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Abstract. The effect of stirrups damage due to corrosion on the shear strength and behaviour of reinforced concrete
beams was experimentally investigated. A total of fourteen full-scale reinforced concrete beams were constructed and
tested under four-point bending up to failure. The test beams were 200 mm wide, 350 mm deep, and 2800 mm long.
The reinforcing stirrups of nine of the beams were subjected to accelerated corrosion prior to structural testing. The test
variables were the corrosion damage level, spacing of stirrups, and shear span to depth ratio. The beams were tested
under shear span to depth ratio of 2 or 1 representing short or deep members. The test results indicated that the corroded
beams exhibited degradation in stiffness and shear strength in comparison to the uncorroded control specimens. This
degradation appeared to increase as the corrosion level increases and as stirrup spacing as well as shear span to depth

ratio decreases.
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Introduction

The long-term durability of reinforced concrete struc-
tures has become a major concern in the construction
industry. The durability of concrete structures depends
on the resistance of the concrete against chemical and
physical factors and its ability to protect the embedded
reinforcement against corrosion. Corrosion of embedded
reinforcing steel is one of the main causes of deteriora-
tion of reinforced concrete structures. Chloride contam-
ination is the most significant contributor to corrosion
of reinforcing steel and many sources of chloride exist.
The most common are wind-born salts in coastal areas
and roadway deicing agents in colder regions (Higgins,
Farrow 2006).

The corrosion process is electro-chemical phenom-
enon and specific corrosion reactions will depend on
the relative amounts of water and oxygen (Bentur ef al.
1997). The basic problem associated with the deteriora-
tion of reinforced concrete structures due to corrosion
is not only that the reinforcing steel itself is reduced in
mechanical strength, but also the products of corrosion
(rust) which have a volume that can be six times that of
steel it replaces (Mehta, Monteiro 1993) creating large
tensile stresses within the concrete that can lead to crack-
ing, separation of the concrete cover at the level of rein-
forcement (delamination) and spalling in which pieces of
concrete break loose. This damage results in a reduction

in service life and ultimate capacity of the reinforced
concrete structure.

There has been considerable research on the ef-
fects of corrosion on the flexural strength of beams and
the bond strength between the reinforcing steel and the
surrounding concrete. The behavior of reinforced con-
crete beams with corroded steel in the longitudinal di-
rection indicated that both load carrying capacity and
ductility were decreased (Oyado et al. 2011; Chung
et al. 2008; Azad et al. 2007; Du et al. 2007; Ballim,
Reid 2003; Yoon et al. 2000; Mangat, Elgarf 1999;
Almusallam et al. 1996; Cabrera 1996). Bond tests in-
dicated loss of bond between concrete and steel with in-
creasing section loss of steel bars due to corrosion (Lee
et al. 2002; Auyeung et al. 2000; Amleh, Mirza 1999;
Stanish et al. 1999; Al-Sulaimani ef al. 1990). On the
other hand, there has been limited research on the corro-
sion effects on the shear behavior of reinforced concrete
beams. Higgins and Farrow (2006) conducted an ex-
perimental investigation on the corrosion of stirrups and
its effect on the shear capacity of reinforced concrete
beams. Three different corrosion damage levels were
produced through accelerated corrosion technique. The
test outcomes indicated that corrosion damaged speci-
mens experienced reduced shear strength and reduced
ductility. The test results also indicated that structural
performance in shear was affected significantly when
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sequential stirrups had a reduction in cross sectional
area. Suffern et al. (2010) studied the shear strength
and behavior of disturbed regions with corroded stirrups
in reinforced concrete beams. The beams included em-
bedded stirrups subjected to accelerated corrosion. The
test results indicated that the corroded beams exhibited
reduced shear strength in comparison to the uncorroded
beams.

Shear failures in reinforced concrete members are
sudden and catastrophic in nature and should be avoided
in the design process. That is why reinforced concrete
members are first dimensioned in flexure and then veri-
fied for shear. Corrosion of steel stirrups may affect the
shear capacity of concrete members and result in undesir-
able premature shear failures.

