be recommended for repair when it has a mass loss of steel
of 7.9% and another considered safe when its mass loss of steel is
234% A consenvative approach is to assume that a beam with
the smallest crack width has the largest mass loss of steel. In fact,
this was the case for beam 6. Under this approach, acrack width of
0.54 mm corresponded to amass loss of steel of 23.4% Assuming a
constant rate of widening of corrosion cracks as well as a constant
rate of loss of steel, then 1% maximum mass loss of steel corre-
sponded to a maximum crack width of 002 mm.

MNaote that the above relation follows the recommendation that
maximum crack widths in crack pattern C are the sum of two adja-
cent cracks as discussed using Figs. 11 and 16 [T it is not Tollowed,
then practitioners are likely to underestimate the level of steel cor-
rosion in RC structures that have this crack pattern. For example, if
repair was to be carried out at a crack width of 1 mm, then beam
17 was only going to exhibit it on the side face after about
150 days. If the beam had the maximum rate of steel corrosion
found in this research, then at repair, it was expected to have a
mass loss of steel of about 535,

6. Conclusions

L. After cracking of the cover concrete and with corrosion cracks
below 0.6 mm, it was found that various beams exhibited a
near-similar rate of widening of corrosion cracks. It was there-
fore concluded that service life of corroding RC structures that is
based on corrosion crack widths below 0.6 mm such as a limit
of 0.3 mm by DuraCrete Final Technical Report [22] is unlikely
to be significantly variable between identical strudures. For
worrosion crack widths greater than 006 mum, it was found that
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region. Influence of dryness of concrete on rate of steel corrosion
was also found by Torres-Acosta et al. [10]. At the early corrosion
stages such as in Fig. 14 aswell as prior to cover cracking, the influ-
ence of long drying cydes on the rate of steel corrosion was not yet
expected. However, for in-service structures where it would take
tens of years to reach a crack width of 0.6 mm, different relations
are expected. They are discussed using crack widths at the end of
steel corrosion.

Probably the most important information Trom Figs. 15 and 17
is that despite having larger rates of steel corrosion, beams with
four-day drving cycles (beams 4-7) did not necessarily have the
widest corrosion cracks. For example, beam 6 had the largest max-
imum mass loss of steel (Fig. 17) and it was within a group of
beams (beam 6, 7, 14, and 17) that exhibited the narrowest corro-
sion cracks (Fig. 15) Note that large rates of corrosion on beams
with four-day drying cycles was attributed to longer drying periods
allowing for more drying of the corrosion region and hence result-
ing in formation of less voluminous products such as haematite
[15] This maost likely allowed Ffor more corrosion agents to reach
the steel. It also left more space which permitted deposit of addi-
tional corrosion products without applying excessive stresses on
the cover concrete, However, other beams with four-day drying cy-
cles, especially beam 4, exhibited maximum corrosion crack
widths that were comparable with those in beam 16, This was de-
spite beam 4 having crack pattern B, Contrary to other beams
where rack pattern B was observed alter about 20 days of corro-
sion, in beam 4 it was observed after 50 days. Therefore, when
rates of widening of corrosion cracks on its tensile face were re-
duced by a change ol crack patterns, it had already extensively
widened. To confirm this notion, after three wetting cycles, beams
5 and, interestingly, 17 had wider cracks than beam 4

Figs. 15 and 17 imply that a corroding RC beam with a maxi-
mum crack width of 0.54 mm (cack pattern B) can have mass
losses of steel ranging from 7.9 (two-day drying cycles) to 23.4%

[four-day drying cydes ). A similar range of mass loss of stegl can
be obtained by a beam with a crack width of 1 mm (crack pattern
AL Therefare, according to crack widths limits in [22], one beam
may be recommended for repair when it has a mass loss of steel
of 7.9% and another considered safe when its mass loss of steel is
234% A consenvative approach is to assume that a beam with
the smallest crack width has the largest mass loss of steel. In fact,
this was the case for beam 6. Under this approach, acrack width of
0.54 mm corresponded to amass loss of steel of 23.4% Assuming a
constant rate of widening of corrosion cracks as well as a constant
rate of loss of steel, then 1% maximum mass loss of steel corre-
sponded to a maximum crack width of 002 mm.

MNaote that the above relation follows the recommendation that
maximum crack widths in crack pattern C are the sum of two adja-
cent cracks as discussed using Figs. 11 and 16 [T it is not Tollowed,
then practitioners are likely to underestimate the level of steel cor-
rosion in RC structures that have this crack pattern. For example, if
repair was to be carried out at a crack width of 1 mm, then beam
17 was only going to exhibit it on the side face after about
150 days. If the beam had the maximum rate of steel corrosion
found in this research, then at repair, it was expected to have a
mass loss of steel of about 535,

6. Conclusions

L. After cracking of the cover concrete and with corrosion cracks
below 0.6 mm, it was found that various beams exhibited a
near-similar rate of widening of corrosion cracks. It was there-
fore concluded that service life of corroding RC structures that is
based on corrosion crack widths below 0.6 mm such as a limit
of 0.3 mm by DuraCrete Final Technical Report [22] is unlikely
to be significantly variable between identical strudures. For
worrosion crack widths greater than 006 mum, it was found that
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beams exhibited three different types of crack patterns; crack
pattern A, B, and C, with crack pattern A having the largest rate
of widening ol corrosion cracks Tollowed by oack pattern B.
Based on the rate of widening of corrosion cracks from the
various crack patterns, it was conduded that service life of
corroding RC structures that is based on the criterion of corro-
sion crack widths above 06 mm such as a limit of 1 mm [22],
is likely to prescribe repairs of structures that exhibit crack
pattern A before those that exhibit crack patterns B or

If steel corrosion entails wetting and drying of specimens with
salt solution, longer drying cycles vield larger rates of steel cor-
rosion. On the contrary, this paper showed that patterns of cor-
rosion cracks as well as rate of widening of the cracks in each
pattern were independent of the duration of drying cycles. It
was therefore concuded that the worst scenario to structural
engineers and asset managers was when a structure had longer
drying cycles (larger corrosion rates) and exhibited crack pat-
tern C (low rate of widening of corrosion cracks) Without a
clear understanding of the relations between; the pattern of
corrosion cracks; the rate of widening of the cracks; and the
rate of steel corrasion, relations between maximum corrosion
crack widths and maximum loss of steel area due to corrosion
are likely to prescribe repairs of structures that exhibit crack
pattern C (worse il they have longer drying cyces) at dangerous
levels of steel corrosion.

Based an the variation of corrosion crack widths, it was recom-
mended that for beams that exhibit cracks on the tensile face as
well as on the near side face (oack pattern ), the maximum
crack width should be taken as the sum of the maximumcracks
from each face of the beam. If the recommendations in this
research are followed then a maximum mass loss of sweel of
1% corresponded to a maximum corrosion crack width of
0,02 mm.

It is important to mention that results in this paper may not be
representative of actual structural damage where corrosion is
natural. They therefore need o be verified with results under
natural steel corrosion. It is however, reasonable to say that ser-
vice life of RC structures based on criterion of corrosion crack
widths should take into account the crack pattern.
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