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1. Introduction

Reinforced concrete (RC) structures, exposed to environments
where de-icing salts or coastal/marine conditions are encountered,
often exhibit premature deterioration and require unplanned
maintenance. The major cause of these problems is the chloride-in-
duced corrosion of reinforcing steel which, because of the substan-
tial volume increase that accompanies the transformation of iron
to rust, can lead to cracking and spalling of the concrete cover. In
addition, the corrosion of reinforcing steel bars can also cause a
weakening of the bond and anchorage between concrete and rein-
forcement, which can reduce the shear capacity of RC beams and
affects the serviceability and ultimate strength of concrete ele-
ments in RC structures.

Despite a large body of literature on the corrosion of reinforcing
steel induced by chlorides [1-4] and corresponding influence of
reinforcing steel corrosion on the flexural capacity of RC beams
[5,6] there are few works that have dealt with the reduction in
shear capacity of RC beams due to the corrosion of stirrups in RC
beams [7]. Stirrups play an important role in RC beams. They can
directly sustain shear force and indirectly enhance the load-carry-
ing ability of other elements in the RC beam. The adequate use of
stirrups in a RC member can control the horizontal splitting cracks
at the level of the longitudinal reinforcement, which can increase
the strength of the dowel action and thereby enhance the shear
capacity of the member. Besides this, the stirrups can also limit
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crack propagation and crack widths. Note that, stirrups, in most
RC beams, are nearer to the concrete surface than the longitudinal
steel bars. Therefore, stirrups would be first attacked by chlorides
in a chloride environment. Moreover, stirrups are generally made
of small diameter steel bars and therefore if they are corroded,
the stirrups will be quick to loss their load-bearing ability [8].
The shear strength of RC beams with a part of the longitudinal
reinforcement exposed over varying portions of the span was eval-
uated by Cairns [9], who used a method of analysis based on exist-
ing semi-empirical rules in BS 8110. His study suggested that the
shear strength is increased when reinforcement is exposed in all
but the most lightly reinforced sections. Rodriguez et al. [10] con-
ducted an experimental study on corroded RC beams in which
reinforcement was corroded by means of adding calcium chloride
to the mixing water and applying a constant current density of
about 1 A/m?. The results showed that the corrosion increases both
deflections and crack widths at the service load, reduces the
strength at the ultimate load, and modifies the type of failure from
bending for sound tested beams to shear for deteriorated beams.
Yan et al. [11] investigated the shear performance of RC beams
with different mix proportions under different wetting—drying cy-
cle conditions. The beams were exposed to artificially imitating sea
water to simulate the sea water wave splash. Xu and Niu [12]
investigated the effects of corrosion rate of stirrups on the defor-
mation, crack forming and development, bearing capacity and fail-
ure mechanism of RC beams by using experimental methods. They
found that, the corrosion of stirrups reduces the constraint of stir-
rups to surrounding concrete; the grip action of aggregates at both
sides of the crack is deteriorated as the diagonal crack develops
rapidly; and the stirrup corrosion has significant influence on the
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shear bearing capacity of the beam. Higgins and Farrow [7] inves-
tigated the shear performance of corroded RC beams with three
different cross-section types (rectangle, T and upturned T-cross
sections). It was showed that all corroded beams have reduced
shear capacity and reduced overall deformation at the failure point.
Recently, Zhao et al. [13] carried out an extensive theoretical and
experimental study on the effect of stirrup corrosion on the shear
capacity of RC beams. They found that the shear strength of RC
beams increases at the early stages of stirrup corrosion and the loss
in shear strength actually starts when the corrosion of the stirrups
approximately exceeds 10% of its threshold level.

Most of existing experiments mentioned above used either
chloride pre-blending or a constant current method to accelerate
the corrosion of internal reinforcing steel bars in RC beams. As a
consequence of this, the corrosion of the steel bars was developed
uniformly along its whole surface [14,15]. In the real case, how-
ever, the corrosion of the steel bars mainly occurs on one side of
its surface, which is facing the concrete cover. In order to accu-
rately predict the effects of the localised reinforcing steel corrosion
or pitting corrosion on the development of tensile stresses in its
surrounding concrete and the propagation of cracks in its concrete
cover, it is necessary to simulate the corrosion distribution accord-
ing to the corrosion pattern happened in a natural environment
[16].

