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Abstract

Steel corrosion in concrete leads to cracking,
reduction of bond strength, reduction of steel cross
section and loss of serviceability. Reinforced con-
crete undergoing corrosion does not only give the
appearance of poor performance, but can in
extreme cases, lose its structural integrity.

Numerical relations to assess the loss of service-
ability due to steel reinforcement corrosion are
scanty, thus data to relate the rate of corrosion to
cracking and loss of bond strength are necessary.

This paper uses laboratory data to investigate
the effects of corrosion rate on cracking and bond
strength loss.

It also examines the influence of fly ash on the
rate of reinforcement corrosion.

The laboratory data is used to develop numer-
ical models to predict:

(a) rate of corrosion from the width and inten-
sity of cracking,

(b) bond stress from corrosion rate, and

(c) serviceability loss from corrosion rate.

Key words: Concrete, reinforcement, cracking,
corrosion, serviceability, fly ash

INTRODUCTION

The basic problem associated with the deteri-
oration of reinforced concrete due to corrosion
is not that the reinforcing itself is reduced in
mechanical strength, but rather that the
products of corrosion exert stresses within the
concrete which cannot be supported by the
limited plastic deformation of the concrete, and

the concrete therefore cracks.' This leads to a
weakening of the bond and anchorage between
concrete and reinforcement which directly
affects the serviceability and ultimate strength
of concrete elements within a structure.

The assessment of the loss of serviceability of
reinforced concrete is made on the basis of
models or the measurement of corrosion rates.
The most known conceptual model is the Tuutti
model® which involves two stages; the initial
stage or initiation stage and the propagation
stage which involves active corrosion. Authors
have used variations of this conceptual model to
determine service life of concrete. Browne® for
example, used a diffusion model for prediction
of the remaining life of in-service reinforced
concrete structures exposed to chloride laden
environments. He and many others used a
threshold value of chloride concentration to
determine the remaining service life.

Measurements of corrosion currents of steel
reinforcement have been used by Andrade and
co-workers*™® for estimating the remaining
service life. Corrosion current is converted to
loss of steel section and this is used as the
threshold to determine remaining service life.

These approaches however do not really
relate the ‘loss of structural serviceability’ to the
rate of corrosion or to the state of active steel
corrosion. Studies to develop models to assess
the structural serviceability loss are few’™ and
therefore it is important to continue these
studies in order to provide structural engineers
with the appropriate tools for the repair and
maintenance of reinforced concrete structures.
It is also important to improve knowledge on
the relationship between rate of corrosion and
cracking. Visual inspections of concrete struc-
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tures are based, on the first instance, in
recording the signs of surface distress among
which cracking due to reinforcement corrosion
is the most important.

This paper presents a summary of laboratory
investigations carried out at the Civil Engineer-
ing Materials Unit (CEMU), University of
Leeds, as part of a large study on the structural
consequences of steel corrosion on reinforced con-
crete structures. In particular the paper discusses
the following:

(1) The relationship between corrosion rate
and crack pattern and intensity obtained
from experiments using small concrete
beams subjected to accelerated corrosion.

(2) The relationship between corrosion rate
and loss of structural serviceability from
measurements of bond strength, cracking
and deflection of concrete beams.

(3) The influence of cement type is evaluated
using a normal portland cement (OPC)
and a pozzolanic cement composed of
70% normal portland cement and 30%
pulverised fuel ash (PFA).

MATERIALS

The cement used in this investigation was
normal portland cement conforming to BS
12:1991. The fly ash was a low Ca ash typical of
ashes produced in the UK and was used to
prepare a pozzolanic cement by replacing 30%
of normal portland cement with the fly ash. The
proportion of cement and aggregate in the mix-
tures was calculated wusing the minimum
porosity method.'® The concrete mixtures con-
sisted of 1:2:3:3-5 cement, sand and gravel,
respectively (proportion by weight). The cement
content was 325 kg/m> and the water cement
ratio was 0-55. Sodium chloride was added to
the mixture to accelerate the corrosion process,
the amount added was equivalent to 2% Cl~
(percent based on the cementitious content).