1. Research significance

Because of their location as an outer reinforcement, stir-
rups are more susceptible to corrosion and may be sub-
jected to related deterioration, which reduces the service
life of the structure. Nevertheless, previous studies on the
effects of corrosion on shear reinforcement are limited.
The research described in this paper is intended to ex-
plore the performance of reinforced concrete short beams
with corroded stirrups. The study focuses on accelerated
corrosion damage to stirrups within reinforced concrete
beams, visual distress characterization, structural behav-
iour and residual shear strength. These data will be useful
for preliminary analysis required for designing efficient
repair systems for such damaged beams.

2. Experimental investigation

The experimental program consisted of shear tests on
a total of 14 full-scale reinforced concrete beams. Nine
beams were subjected to accelerated corrosion and the
remaining five beams were not corroded. All beams were
provided with adequate longitudinal reinforcement to
promote shear failure before reaching the flexural capaci-
ties of the beams. The test variables included the level of
corrosion damage of the steel stirrups, the stirrup spac-
ing, and the shear span to depth ratio.

2.1. Details of test beams

The test specimens were 200 mm wide, 350 mm deep,
and 2800 mm long. All beams were reinforced with four
25 mm-diameter deformed steel bars as main tensile rein-
forcement and two 10 mm-diameter deformed steel bars
as top reinforcement. The tensile bars were anchored in
the test span using a standard hook to prevent anchorage
failure. The steel stirrups were deformed bars having a
diameter of 8 mm. The side concrete cover of the stirrups
was 20 mm. One of the shear spans of the beams was al-
lowed to include corroded stirrups while the other shear
span included uncorroded stirrups. The stirrup spacing

in the test span was variable (100, 150, and 200 mm)
whereas the spacing of stirrups in the uncorroded span
was kept constant at 100 mm for all beams. The test
matrix is given in Table 1 and the reinforcement details
and dimensions are shown in Figure 1. The beams were
divided into two main groups according to the shear span
to depth ratio, a/d. The a/d ratios considered were 1 and
2 to reflect the short or deep beam action. According to
ACIT 318-11 code (ACI 318 2011), deep beams are de-
fined as members loaded on one face and supported on
the opposite face, so that compression struts can develop
between load points and supports. Moreover, deep beams
have either: a) In/h < 4; or b) a/h < 2.0 where In is the
clear span of the deep beam, h is the overall depth, and
a is the shear span length. Table 1 shows that 8 beams
were tested under a/d ratio of 2 and 6 beams were tested
under a/d ratio of 1. Each group of beams had beams
with corroded stirrups and beams with uncorroded stir-
rups to serve as controls. The corroded beams included

Table 1. Details of test beams

Beam Shear span to SSI:;Z:I;[; Target mass
depth ratio, a/d (mm) loss (%)
0-200-2 0
10-200-2 200 10
30-200-2 30
0-150-2 0
10-150-2 z 150 10
30-150-2 30
0-100-2 0
30-100-2 100 30
0-150-1 0
10-150-1 150 10
30-150-1 30
0-100-1 : 0
10-100-1 100 10
30-100-1 30

Uncorroded span C;L Corroded span
Strain p/2
$8mm@100mm  2¢ 10 mm ] gauge | |

.

[T

¢ 8 mm @ varies

350 mm, ‘
U

Strain gauge ' 4¢ 25 mm
200 varies | varies | varies 1,200,
I T T I
1 2800 mm

350 mm,

2¢ 10mm
D $ 8 mm @ varies

4¢ 25 mm
290

Fig. 1. Typical beam reinforcement and dimensions
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two levels of corrosion damage with target section losses
of 10 and 30%. These levels correspond to accelerated
corrosion exposure times of 30 days and 120 days, re-
spectively. The designation of the beams uses the first
number 0, 10 or 30 refers to the target mass loss. The
second number 100, 150, or 200 stands for the stirrup
spacing. The third number 1 or 2 refers to the shear span
to depth ratio.

