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Polyurea coating helps improve the ductility and toughness of structural members. A fiber-reinforced polyurea (FRPU) composite
provides high load-carrying capacity and is applied by simply spraying it onto the member surface. Unlike existing reinforcement
approaches, the FRPU coating method can prevent the ductility of concrete beams from deteriorating and the concrete surface
from debonding. In this study, 20 concrete beams were tested with respect to their load-carrying capacity and flexural ductility
using polyurea or FRPU reinforcement.)e test variables included the type of reinforcing fibers, coating thickness, and weight-to-
content ratio of the fibers in the FRPU. Moreover, the load-carrying capacity and mechanical behavior of all specimens were
compared according to the content of the steel fibers, milled glass fibers, or carbon nanotubes (CNTs). Specimens reinforced using
polyurea or FRPU were confirmed to retain the load-carrying capacity and flexural ductility to a certain degree after concrete
failure at the tension face of the midspan section. )e concrete beams ultimately failed through the fracture of polyurea or FRPU
without debonding. Experiments were conducted to illustrate the strengthening effect by FRPU and determine its superiority.

1. Introduction

Elastomers are a class of polymetric materials. An elastomer
has viscoelasticity, with a low elastic modulus and high yield
strain. Polyurea is an elastomeric polymer derived from the
rapid reaction of an isocyanate component and polyamine
and is considered a versatile material. It has been utilized as a
flooring and waterproofing material to prevent shrinkage
when drying. It has a high tensile strength, elongation, and
the capability to absorb the energy generated through dy-
namic and impulsive blast loading. In addition, it represents
a good adhesion to concrete and can increase the toughness
and flexural strength of the concrete, decreasing the stiffness.
Polyurea coatings combine high flexibility with hardness
and high elasticity with a high surface hardness.

Owing to the increased loading requirements, change in
use, and structural deterioration, the structural performance
can be recovered using retrofitting techniques. Building
structures need to be evaluated and effectively implemented,

with economical repair and strengthening capabilities.
Polyurea achieves flexural and shear reinforcement for
structural members rather than blast or impact mitigation
[1] and can improve the seismic performance of structures,
controlling the plastic hinge occurrence, increasing the
deformation capacity and dissipated energy, strengthening
or changing the structural system, and enhancing the lateral
stiffness. Marawan et al. [2] observed an increase in the
flexural and shear capacity of small- and large-scale beams
strengthened using a sprayed polyurea system depending on
the thickness of the polyurea applied. Parniani and Toutanji
[1] investigated the behavior of concrete beams strengthened
using a polyurea coating system. )ey found that the poly-
urea coating system increases the flexural capacity and
ductility of reinforced concrete beams. Kamonchaivanich
et al. [3] compared the flexural strength of a back-coated
ceramic with polyurea of a lower and higher modulus.

Structural-strengthening techniques include a section
enlargement, a reinforced jacketing of externally bonded
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steel elements, fiber reinforced polymer (FRP) composites,
and other factors. )ere have been numerous studies related
with an enhancement of the load-carrying capacity and
ductility of a concrete member using FRP, which has been
utilized in repairing and strengthening aged and perfor-
mance-deteriorated structures, including their end of service
life, steel corrosion, and concrete spalling. FRPs of a high
tensile strength and low weight fail through concrete cover
separation and interfacial debonding. Numerous analytical
models have been developed to describe the mechanical
characteristics of concrete externally confined with FRP
composites [4–10].

)e FRP composites are made up of fibers with a high
tensile strength embedded in an epoxy matrix. An explicit
bonding to achieve sufficient adhesiveness between the FRP
composites and concrete structures is required for trans-
ferring the stress among them. Gideon and Alagu-
sundaramoorthy [11] studied the flexural behavior and
failure mode of concrete beam prototypes with a high shear
span ratio externally bonded using carbon fiber-reinforced
polymer (CFRP) laminates. Li et al. [12] determined that
the variation in shear capacity of a strengthened beam
depends strongly on the strengthened area. Alferjani et al.
[13] observed that an epoxy resin is favorable in
strengthening and an end anchorage is needed to eliminate
debonding failures. FRP-strengthened beams exhibit
debonding failure modes at the end of the beams without
an end anchorage and a rupture of the FRP in beams with
an end anchorage [14–21]. Uomoto et al. [22] introduced
FRP composites to combine the structural and durability
characteristics of FRPs as reinforcement in concrete con-
structions. Mahiyar and Soni [23] observed that the uti-
lization of an FRP grid is extremely effective in enhancing
the flexural strength of concrete.

FRPU is a composite used to mix elastic polyurea with
fibers for a more enhanced load-carrying capacity and
greater mechanical properties. FRPU coating systems can
yield a multihazard retrofit material suitable for aging
structures. Such systems must be useful in repair and retrofit
applications for strengthening the structural capacity, im-
proving the seismic performance, and mitigating blast and
impact damage.

A polyurea or FRPU spraying method can prevent the
debonding of FRP or steel plates from concrete surfaces and
retain sufficient ductility. )e fiber addition provides im-
proved stiffness and strength to a composite system, whereas
polyurea provides ductility. Greene and Myers [24] inves-
tigated the flexural and shear reinforcement capabilities of
the systems provided by externally applied discrete fiber-
reinforced polyurea (DFRP) coating systems. A DFRP
system is a composite system used to simultaneously spray
polyurea and chopped glass fibers into a spray pattern. A
measurable strengthening in terms of both flexural and shear
capacity, along with substantial gains in ductility, was found.
In addition, they mentioned that an increased fiber length
significantly reduces the ductility. Carey and Myers [25] also
considered the addition of discrete chopped fibers to the
polyurea for additional strength and a more developed fiber
characterization of the polyurea system.

)e present study investigates the applicability of FRPU
when containing fiber reinforcements such as milled glass
fibers, steel fibers, and carbon nanotubes (CNTs).)is can be
expected to enhance the load-carrying capacity and improve
the ductility. Concrete beam tests were conducted to
compare the load-carrying capacity and mechanical be-
havior depending on the reinforcing materials, spray
thickness, and fiber weight-to-content ratio. It was observed
that the specimens reinforced using polyurea or FRPU retain
the additional load-carrying capacity and flexural ductility
after a concrete failure at the tension face of the midspan
section. )e concrete beams ultimately failed through a
fracture of polyurea or FRPU without debonding. )e ex-
periment results illustrate the reinforcement effect from the
FRPU and the superiority of its application.

2. Experiment

2.1. Polyurea and FRPU. FRPU is manufactured by mixing
the polyurea of a prepolymer and hardener with fibers. )e
FRPU moves through the hose after a premixing of the
prepolymer and fiber and is simply sprayed onto the surface
of the structural member using a high-pressure spray gun
with a hardener.)e constituents of the polyurea used in this
experiment are shown in Table 1.

)ree types of fibers, namely, steel fibers, CNTs, and
milled glass fibers, were considered during this experiment.
Steel fibers are filaments of wire, deformed and cut to various
lengths, for the reinforcement of concrete, mortar, and other
composite materials. CNTs are utilized as a powder re-
quiring high strength, durability, and lightweight properties
as compared to conventional materials. Milled glass fibers
are made by cutting E-glass fibers into short pieces. E-glass
fibers have an excellent electrical insulation property, can be
processed into various shapes, and are mainly applied in the
reinforcement of plastics. )is is effective in improving not
only the strength but also the surface conditions and di-
mensional stability. )is experiment utilizes milled glass
fibers of 300 μm in length.

As the first step of FRPU spraying, a primer is painted
onto the surface of the concrete member, as shown in
Figure 1(a), after the laitance, foreign substances, and pol-
lutants are removed to improve the bond performance. After
curing for 24 h, the prepolymer and fibers are mixed and
stirred, as shown in Figure 1(b), and the premixed pre-
polymer and fibers are sprayed along with a hardener onto
the member surface through the hose of a high-pressure
spray gun, as shown in Figure 1(c). After the FRPU coating,
the coating is finished with a primer painting, as shown in
Figure 1(d). )e FRPU coating technology is completed
simply and strongly bonded to the member.

2.2. Specimens. Twenty concrete beams without reinforcing
bars are prepared for testing. )e specimens are designed
using a polyurea-reinforced control beam and FRPU-rein-
forced beams. )e parameters of the experiment include the
type and weight-to-content ratio of the fiber and the
spraying thickness. )e thickness effect of single (3mm) and
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double (5mm) spraying is considered, and the weight-to-
content ratio of the fiber is established as 5%, 7%, and 10%
for steel and glass fibers, and 2%, 4%, and 6% for CNTs. )e
low ratio of the CNTs occurs because of the high cost and
high volume from a due to low specific gravity. )e steel
fibers of 5mm in length are scattered before the polyurea is
sprayed owing to their difficulty in passing through the
hose. )e specimens are classified using the sign shown in
Figure 2. In the figure, the characters S, F, and C denote the
steel fibers, milled glass fibers, and CNTs, respectively. In
addition, the next number is the weight-to-content ratio of
the fibers, and the next numbers 1 and 2 denote the spraying
thicknesses of 3 and 5mm, respectively. )e physical
properties of FRPU reinforced using 2% CNTs are shown in
Table 2. As the table indicates, the FRPU has a tensile
strength of 12N/mm2 and an extension rate upon rupture of
240%. In addition, an improved flexural strength and
ductility are expected.

