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Abstract: The performance of concrete beams repaired with epoxy mortar was investigated by constructing twelve
beam specimens. All the beam specimens were subjected to a constant current for accelerated corrosion. Six speci-
mens were corroded without subsequent reparation as a control group, and the other six beam specimens were cor-
roded and repaired utilizing epoxy mortar. All specimens were tested to failure. During test process. we focused on
the failure pattern of beam specimens, structural cracks, mid-deflections, bearing capacity, and probed into the in-
fluence of corrosion degree and repair of epoxy mortar on the performance of beam specimens. It was observed that
corrosion-repaired beams in the loading test were in a bending failure pattern. It is obvious that cracking loads and
bending stiffness of repaired beams and corrosion-repaired beams were larger than those of unrepaired beams and
secondly-corroded beams. When the mass loss of main steel bars was smaller than 10% , the bearing capacity of
the repaired beams was similar to that of the unrepaired beams. When the mass loss of main steel bars was larger

than 10%, the bearing capacity of the repaired beams increased significantly compared with that of the unrepaired
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beams.

Key words: corrosion; steel bars; concrete beams; epoxy mortar; loading test

CLC number; TU37 Document code: A

0 Introduction

Deterioration of reinforced concrete struc-
tures due to reinforcement corrosion and the sub-
sequent reduction in their useful service-life has
been reported from many parts of the world. Re-
pair and rehabilitation of deteriorated concrete
structures are essential not only to use them for
their intended service life but also to assure the
safety and to improve durability™’.

The general repair technique used on con-
crete structures deteriorated by reinforcement
corrosion is a mixed intervention technology,
which mainly has two steps: first, cleaning and
treating the reinforcement surface, and then re-
storing the original geometry of the element with
bond agent and repair mortar.

The repair technique of corroded reinforced
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concrete structure has been addressed by many
researchers, including the investigations of re-
paired method, the effect of the types of repair
mortar and techniques of cleaning rust on the me-
chanical properties of the structure, and the dura-
bility of repaired structure.

As we all know, the mechanical properties of
the structure are important. Therefore, it is es-
sential to evaluate the effect of the repair on me-
chanical properties of repaired structure. There
are several steps in the repairing process, which
affects the mechanical properties of structure.

Different types of mortar with different con-
stituent will result in different mechanical proper-
ties, especially in the bond strength between steel
bars and repair mortar. For the mortars with dif-

ferent bond strength, the larger the bond
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strength of mortar, the higher the bearing capaci-
ty of repaired structure’”. And the mechanical
properties of structure repaired with different
mortars, whose bond strengths are similar, are of
little differences. The rust cleaning methods of
corroded reinforcement, which include wire brush
cleaning, electric brush cleaning, and sand blas-
ting, are essential to repair techniques. FEach
cleaning method has different effect on the rust
stain cleaning of corroded steel bars. Results
from Al-Dulaijan showed that cleaning methods
have almost no effect on the capacity of beamst®.
It is worth mentioning that as one of the most im-
portant aspects affecting the capacity of corroded
reinforced concrete structure, corrosion degree
has been mentioned in many researches. But al-
most no researcher puts forward the influence of
corrosion degree of steel reinforcement on the me-
chanical properties of repaired structure definite-
ly, and none of the related research has been
found. Therefore, further related study should be
conducted.

The repaired structure will be back to corro-
sive environment inevitably, thus it is necessary
to evaluate the durability of repaired structure,
which can be estimated through the electrochemi-
cal properties, such as potential, macro-current,
micro-current, polarization current, current den-
sity and concrete resistivity, etc. Constant volt-
age was applied to the repaired beams., and the
macro-current of beam specimens with different
rust cleaning method and repaired with different
[3]

mortar was measured A similar research was

conducted by Raupach™. The distinction is the
excitation voltage not being adopted by the latter.
Several short steel bars were embedded in unre-
paired region and repaired region, connected with
wires and micro-ammeters. Then through meas-
uring and comparing the macro-current between
steel bars, the performance of corrosion-resist-

ance in different regions of repaired beams was in-

vestigated. Other parameters, such as microcell

current density and corrosion potential, were also
used to evaluate the performance of corrosion-re-
sistance of repaired structure™. Half-cell poten-
tial map was adopted by Farid Moradi-Marani to
observe the corrosion phenomenon of repaired re-
inforced concretet® .