2.2. Material properties

The beams were constructed using concrete provided by
a local ready-mix supplier. The concrete was batched at
a water-cement ratio of 0.45 and the maximum coarse
aggregate size was 20 mm. The 14 beams were cast us-
ing two concrete batches. During casting the beams with
corrosion stirrups, a measured volume of concrete was
removed from the concrete transit mixer truck and salted
water was mixed into this concrete in an on-site mixer.
The amount of salt added was based on requiring 2%
chlorides by mass of cement. The chloride ions have
two purposes: to depassivate the steel so that the corro-
sion process can occur, and to lower the resistivity of the
concrete. The salted concrete was placed only within the
region around the corroded stirrups in the test span using
dividers. The specimens were wet cured for a period of 7
days, and then allowed to dry cure for a period of at least
21 days. After curing, the accelerated corrosion process
was started. The 28-day minimum curing time allowed
the concrete to achieve the design strength, so that the
corrosion-induced cracking would not be influenced by
the time varying concrete strength. For the two concrete
batches and at the time of beam testing, the average com-
pressive strengths of the concrete were 29.4 and 38 MPa
based on cylinder tests.

Deformed steel bars were used in reinforcing the test
beams. Steel bars with diameter of 10 and 25 mm were
used as top and main tensile reinforcement respectively,
while steel bars with diameter of 8 mm were used as
stirrups. The yield tensile strength of the reinforcing bars
was 495, 530, and 480 MPa for 8, 10, and 25 mm diam-
eter bars, respectively.

2.3. Accelerated corrosion of stirrups

After curing, specimens were subjected to accelerated
corrosion. The accelerated corrosion was conducted by
impressing a constant current into the concrete beam
specimens using an external direct current (DC) power
supply. The DC power supply can apply a maximum cur-
rent of 500 mA with an accuracy of 1%. The steel stir-
rups were connected to the positive terminal of the power
supply to act as an anode. This occurred through a steel
bar welded to the stirrup and extended outside the speci-
men. A 10 mm diameter stainless steel tube bent into a U
shape and embedded within the concrete was connected
to the negative terminal of the power supply to act as a
cathode. The tube was placed around the corroded stir-
rup, as shown in Figure 1, with an embedment length in

the concrete of 300 mm. The ties used to attach the cor-
rosion stirrups were wrapped in electrical tape to prevent
an electrical connection with the longitudinal reinforce-
ment. Also, the longitudinal reinforcement was covered
with electrical tape at the stirrups location. The longitu-
dinal steel bars were epoxy coated to preclude corrosion
of these elements. Figure 2 illustrates the electrical con-
nection of the corroded stirrups. For the purpose of an ac-
celerated corrosion, a current density of 0.4 mA/cm? was
applied through the stirrups using the DC power supply.
Faraday’s Law was taken as guidance for determining the
amount of time to produce the corrosion damage. A com-
pressed air mist nozzle was used to spray mist over the
test specimens to facilitate the corrosion reaction. Figure 3
shows the wiring schematic and Figure 4 illustrates the
corrosion setup.

2.4. Test setup and instrumentation

After completion of the accelerated corrosion process, the
beams were tested up to failure. The beams were tested
in four-point bending over a simply-supported clear span
of 2400 mm, as shown in Figure 1. Each tested beam
was loaded directly on the top compressive face with two
concentrated loads according to the considered a/d and
supported at the bottom. The beams were tested using
Amsler Machine with a capacity of 2000 kN. Applied
load and reactions were transmitted to the tested beams
by means of steel plates to prevent premature crushing
or bearing failure at these locations. The dimension of
the plates at load point locations were 200x110x25 mm
whereas plates of 200x125%25 mm were used at the
support locations. To ensure uniform contact between

Fig. 2. Stirrup electrical connection

Anode welded
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o - (cathode)
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Wiring

Fig. 3. Schematic of the wiring system
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Fig. 4. Accelerated corrosion setup

loading or supporting plates and surface of the specimen,
a thin layer of neoprene plate was applied.

Electrical resistance strain gauges of a resistance of
120 ohms were attached to the reinforcement and con-
crete surface. In each beam, electrical resistance strain
gauges were bonded to the longitudinal reinforcing steel
and to the top concrete surface at midspan. Additionally,
strain gauges were bonded to the steel stirrups at mid
height location in the test shear span of the control un-
corroded beams. No strain gauges were attached to the
stirrups to be corroded as they would be destroyed during
the accelerated corrosion phase. The deflection at mid-
span was measured using two LVDTs at each side of the
beam. During testing, load was monotonically applied at
a stroke-controlled rate of 1.0 mm/min and the formation
of the cracks on the sides of the beams were also marked
and recorded. The applied load, displacements, and strain
readings were electronically recorded during the test us-
ing a data acquisition system.