)e five-week compressive strength of concrete after
concrete casting is 28MPa. )e test beams are strengthened
using polyurea or FRPU spraying three days in advance. )e
polyurea and FRPU act as a lateral reinforcement, leading to
an enhanced strength and ductility. However, a polyurea-

Table 1: Constituents of polyurea.

Chemicals Content (%)

Prepolymer

α-(2-Aminomethylethyl)-ω-(2-aminomethylethoxy)poly[oxy(methyl-1,2-ethanediyl)] 60∼70
Ar,ar-diethyl-ar-methylbenzenediamine 20∼30

Poly[oxy(methyl-1,2-ethanediyl)], α, α′, α′′-1,2,3-propanetriyltris[ω-(2-aminomethyl-ethoxy)- 1∼10
Titanium dioxide 1∼2.7

1,4-Benzenedicarboxylic acid, bis(2-ethylhexyl) ester 1∼10
etc. 1∼10

Hardener Polyurethane resin 90∼100
4-Methyl-1,3-dioxolan-2-one 1∼10

(a) (b)

(c) (d)

Figure 1: FRPU spraying operation: (a) primer painting; (b) mixing of prepolymer and fibers; (c) FRPU spraying; (d) primer painting.

Spraying thickness, 1 : 3mm, 2 : 5mm 

S 5 1

Weight content ratio
S : steel fiber
F : glass fiber
C : carbon nanotude
PO1 : polyurea of 3mm thickness
Plain : no reinforcement

Figure 2: Specimen sign.
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reinforced concrete cylinder may be subjected to an ec-
centric load, and its accurate compressive strength can
rarely be measured because the polyurea cannot be sprayed
with a constant thickness along the circumferential surface.
Figure 3 shows the failure mode of a polyurea-reinforced
concrete cylinder through eccentric loading with an irreg-
ular expansion of the concrete cylinder. In addition, it is
shown that the polyurea constrains the inner core concrete
and fails by a loosening of the polyurea used to enclose the
concrete pieces. )is indicates that polyurea is effective in
enhancing the ductility without a debonding.

Concrete beams of size 150mm× 150mm× 150mm for
testing the flexural strength are manufactured without
reinforcing bars, and the load is applied at two points on the
beam, as shown in Figure 4. )e experiment results indicate
the flexural performance including the load-carrying ca-
pacity and flexural ductility. )e initial crack begins at the
bottom face of the midspan section. )e unreinforced
concrete beam simultaneously fails with the advent of the
initial cracking because of the low tensile strength of the
concrete. )e polyurea- and FRPU-reinforced concrete
beams exhibit an abrupt reduction in the flexural strength the
moment the initial cracking occurs. However, the load after
the initial cracking gradually increases and is carried by the
polyurea or FRPU on the tension side. )e specimens reach
the second peak load. )e additional cracks are gradually
propagated and widen around the midspan with an increase
in the load. )e polyurea or FRPU controls the development
of cracks without peeling from the concrete surface.

Table 3 shows the peak load-carrying capacity, the
second peak load, and the flexural ductility. )e flexural
ductility of the test beams is estimated based on the area
under the load-deflection curve prior to failure. In addition,
its ratio is calculated by dividing the ductility of FRPU-
coated beams through the ductility of the polyurea-coated
control beam. )e peak load-carrying capacity ratio is de-
termined as the peak load-carrying capacity of the polyurea-
and FRPU-reinforced concrete beams with respect to that of
the control beam. )e peak load-carrying capacity of the
FRPU-reinforced specimens was shown to be 1.0–1.53,
which is as high as that of the polyurea-reinforced speci-
mens, except for C62. )e low-density CNTs have a high
volume in FRPU. )is can therefore lead to a discontinuous
load-transferring path owing to the unevenness of the CNTs
and the deteriorated flexural strength. In addition, all
specimens except S51 represent a more improved flexural

ductility. )e cause of the insufficient ductility of the S51
specimen is due to the uneven distribution of steel fibers
owing to their nonuniform scattering prior to the spraying.
After the occurrence of a concrete crack, the beam carries the
additional load and reaches the second peak load. As in-
dicated in Table 3, the second peak loads of the FRPU-
reinforced specimens are higher than those of the polyurea-
reinforced specimen, which is the reinforcement effect from
the fibers.

Figure 5 shows the failure modes of the specimens. Upon
initial loading, the flexure-resisting capacity is retained by
the concrete, as well as the polyurea or FRPU. Upon the
occurrence of the concrete cracks, the load abruptly dete-
riorates. Without a polyurea or FRPU reinforcement, the
concrete beams abruptly fail under a load. )e flexural
capacity after the concrete cracks occurs is retained to a
certain degree or even increased owing to the tensile strength
of the polyurea or FRPU.)e polyurea- or FRPU-reinforced
concrete beams display a gradual increase in flexural duc-
tility and deflection prior to ultimate failure. It was shown
that the strengthened concrete beams ultimately fail through
a fracture of the polyurea or FRPU.

Figure 6 shows the load-deflection curves of the speci-
mens depending on the fiber types for a spray thickness of
3mm. )e plots are divided into three groups: (a) group 1 is
CNTs strengthened by 2%, or milled glass or steel fibers
strengthened by 5%, (b) group 2 is CNTs strengthened by
4%, or milled glass or steel fibers strengthened by 7%, and
(c) group 3 is CNTs strengthened by 6%, or milled glass or

Table 2: Physical properties of FRPU containing 2% CNT.

Item Specification Result
Amount of water absorption (g)

KS F 4919
0.4

Water permeability resistance No penetration at 0.3N/mm2 water pressure
Moisture permeability (m) 3.0
Permeation resistance of chloride ion (Coulombs) KS F 4936 28
Tensile strength (N/mm2)

KS F 4922
12

Extension percentage at rupture (%) 240
Bond strength (N/mm2) 2.3
KS: Korean Standards.

Figure 3: Failure mode of polyurea-reinforced concrete cylinder.
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steel fibers strengthened by 10%. We assume that the beams
ultimately fail when the load abruptly decreases after
retaining sufficient ductility since the crack occurrence. It

was found that the polyurea- or FRPU-reinforced specimens
retain sufficient flexural ductility owing to their expansi-
bility. )e specimens of group 1 in Figure 6(a) exhibit a

Table 3: Summary of experimental results.

Specimen
Load-carrying capacity

Second peak load (kN)
Flexural ductility

Peak (kN) Ratio Ductility (kN·mm) Ratio
C21 24.41 1.20 10.35 138.36 1.98
C22 20.34 1.0 8.78 69.7 1.0
C41 21.49 1.06 13.43 135.6 1.95
C42 23.96 1.18 23.72 227.45 3.26
C61 23.1 1.14 15.85 160.1 2.30
C62 18.98 0.93 12.97 102.09 1.46
F51 22.25 1.09 11.61 97.74 1.40
F52 22.79 1.12 17.3 190.85 2.74
F71 23.99 1.18 22.6 231.77 3.32
F72 31.19 1.53 31.2 355.9 5.10
F101 23.2 1.14 20.38 188.33 2.70
F102 22.55 1.11 18.65 147.17 2.11
S51 21.45 1.05 13.6 58.56 0.84
S52 24.63 1.21 20.8 120.1 1.72
S71 22.12 1.09 17.38 116.57 1.67
S72 27.01 1.33 27.02 254.5 3.65
S101 21.43 1.05 15 85.4 1.22
S102 30.5 1.50 30.5 228.53 3.28
PO1 20.34 1.0 8.75 69.7 1.0
Plain 20.86 2.27

(a) (b)

(c) (d)

Figure 5: Failure mode of specimens: (a) PO1; (b) C21; (c) F51; (d) S51.

150 150

Composite polyurea

150

150

15
0

P

Figure 4: Loading system of concrete beam (unit: mm).
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similar load-deflection relationship prior to a concrete crack.
Specimen C21 reinforced by CNTs also exhibits sufficient
ductility. )e specimens P1, F51, and S51 resist a load with a
constant magnitude after a crack occurrence. )e steel fibers
of 5mm in length are manually scattered on the beam
surface prior to the polyurea spraying, and their even dis-
tribution cannot be expected. )us, specimen S51 abruptly
fails and exhibits little ductile behavior. It was found that the
specimens reinforced by milled glass fibers or CNTs retain
more load-carrying capacity and flexural ductility than those
using polyurea only. )e specimens of group 2 in
Figure 6(b), which contain more fibers than those in group 1
in Figure 6(a), show a higher second peak load and more
flexural ductility. Specimen C41 exhibits an abrupt load
deterioration after the second peak load although the
ductility is retained to a certain degree. )e load deterio-
ration in specimen C41 is caused by the uneven thickness of
the FRPU and the uneven distribution of the CNT. It is
difficult to obtain a precise and constant thickness because
the spraying operation is manually conducted by experts. In
addition, it is not easy to evenly disperse the fibers on the
concrete surface. It has been shown that specimen F71 re-
tains a high strength after concrete cracks occur, and thus
the second peak load nearly reaches the peak load with an
increase in the deflection. In group 3 in Figure 6(c), the
specimen reinforced by steel fibers abruptly fails at a lower
load than that in group 2. It has been estimated that an
abrupt failure and low ductility are due to more irregular
scattering with an increase in the weight-to-content ratio. It
has been observed that the reinforcement by steel fibers has a
limitation in the spraying operation regardless of the weight-
to-content ratio. )e specimen reinforced by CNTs in group
3, shown in Figure 6(c), exhibits a higher load-carrying
capacity and more ductility after the cracking than that in
group 2. )e CNTs have a higher cost than the other fibers.
In addition, the F101 specimen strengthened by milled glass
fibers retains more load-carrying capacity and flexural
ductility with an increase in the weight-to-content ratio.