The durability of the member can be not only
tested by electrochemical methods, but also esti-
mated by a mechanical test. And the latter can
reveals the mechanical performances of repaired
structure in corrosive surrounding directly.
Meanwhile, it is very important to maintain the
bearing capacity of the repaired structure to an
appropriate level for a long time, which will de-
termine the effect of the repair. Therefore, the
durability of repaired members needs to be con-
ducted further.

The objective of this study is to investigate
flexural properties of concrete beams with differ-
ent corrosion degrees of reinforcement after re-
paired with epoxy mortar and exposed to corro-
sive environment for a period of time. Another
aim is to study the mechanical performances of
unrepaired beams, repaired beams, secondly-
corroded beams and corrosion-repaired beams

(the repaired beams exposed to corroded environ-

ment for some time) comparably.

1 Experiments

Here twelve reinforced concrete beam speci-
mens were constructed. After being cured for 28
days, all the beams were subjected to accelerated
corrosion with constant current. Six beam speci-
mens were repaired with epoxy mortar, and the
other six beam specimens were unrepaired. After
that, all the repaired beam specimens were cured
for 7 days. Three repaired specimens and three
unrepaired specimens were conducted immersion
corrosion. After being immersed for 35 days,
flexural test of all beam specimens were investi-
gated. The tests scheme matrix is given in Table

1.
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Table 1 Test matrix

Specimen Designed corrosion
Corroded Repaired  Secondly-corroded Remark

No. degree of steel bars
1-1 Y 3% N N Unrepaired beams
1-2 Y 3% Y N Repaired beams
1-3 Y 3% N Y Secondly-corroded beams
1-4 Y 3% Y Y Corrosion-repaired beams
2-1 Y 9% N N Unrepaired beams
2-2 Y 9% Y N Repaired beams
2-3 Y 9% N Y Secondly-corroded beams
2-4 Y 9% Y Y Corrosion-repaired beams
3-1 Y 15% N N Unrepaired beams
3-2 Y 15% Y N Repaired beams
3-3 Y 15% N Y Secondly-corroded beams
3-4 Y 15% Y Y Corrosion-repaired beams

1.1 Specimens

All beams were 1 500 mm long with the
same rectangular cross section dimension of
80 mmX 160 mm. Coarse aggregates with the
minimum size of 5 mm and the maximum size of
20 mm were used in the concrete mixture. The
fine aggregates used were river sand, and the
fineness modulus of the sand was 2. 4. Ordinary
Portland cement with a 28 d compressive strength
of 42. 5 MPa was used in the specimens. The ten-
sile steels consist of two ribbed bars of 10 mm.
Two plain bars with 6. 5 mm were used for the
compressive steels. The concrete was casted in la-
boratory with target strength of 30 MPa. The
concrete mixture ratio is represented by cement:
water: sand: gravel=4., 26. 2. 21.: 8. 6. 15. 29.
The dimensions and reinforcement details of test

specimen are shown in Fig. 1.
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Fig. 1  Dimensions and reinforcement details of test

specimens

1.2 Accelerated corrosion

After the 28-day maintenance of the test
specimens, the longitudinal tensile bars of the
specimens were corroded with constant current.
The desired corrosion degree of steel bars was ob-

tained by applying the anodic current for the time

period calculated according to the Faraday’ s

1. The corrosion of steel bars was acceler-

law
ated by impressing an anodic current of 2 mA/
cm®. The predicted and measured corrosion de-
grees of steel bars are showed in Table 2. It can
be observed that the measured corrosion degrees
of steel bars are very close to the predicted ones,

which means the result is reasonable.