High yield deformed bars, grade 460 comply-
ing with the requirements of BS 4449:1988 were
used for the experimental work. The bars were
cleaned and polished before placement into the
concrete specimens. In order to insulate the
tensile reinforcement bars of the beam speci-
mens from the rest of the steel cage, the corner
of the stirrups were coated with an insulating
polymer plastic applied at 300°C.

PREPARATION OF SPECIMENS
Crack characteristics study

The test specimens consisted of
100 mm x 300 mm x 200 mm reinforced con-
crete slabs. Three preformed steel bars were
embedded 180 mm into the concrete specimens.
The protruding ends of the bars at the concrete
surfaces and the top 20 mm of the bars in the
concrete were sealed with plastic tape and sili-
con to minimise corrosion in these areas,
therefore, only 160 mm length of bars were
exposed to concrete. Concrete specimens were
also made with additional reinforcement placed
across the main bars. This reinforcement con-
sisted of two 8 mm diameter deformed bars (see
Fig. 1). This part of the programme was
designed to study the effect of cement type, bar
diameter, cover thickness and cross bar inclu-
sion on the intensity, extent and pattern of
cracking. Table 1 shows the details of the
experimental parameter and type of specimens.

Pullout tests study
The pullout tests were carried out on 150 mm

concrete cubes with 12 mm diameter reinforcing
bar centrally embedded in the cube. In order to
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Fig. 1. Geometry of the specimens used in the study.
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Table 1. Type of specimens and experimental parameters
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Group Bpe Bar size Bpe of Cement c; c Aim of
(mm) bar cage type (mm) (mm) test

A A-12 12 one way OPC 20 44 Effect of bar diameter
A-16 16 one way OPC
A-20 20 one way OPC
B-OPC 12 one way OPC 20 20 Effect of cement type
B-PFA 12 one way PFA

C C-0 12 one way OPC 30 30 Effect of cross bars
CT 12 two way OPC

*Slab types B-OPC and C-O also compared for cover thickness effect.

**c,=cover thickness from longitudinal face (Fig. 1).
***c,=cover thickness from side face.

ensure that the bond slip failure would dom-
inate over other types of failure such as
anchorage splitting and yielding of the steel
reinforcement, only a short length of reinforce-
ment was bonded to concrete. The embedment
length chosen was 4 x the bar diameter.

Beam tests study

These specimens were reinforced concrete
beams having a cross section of 125 x 160 mm
with two different embedment lengths and
shear spans. In ‘series I’ beams the embedment
length was 384 mm in accordance with the
requirements of BS 8110 1985 to ensure that
flexural failure would dominate over other types
of failure. In ‘series II’ beams the length of
embedment was 190 mm, to ensure that bond
slip failure would dominate. The beams were
essentially of the type described in the report of
ACI committee 208. In these beams, recesses of
100 mm length were made to expose the bars
under the concentrated loads and to set up the
instrumentation for measuring steel strains and
loaded-end slips.

All beams had two 12 mm deformed bars at
the bottom and two 10 mm plain bars at the top
with links of 8 mm plain bars as web reinforce-
ment along the shear spans at 40 mm spacing.
The outside portions of the reinforcing bars at
the end of each beam beyond the support were
covered by plastic tubes to eliminate bond in
the extended part of the specimens.

CURING AND EXPOSURE CONDITIONS
After casting, the concrete specimens were kept

in their moulds covered with damp hessian and
polythene at room temperature (20°C) for 24 h.

Then they were demoulded and kept under the
same conditions for 3 days. The specimens were
then stored at 35°C and 45% RH until the age
of 28 days. The 28 day cured specimens were
partially immersed to a depth equal to the con-
crete cover in a 5% NaCl solution. Specimens
for control were immersed in tap water.

All specimens were kept partially immersed
for 3 days to obtain uniform moisture distribu-
tion in the immersed part of the specimen.
After this period the specimens were either tes-
ted or subjected to accelerated corrosion and
then tested.

METHODS OF TESTING

Corrosion acceleration and testing

Figure 2 shows schematically the electrochem-
ical system used. The stainless steel plate
immersed in the solution is used as counter
electrode and a potentiostat is set in such a way
that the reinforcing steel acts as an anode and
the counter electrode as a cathode. A voltage of
3V versus saturated calomel electrode (SCE)
was impressed through the system to accelerate
COITosion.