In this paper, an experimental study is presented on the influ-
ence of reinforcing steel corrosion on the shear capacity of conven-
tionally RC beams. The experimental programme involved an
electrochemical process to accelerate the migration of chlorides
from an external electrolyte into the tested beams, a wetting-dry-
ing cycle process with a controlled current to speed up the corro-
sion of the reinforcing steel bars in the tested beams, and a
strength test to determine the shear capacity of the tested beams.
The shear performance of RC beams with different corrosion levels
in both longitudinal reinforcing steel bars and stirrups was exam-
ined. Relationships of corrosion-induced crack widths in concrete
cover with the corrosion level of the reinforcing steel bars were ob-
tained. Engineering approaches were developed to predict the
residual shear strength of the corroded beams.

2. Experimental programme

The experiments involved an electrochemical process with a
controlled voltage difference between an anode embedded in the
tested beam and a cathode placed in an external electrolyte to
accelerate the migration of chlorides from the external electrolyte
into the beam, a wetting-drying cycle process with a controlled
current to speed up the corrosion of the reinforcing steel bars in
the beam, and a strength test to determine the shear capacity of
the beam. A total of 18 RC beams in three different groups were
tested in the present experimental programme, which includes
15 corroded beams and three un-corroded beams. The following
are the details of the beam specimens, set-up and undertaking of
the experiments.

2.1. Specimen details

The concrete used for making the RC beams is the ordinary Port-
land cement with a compressive strength of 42.5 MPa (cylinder
specimen test) and the coarse aggregate with 16 mm maximum
size gravel (see Table 1 for the details). The designed slump con-
stant was 70 mm. In addition, three 150 x 150 x 150 mm cubic
specimens were also casted in order to obtain the compressive
strength of the mixed concrete. The 28 day average compressive
strength of the three casted cubic specimens was found to be
25.93 MPa.

Table 1
Proportion of concrete mix.

w/c Water (kg/ Cement Fine aggregate Coarse aggregate
Ratio m?) (kg/m3) (kg/m?3) (kg/m3)
0.53 220 412.5 641.2 1046.1
Table 2
Characteristics of the reinforcing bars.
Rebar Nominal Actual Yield Ultimate Elasticity Elongation
grade diameter cross- strength strength  modulus (%)
(mm) section  (N/ (N/ (N/mm?)
area mm?) mm?)
(mm?)
¢ 6 33.59 321.80  441.11 1.96 x 10°  34.44
¢ 8 46.00 463.87 515.70 1.98 x 105  25.00
¢ 10 90.04 319.60  461.86 2.07 x 105  32.00
[} 20 291.79  380.05 582.10 1.86 x 10°  32.00
i} 20 306.80 570.83 715.88 2.03 x 10°  24.00

All reinforcing steel bars used in the RC beams were the hot
rolled steel bars. They were the smooth HPB235 (¢) bar, the de-
formed HRB335 (¢) bar, and the deformed HRB500 (§) bar, respec-
tively. The dimensions and material properties of the reinforcing
steel bars are given in Table 2. Note that the diameter shown in Ta-
ble 2 is the nominal diameter of the bar provided by the manufac-
turer, whereas the cross-section area of the bar is the actual area
which was calculated from the weighted mass divided by the steel
density and the measured length. The yield strength, ultimate
strength and the modulus of elasticity of the bar were obtained
by using standard tensile tests. The elongation was the tensile
stretch of the bar in a length of five times its diameter near the rup-
ture area.

In order to increase the flexural capacity of the beam, two lon-
gitudinal steel bars were placed in the bottom layer of the beam.
Fig. 1 shows the details of the reinforcement arranged in the tested
beams. For each of the three tested beam groups, six RC beams
were first casted, then corroded, followed by a mechanical loading
test. All of the beams have the same dimensions, which are
230 mm in depth, 120 mm in width and 1200 mm in length. The
beams were represented by a letter followed by a numerical num-
ber. The letter corresponds to the details of the reinforcing steel
bars, in which letter ‘A’ represents the case where the beam has
two ¢20 longitudinal reinforcing steel bars in the bottom layer,
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Fig. 1. Details of the beam specimen (units: mm). (a) Type A; (b) Type B and (c)
Type C.
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Fig. 2. Schematic representation of accelerated corrosion test setup (units: mm).