Figure 7 shows the load-deflection curves of the speci-
mens reinforced by FRPU of 5mm in thickness. )e load
abruptly reduces upon the occurrence of the first flexural

concrete cracking. After this stage, the load is resisted by the
FRPU at the flexural tension face and gradually increases
with the deflection. Compared with specimens of 3mm in
thickness, the increase in spraying thickness leads to an
enhancement in the load-carrying capacity as well as the
flexural ductility. )is is due to the increase in the tension-
resisting area and the corresponding force. )e plots also
indicate that the toughness and dissipated energy increase
with an increase in the weight-to-content ratio. )e speci-
mens reinforced by steel fibers exhibit an enhanced peak
load-carrying capacity with an increase in the weight-to-
content ratio and the highest flexural ductility at the weight-
to-content ratio of 7%. However, it is difficult to state that
the most effective ratio is 7% because of the uneven coating
thickness of the FRPU and the nonuniform distribution of
the steel fibers. )e concrete beams reinforced by 2% or 6%
CNTs rarely display more load-carrying capacity and flex-
ural ductility than at a weight-to-content ratio of 4%. Based
on the synthetic prediction shown in Figure 7, we can predict
that the optimum weight-to-content ratio is approximately
4%. )e specimens containing milled glass fibers depending
on the weight-to-content ratio exhibit an extremely similar
tendency as those using CNTs. )e optimum weight-to-
content ratio of glass fibers should be approximately 7% in
terms of economy and strength.

Figure 8 compares the strengthening effect depending on
the weight-to-content ratio of the reinforcement fibers and
coating thickness. It can be expected that the load-carrying
capacity and flexural ductility should be enhanced with an
increase in the coating thickness or weight-to-content ratio
because of the increased flexure-resisting strength. However,
the C2, C6, and F10 series specimens represent the deterio-
rated load-carrying capacity and flexural ductility despite the
increased coating thickness. It can be estimated that the results
are derived from the uneven thickness of the FRPU, as well as
the discontinuous and nonuniform distribution of the fibers.
)e specimens reinforced by steel fibers exhibit an enhanced
load-carrying capacity and flexural ductility. However, the
specimens of the S10 series represent less flexural ductility
than of the S7 series because of the nonuniform distribution
through an excessive steel fiber content. It has been
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Figure 6: Load-deflection curves (spraying thickness of 3mm): (a) group one; (b) group two; (c) group three.

6 Advances in Civil Engineering



demonstrated that the specimens of the C4, F5, and F7 series
retain a stable load-carrying capacity and flexural ductility
upon the variation of the coating thickness and weight-to-
content ratio of the fibers in comparison with the other
specimens. It can be concluded from the experiments that the

FRPUmethod reinforced by 5% or 7%milled glass fibers is the
most effective in terms of the economy, strengthening, and
construction of all reinforcements.

)is observation can be seen in Figure 9, which shows
that the 4% CNTspecimens have an enhanced load-carrying

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

Lo
ad

 (k
N

)

0

5

10

15

20

25

S52

F52

C22

(a)
Lo

ad
 (k

N
)

0 2 4 6 8 10 12 14 16
0

5

10

15

20

25

30

35

Deflection (mm)

C42
S72

F72

(b)

Lo
ad

 (k
N

)

0

5

10

15

20

25

30

35

0 2 4 6 8 10 12
Deflection (mm)

F102

S102

C62

(c)

Figure 7: Load-deflection curves (spraying thickness of 5mm): (a) group one; (b) group two; (c) group three.

3 5
0.9

1

1.1

1.2

Spraying thickness (mm)

Pe
ak

 lo
ad

 ra
tio

2%
4%
6%

(a)

D
uc

til
ity

 ra
tio

3 5
1

2

3

Spraying thickness (mm)

2%
4%
6%

(b)

Pe
ak

 lo
ad

 ra
tio

3 5

1.1

1.2

1.3

1.4

1.5

Spraying thickness (mm)

5%
7%
10%

(c)

D
uc

til
ity

 ra
tio

1

2

3

4

5

3 5
Spraying thickness (mm)

5%
7%
10%

(d)

Pe
ak

 lo
ad

 ra
tio

1.1

1.2

1.3

1.4

1.5

3 5
Spraying thickness (mm)

5%
7%
10%

(e)

D
uc

til
ity

 ra
tio

1

2

3

4

3 5
Spraying thickness (mm)

5%
7%
10%

(f )

Figure 8: Peak load ratio and ductility ratio according to spraying thickness: (a) C series-load ratio; (b) C series-ductility ratio; (c) F series-
load ratio; (d) F series-ductility ratio; (e) S series-load ratio; (f ) S series-ductility ratio.

Advances in Civil Engineering 7



capacity and flexural ductility. In addition, the specimens of
5% or 7% milled glass fibers exhibit stable results in en-
hancing the load-carrying capacity and flexural ductility.
)e specimens reinforced by steel fibers show an enhanced
load-carrying capacity and flexural ductility with an in-
crease in the coating thickness. However, this strength-
ening method has difficulty in terms of spraying, and a
definite increase in the load-carrying capacity and flexural
ductility can rarely be expected owing to the discontinuous
flexural loading path through the nonuniform distribution
of the steel fibers.

3. Conclusions

)is study investigates the applicability of the FRPU
coating technique in the retrofitting of concrete structures.
)e FRPU coating approach can avoid a failure by
debonding from the concrete surface. )e test parameters
include the fiber type, such as glass, carbon, and steel fibers,
the coating thickness, and the fiber weight-to-content ratio.
)e reinforcement by steel fibers has a limitation in terms
of a spraying operation regardless of the weight-to-content

ratio, because fibers should be manually scattered on the
member surface prior to spraying. )e FRPU approach
when applying CNTs has a difficulty in terms of the flexural
capacity, because the low-density CNTs make up a high
volume of the FRPU, which is a disadvantage owing to the
expansiveness. )e specimens with 5% or 7% milled glass
fibers exhibit stable results in enhancing the load-carrying
capacity and flexural ductility. )is experiment indicates
that the FRPU coating approach using milled glass fibers is
more effective than the application of CNTs or steel fibers
for enhancing the load-carrying capacity and improving
the flexural ductility.
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It is very important to investigate the effects of the seismic performance of corrosion-damaged reinforced concrete (RC)members,
in terms of their strength and lateral deformability, on the seismic performance of entire building systems. Such investigation
allows accurate evaluation of the seismic performance of RC structures with corroded members, including beams and columns.
However, current techniques for evaluating the seismic performance of existing RC structures do not take the effects of de-
terioration (including the corrosion of reinforcing bars) on the performance of RC members into account. )e main objective of
this research is to propose a practical methodology for evaluating the seismic performance of RC buildings with corrosion-
damaged members. We extrapolate a structural performance degradation factor from the strength-deformation capability of
corroded members to allow direct quantitative evaluation of their seismic performance. In this study, as a first step toward
achieving this goal, we experimentally investigated the effect of reinforcing bar corrosion on the behavior of RC beams and the
structural performance degradation factor. Our analysis was based on the strength-deformation capabilities of corrosion-
damaged beams. We also propose a relationship between the half-cell potential of corroded reinforcing bars and the structural
performance degradation behavior of RC beams. Our results indicate that there is a relatively strong correlation between the
performance degradation factor and the average potential difference, with coefficients of determination (R2) of the flexural and
shear beams of 0.78 and 0.91, respectively.)e potential difference, which was measured using the half-cell measurement method,
can serve as one of the indicators of relative structural degradation, but we must ensure that the environmental measurement
conditions are held constant.

1. Introduction

Reinforced concrete (RC) structures are the most common
structural systems in modern society, due to their low
construction and maintenance costs and high durability
compared to other types of structures. )e structural per-
formance of RC structures, however, deteriorates over time
for various reasons, such as changes in the environmental
conditions, design load, and material properties, as well as
structural design errors and defective construction. Among
these factors, reinforcement corrosion is one of the primary
causes of deterioration, affecting a large number of RC
structures [1–10]. )is results in a shortened service life and
reduced structural performance (Figure 1).