The current was recorded at increasing expo-
sure times and cracking of the specimens was
visually observed and recorded. The electrical
resistivity of the specimens was measured at the
same times.

The amount of corrosion on the steel of the
pullout specimens was found by the gravimetric
weight-loss method and in the steel of the
beams by calculation using Faraday’s law.

Pullout tests

Pullout tests were carried out using an Instron
testing machine under monotonic static load.
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Fig. 2. Schematic representation of the electrochemical system.

Three dial gauges were used to measure the
values of slip at both ends. At the loaded end of
the specimens, two dial gauges were fixed to a
steel bar that was fastened to the sides of the
concrete by bolts. Figure 3 shows the testing
arrangement.

In determining the slip at the loaded end, the
gauge readings at each increment were correc-
ted for the elongation of the reinforcing bar
with the distance between the fixed point of the
gauge and the surface of the concrete.

Beam flexure tests

The beam specimens were tested as simply sup-
ported beams with two concentrated loads using
an Instron testing machine. Figure 4(a) and (b)
show the testing arrangements.

Reinforcing bar — ]

—

For series II beams, strain in the tensile rein-
forcement within the opening in the concrete
was measured with electrical resistance strain
gauges. The strain gauges were fixed on the
bottom side of the bars after the specimens had
been cured. Both free end and loaded end slips
of the bars were measured with 0-:002 mm scale
dial gauges. The beams were tested under
monotonic increasing load up to failure, in
order to observe their static flexural behaviour.

RESULTS AND DISCUSSION
Measurements of crack width and intensity
The measurement of crack width was carried

out using an Ultra Lomara 250b microscope.
Two values of crack width are reported, i.e. the

Slotted steel bearing block

l——— Cross bar

Packing

@¢ Dial gauge

L=4.d

Yoke
PVYC pipe
Fig. 3. Arrangement for the pullout test.
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maximum crack width on the longitudinal side
which was found to be approximately equal to
the maximum crack width on the top surface
(cross section) of a slab, and the average crack
width.

To quantify crack intensity, this was
expressed as the total length of cracks on the
top surface of the concrete slab (cross section)
divided by the surface area of the same cross
section, which as seen in Fig. 1, was 300 cm?. In
all the slabs, the cracks developed parallel to
the bars. In the case of slabs with one way bars,
the direction of cracks were vertical and in slabs
with two way bars, the cracks appeared in the
horizontal direction. The differences in crack
pattern on the top surface of the slabs were not
significant except for the cracks in the slab with
cross bars. These slabs exhibited only one crack
emanating from the steel bars and following the
direction of the cross bars as shown in Fig. 5.

The corrosion current and resistance at 1, 16
and 28 days acceleration for all specimens are
presented in Table 2. An increase in the bar
diameter caused the corrosion current to
increase. This is expected since larger bar size

e
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had higher surface area and lower electrical
resistance. Larger bar diameter caused lower
corrosion resistance before cracking. At later
age, after cracking, particularly at 28 days, the
resistance values of the bars of different sizes
were approximately the same. Comparing the
measured resistance before cracking, there was
a reduction of 59, 56 and 47%, respectively.
This then shows that the reduction in resistance
is larger in smaller bars than in larger bars.

As expected, the slabs with 20 mm cover
thickness (B-OPC) showed higher corrosion
current and lower resistance than the slabs with
30 mm cover thickness (C-O). Because of the
smaller cover thickness and lower electrical
resistance the diffusion path for the chloride
ions was the shortest. The cover thickness
therefore, was the dominant variable even after
cracking.

Table 2 also reveals that the corrosion cur-
rent of specimens made with normal portland
cement was much higher than that of fly ash. At
all ages, the corrosion current of normal port-
land cement specimens was more than 8 times
that of the fly ash specimens.

¢
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Fig. 4. (a) Arrangement for beam tests, Series I: (b) Arrangement for beam tests, Series II (all dimensions in mm).
Notation: A — dial gauges of the free end slip measurement, B — dial gauges for measurement of the mid span
deflection, C — dial gauges for the loaded end slip measurement, E — electrical strain gauges for steel strain measure-

ment, P — applied load, R — reaction at supports.
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Fly ash slabs cracked in a period which was,
on average, 5 times more than the cracking
period for normal portland cement slabs. The
resistance of fly ash slabs was more than 7 times
that of the resistance of normal portland

Initial stage

cement slabs. The high values of fly ash con-
crete resistance have been discussed in previous
papers.'>"?