Table 2 Designed and measured corrosion degrees of steel
bars
Parameter Value
Predicted corrosion degree /% 3 9 15
Conduction time/ h 26.7 80.2 135.3

Measured corrosion degree/ % 3.3 9.5 15.3

1.3 Specimens reparation

When accelerating corrosion was completed,
a 35 mm depth concrete from the bottom of the
beam was removed using a concrete chisel and
hammer. And the rust of steel bars was cleared
up until the original color of the steel bars ap-
peared. The dust was eliminated from the surface
of the steel bars and concrete. The specimens
were dried under the sun and the surface of the
specimens must be kept dry. After that, the in-
terface of concrete was covered with epoxy mix-
ture. And the thickness is no more than 1 mm.
Then the epoxy mortar was used to repair corro-
ded beams and its ratio'® is expressed by resin:
ethylenediamine; dibutyl butylphosphonate: ce-
ment: sand=1.0: 0.16: 0.15: 2.0: 4. 0. When
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daubing epoxy mortar, the thickness of epoxy
mortar should be 10 mm at a time. Moreover, in
order to bond firmly with the concrete surface,
the epoxy mortar must be slapped more than

once.

1.4 Second-corrosion of repaired and unrepaired

beams

Three repaired beam specimens and three un-
repaired specimens were immersed in 3.5% NaCl
solution in a tank for 35 days. The solution level
was adjusted to 20 mm higher than the bottom of
reinforced concrete (RC) beam specimens, so
that only the tensile steel bars could be subjected

to corrosion process. Secondly-corroded beam

specimens are shown in Fig. 2.

Fig. 2 Beam specimens being secondly-corroded

1.5 Loading test

After the specimens were subjected to sec-
ond-corrosion, a loading test was performed.
Loads were applied to four-point bending with a
clear span of 1 200 mm. lLoads and mid-span de-
flections were measured during loading. Fig. 3

shows the loading test setup.
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Fig. 3 Setup of loading test

2 Results and Discussions
2.1 Crack and failure patterns

Fig. 4 shows the crack patterns of beam spec-

imens, and the beam is placed upside down. For
the secondly-corroded beam specimens, some
flexural cracks developing upward from the bot-
tom (tensile) side of the beams are terminated at
the intersection of the horizontal cracks induced
by corrosion. Furthermore, the flexural cracks of
the unrepaired beam specimens propagated up-

ward in the vertical direction along the stirrups.

i e et G5 R R e
i Ik s

i : ;.__f:fi

=

(é) Crack of secondly-corroded beam specimen:

T F = -
1 T S 8 £ B E TIHALE 031 i R LB
bt ’*TT“\'-QX‘ : : ';Z e e
5t 25 55 i | i s R s it e
. ; . ——

TRl

r (b) Crack of corrosion-repaired beam spécimens
Fig.4 Crack patterns of beam specimens
The crack pattern of corrosion-repaired
beams was different from that of unrepaired
beams. With load increasing., no more crack ap-
peared after concrete cracking. The two cracks at
load point propagated to be main cracks, wider
and higher. After tensile steel bars yielded, load
increased until concrete crushed. The beams
failed. All beams in loading test were of bending
failure pattern.

Fig. 5 shows load and mid-span deflection
curves of beam specimens in loading test. It can
be seen from Fig. 5(a) that the load-mid-span de-
flection curves of unrepaired beams and repaired
beams were essentially coincident with the same
slope when beams were in elastic stage and load
was less than 10 kN. As load increasing and
beams reaching an elastic-plastic stage, the slope
of load-mid-span deflection curve of repaired
beams was significantly greater than that of unre-
paired beams, which means repaired beams ex-

hibited larger stiffness. Finally, the bearing ca-
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pacity of repaired beams was significantly higher
than that of unrepaired beams with the same cor-
rosion degree. Meanwhile, all of the beams dem-
onstrated great ductility.