Major causes of this corrosion include chloride and car-
bonation, arising from elements of the atmosphere or sur-
rounding environment such as the sea, de-icing salts, and
pollution. Hansson [1] and Shamsad [4] investigated the
corrosion mechanism of steel bars and the effects of corrosion
onRCmembers; structural deteriorationwas found to proceed
according to the following stages: (1) Formation of white
patches: atmospheric carbon dioxide reacts with calcium
hydroxide in the cement paste, forming calcium carbonate.
)is calcium carbonate is carried by moisture and deposited
onto the concrete surface, forming white patches. (2) Brown
patches in reinforced areas: when a steel bar starts to corrode, a
layer of iron oxide is formed on top of the bar, which is carried
to the surface of the concrete by moisture. (3) Formation of
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cracks: the corrosion products occupy more space than the
original material; hence, they exert pressure on the concrete
and crack it. As more corrosion occurs, additional, wider
cracks are formed. (4) Spalling of concrete cover: due to loss of
the bond between concrete and steel, the concrete starts
forming multiple layers of scales and peels off. )e sizes of the
steel bars are also reduced. (5) Snapping of bars: due to a
reduction in the size of the steel bars, they ultimately snap.)e
main bars also show a considerable reduction in size. (6)
Buckling of bars: spalling of the concrete cover and snapping
of bars lead to buckling of the main bars. )is causes the
concrete to bulge and can affect the integrity and life of the RC
structures.

)e decrease in yield strength resulting from the re-
duction of the effective area of the steel rebar reduces the
tensile force that the steel rebar can resist. Furthermore, the
compressive strength of concrete is reduced by spalling of its
surfaces. As a result, the entire structure collapses due to the
severe structural performance deterioration.

)ere have also been frequent earthquakes all over the
world in recent years. If RC structures in earthquake-prone
areas are seriously corroded, this will inevitably affect their
seismic performance and safety. As shown in Figure 2, re-
inforcement corrosion of RC members has a significant
impact on the structural performance deterioration (i.e.,
seismic performance degradation) caused by earthquakes
[7], as seen following recent strong earthquakes including
the 1995 Kobe Earthquake in Japan (M� 7.3), the 1999 Jiji
Earthquake in Taiwan (M� 7.3), the 1999 Izmit Earthquake
in Turkey (M� 7.4), the 2008 Sichuan Earthquake in China
(M� 8.0), the 2010 Chile Earthquake (M� 8.8), the 2012
Great East Japan Earthquake (M� 9.0), the 2013 Lushan
Earthquake in China (M� 7.0), and the 2016 Kumamoto
Earthquake in Japan (M� 7.0).

Even though the intensity of the earthquakes was rela-
tively low, we can see from observations of buildings
damaged during the 2004 Niigata-ken Chuetsu Earthquake
in Japan (M� 6.8), as well as the 2017 Pohang Earthquake in
Korea (M� 5.4), that corrosion of RC members, including
beams and columns, affected failure, as shown in Figure 3.
)e corrosion of steel leads to a loss of adherence between
the reinforcement and concrete over time, in addition to
significant losses in cross sections of reinforcement bars. As
a result of these losses, reinforcement bars and concrete no

longer work in concert, such that the structural element loses
a significant amount of its lateral load-carrying capacity.

)erefore, it is of great importance to investigate the
effects of seismic performance, in terms of the strength and
lateral deformability of corrosion-damaged RCmembers, on
the seismic performance of the entire building system. )is
will enable us to accurately evaluate the seismic performance
of RC structures with corroded members, including beams
and columns.

However, current techniques for evaluating the seismic
performance of existing RC structures, including those
described in the Federal Emergency Management Agency
guidelines FEMA 274 [11], FEMA 310 [12], and the Japan
Building Disaster Prevention Association standard [13], do
not fully take into account the influence of deterioration on
the performance of RC members, including corrosion of
steel bars.

According to the FEMA 274 [11] and 310 [12] guidelines,
the seismic performance of RC buildings should be evalu-
ated by taking the extent of the damage and impact on the
capacity of each deteriorated member into account. De-
terioration of concrete and reinforcing steel can significantly
reduce the lateral strength of concrete members. Site in-
spectionmay be required to assess the effects of deterioration
of concrete and reinforcing steel. However, assessment of the
seismic performance of RC buildings, including the influ-
ence of corrosion-damaged members, is simply based on
heuristic judgments when following the FEMA 310 guide-
line, which does not specify any quantitative analysis
procedure.

)e Japanese standard [13] evaluates the seismic per-
formance of existing RC buildings at each story, and in each
direction, using the following seismic capacity index IS:
IS � EO × SD ×T. In this equation, EO is the basic structural
performance index calculated with respect to the ultimate
horizontal strength, ductility, number of stories, and specific
story concerned. SD (irregularity index) is a subindex of the
structural design that is used to modify EO according to
irregularities in the building shape and the distribution of
stiffness along the building height. T (time index) is a
subindex of the time-dependent deterioration of a building
and is used to modify EO according to deterioration of
strength and ductility.

)e time index is acquired via site inspections assessing
the effects of structural deterioration and aging. )is re-
quires an initial inspection, a follow-up inspection, andmore
detailed additional inspections. During the initial inspection,
T� 0.8 is adopted for buildings that are over 30 years old,
while T� 0.9 is used in cases with significant spalling of the
internal finishing.)e smallest Tvalues derived from the site
inspection should be multiplied by EO given above. In the
follow-up and additional detailed inspections, Ti � 0.05 is
adopted if more than one-third of the total members
inspected in each direction have corroded reinforcing bars
(here, Ti is the time index for the story inspected, i). Finally,
on the basis of the weighted Ti value of each inspected story,
as well as the condition of members including beams and
columns, the overall T is used to evaluate the seismic per-
formance of aged RC buildings, which deteriorates with

Figure 1: Structural performance deterioration of a reinforced
concrete (RC) structure caused by reinforcement corrosion [10].
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corrosion. Compared to the FEMA 274 and 310 guidelines,
the Japanese standard can be used to quantitatively evaluate
the seismic performance of RC buildings, taking into ac-
count the influence of corrosion-damaged members by
using T described in the equation. However, the strength-
ductility degradation relationship between Is and T, which is
used to modify EO, is not robust: the Japanese standard is an
indirect evaluation methodology.

In previous studies, the seismic performance of RC
structures was mainly assessed based on the strength and
deformation capability of the building structure itself, i.e., by
using a structural analysis program based on structural
drawings and the measured material strength. In this case,
the durability reduction factor is calculated directly and
quantitatively, taking into account the deterioration of
corrosion-damaged RC members, in addition to an indirect
and qualitative assessment, for evaluating the seismic per-
formance of RC structures.

Few studies on seismic performance have taken into
account the influence of deterioration of corroded RC
members [7, 14], and the quantitative reduction factor,
based on the strength-deformation capability of corrosion-

damaged members relative to unaffected members, has not
been determined conclusively. Different surveys, reports,
and studies have highlighted that the corrosion of re-
inforcements is the main cause of deterioration of RC
members [15, 16].

)erefore, the seismic performance of RC buildings with
corrosion-damaged members should be evaluated quanti-
tatively and directly, using a structural performance re-
duction factor based on the strength-deformation capability,
i.e., energy dissipation capability. )is will enable accurate
evaluation of the seismic performance of RC structures.

)e main objective of this research is to propose a
practical methodology for evaluating the seismic perfor-
mance of RC buildings with corrosion-damagedmembers. A
structural performance degradation factor derived from the
strength-deformation capability of corroded members is
used to evaluate their seismic performance, quantitatively
and directly.

Various techniques have been applied to determine the
rate and pattern of corrosion in RC structures [17]. One of the
most popular techniques is electrochemical measurement,
which enables evaluation of corrosion-related parameters

Figure 2: Corrosion of RC members damaged during the 1999 Izmit Earthquake in Turkey [7].

(a) (b)

Figure 3: Corrosion of RC beams and columns damaged during earthquakes. (a) )e 2004 Niigata-ken Chuetsu Earthquake in Japan (b) )e
2017 Pohang Earthquake in Korea.
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such as the half-cell potential, concrete resistivity, and cor-
rosion current density [4]. Half-cell potential can be used to
determine the corrosion tendency via a reference electrode
and a voltmeter. Half-cell potential was used by Pradhan and
Bhattacharjee [18] to establish an indicator of corrosion
initiation for concrete structures. Due to its simplicity and
cost-effectiveness, the corrosion potential measurement
method has been widely used for testing the corrosion of
reinforcing bars in RC structures [19].

In this study, as a first step toward achieving the main
research objective stated above, the effects of reinforcing bar
corrosion on the behavior of RC beams and the structural
performance degradation factor, which is based on the
strength-deformation capability of corrosion-damaged
beams, were investigated experimentally.

For this purpose, two types of beams were designed; 8
specimens were used to assess the flexural failure of beams
and 8 to assess the shear failure of beams; thus, 16 specimens
were used in total. )e impressed current technique was
applied to assess the accelerated corrosion of the reinforcing
bar. For the beam test, we used a four-point bending test
under simply supported conditions. )e corrosion potential
of the reinforcing bar was quantitatively measured based on
the half-cell potential, as described previously. We then
evaluated the relationship between the performance deg-
radation factor and average potential difference, in terms of
voltage, for corrosion-damaged RC beams subjected to
flexure and shear.

2. Experimental Program

2.1. Materials. We used concrete with a compressive
strength of 24.4MPa. Cylindrical specimens were cast at the
same time as the beams were manufactured and cured,
under the same curing conditions. )e compressive strength
was measured using cylindrical specimens with dimensions
ϕ100 × 200mm according to ASTM C39/C39M [20]. D16
and D13 deformed reinforcing bars, with a yield strength of
460MPa and ultimate strength of 495Mpa, were used as
longitudinal reinforcing bars and stirrups, respectively. )e
yield strength and ultimate tensile strength of the reinforcing
bars were measured according to ASTM E8/E8M [21].