3. Test results and discussion
3.1. Accelerated corrosion results

During the accelerated corrosion process, all corroded
beams showed corrosion cracks and rust staining. The
cracks produced from corrosion were traced and record-
ed. The cracks were primarily vertical at the locations of
the vertical stirrups. Secondary longitudinal cracks prop-
agated at or near the location of the longitudinal steel,
even though the longitudinal steel was not corroding. A
typical corrosion crack pattern is schematically shown
in Figure 5.

The crack widths were measured manually using a
hand-held 50X microscope with a sensitivity of 0.02 mm.
The width of corrosion cracks were measured through a
grid of 50 mm spacing and at the location of clear change
in the crack width; with at least 5 measurements per eve-
ry single crack. The measurements were taken after the
accelerated corrosion phase was completed and prior to
structural testing. Table 2 summarizes the maximum and
average crack width for each beam. It can be noticed that
the cracks became wider in beams with higher mass loss.
For beams with target mass loss of 10%, the maximum

Point Load

Corrosion cracks |

Fig. 5. Typical corrosion crack pattern

Table 2. Corrosion crack width and mass loss.

Maximgm Average Average mass
Beam crack width crack width Joss (%)
(mm) (mm)
10-200-2 0.16 0.08 16.5
30-200-2 0.42 0.30 222
10-150-2 0.20 0.14 12.3
30-150-2 0.48 0.32 215
30-100-2 0.52 0.38 23.6
10-150-1 0.20 0.13 15.8
30-150-1 0.30 0.20 20.3
10-100-1 0.22 0.18 17.8
30-100-1 0.40 0.30 24.0

crack width ranged between 0.16 and 0.22 mm compared
to 0.3 and 0.52 mm for beams with target mass loss of
30%. Similar observation can be noted when the average
crack width in Table 2 are compared.

In addition to the visual inspection of corrosion dam-
age and crack width measurements, the actual mass loss
of the corroded stirrups was determined based on the pro-
cedure specified in ASTM G1-03 (2011). After structural
testing, corroded stirrups were removed from the beam
to determine the amount of section mass loss. The visual
inspection of the corroded stirrups indicated that the cor-
rosion was relatively uniform over each individual stirrup
with more localized mass loss at or near the bends in the
stirrup. Reinforcing steel coupons that had a length of
200 mm were extracted from both legs of corroded stir-
rups for mass loss measurements. The mass loss for each
beam was determined based on the average mass loss
for the shear reinforcement in the failure region. Table 2
gives the average mass loss for each beam. It can be
noted that beams of target mass loss of 10% showed ac-
tual mass loss in the range of 12.3 to 17.8% while actual
mass loss in the range of 21.5 to 24% was showed for
beams of 30% target mass loss.

The correlation between maximum or average crack
width and the actual mass loss of the corroded stirrups is
presented in Figure 6. As a general trend, both maximum
and average crack width was increased as the actual mass
loss increased. This correlation between width of corrosion
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Fig. 6. Correlation between corrosion crack width and mass
loss

crack and section mass loss of stirrups reflects the pos-
sibility of the corrosion cracks to serve as a measure of
the damage extent caused by corrosion. For corrosion-
damaged members in real structures, the average mass
loss is very difficult to be evaluated while the corrosion
crack width can be practically measured.

3.2. General structural behaviour

A summary of the beam test results is presented in Table 3.
The table gives the measured load at diagonal cracking
and at ultimate, the ultimate strength reduction due to
corrosion of stirrups, the mid span deflection and strains,
and the failure mode.

The applied load versus midspan deflection plots for
beams of a/d ratio of 2 are shown in Figure 7 where-
as Figure 8 shows the deflection plots for beams of a/d
ratio of 1. Each figure presents the load-deflection re-
sponse for beams having the same stirrup spacing. The
figures indicate that the corroded beams experienced
higher deflection than the corresponding control beam
at the same load level. The stiffness degradation in the
corroded specimens can be attributed to the corrosion
cracking and loss of bond between the corroded stirrups
and concrete. This result indicates that corrosion of shear
reinforcement affects the flexural behaviour of beams by
producing higher deflection that may lead to serviceabil-
ity problems.