A similar conclusion could be drawn from
Fig. 5 (b). The difference was the elastic limit
load decreasing to 5 kN. When load increased to
about 27 kN, secondly-corroded beam 3-3 with
largest corrosion degree failed with poor deform-
ability, from which the feature of brittle failure

was showed to some extent.
45 ¢

4r )éx /.l”—-/—xTE;:’_Q"’_‘O\0

35+

X
. x___e "
30 + X.OP’MX,.X

X
x .
25 1 Xda -
X J
20 133 8 iy

1

) o 1
15 -ﬁ%‘," == 2
o F =2
-3

Load / kN

2 4 6 8 100 12 14
Mid-span deflection / mm
(a) Load and mid-span deflection curves of
unrepaired beams and repaired beams

Load / kN

Mid-span deflection / mm

(b) Load and mid-span deflection curves of secondly-corroded
beams and corrosion-repaired beams
Fig. 5 Load and mid-span deflection curves of beam

specimens in load test

2.2 Cracking load

Fig. 6 shows the relationship between crack-
ing loads of beam specimens and corrosion de-
grees of steel bars. During the uploading process,
tensile zone of the specimens was monitored by
the crack measurement tool. When the first ben-
ding crack appeared, the load was defined as the
cracking load. It is found that cracking loads de-

crease with the increasing of corrosion degrees of

steel bars in unrepaired beams and secondly-cor-
roded beams. But there is not significant relation-
ship between cracking loads and corrosion degrees
in repaired beams and corrosion-repaired beams.
It is obvious that cracking loads of repaired beams
and corrosion-repaired beams are larger than that
of unrepaired beams and secondly-corroded
beams. It can be explained that concrete crack
due to the corrosion expansion of steel bars leads
to the decrease of section modulus of unrepaired
beams and secondly-corroded beams. Instead, re-
paired with epoxy mortar, the section modulus of
these repaired beams can be enhanced greatly.
Furthermore, large tensile strength of epoxy
mortar also plays an important role in the increase

of cracking loads.
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Fig. 6 Cracking loads and corrosion degrees of steel bars

2.3 Flexural capacity

Fig. 7 shows flexural capacities of 12 RC
beam specimens. It can be found that in unre-
paired beams and secondly-corroded beams when
corrosion degree of steel bars is smaller than
Mean-

while, when corrosion degree exceeds 10% , flex-

10%, flexural capacity changes little.
ural capacity decreases quickly. For repaired
beams, corrosion degree has little effect on flex-
ural capacity. There is a slight drop in flexural
capacity when corrosion degree increases in corro-
sion-repaired beams. When the corrosion degrees
are smaller than 10%, the flexural capacity of re-
paired beams is similar with that of unrepaired
beams. When the corrosion degrees are larger
than 10% , the bearing capacity of repaired beams

is higher than that of unrepaired beams.
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Fig. 7 Flexural capacity of all beams 2. 4 mid-span de-

flection and bending stiffness

It is worth mentioning that the flexural ca-
pacity of corrosion-repaired beams is larger than
that of repaired beams. Since loading test on re-
paired beams was investigated only after 7 day’s
curing, the loading test on corrosion-repaired
beams was investigated after 7 day' s curing
adding 35 day’'s immersion in salt solution. Per-
haps the immersion in salt solution for 35 days
has no negative effect on the curing of cover re-
paired with epoxy mortar. Conversely, the ten-
sile strength of epoxy mortar, together with the
bond strength between repair materials and old
concrete can be improved normally through more
curing, which leads to a sharp increase in flexural
capacity of corrosion-repaired beams, compared

with repaired beams.
2.4 Mid-span deflection and bending stiffness

The curves of mid-span deflections and cor-
rosion degrees of 12 beam specimens are showed
in Fig. 8. It is found that corrosion degree has lit-
tle influence on mid-span deflection for all beam
specimens when load is small. When load increas-
ing to a level, mid-span deflection of the beam
specimens with high corrosion degree increases
greatly, compared with that of the beam speci-
mens with low corrosion degree. It can be ex-
plained that when load achieving to a level, the
steel bars are easier to yield for the beam speci-
mens with large corrosion, thus resulting in the
stiffness decreasing as well as the deflection in-
creasing.