2.2. Design and Manufacture of Beams. To investigate the
effect of corrosion of reinforcing bars on the flexural and
shear behaviors of RC beams according to ACI 318 Building
Code, two types of beams (16 specimens in total) were
designed [22]. As shown in Figure 4, all specimens had a
total length of 2,200mm.)e flexural failure type beams had
a cross section of 150× 250mm, and the shear failure type
beams had a cross section of 200× 300mm. )e shear span
ratio (a/d) of the shear failure type beam was equal to 3.

)e flexural failure type beam was designed to have
longitudinal reinforcements in the form of two D13 bars
(tension) and two D10 bars (compression), as well as shear
reinforcements in the form of D10 bars at 150 and 100mm,
with a closed-loop stirrup used in the pure bending region
and the region between the support and load points. )e

shear failure type beam was designed to have longitudinal
reinforcements of three D13 bars in tension and two D10
bars in compression and shear reinforcements in the form of
D10 bars at 150 and 100mm, with an open-loop stirrup used
in the pure bending region and the region between the
support and load points. Specimens F-B0 and S-B0 were
used as control flexural and shear failure type beam speci-
mens, respectively, without corroded reinforcing bars.
Specimens FB-C0 to FB-C7 and SB-C0 to SB-C7 were se-
quentially degraded by reinforcing bar corrosion. To ac-
celerate the corrosion of the reinforcing bar, a copper wire
was embedded at a position 450mm from the support, as
shown in Figure 4.

We manufactured the beam specimens by assembling a
reinforcing bar cage, as shown in Figure 5. Next, the wire for
accelerating the corrosion of the reinforcing bar was in-
stalled and the reinforcing bar cage was placed within the
formwork. Finally, the concrete was placed in the specimen.

2.3.AcceleratedCorrosionofReinforcingBars. )e impressed
current technique was adopted to accelerate the corrosion of
the reinforcing bar. )e beam specimens were placed in a
tank 30 days after casting, as shown in Figure 6; 5% NaCl
solution was used as an electrolyte. )e solution level in the
tank was adjusted to be approximately 2 cm below the top
surface of the beams, to ensure adequate submersion of all
reinforcing bars. )en, the beam specimens were in-
corporated with a direct current power supply. We used an
embedded reinforcing bar as the anode and an external
stainless-steel plate as the cathode, to accelerate the corro-
sion of the reinforcing bar. To simulate structural degra-
dation of the reinforced beam according to the degree of
corrosion of the reinforcing bar, the duration of the
accelerated corrosion process was included as a test variable.
)e duration of the accelerated corrosion was increased with
increasing beam specimen number to produce the desired
sequential structural damage to the beams.)e FB-C1 to FB-
C7 and SB-C1 to SB-C7 specimens were sequentially re-
moved from the tank and dried out. )en, the potential field
on the concrete surface was measured using a half-cell
electrode and a high-impedance voltmeter; this voltmeter is
one of the devices recommended for measuring corrosion
potential in ASTM C876 [23]. )e measurement area was
covered laterally by six points within ±20 cm of the center
line of the copper wire, which was embedded at a position
450mm from the support, and vertically by four points at
intervals of 62.5 cm for the flexural failure type beam and
75 cm for the shear failure type beam. )us, there were 24
measurement points (4 points in each row and 6 points in
each column) in total for each beam.

2.4. Test Program. All beams were subjected to a four-point
bending test under conditions of limited support, as shown
in Figure 7. )e pure bending span between the two loading
points was 600mm for the flexural failure type beam and
500mm for the shear failure type beam.)e bending test was
performed using a universal testing machine. A monotonic
transverse load was applied under load control (loading
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speed of 20 kN/min) until the load reached 50% of the
expected maximum load. )en, load was applied under
displacement control at a loading speed of 0.7mm/min.
After the peak load was reached, a further load was applied
until the load reached 70% of the peak load and then re-
leased. Deflection at the midspan of each specimen was
measured using linear variable differential transducers.

3. Results and Discussion

3.1. Half-Cell Potential of Reinforced Concrete Beam. In this
study, the corrosion potential of the reinforcing bar is
measured by using the CANIN+ corrosion analyzing in-
strument developed by Proceq [23]. On the basis of the

standard specified in ASTM C876 [24], the temperature was
set to approximately 28°C for the measurement of the
corrosion potential of reinforcing steel embedded in con-
crete. )e results of the quantitative measurements (average
voltage measured at 24 points) of the corrosion potential of
the reinforcing bar in each beam are summarized in Table 1.

)e half-cell potential of the reinforcing bars of the FB-
C1 to FB-C7 and SB-C1 to SB-C7 specimens increased
sequentially, i.e., increased with increased duration of the
accelerated corrosion process. Figures 8 and 9 show the half-
cell potential map of each measurement point.

According to ASTM C876 [24], if potentials over an
area are more positive than − 200mV CSE (copper sulfate
electrode), there is a greater than 90% probability that no
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Figure 4: Reinforcement details of beams: (a) flexural failure type beam and (b) shear failure type beam.

(a) (b)

(c) (d)

Figure 5: Beam manufacturing process: (a) assembly of reinforcing bar cage, (b) wire for corrosion of reinforcing bar, (c) installation of
reinforcing bar cage, and (d) placement of concrete.
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corrosion of the reinforcing bar is occurring in that area at
the time of the measurement. If the potentials over an area
are more negative than − 350mV CSE, there is a greater
than 90% probability that corrosion of the reinforcing bar is
occurring in that area at the time of measurement.)e half-
cell potentials of the control beams, i.e., the FB-C0 and SB-
C0 beams, which were not subjected to the accelerated
corrosion process, were higher than − 200mV CSE. On the
other hand, other beams with accelerated corrosion pro-
cesses had half-cell potentials less than − 200mV CSE. We

observed that two beams (FB-C6 and FB-C7) in the FB-C
series beams had half-cell potentials less than − 350mVCSE
and five beams (SB-C3 to SB-C7) in the SB-C series beams
had half-cell potentials less than − 350mV CSE.

3.2. Cracking and Failure Pattern. Figure 10 shows the
cracking patterns at the midspan of the flexural failure type
beams. In the case of the FB-C0 beam, the initial cracking
took place near the midspan of the beam at a load of 10.4 kN,
and the corresponding deflection at the midspan was
0.49mm.)e cracks spread from the midspan to the support
with a crack spacing of 50∼150mm. )e reinforcing bar
started to yield at a load of 65.0 kN and the corresponding
deflection was 7.0mm. After the yield load, the width of the
cracks increased significantly until the specimen failed. Final
failure of the beam occurred due to crushing of the concrete
at the top of the beam, with cracks reaching the upper parts
of the beams.

Overall, the flexural behavior of the FB-C0 specimen was
similar to the typical behavior of underreinforced beams.
)e FB-C1 to FB-C7 beams, which were each corroded to
varying degrees, exhibited similar failure patterns to the FB-
C0 beam. However, we observed that the amount of rust
increased as we increased the duration of the accelerated
corrosion, which is quantitatively represented by the half-
cell potential. )e deflection corresponding to the ultimate
load varied significantly according to the duration of
accelerated corrosion, between 80 and 110mm.

Figure 11 shows the cracking patterns at midspan for the
shear failure type beams. In the case of the SB-C0 beam, the
crack started near the midspan of the beam at a load of
22.0 kN, and the corresponding deflection of the beam at the
midspan was 0.52mm. A diagonal crack was observed in the
right part of the beam at a load of 90.2 kN (deflection:

(a) (b)

(c) (d)

Figure 6: Accelerated corrosion setup: (a) tank with 5% NaCl solution, (b) immersion of beam, (c) accelerated corrosion, and (d) corroded
beam.

Figure 7: Test setup.

Table 1: Average potential difference in voltage (unit: mV CSE).

Type of
beam C0 C1 C2 C3 C4 C5 C6 C7

FB-C
series∗ − 63 − 254 − 265 − 280 − 292 − 298 − 374 − 700

SB-C
series∗∗ − 171 − 269 − 344 − 551 − 576 − 659 − 700 − 700

∗Beams controlled by flexure.∗∗Beams controlled by shear.
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2.67mm). )e number and width of cracks increased until
the maximum load (182 kN) was reached. After the ultimate
load, we observed a fast load drop as a diagonal crack
reached the top surface. Overall, the behavior of the SB-C0
specimen was relatively similar to the typical brittle behavior
of shear failure beams. )e SB-C1 to SB-C7 beams, which
were each corroded to different extents, exhibited similar
cracking strengths and corresponding deflections and
similar failure patterns to the SB-C0 beam. However, we also
observed that the amount of rust increased as we increased
the duration of accelerated corrosion. )e ultimate load and

maximum deflection varied significantly with the duration
of the accelerated corrosion.