The results of corrosion current measure-
ments of two way reinforced slabs are not

Final stage

§

Beam number
A-12

A-16

A-20

Tbof——o—\/cﬁ

y
&
'
f

e = N

P [ v

B8-PFA

ARSINS

0\
'
/
:

X
}

B o e @ ® c-1
Fig. 5. Crack patterns caused by corrosion of the reinforcing steel.
Table 2. Corrosion current and resistance
Slab Number of days under
lype accelerated corrosion
1 day 16 days 28 days
Current Resistance Current Resistance Current Resistance
(mA) Q) (mA) Q) (mA) Q)
A-12 19 133 40-5 81-5 54-5 54:5
A-16 22:5 1185 455 69-5 58:0 52:5
A-20 24-5 99:5 49-5 675 64-0 535
B-OPC 175 143 43-0 75-0 590 50-0
B-PFA 25 1084 46 712 6-15 481-0
C-O 14-5 198 30-5 106 395 82-0
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Table 3. Corrosion weight loss and crack intensity at the end of the experiment
Slab Measured Calculated Measured Crack
type reinforcement reinforcement weight loss intensity

weight loss weight loss (g/em?) (mm/jcm?)

(%) (%)

A-12 1773 19-69 0-463 0-93
A-16 12-80 12:50 0-393 0-95
A-20 676 878 0-345 102
B-OPC 19-21 2015 0-480 0-74
B-PFA 3:55 2:02 0-045 0-20
C-0 13-48 13-77 0-320 0-99

presented because the cage was connected and
direct readings cannot be used for comparison.

A summary of the results of weight loss and
crack intensity at the end of the experiment (28
days) is shown in Table 3.

Influence of corrosion on crack pattern and
crack width

When making visual inspections of concrete
structures, the major signs of distress due to
corrosion which are normally reported corre-
spond to crack pattern, intensity and width of
cracks. If these are numerous then the visual
inspection is followed by testing to ascertain the
extent of corrosion of the reinforcing steel. The
testing programmes carried out for this purpose
are not only time consuming but very expensive,
therefore data to link crack pattern, crack inten-
sity or crack width to the amount of corrosion
may be potentially very useful to determine
policies of maintenance, repair or demolition of
concrete structures.

There is relatively scant information with
regard to the prediction of crack pattern caused
by the expansion of reinforcement corrosion in
concrete.'' Maruyama et al.'* proposed a model
for prediction which indicates that the pattern
of cracking is predominantly influenced by the
cover thickness, however, Ergatoudis et al'
have shown that cracking pattern is dependent
not only on cover thickness, but also on the
overall position of the steel bar within the
depth, width and height of the concrete ele-
ment. They have proposed three models of
cracking pattern, according to these the crack-
ing pattern of the slabs tested in this work
corresponds mainly to models 1 and 2. The
cracking patterns at the initial and final stages
of the experiment are shown in Fig. 5.

The first crack caused by corrosion appeared
as expected through the shortest path between
steel bar and concrete surface i.e. from the bar
to the surface cover. The second crack
appeared at an angle of 10° against the direc-
tion of the first crack, this crack direction
corresponds to model 1 and is very close to
model 2, proposed in Ref. 15.

The crack width measured and expressed
either as average crack width or as a maximum
crack width was related to the weight loss due
to the corrosion of the steel bars expressed in g/
cm’. The resultant relations were then
compared with the estimations of crack width
which were calculated as follows.

(a) The increase of bar diameter due to the
corrosion of the steel was calculated according
to the following formula:

Ad={(/d*+4W,d/p)—d}]2 (1)

where:

d=diameter of steel bar (cm)

Ad=increase in bar diameter due to corro-
sion (cm)

W,=steel weight loss g/cm?

p=density of corrosion product

The crack width was then calculated using the
formula proposed in Ref. 15.