11 stirrups (spacing 100 mm) of 6 mm diameter steel bars; letter
‘B’ represents the case where the beam has two §20 longitudinal
reinforcing steel bars in the bottom layer, 11 stirrups (spacing
100 mm) of 6 mm diameter steel bars; and letter ‘C’ represents
the case where the beam has two $20 longitudinal reinforcing steel
bars in the bottom layer, 8 stirrups (spacing 150 mm) of 8 mm
diameter steel bars. The numerical number used is to indicate
the corrosion damage level, in which number ‘0’ stands for no cor-
rosion and number ‘5’ stands for the heaviest corrosion. For exam-
ple, the beam B-3 means that the beam has two §20 longitudinal
reinforcing steel bars in the bottom layer, 11 stirrups (spacing
100 mm) of 6 mm diameter steel bars, with a corrosion damage
level 3.

All of the tested beams have two ¢10 longitudinal reinforcing
steel bars in the top layer, which were anchored with the two lon-
gitudinal bars in the bottom layer using a standard hook length of
100 mm to prevent anchorage failures, a clear concrete cover of
30 mm, and two pieces of 30 x 300 x 0.2 mm stainless steel sheets
located in the middle layer of the shear zones near the beam ends.
The stainless steel sheets were used purely for the purpose of elec-
tro-migration process in which they were acting as an anode for
migrating chloride ions into the beam. Owing to the relatively
small size and the position where they were located, the two steel
sheets would have very little influence on the strength of the beam.

Table 3
Summary of experimental responses.
Beam Galvanizing navemge,rarget r]average Wc,average Wemax Ultimate
designation time t; (%) (%) (mm) (mm) shear
(days) force V,,
(kN)
A-0 0.00 0 0.00 0.00 0.00 1195
A-1 23.93 10 10.68 0.06 0.08 1264
A-2 49.23 20 27.01 0.08 012 1120
A-3 76.16 30 37.13 0.12 020 1125
A-4 105.10 40 4254 0.12 040 1054
A-5 136.57 50 5415 0.19 0.48 85.2
B-0 0.00 0 0.00 0.00 0.00 135.6
B-1 23.93 10 1294 0.04 0.04 124.0
B-2 49.23 20 21.75 0.10 012 1233
B-3 76.16 30 29.23 0.14 040 124.0
B-4 105.10 40 4148 0.13 040 1194
B-5 136.57 50 51.42 0.18 044 1003
Cc-0 0.00 0 0.00 0.00 0.00 138.2
C-1 31.48 10 6.53 0.08 0.08 133.9
C-2 64.76 20 11.73 0.13 024 129.0
c-3 100.19 30 19.54 0.14 024 128.1
C-4 138.26 40 2574 0.16 036 1315
C-5 179.66 50 3238 0.19 0.68 127.0

All of the tested beams were casted from one batch of concrete,
wet cured for a period of 7 days, and then permitted to dry cure for
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Fig. 3. Measurement of corrosion-induced cracks in concrete. (a) Measurement gird
on the beam surfaces and (b) crack width measurement.
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a further period of at least 28 days to achieve the required design
strength. After curing, an accelerated corrosion process was
applied.

2.2. Accelerated corrosion tests

Fig. 2 shows a schematic representation of the test setup for the
accelerated corrosion. Since the targeted corrosion area was the
stirrups at the two shear zones near the beam ends, sponge which
soaks up NaCl solution was used to keep the concrete in the two
targeted areas wet. Two stainless steel nets, each in one area, were
attached to the sponge. The outside of the beam was then wrapped
with a plastic sheet to keep the moisture in the sponge.