In the early stages of loading, flexural cracks were
observed in the region of pure bending as the applied
load was increased. With a further increase of load, addi-
tional flexural cracks were developed in the pure bending
zone and new flexural cracks were formed on the shear
span between the loading point and support. Diagonal
cracks were formed within the shear span after the flex-
ural cracks became apparent. The crack propagation was
interrupted by the vertical corrosion cracks, but the di-
agonal cracks eventually propagated through the corro-
sion cracks. The flexural cracks had formed earlier then
stabilized and stopped propagating.

The failure modes of the fourteen beams are giv-
en in the last column of Table 3. No premature failure
due to anchorage failure of the tension reinforcement or
due to bearing failure at the supports or at the loading

points was observed. Three failure modes were obtained:
shear-compression failure, rupture of stirrups, and diag-
onal crushing failure. The shear-compression failure is
characterized by crushing of the concrete above the up-
per end of the inclined crack. Most of the control beams
with uncorroded stirrups in addition to beam 30-100-2
with corroded stirrups failed in shear compression.
All corroded beams with a/d of 1 and 2 failed by rup-
ture of stirrups except beams of closely spaced stirrups
(100 mm spacing). Rupture of stirrups occurred due to
the reduction in cross-sectional area of the bars caused by
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Fig. 7. Load-deflection relationship for beams of a/d = 2
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Table 3. Summary of test results
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Concrete  Measured load (kN) Ultimate ~ Mid-span Mid-span strain Max. Average .
Beam strengt, : strength deﬂe_ctlon (ne) stirrup mass loss Failure
MPa Dlagqnal Ultimate redlll]ctlon at failure  Long, concrete strain (%) mode*
cracking (%) (mm) bars (ne)
0-200-2 189 572 - 8.9 1777 —-1590 3036 - SC
10-200-2 230 529 8 9.5 1685 1175 - 16.5 SR
30-200-2 280 535 6 10.8 1757 —-1413 - 222 SR
0-150-2 18 191 610 - 10.7 1882 —1475 3411 - SC
10-150-2 260 547 10 8.5 1710 —-1245 - 12.3 SR
30-150-2 285 526 14 11.5 1645 —1228 - 21.5 SR
0-100-2 202 640 - 10.1 1956 -1477 3829 - SC
30-100-2 277 512 20 9.2 1602 -1297 - 23.6 SC
0-150-1 233 1040 - 9.0 1446 —-1356 2960 - SC
10-150-1 310 916 12 8.2 1318 —1208 - 15.8 SR
30-150-1 29.4 356 845 19 8.2 1006 -1125 - 20.3 SR
0-100-1 287 1105 - 10.4 —+ -1372 2875 - DC
10-100-1 394 892 19 7.8 1162 -1227 - 17.8 DC
30-100-1 421 841 24 8.4 1050 —-1089 - 24.0 DC

Note: * DC — diagonal crushing; SC — shear compression; SR — stirrup rupture, + Strain gauge malfunctioned.
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200 |

0 ——
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Deflection (mm)

(a) Beams of 150 mm stirrup spacing

Fig. 8. Load-deflection relationship for beams of a/d = 1

corrosion. The three beams with a/d of 1 and stirrup spac-
ing of 100 mm failed in crushing of the diagonal strut,
as given in Table 3. Figure 9 illustrates by photographs
the three modes of failure observed in this investigation.

Table 3 gives the measured midspan strains in the
longitudinal reinforcement and concrete at failure for
each beam. Also, the maximum stirrup strains are also
given in Table 3 for the control uncorroded beams. For
all tested beams, the measured concrete compressive
strain at failure ranged from 1089 to 1590 micro-strain
which is lower than the usable concrete crushing strain
of 3000 micro strain. The tensile strain developed in
the longitudinal bars at failure varied between 1006 and

1200
0-1001
1000
/1'0-100-1
Z 800 %
= / 30-100-1
§ 600
kel
2 400
o
o
< 200
0 —

0 2 4 6 8 10 12 14 16 18 20
Deflection (mm)

(b) Beams of 100 mm stirrup spacing

1956 micro-strain which is less than the yield strain of
2400 micro-strain of these bars. These results indicate
that no flexural failure has occurred either by yielding of
the longitudinal steel bars or by concrete crushing. The
maximum stirrup strains at failure varied from 2875 to
3829 micro-strain indicating that the stirrups yielded be-
fore the complete failure of the beams as the yield strain
of stirrups was 2600 micro-strain.