We=4Ad{[(c; +d/2)/(c2+d/2)]

sin 8 +cos 8} sinf

2)

where:
W.=crack width (cm)
¢, cy=distances from the bar to the cover
surface and the surface perpendicular
to it (see Fig. 1) (cm)
f)=angle between the direction of first crack
and the direction of the second crack.
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Table 4 presents the data of average crack
width, maximum crack width and calculated
crack width together with the corresponding
measured values of steel weight loss W,. Obser-
vation of this Table shows that the calculated
values predict reasonably the measured values
(either average or maximum crack width).

The prediction is quite accurate when the
corrosion product density is equal to 3-9 g/em®,
that is when the volume increases due to the
oxidation reaction is two times that of the origi-
nal steel and when the total weight loss per unit
areas does not exceed 0-2 g/cm®. This is quite
understandable since the mechanism of crack-
ing is related to the initial build up of pressure
up to the tensile strength of the concrete
followed by accelerated increase of the crack
width and subsequent release of pressure by
flow of the reaction product.

Loss of bond from pullout tests
For each load level, bond stress is calculated as

the average stress between reinforcing bar and
surrounding concrete along the embedded por-

J. G. Cabrera

tion of the bar. Comparisons of bond strength
at different levels of corrosion can be made in
terms of a limiting slip or in terms of maximum
load. A method to determine the critical bond
stress fe, from the bond stress—slip relationship
has been used by a number of investigators.'® '’
In this method the critical bond stress (fs,) is
taken as the lower value of the bond stress
corresponding to a loaded-end slip (S';)) of
0-25 mm and a free end slip ($'¢) of 0-051 mm.

The relationships between average bond
stress and the values of free end slip are shown
in Figs 6 and 7 and the relationship between
bond strength and percent corrosion is shown in
Fig. 8. These results clearly illustrate that bond
strength increases with corrosion rate up to a
maximum after which increasing corrosion cau-
ses a significant reduction of bond strength.

On the basis of ultimate bond stress, the rela-
tive bond strength of normal portland cement
specimens exhibiting 12:6% corrosion, was
reduced to only 23-8% of that for the control
specimen with no corrosion. The reduction of
bond resistance is even higher if the calculation
is made on the basis of critical bond stress.

Table 4. Measured (maximum and average) and calculated crack widths and increase in bar diameter for the specimens

used in the study

Wn=maximum crack width (mm), W,=average crack width (mm)

Parameter Specimen type
A-12 A-16 A-20 B-OPC B-PFA C-0
W, (g/cm?) (0-048 0-04 0-036 0-04 0-004 0-031
0-108 0-094 0-083 0-10 0-008 0-072
0-167 0-148 0-131 0-16 0-013 0-12
0-231 0-203 0-179 0-23 0-020 0-17
0-463 0-394 0-345 0-48 0-045 0-32
Ad (cm) 0-012 0-01 0-009 0-01 0-001 0-008
0-027 0-024 0-21 0-025 0-002 0-018
0-041 0-037 0-033 0-040 0-003 0-03
0-056 0-050 0-045 0-056 0-005 0-04
0-109 0-095 0-085 0-113 0-011 0-08
W, (mm) 0-08 0-06 0-06 0-07 0-00 0-06
0-18 0-16 0-14 0-18 0-00 0-13
0-27 0-25 0-22 0-28 0-02 0-21
0-37 0-33 0-30 0-40 0-04 0-28
0-73 0-63 0-57 0-81 0-08 0-57
W (mm) 0-06 0-08 0-11 0-09 (0-00 0-10
0-13 0-18 0-30 0-13 0-00 0-19
0-28 0-41 0-43 0-20 0-02 0-26
0-35 0-49 0-53 0-34 0-06 0-33
0-38 0-56 0-56 0-39 0-11 0-41
W, (mm) 0-04 0-05 0-06 0-05 0-00 0-06
0-09 011 0-19 011 0-00 0-11
0-21 0-22 031 019 0-02 0-21
027 0-33 0-37 0-26 0-04 029
0-29 0-43 0-46 0-31 0-06 0-35
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Fig. 6. Comparison of bond behaviour for pullout normal portland cement specimen with different levels of corrosion.
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At the same corrosion percentage the fly ash
concrete specimens exhibit higher bond resist-
ance than the normal portland cement concrete
specimens. For example, 6:5% corrosion caused
27% loss of bond strength in the normal port-
land cement specimens but only 14% loss in the
fly ash concrete specimens. It is also important
to point out that to induce the same level of
corrosion in fly ash concrete than in normal
portland cement concrete the time required was
3 times as much in fly ash concrete.