3.3. Load and Deflection. Figure 12 shows the load and
deflection curves of the flexural failure type (FB-C series)
beams and the shear failure type (SB-C series) beams, re-
spectively. )e FB-C series beams exhibited similar behavior
prior to their ultimate state.)e load and deflection values of
each beam at the initial cracking of the concrete, the yielding
of tensile reinforcement, and the ultimate load, ductility

(a)

(b)

(c)

Figure 10: Cracking and failure patterns of flexural failure type beams: (a) FB-C0 beam, (b) FB-C4 beam, and (c) FB-C7 beam.
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ratio, dissipated energy, and performance degradation factor
are summarized in Table 2. )e performance degradation
factor (ϕ) was defined by the following equation:

ϕ �
Er

Et

, (1)

where Etand Er are the absorbable energy capacity before
and after corrosion of the reinforcing bar, respectively.

All flexural failure type beams (FB-C series) exhibited
similar cracking loads and deflections, ranging from 10.3 to
13.1 kN and 0.44 to 0.59mm, respectively, and similar yield

loads and deflections, ranging from 62.6 to 63.2 kN and 6.21 to
6.48mm, respectively. At the ultimate state, the difference
between the ultimate loads was less than 11.7%.)emaximum
difference in displacement corresponding to the ultimate loads
and degradation factor was 34.1% and 30.1%, respectively.

According to these test results, we concluded that the
corrosion of reinforcing bars has a negative influence on the
deformation corresponding to the ultimate load and energy
dissipation capacity, which can be expressed as the degra-
dation factor.)e effect of corrosion on the flexural behavior
of the beams prior to the ultimate state and ultimate load was

(a)

(b)

(c)

Figure 11: Cracking and failure patterns of shear failure type beams: (a) SB-C0 beam, (b) SB-C4 beam, and (c) SB-C7 beam.
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less significant. )e energy dissipation of the FB-C series
beams decreased as we increased the half-cell potential. )e
decrease in energy dissipation of FB-C7, which exhibited a
maximum absolute half-cell potential, was up to 30.1%
compared to that of the FB-C0 control beam. )is was at-
tributed to the decrease in effective area of the reinforcing
bar due to corrosion [2, 4, 7, 15, 16].

As expected, all SB-C series beams exhibited brittle
failure behavior compared to the FB-C series beams. Fur-
thermore, larger variations in the cracking, yielding, and
ultimate state of beams with respect to the reinforcing bar
corrosion were observed than in the case of the FB-C series
beams. )e maximum decrease in the first cracking load,

reinforcement yielding load, and ultimate load was 27.4%,
53.3%, and 10.3%, respectively. Although large decreases in
the first cracking load and reinforcement yielding load were
observed compared to the FB-C series beams, the effect of
reinforcing bar corrosion on the ultimate state was less
significant. )e energy dissipation of the SB-C series beams
also decreased with increasing half-cell potential. )e energy
dissipation of SB-C7, which also exhibited a maximum
absolute half-cell potential, was 23.6% lower than that of the
SB-C0 control beam.

Figure 13 shows the relationship between the perfor-
mance degradation factor and average potential difference.
We applied empirical regression models to derive the
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Figure 12: Load and deflection curves at the midspan of beams: (a) flexural failure type beams and (b) shear failure type beam.

Table 2: Test results for each specimen.

Beam
First cracking Reinforcement yielding Ultimate

Dissipation energy (kN-mm) ϕ∗ (%)
Load (kN) Deflection (mm) Load (kN) Deflection (mm) Load (kN) Deflection (mm)

FB-C0 10.3 0.49 65.0 7.00 81.6 116.7 8,298 100.0
FB-C1 12.5 0.50 66.5 6.68 78.9 100.9 7,521 90.6
FB-C2 13.1 0.59 66.6 6.54 77.4 110.9 7,639 92.1
FB-C3 12.7 0.55 62.6 6.48 80.7 101.4 7,404 89.2
FB-C4 10.7 0.46 63.4 6.90 78.4 95.6 6,683 80.5
FB-C5 10.8 0.44 65.0 6.21 72.0 98.7 6,659 80.3
FB-C6 10.6 0.44 63.2 6.75 74.3 97.4 6,651 80.2
FB-C7 12.1 0.50 66.0 6.55 77.2 76.9 5,797 69.9
SB-C0 22.0 0.52 158.3 7.04 181.9 11.3 1,301 100.0
SB-C1 21.9 0.48 89.6 2.25 169.8 10.0 1,267 97.3
SB-C2 18.0 0.39 93.9 3.24 172.3 11.0 1,178 90.5
SB-C3 18.3 0.45 74.0 2.14 187.7 9.0 1,121 86.2
SB-C4 16.0 0.50 79.6 3.16 186.7 12.5 1,090 83.7
SB-C5 18.1 0.50 106.7 3.82 178.1 11.1 1,101 84.6
SB-C6 23.7 0.49 98.3 2.79 171.4 7.8 1,056 81.1
SB-C7 19.3 0.51 82.5 2.88 181.9 10.3 995 76.4
∗Performance degradation factor.
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quantitative relationship between the performance degra-
dation factor and the average potential difference. As shown
in Figure 13, we detected a relatively strong correlation
between the performance degradation factor and average
potential difference.)e coefficients of determination (R2) of
the FB-C series beams and SB-C series beams were 0.78 and
0.91, respectively.

It is well known, on the other hand, that the value of the
half-cell potential measurement cannot be used to estimate
the structural properties of RC members because the test
results of half-cell potential measurements are affected by
the degree of humidity in the concrete, oxygen content near
the reinforcement, microcracks, etc. [25]. )e results shown
in Figure 13 indicate that the potential difference measured
using the half-cell method can serve as one of the parameters
for indicating relative structural degradation, as long as the
same environmental conditions are used.

By using relationship between the performance degra-
dation factor and average potential difference in terms of
voltage, the energy absorption capacity (the reduction factor in
Figure 13), calculated based on strength-deformation capa-
bility of corrosion-damaged RC members, can be evaluated.
)e result of each energy absorption capacity of corrosion-
damaged members can be utilized for predicting the seismic
capacity of entire RC buildings. For instance, for the corro-
sion-damaged members, the basic structural performance
index (EO) calculated with respect to the ultimate horizontal
strength and ductility for each member can be quantitatively
and directly calculated when applying the Japanese standard
for seismic evaluation of entire RC buildings.

4. Conclusions

We experimentally investigated the effect of the corrosion of
reinforcing bars on the flexural and shear behaviors of RC
beams and proposed a relationship between the half-cell
potential of corroded reinforcing bars and structural

performance degradation behavior of RC beams. )e fol-
lowing conclusions can be drawn from our experimental
results:

(1) )e flexural and shear behaviors of the control
beams were generally similar to the typical behaviors
of underreinforced beams. )e shear and flexural
beams, corroded to varying degrees among speci-
mens, exhibited similar failure patterns to the control
beam. However, we also observed that the amount of
rust increased, and the ultimate load and maximum
deflection varied significantly, with the duration of
accelerated corrosion.

(2) Based on the test results on the flexural behavior of
beams, we concluded that the corrosion of rein-
forcing bars negatively influences the deformation
corresponding to the ultimate load and energy
dissipation capacity, which we expressed as the
degradation factor. )e effect of corrosion on
reinforcing bars prior to the ultimate state and ul-
timate load was less significant. )e energy dissi-
pation of the flexural beams decreased with
increasing half-cell potential. )e energy dissipation
of the specimen that exhibited the maximum ab-
solute half-cell potential decreased by up to 30.1%
compared to that of the control beam.

(3) All of the beams controlled by shear exhibited brittle
failure behavior compared to those controlled by
flexure, and larger variations in the cracking, yielding,
and ultimate state of the former beams according to
the reinforcing bar corrosion were observed than in
the case of the flexural beams. )e energy dissipation
of the shear beams also decreasedwith increasing half-
cell potential, just as in the case of the flexural beams.
)e decrease in energy dissipation of the specimen
with the maximum absolute half-cell potential was
23.6% lower than that of the control beam.
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Figure 13: Relationship between the performance degradation factor and average potential difference in terms of voltage: (a) flexural failure
type beams and (b) shear failure type beam.
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(4) We detected a relatively strong correlation between
the performance degradation factor and average
potential difference, and the coefficients of de-
termination (R2) of the flexural beams and shear
beams were 0.78 and 0.91, respectively. )e potential
difference measured using the half-cell method can be
used as an indicator of relative structural degradation
if the environmental conditions are held constant. On
the basis of relationship between the performance
degradation factor and average potential difference,
the energy absorption capacity, calculated based on
strength-deformation capability of corrosion-dam-
aged RC members, can be evaluated. )e result of
each energy absorption capacity of corrosion-dam-
aged members can be utilized for predicting the
seismic capacity of entire RC buildings.