3.3. Shear strength

The diagonal cracking load for all specimens is given in
Table 3. It can be noted that the corroded beams showed
increased diagonal cracking load compared to the
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uncorroded beams. Further, the diagonal cracking load
appeared to increase with the degree of corrosion. Beams
of 30% target mass loss experienced higher diagonal
cracking load than that of 10% target mass loss beams.
This observation was also reported by other investigators
(Higgins, Farrow 2006; Suffern et al. 2010). It is likely
due to the corrosion cracks, different load paths were de-
veloped in the corroded beams delaying the onset of di-
agonal cracks and resulting in higher shear cracking load.

The corroded beams showed degradation in ultimate
shear strength when compared with that of uncorroded con-
trol beams. Table 3 provides a measure of this degradation
in terms of the reduction in shear capacity of the cor-
roded beams. The reduction in shear capacity of the cor-
roded beams ranged from 6 to 24% depending on the
test variables considered. It is well known that the main
role of the reinforcing stirrups in short or deep members
is to control diagonal cracking as most of the load is
transferred directly to the support through concrete struts
that connect the concentrated load and the support. The
concrete damage due corrosion including cracking and
delamination of concrete cover makes these struts less
efficient in transferring the load to the supports. In ad-
dition, the efficiency of the stirrups in restraining the
diagonal crack is reduced because of the reduced area of
the damaged stirrups. All these effects resulted from cor-
rosion contributed to reduce the overall shear capacity of
the beams with corroded stirrups.

The variation of the reduction in shear capacity was
plotted against the degree of corrosion in terms of aver-
age mass loss, average corrosion crack width, and maxi-
mum corrosion crack width as presented in Figures 10
through 12, respectively. Figure 10 indicates that the
shear strength reduction was proportional to the aver-
age mass loss of the reinforcing bars; this was more
pronounced for the beams of a/d ratio of 1. Figures 11
and 12 clearly indicate that the reduction in shear ca-
pacity increased with the increase of both average and
maximum corrosion crack width. This observation points
_ : out that the corrosion crack width could be employed as
ptre failure (3_2_2) o an indicator of the residual shear capacity of reinforced
concrete beams with corroded stirrups.

.h,

(a) Shear compression failure (0-150-2)
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Fig. 10. Variation of reduction in shear capacity with average
Fig. 9. Failure modes mass loss
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The effect of the stirrup spacing on the reduction in
shear capacity is presented in Figure 13. The reduction
in shear strength became larger for beams with closely
spaced stirrups. This result may be expected because
more corrosion cracks were developed in such beams
in comparison with beams of wider stirrup spacing. The
reduction in shear strength was plotted against a/d ratio
in Figure 14. The general trend indicates that the reduc-
tion in shear capacity increases with the decrease of a/d
ratio.

Conclusions

The effect of stirrup corrosion on the shear strength and
behaviour of reinforced concrete short beams was inves-
tigated in this study. The main findings of this investiga-
tion can be summarized as follows:

- Visual inspection of the beams after completion of
the accelerated corrosion process showed evidence
of corrosion cracking and stains in all specimens.
The corrosion crack width appeared to be a measure
of the corrosion level of the corroded stirrups. The
crack width became wider with the increase of cor-
rosion level of stirrups.

- All corroded beams showed degradation and
reduction in stiffness and shear strength compared to
uncorroded beams. This degradation increased as
the corrosion level was increased.

— Unlike the control beams, all corroded beams failed
by rupture of stirrups due to corrosion except the
beams with closely spaced stirrups.

— The reduction in shear strength due to corrosion of
stirrups appeared to increase with the decrease in
stirrup spacing as well as with the decrease in the
shear span to depth ratio while it appeared to in-
crease with the increase of corrosion crack width.
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