The corrosion procedure can be divided into two phases,
namely, the electro-migration phase and the wetting-drying cycle
phase. In the electro-migration phase, chloride ions were electro-
migrated into concrete cover by means of using an electrochemical
method. In order to simulate the realistic chloride ingress in con-
crete, NaCl solution of concentration 2 mol/L was first put in the
sponge to make the concrete moisture more than 24 h. Then, the
direction of the current flow was adjusted so that the outside stain-
less steel nets attached to the sponge became the cathode and the
embedded stainless steel sheets served as the anode. Finally, a con-
stant voltage of 30V was applied between the outside stainless
steel nets and the embedded stainless steel sheets using a DC
power source. Note that the use of the embedded stainless steel
sheets rather than the stirrups or longitudinal steel bars as the an-
ode is purely for achieving a high chloride diffusion profile in a
short period. The principle of the chloride migration in concrete
has been well addressed in literature (see, for example, [17,18])
and thus is not discussed here further. The electro-migration time

a_Q ) ) Q

ST

i 0 Q i
]DOL 300 L 400 [, 300 LlOU
7 7 g 7
1200

Q displacement meter — resistant strain gauge

Fig. 4. Loading test arrangement (units: mm). (a) Schematic presentation and (b)
on-site loa ding test.

used in the electro-migration phase was determined based on the
chloride concentration at the reinforcement which reaches to a
threshold value, using the following equation [18].

- RT RTxqy .1 2¢q4
= ZFEDmom [x" — 2\ et ( - c_oﬂ M

where t; is the electro-migration time during which the electro-
migration process was applied, R = 8.314 J/(mol K) is the gas con-
stant, T=298 K is the average absolute temperature in the tested
beam, z =1 is the charge number, F = 96480 J/(V-mol) is the Faraday
constant, E=260V/m is the applied electric field strength,
X4=0.024 m for beam groups A and B or x;=0.022 m for beam
group C is the clear concrete cover thickness, c¢s=0.4225 mol/L is
the chloride threshold concentration which was calculated based
on the threshold mass ratio of chlorides to concrete to initiate cor-
rosion, cop=2 mol/L is the concentration of free chlorides in the
external electrolyte solution, and D, is the non-steady state dif-
fusion coefficient. The non-steady state diffusion coefficient was
determined by using separate rapid chloride migration tests [18]
in concrete cylinders of a diameter of 100 mm and a thickness of
50 mm. For the present concrete, the non-steady state diffusion
coefficient was found to be about D, =6.67 x 10712 m?/s. This
gives the electro-migration times calculated by using Eq. (1) to be
t; = 3.80 days for beam groups A and B, and t; = 3.47 days for beam
group C, respectively.

Previous experience showed that cracks evolve more rapidly in
a dry environment than in a humid environment when an acceler-
ated corrosion process is applied [19]. This is probably due to the

Fig. 5. Two equivalent crack configurations for the same corrosion state. (a)
Configuration 1:w.q = w; + w, and (b) configuration 2:wceq = ws.
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transport enhancement of the corrosion products away from the
steel-concrete interface in the wet concrete. While in the dry con-
crete most of the corrosion products stay at the steel-concrete
interface. As a consequence of this, pore pressure may increase
and additional tensile stresses at the interface may also be devel-
oped. This leads to the development of concrete cracks and the
propagation of cracks through the concrete cover. Hence, in order
to simulate the degradation process happened in real environment,
a wetting-drying cycle process was used immediately after the
electro-migration process. Each cycle of the wetting-drying pro-
cess involved 3 days drying followed by 4 days wetting. The drying
process was achieved by taking off the plastic sheet to dry the
sponge, whereas in the wetting process, the plastic sheet was re-

J. Xia et al./Corrosion Science 53 (2011) 1794-1805

applied to cover over the beam and 5% NaCl solution was put in
the sponge to make the concrete moisture. For the purpose of an
accelerated corrosion, a current density of 2 A/m? was applied dur-
ing the wetting process through the stirrups (acting as the anode)
and the stainless steel nets (acting as the cathode) by using a DC
power source. The total galvanizing time was determined by using
the following formula [20],

_ 'ySZ FeF Ads

2= My @

where t, is the total galvanizing time, 7,=7850 kg/m? is the density
of the steel material, Zr. = 2 is the valence of the iron element, Ads is
the target corrosion depth which was calculated based on the target
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Fig. 6. Corrosion induced crack maps of group A beams (numerical number represents cracking width in mm).