(5) )e main objective of this research is to propose a
practical methodology for evaluating the seismic
performance of RC buildings with corrosion-damaged
members. A structural performance degradation fac-
tor derived from the energy absorption capacity,
calculated based on strength-deformation capability of
corroded members, is used to evaluate their seismic
performance, quantitatively and directly. As a first step
toward achieving the main research objective, in this
study, the effects of reinforcing bar corrosion on the
behavior of RC beams and the structural performance
degradation factor were investigated experimentally.
)e beam is not the lateral resisting member like the
column. )erefore, the results investigated in this
research could not be directly used for evaluating the
seismic capacity of entire RC building. In order to
propose a robust practical methodology for evaluating
the seismic performance of RC buildings with cor-
rosion-damaged members, the seismic performance
degradation factor of lateral load resisting systems
such as columns should be experimentally derived for
further research, together with analytical in-
vestigations such as finite element analysis.
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In order to study the effects of initial damages, CFRP reinforcement, and chloride corrosion on the flexural behavior of prestressed
concrete beams, ten prestressed concrete beams were designed and manufactured, which were preloaded with 0%, 40%, and 60%
of the ultimate load to crack. +en, part of the beams were reinforced by CFRP and immersed in chloride condition for 120 days.
After that, the four-point bending tests were performed. +en, the sectional strain, deformation, flexural stiffness, flexural
capacity, ductility, and the cracking characteristics were researched. +e test results demonstrate that the sectional strain of PC
beams still follows the plane cross section assumption after a pure bending deformation considering of the initial cracks, chloride
corrosion, and CFRP reinforcement. +e initial damage accelerates the chloride corrosion, resulting in the loss of initial stiffness,
ductility, and cracking load, and the reduction in flexural capacity is less than 10%, and the failure modes of these beams are prone
to change from concrete crushing to shear failure. In the cracking stage, the reinforcement of CFRP inhibits the bending
deformation, leading to the reduction in stiffness degradation rates and the increase of cracking load, and the ultimate load
increases by 12.8%∼18.7%. +e reinforcement of CFRP constrains the development of cracks, increases the cracks numbers by
50%∼130%, decreases the cracking rates of beam bottoms by 52.5%, and reduces the average crack widths by 65.8% at 195 kN. It
can be seen that the reinforcing effect of CFRP is more significant compared with the weakening effect of short-term chloride
corrosion and initial damage on the flexural behavior.

1. Introduction

Prestressed concrete structure has been widely promoted
because of its high strength, excellent performance, and
structure diversification. Also, these structures are more
prone to be affected by the environment due to its com-
position and mechanical characteristics, such as high tem-
perature, freezing, acid rain, and deicing salt corrosion.
Chloride corrosion is the major influencing factor. Nowa-
days, the durability problems of these structures occur
frequently, which needs to be replaced, repaired, and
strengthened. +e Sorell Causeway Bridge [1] in Australia
was demolished, and the “S.Stefano” viaduct [2] in Italy
collapsed suddenly, following the corrosion of prestressing
tendons in the beams, due to the long-term exposure to an
aggressive marine environment. Prestressing steel subjected

to high permanent stress has generally poor resistance to
corrosion [3] compared to the ordinary steel bar. +e loss of
cross area and mechanical behavior of steel strands and the
degradation of bond behavior between concrete and steel
strands [4–6] will have a significant influence on the safety of
prestressed concrete structures. Li and Yuan [7] believed
that the effect of slight corrosion rates (less than 2.87%) is
not significant to the flexural capacity, but will lead to the
remarkable degradation of ultimate deflection for the beams
with wire rupture failure. +e tests of Rinaldi et al. [8] and
Zhang et al. [9] show that the ultimate capacity of PC beams
decreases with the increase of corrosion degree and turns the
failure mode from ductile to brittle. An analysis model is
proposed byWang et al. [5] to predict the failure and flexural
strength of PC beams under chloride corrosion condition. A
numerical model is proposed by Coronelli to simulate the
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effects of wire breaking in PC beams suffering from cor-
rosion condition. Also, the local fracture of corroded steel
strand in different locations in PC beam is simulated by
Yang et al. [10] through a rapid corrosion test, and the test
results show that the closer the corrosion fracture location is
to the midspan, the more obvious the reduction in flexural
stiffness and capacity is.

In practical engineering, the bridge is not only affected
by the environment but also by fatigue loads. Some factors
like low design standards overloaded for a long time or the
vehicles’ impact may lead to the damage on concrete
bridges. +e steels in the cracking area are always in a high
stress state, even if the beam was unloaded completely, and
there will be the residual cracks and deflection. +e tests of
Vicente et al. [11] and Recupero and Spinella [12] indicate
that cracking and internal damage caused by cyclic loading
will affect the bond behavior between steel strand and
concrete, reduce the stiffness and natural frequency, and
increase the vertical deflection and crack widths. +e tests
of Dasar et al. [13] show that the bending cracks of rein-
forced concrete beams exposed to the marine environment
for a long time accelerate the corrosion rate of the steel,
reduce the effective prestress and flexural capacity, and lead
to the earlier failure.

Carbon fiber composite (CFRP) has the advantages of
lightweight, high strength, corrosion resistance, and fatigue
resistance. +erefore, CFRP is widely used to strength and
repair damaged bridges, while greatly reducing installation
time and cost [14]. At present, the reinforcement of corroded
prestressed concrete structures by CFRP has attracted much
attention. Adham and Khaled [15] hold that the flexural
capacity of corroded prestressed concrete beams can be
restored after CFRP repaired, but the reduction in ductility is
irreversible. Shaw and Andrawes [16] repaired a corroded
PC beam by mortar, GFRP, and CFRP, the results show that
the mortar repair is alone insufficient in regaining the
concrete initial strength and stiffness, and CFRP laminates
are superior to GFRP laminates in regaining the stiffness and
flexural capacity. +e reinforcement of CFRP to prestressed
concrete beams with damages has also been concerned by
many scholars [17–20]. It is thought that the bearing ca-
pacity and stiffness of beams with damages due to overload
and vehicle impact can be effectively restored after the CFRP
reinforcement. At present, there are few research studies on
the CFRP reinforcement of prestressed concrete beams with
bending cracks and exposed to chloride environments, and
such damage condition is more close to the actual project
and more worthy to be studied.

+e four-point bending tests were applied on all test
beams. And the effects of CFRP reinforcement, initial
bending cracks, and chloride corrosion on the distribution
of cross-sectional strain, structural deformation, flexural
stiffness, flexural capacity, crack propagation, and failure
modes were researched.

2. Experimental Programs

2.1. Concrete Specimens. Ten pretensioned prestressed con-
crete beams were designed and manufactured. Commercial

concrete was adopted, and the concrete strength grade was
C40. All beams have the same dimension of
150× 250× 2200mm. +e beams were reinforced by four
14mm deformed bars at top and bottom and seven 6mm
stirrups with 100mm at beam end. +e beams were pre-
tensioned with two 12.7mm strands, and the initial prestress
of the strand is 558MPa, which is about 0.3 times of the yield
strength. +e details are shown in Figure 1.

+e average yield strength of the prestressed strand, the
deformed bars, and the 6mm plain bars was 1860MPa,
335MPa, and 235MPa, respectively, and the elastic modulus
was 195GPa, 200GPa, and 210GPa, respectively. +e av-
erage compressive strength of 28-day concrete for all the
beams was 49.4MPa.

2.2. Test Condition. In order to simulate the influence of
initial cracks, CFRP reinforcement, and chloride corrosion
on the flexural behavior of PC beams, ten beams were ap-
plied different loading conditions, respectively. +e test
conditions of all beams are listed in Table 1.

In order to simulate the influence of initial damage on
the durability of PC beams, six beams were preloaded to
crack with 40% and 60% of the ultimate load. +e distri-
butions and parameters of initial cracks are shown in Fig-
ure 2 and Table 2.

+en, the beams were reinforced by CFRP, and
U-shaped hoops were set at both ends, such as beam C0-1,
C40-1, C60-1, C0-2, C40-2, and C60-2. +e reinforcing
scheme of CFRP is shown in Figure 3, and the mechanical
properties of CFRP are shown in Table 3.

After preloading and CFRP reinforcement, the beams
were immersed in a deicing salt solution for 120 days. +e
components of the solution are CaCl2 and MgCl2, and the
concentration is 5%. It can be seen in Figure 4.

2.3. Loading Process. +e actions of multifactor, such as
initial damage, CFRP reinforcement, and chloride corrosion,
change the bond performance between steel bars and
concrete and affect the propagation of bending cracks. +e
design codes are very difficult to predict the flexural behavior
and crack widths of these PC beams.+e four-point bending
tests were employed to study the effects of multifactor on the
flexural behavior in the current study. Each beamwas simply
supported and had a pure bending span of 600mm and two
shear spans of 600mm. Figure 5 shows the details of loading
setup.

+e loading process was divided into two stages.+e first
stage was controlled by load until reaching 85% of the ul-
timate load of the control beam.+e load was applied step by
step at a rate of 5 kN per step until crack load, then the rate
was 10 kN per step. +e second stage was controlled by
deflection, and the loading increment was 0.6mm per step.
+e loading test was stopped when the carrying capacity
dropped to 75% of the ultimate load.

+e vertical deflections at the midspan were measured by
a displacement sensor. Electrical resistance strain gauges
were pasted on the midspan section to measure concrete
strains. Arrangement of the gauges is shown in Figure 5. One
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side of the beam was painted white and was marked with
5× 5 cm grids to facilitate the detection of cracks.

3. Test Results and Discussion

3.1. Distribution of Cross-Sectional Strain. +e strain dis-
tribution curves of PC beams are shown in Figure 6. In the
approximately elastic stage, the strains of concrete at dif-
ferent heights are small and vary linearly. After cracking, the
strains increase rapidly. And the section in the midspan,
perpendicular to the beam longitudinal axis, is still plane
after a pure bending deformation. It is found that the
sectional strain at the midspan of the test beams still follows
the plane section assumption after preloading, chloride
corrosion, and CFRP reinforcement.