The improved bond resistance of fly ash con-
crete is attributed to the very low level of
damage observed in the fly ash concrete. Only 2
specimens were cracked. One of them cracked
at 42 days of accelerated corrosion and the
other after 46 days. These specimens were sub-
jected to an additional period of accelerated
corrosion to obtain 6-3 and 6:9% corrosion.

The higher bond resistance of fly ash con-
crete is a result of the lower corrosion rate of
the reinforcing bars. The rate of corrosion is a
function of the availability of oxygen, moisture
and the resistivity of the concrete.’> The
changes of electrical resistivity with age of the
normal portland cement and fly ash concrete
specimens are shown in Fig. 9. These results
show clearly that the effect of fly ash on the
electrical resistance of concrete is significant as
has been shown previously by Cabrera."

Numerical relations to calculate the reduction
of bond strength caused by the level of corro-
sion can be obtained by regression analysis of
the experimental results shown in Fig. 6, dis-
regarding the values where corrosion causes an
increase in bond strength.

100

The equation obtained for normal portland
cement and fly ash are:

foo=23-478 —1-313C (r>=0-960) (3)
fop=26133—1-341C (r*=0-909) 4)

where:
foo=bond strength of normal portland cement
concrete (MPa)
fop=bond strength of fly ash concrete (MPa)
C=corrosion (%)
r’=correlation coefficient.

Influence of corrosion rate on beam deflection

The beams of series I (Fig. 4(a)) failed by yield-
ing of the bars. The beams of series II (Fig.
4(b)) failed with excessive slip at the free end of
the bars. Detailed results of bond stress versus
corrosion rate have been reported elsewhere,®
therefore in this paper the analysis presented
deals with the deflection behaviour of the cor-
roded beams.

In the limit state design of concrete struc-
tures deflection is one of the limit states which
the design has to satisfy, to ensure serviceability
of the structure. One of the most important
aspects of bond performance is its influence on
deflection and crack development.

Values of deflection at mid span of beams are
shown in Figs 10 and 11. The relations were
plotted up to the maximum observed values
before failure. They show clearly that corrosion
has significant influence on deflection.

Numerical relations to calculate the increases
in deflection caused by corrosion are expressed

60 L

sl

Concrete resistance (ohms)

201

0 1 i i 1

pfa

opc

[ L [ 1 Il

0 5 10 15 20

25 30 35 40 45 50

Time (days)

Fig. 9. Variation of concrete resistance with time.
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in terms of deflection ratio versus corrosion
percentage. The deflection ratio is the ratio of
the deflection of the corroded beam divided by
the deflection of the non-corroded beam loaded
to the service load. The service load is defined
as the ultimate load multiplied by 0-6.

Figure 12 shows these relations. Numerical
expressions were obtained by simple linear

140

Series [l

0.00

1200 7.80

100l
8o

} Series |

60 L 9.20

Applied load (kN)

40 L

0 1 n i 1 i 1 i 1 1
] 1 2 3 4 5 6 7 8 9 10

Deflection at midspan (mm)

Fig. 10. Typical load vs deflection relationships for nor-
mal portland cement concrete beams.

140

regression analysis. Equation (5) corresponds to
the normal portland cement concrete and eqn
(6) to the fly ash concrete.

Dr=1-002+0-050C (r>=0-960) )
Dr=0-943 +0-046C (r>=0-936) (6)

where:
Dr=deflection ratio
C=corrosion %
r*=correlation coefficient.

CONCLUSIONS

From the experimental work carried out in this
study and the application of theoretical pre-
dictive models, the following conclusions are
offered.

(1) The results show that there is an inverse
relation between steel bar cover and
degree of corrosion. Crack intensity
increases with increasing depth of cover
and this can be numerically related to the
degree of corrosion expressed as weight
loss per unit area.

(2) Cracking pattern of slabs can be satisfac-
torily predicted using available models’

1201
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Fig. 11. Typical load vs deflection relationships for fly ash concrete beams.
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Fig. 12. Deflection ratio vs corrosion relationships for series I beams.
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