J. Xia et al./Corrosion Science 53 (2011) 1794-1805

average cross-section loss given in Table 3 for individual beam,
Mg, =0.056 kg is the atomic weight of the iron element, and
i=2 A/m? is the current density applied to the stirrups. Note that
the longer the time was applied, the more the chlorides can be
transported into the concrete and thus more corrosion will be ex-
pected in the steel bars. Hence, different corrosion damage levels
can be achieved by using different galvanizing times. Table 3 lists
the target corrosion levels and the corresponding galvanizing times
calculated for each of tested beams by using Eq. (2).

It should be mentioned here that, the purpose of combining the
two accelerated corrosion methods described above is not only for
reducing the experimental time but also for matching the corro-
sion process and behaviour happened in real RC members. Elec-
tro-migration is able to simulate the chloride ingress in concrete
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until the reinforcing steel bars start to corrode. On the other hand,
the wetting—drying cycles with controlled current density can rea-
sonably represent the corrosion behaviour of the reinforcing steel
bars in real RC members.

2.3. Corrosion-induced cracks in concrete

The surface distribution of corrosion-induced cracks in concrete
cover was copied on a paper by putting a piece of soft glass with a
grid of 5 x 5 mm on the four surfaces of the tested beam. Crack
width was measured using a crack visualize with an accuracy of
0.02 mm at each grid (see Fig. 3).
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Fig. 7. Corrosion induced crack maps of group B beams (numerical number represents cracking width in mm).



1800
2.4. Loading tests

After they had corroded, each of the beams was tested using a
standard four-point loading test equipment (see Fig. 4), where the
beam was simply supported at two points near the beam ends and
two loading points were symmetrically located in the central part
of the beam. The distance between the two loading points is
400 mm. The distance from the support to its near loading point is
300 mm. The beam was loaded with a hydraulic actuator, and a steel
element was simply supported on the two load application points of

J. Xia et al./Corrosion Science 53 (2011) 1794-1805

the beam. Loading continued after a maximum load was reached so
that the post peak behaviour of the beam could be observed. Five
reading meters were used to record displacements, which were
placed at the two support points, two loading points and one at
the central point of the beam, respectively. Six resistance strain
gauges were also used to record the strains of the middle section
of the beam from bottom to top. A data collector and the correspond-
ing data processing software were used to collect the data recorded
for both the displacements and strains during the loading process.
The loading was ended when the beam reached a failure stage.
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Fig. 8. Corrosion induced crack maps of group C beams (numerical number represents cracking width in mm).
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2.5. Corrosion level evaluation

After the loading test of the beam, the stirrup bars were taken
out from the beam. The bars were then cleaned and measured
according to the method mentioned in ASTM G1-03 [21], from
which the average cross-section loss ratios of the stirrup bars #gyer-
age Were calculated by using the weight ratios between the cor-
roded and un-corroded bars. The obtained results are given in
Table 3.
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3. Results and discussion
3.1. Corrosion-induced cracking analysis

For one location of the beam, the sum of crack widths on the
two beam surfaces located in the same corroded area of one bar
was calculated. Fig. 5 graphically shows an example of two crack
configurations, in which configuration one has an equivalent width
Weq corresponding to the sum of the width of two cracks, while
configuration two has an equivalent width w,, corresponding to
the width of only one crack. This kind of equivalent crack widths
was previously used by Vidal et al. [22].
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Fig. 11. Experimentally obtained load-displacement response curves. (a) Series A;
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Table 4
Proposed equations for calculating x,.

Parameter Ky Coefficient of determination (R?)

(a) Stirrup diameter: 6 mm.

Naverage 1 _0-4667]avemge 0.708
Weaverage 1-1.034w¢average 0.614
Wema 1-0.419We max 0.633
(b) Stirrup diameter: 8 mm

navemge 1-0.2 79rlavemge 0.419
We,average 1 _O~408Wc,average 0.829
Wema 1-0.152We max 0.363

Using the method shown in Fig. 3a, surface crack maps were ob-
tained for each of the tested beams and are plotted here in Figs. 6-
8 for beams in groups A, B and C, respectively. Crack distribution
and crack width (numbered in mm unit) at each grid of the corro-
sion zone are drawn on the maps. According to the above assump-
tion, the average crack width we ayerqge and maximum crack width
Wemax fOr each of the tested beams were also calculated and the
corresponding results are given in Table 3.