As can be seen from Figs. 8 (a), (b), the
mid-span deflection of repaired beams is smaller

than that of unrepaired beams while corrosion de-

gree and load level are same, which means the
bending stiffness of repaired beams is larger than
that of wunrepaired beams. Similarly, from
Figs.8(c), (d), it can be observed that at the
same load level, with the same corrosion degree,
the mid-span deflection of corrosion-repaired
beams is smaller than that of secondly-corroded
beams, which means the bending stiffness of cor-
rosion-repaired beams is large, compared with
that of secondly-corroded beams.

Here define the parameter, changing load, as
a threshold above which the mid-span deflection
of beam specimens will grow rapidly with corro-
sion degree increase. The changing load of unre-
paired beams, repaired beams, secondly-corroded
beams and corrosion-repaired beams are 25 kN,
31.25 kN, 6.25 kN and 37. 55 kN, respectively.
Thus, it is implied that both reparation and soak
in salt solution for some time after reparation can
enhance the changing load of beam specimens to a
certain degree.

It is worth noting that the change trend of
the relationship between mid-span deflection and
corrosion degree in unrepaired beams, secondly-
corroded beams and corrosion-repaired beams is
different from that in repaired beams when the
load exceeds changing load. In the former three
sets of beam specimens, the curves of the rela-
tionship between mid-span deflection and corro-
sion degree are similar to the curve of exponential
function with radix 2, which means the rate of in-
crease of mid-span deflection of these beams is

Mean-
while, from Fig. 8(b), it can be found that mid-

greater than that of corrosion degree.

span deflection of repaired beams grows more and
more slowly with corrosion degree increase when
corrosion degree exceeds 10%. The curve of the
relationship between mid-span deflection and cor-
rosion degree in repaired beams is similar to the
curve of logarithmic function with a radix e. It is
implied that under heavier loads, the influence of
the increase of corrosion degree on the loss of
bending stiffness for repaired beams is a bit less
than that for the other three kinds of beams,
from which the reliability of repaired beams may

be manifested from one side.
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(c) Mid-span deflection and corrosion of secondly-corroded beams
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Fig. 8 Mid-span deflection and corrosion of beams specimens

2.5 Corrosion of corrosion-repaired beams

Corrosion-repaired beams did not crack dur-
ing the phase of secondly-corrosion. Steel bars of
corrosion-repaired beams have no rust spot,
which indicates that epoxy mortar performs well

in sealing and corrosion resistance.

3 Conclusions

The following conclusions can be drawn
based on the experimental results.

Since the repair material, epoxy mortar, can
maintain the section stiffness of beam specimens
and provide large tensile strength for the speci-
mens, the cracking loads of the repaired beams
and the corrosion-repaired beams are larger than
those of unrepaired beams and secondly-corroded
beams with the same corrosion degree.

When the corrosion degrees are lower than
10%, the bearing capacity of the repaired beams
is similar to that of the unrepaired beams. When
the corrosion degrees are larger than 10%, the
bearing capacity of the repaired beams is higher

than that of the unrepaired beams.

Corrosion degree has little influence on mid-
span deflection for all beams when the load is
small. When the load increases to a certain level,
mid-span deflection of the beam specimens with
high corrosion degree increases significantly,
compared with that of the beam specimens with a
low corrosion degree. The bending stiffness of
the repaired beams is larger than that of the unre-
paired beams, and meanwhile the bending stiff-
ness of the corrosion-repaired beams is larger
than that of the secondly-corroded beams.

The curves depicting the relationships be-
tween mid-span deflection and corrosion degree of
the unrepaired beams, secondly-corroded beams
and corrosion-repaired beams are similar to the
curve of exponential function with a radix of 2,
while the curve of the relationship between mid-
span deflection and corrosion degree in the re-
paired beams is similar to the curve of logarithmic
function with a radix of e.

Steel bars of the corrosion-repaired beams

survive the corrosion in salt solution, benefiting

from great density of epoxy mortar.
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