Fig. 9 shows the relationships between the average cross-sec-
tion loss ratio of the stirrup bars and the average and maximum
crack widths of the concrete cover. Although the data are some-
what scatter the figure does show that both the average and max-
imum crack widths increase with the average cross-section loss
ratio. This finding is similar to that previously reported by Vidal
et al. [22] for the cracks induced by the longitudinal reinforcing
steel bars. It can be seen from Fig. 9 that, beams in groups A and
B have the similar feature; while beams in group C seems some-
what different from them. This is probably due to the number of
stirrups and the bar diameter used in the stirrups that are different
in beams in group C from beams in groups A and B. In literature,
great attempt has been made in developing models to predict the
cracks of concrete cover induced by the reinforcing steel corrosion
[23-27]. However, most of them were for the cracks induced only
by the corrosion of longitudinal reinforcing steel bars. In the pres-
ent experiments, the cracks in concrete cover were induced mainly
by the corrosion of stirrups although minor corrosion of longitudi-
nal reinforcing bars was also observed in the tests as they were
connected to the stirrups during the accelerated wetting-drying
cycle process.

Besides the cross-section loss and the reinforcing steel bar
diameter, the cover depth will also affect the corrosion-induced
crack width. Generally, the initial cross-section loss, which is able
to induce concrete cover cracking, increases with the cover depth,
but decreases with the reinforcing steel bar diameter. In another
words, with the same cross-section loss, the smaller the steel bar
diameter or the larger the cover depth, the smaller the corrosion-
induced crack width. However, on the other hand, since the mea-
surement of the crack width was taken on the surface of the con-
crete, the thicker the concrete cover, the larger the crack width
will be measured [19]. Therefore, the cover depth has a two con-
tradicting effects on the corrosion-induced crack width, and should
be considered serious for different situations.

Fig. 10 shows the relationships between the maximum crack
width and the average crack width for all beams in the three
groups. The figure shows that the maximum crack width increases
with the average crack width. Most beams in the three groups ex-
hibit a similar nonlinear increasing tendency. It is interesting to
notice from Fig. 10 that, as the corrosion becoming more and more
severe, the maximum crack width increases more rapidly with the
average crack width. This is probably due to the localised stresses
developed after a certain degree of cracking was formed. As cracks
can stop the transfer of stresses from one place to another, when
the concrete has mature cracks the stresses generated at a partic-
ular area cannot completely spread out. Therefore the cracks with-
in the stressed area will develop quickly, whereas the cracks in
isolated areas will remain unchanged.

3.2. Residual shear capacity of the corroded beams

Fig. 11 shows the load-displacement responses of the tested
beams of different corroded levels in which the load is the total
load recorded at the hydraulic loading point and the displacement
is the deflection of the beam at the central point. It can be seen
from the figure that, when the load is very small, the corroded
and un-corroded beams have almost no difference in the load-dis-
placement curves. However, when the load increased beyond 20-
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30% of its ultimate load, the difference becomes clear and the cor-
roded beams have higher deflection than the corresponding un-
corroded beams for the same load level. The ultimate shear
strength for each tested beam, V,, is provided collectively in Table
3. The results show that, for the same corrosion lever the beams in
groups B and C, which have high longitudinal reinforcing steel bar
ratio, have higher shear capacity than the beams in group A, which
have low longitudinal reinforcing steel bar ratio.

Let k., be the relative shear capacity of the beam, which is de-
fined as the ratio of the shear capacity of the corroded beam to that
of the un-corroded beam as follows:

_ Ve
Ky = Tw 3)

where V. is the shear capacity of the corroded beam and V, is the
shear capacity of the corresponding un-corroded beam. Since the
average cross-section loss ratio reflects the deterioration of the
reinforcing steel bars in stirrups and the average and maximum
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crack widths represent the damage of concrete cover as the conse-
quence of the corrosion of the reinforcing steel bars, both of them
can be linked to the shear capacity of the beam. Note that the aver-
age cross-section loss of reinforcing steel bars in real structures is
very difficult to obtain and there is no non-destructive method
available at present for determining this parameter. Hence, to use
the average or the maximum crack width, instead of the average
cross-section loss of the reinforcing steel bars, to represent the
shear capacity reduction can overcome some difficulties. With the
assumption that only cracks (no delamination) are present due to
corrosion, possible correlations between the average or maximum
crack width and the relative shear capacity of the beam may be dis-
covered. Fig. 12 shows the variation of the relative shear capacity
with the average cross-section loss ratio (Fig. 12a), the average
crack width (Fig. 12b), and the maximum crack width (Fig. 12c¢). It
can be seen from these figures that, the reductions of the relative
shear capacity with these three parameters are very similar
although the reduction rates are different. Since the shear capacity
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Fig. 13. Failure patterns of the tested beams.
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is mainly controlled by the stirrup corrosion, the correlation lines
are deduced according to the diameter of the stirrup bars, in which
case groups A and B having an identical stirrup bars share in one
case and group C having different stirrup bars is in the other. The
deducted line fits shown in Fig. 12 indicate that, overall, the average
crack width has the best correlation with the relative shear capac-
ity, while the correlation of the maximum crack width and the aver-
age cross-section loss ratio with the relative shear capacity are
similar. This implies that the relative shear capacity can be esti-
mated if the average crack width or the maximum crack width
can be obtained in a corroded beam. For a field structure, crack
widths can be measured with reasonable accuracy with no difficulty
and therefore the residual shear strength of the corroded beam can
be estimated using the proposed correlation equations provided in
Table 4 and shown in Fig. 12.

3.3. Failure modes

As all longitudinal reinforcing steel bars were well anchored at
the two ends of the tested beam, no premature slip of bars oc-
curred and the longitudinal reinforcing steel bars provided along
the length of the beam served its purpose by safeguarding against
any unwanted premature flexural failure. The diagonal cracks ad-
vanced from the loading point towards the support point. Failure
of the beam was assumed to occur when the applied load on the
beam began to drop, while the mid-span deflection continued to
increase. As is to be expected, all of the beams were failed in shear
(see Fig. 13) either by concrete crushing (Fig. 14a) or by stirrup fail-
ure (Fig. 14b). All beams in groups A and B were found to fail by the
stirrup failure. Beams C3, C4 and C5 were also found to fail by the
stirrup failure. Only beams C-0, C-1 and C-2 were found to fail by

stirrup failure

Fig. 14. Two typical failure modes observed in experiments. (a) concrete crushing
and (b) stirrup failure.

the concrete crushing. This implies that the failure mode of a cor-
roded beam could change from concrete crushing to stirrups fail-
ure as the corrosion of the stirrups becomes severer.

4. Conclusions

Based on the results obtained from the experiments the follow-
ing conclusions can be drawn:

(1) The average crack width or the maximum crack width of the
concrete cover induced by the reinforcing steel corrosion can
be used as an indicator of the corrosion level of the corroded
reinforcing steel bars. The severer the corrosion level of the
reinforcing steel bars, the wider the average crack width and
so is the maximum crack width of the concrete cover. How-
ever, the development of accurate relationships between
them requires more experimental data for beams with dif-
ferent concrete covers and different reinforcing steel bar
diameters.

(2) The maximum crack width increases with the average crack
width. However, the relationship between them is not linear.
As the corrosion becoming more and more severe, the max-
imum crack width increases more quickly with the average
crack width.

(3) Both the stiffness and shear capacity of the beam decrease
as the corrosion level increases. However, the decrease of
the stiffness is insignificant when the applied load is rela-
tively low. It is only when the applied load exceeds 20-
30% of its ultimate load, the stiffness loss caused due to
the reinforcing steel corrosion becomes significant.

(4) The shear capacity of the beam decreases with the increase
of the corrosion level of the corroded reinforcing steel bars
or the increase of the average and maximum crack widths
of the concrete cover. Among these three parameters, the
average crack width was found to have the best correlation
with the reduction of the shear capacity caused by the rein-
forcing steel corrosion.

(5) As the corrosion level becomes severer, shear failure mode
of the beams may change from concrete crushing to stirrup
failure. This is attributed to the cross-section loss of stirrup
bars, which becomes severer as the corrosion level increases.
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