According to the strain distributions of beams C0-3,
C40-3, C60-3, C0-2, C40-2, and C60-2, it can be seen that,
after the immersion in chlorine salt for 120 d, the steel bars
were corroded and expanded, resulting in microcracks in the
surrounding concrete. During the loading process, the
corrosion microcracks developed rapidly until the strain
gauge failed. And the corrosion microcracks in the beam
with the initial damage cracked earlier under the loading
process. At the same time, CFRP pasted on the bottom has
little effect on chloride corrosion.

It can be seen from Figure 6 that the ultimate com-
pressive strain of control beam A1 and CFRP reinforced
beams C0-1, C40-1, and C60-1, which are under natural
conditions, is about 0.002. +e ultimate compressive strain
of CFRP reinforced beams C0-2, C40-2, and C60-2 in
chloride condition is about 0.002. And the ultimate com-
pressive strain of beams C0-3, C40-3, and C60-3 is about
0.001. It follows that the ultimate strain of concrete decreases
with the corrosion of steel in the beam, and the
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Figure 1: Beam details (unit: mm).

Table 1: Test conditions.

Beam Preloading (kN) Reinforcement Environment condition
A1 0 — —
C0-3 0

— Chloride corrosion for 120 dC40-3 85
C60-3 125
C0-1 0

CFRP reinforcement —C40-1 85
C60-1 125
C0-2 0

CFRP reinforcement Chloride corrosion for 120 dC40-2 85
C60-2 125

C40-1

C40-2

C40-3

C60-1

C60-2

C60-3

Figure 2: Initial cracks on the PC beams after preloading.
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reinforcement of CFRP decreases the effect of corrosion on
the ultimate strain. Also, the relationship between the re-
duction of strain and corrosion and CFRP reinforcement
remains to be studied.

With the increase of load grades, the neutral axis moved
up from the middle of the beam. After cracking, the
movement increases and the height of the compression zone
decreases gradually. +e compressive concrete depths of
each PC beam under the ultimate load are shown in Figure 7.
Under natural condition, the compressive concrete depth of
the CFRP reinforced beam is higher than that of the control
beam, and that of each beam decreased compared with that
of the control beam under chloride corrosion for 120 d. Also,
the compressive concrete depths of beams C0-1, C40-1, C60-
1, C0-3, C40-3, and C60-3 decrease with the increase of the
initial damage degree, while the law of C0-2, C40-2, and
C60-2 is not obvious.

+e chloride condition leads to the corrosion of the steel
strand. As the corrosion degree increases, the sectional area

of the steel strand decreases. +e experiment in the literature
[21] indicates that the corroded steel strand is more prone to
slip during the bending test, and the slip rate and ultimate
slip value increase with the corrosion degree. +e bond slip
between the steel strand and the concrete has occurred
during the preloading process. +erefore, the bond per-
formance between the steel strand and concrete has been
weakened after preloaded to crack or corroded by chloride
condition. And the tension stress of the steel strand de-
creased than that in the control beam under same load grade.
For the CFRP reinforced beam, the section curvature and the
arm of force between steel bars, steel strand, CFRP, and
compressive concrete are smaller than those of the control
beam under the action of equivalent load. It makes the
neutral axis height lower than the control beam and the
compressive concrete depth higher than the control beam.
Also, the section curvature and the arm of force decrease
with the increase of damage and corrosion degree. Due to
the limited data and errors, the distribution of cross-sec-
tional strains of PC beams and the variation in the com-
pressive concrete depths under the action of multifactor are
still to be studied.

3.2. Flexural Behavior

3.2.1. Load-Deflection Curves. According to the test results,
the load-deflection curve of PC beams in the midspan is
drawn, as shown in Figure 8. With the increase of load grade,
the deflection in the midspan goes through three stages:

(1) In the approximate elastic stage, the deformation of
the PC beam behaves linearly and slowly. However,
the initial flexural stiffness of the beams decreases
with initial damage, so the deformation rates of these
beams in this stage are higher than that of the control
beam. After chloride corrosion of 120 d, the stiffness
of the beams decreases further and the deformation
rates increase further than that of the control beam.

(2) In the cracking stage, the bottom concrete was
loaded to crack and exited the work. CFRP gives play

Table 2: Parameters of initial cracks on the midspan.

Beam Crack number in midspan Space (mm) Sum of cracks (mm) Crack width at bottom Crack height (mm)
C40-1 4 150 6 0.04 40
C40-2 3 200 4 0.06 45
C40-3 3 170 6 0.06 50
C60-1 8 80 12 0.12 130
C60-2 7 100 11 0.12 125
C60-3 8 80 11 0.15 137

200

U-shaped hoop
CFRP

1500150 150 200

Figure 3: Reinforcing scheme of CFRP (unit: mm).

Table 3: Mechanical properties of CFRP.

Material CFRP
Standard value of tensile strength 3493.5MPa
Elasticity modulus 240GPa
Elongation 1.7%
Bending strength 737.5MPa
Shear strength 48.7MPa
Positive tensile bond strength 3.6MPa

Figure 4: Deicing salt corrosion.
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to its high tensile strength, so that the stiffness
degradation rate and the deformation rate of CFRP
strengthened beam decrease. Under natural condi-
tions, the initial damage has little effect on the
flexural stiffness; however, the coupling of chloride
corrosion and initial damage reduces the stiffness
and accelerates the deformation of the structure in
this stage.

(3) In the failure stage, the test beams yield andmaintain
a high bearing capacity, and the deflection in the
midspan increases rapidly. Arriving at the ultimate
bearing capacity, the structure is destroyed.

3.2.2. Flexural Stiffness. In order to analyze the degradation
of the flexural stiffness of PC beams under different working
conditions, all test beams are considered as homogeneous
elastic material models. As the loading time is short and the
deflections along the longitudinal sections are different, so
the “minimum stiffness principle” is adopted. For the
members under flexural load, the deflection is obtained by
quadratic integration of curvature:

w � B 1
ρ

 
x

dx
2

� BMx

Bs
dx

2
, (1)

where w is the deflection, ρ is the radius of curvature, Mx is
the bending moment of the beam plane, and Bs is the short-
term stiffness. +e midspan deflection of the test beam is
obtained by solving the above integral. +e test beam is
simply supported by static loading at two points. +e short-
term stiffness of the test beam can be obtained by trans-
forming the formula (1), as shown in the following formula:

Bs � S
Mxl

2
o 

f
� S

Pl3o
6f

, (2)

where S is the deflection coefficient related to the supporting
condition and load form, through calculation, the value of S
is 23/216. P is the load value, f is the deflection in the
midspan, and lo is the calculated span.

According to formula (2), the short-term stiffness of the
midspan section is calculated, as shown in Figure 9. Before

cracking, the flexural stiffness of the test beams is basically
unchanged, and the initial stiffness of the nondestructive
beams C0-1, C0-2, and C0-3 is close to that of the control
beam. Under the chloride condition, the initial flexural
stiffness of beams C40-3 and C60-3 with initial cracks de-
creases by about 32.5% and 47.8% compared with the
control beam and that of the CFRP reinforced beams C40-2
and C60-2 decreases by about 44.1% and 39.7%, respectively.
Under the natural conditions, the initial stiffness of the
CFRP reinforced beams C40-1 and C60-1 decreases by about
12.8% and 20.4%, respectively, compared with the control
beam. After cracking, the stiffness of the test beams decreases
with the increase of load grade. Moreover, the degradation
rates of the stiffness of CFRP reinforced beam are lower than
that of the control beam.

It can be seen that the change rule of the stiffness of the
test beams is consistent with that of the deflection in the
midspan. +e initial flexural stiffness of the test beams is
decreased due to the initial cracks. After the chloride cor-
rosion, the cross-sectional areas of the internal steel bars and
strands are decreased, the bond behaviors between the steel
strand and concrete are weakened, and the effective prestress
is decreased accordingly. +erefore, the flexural stiffness of
the test beams decreases with the increase of damage degree
under the same load grade. After strengthened by CFRP,
CFRP exerts its high tensile performance in the cracking
stage and inhibits the structural deformation, and the
degradation rates of the flexural stiffness of the CFRP
reinforced beams are reduced compared with the control
beam. However, CFRP reinforcement has little effect on the
initial flexural stiffness.

3.2.3. Cracking Load and Ultimate Load. +e effective
prestress of the PC beam is calculated according to the
cracking load of midspan concrete, as shown in Table 4. It
can be seen that the effective prestress and cracking load of
control beamA1 are similar to the theoretical value. It can be
considered that there is no sustained loss of effective pre-
stress since the end of the curing period. However, after
chloride corrosion of 120 d, the effective prestress of beam
C0-3 decreased by 20% compared with the theoretical value,

2

1

4

5

8

200 200600 600 600

2200

6

3

6

7

Figure 5: Loading test setup (unit: mm). Note: 1, load cell; 2, steel spreader beam; 3, strain gauge; 4, displacement sensor; 5, dial indicator;
6, computer; 7, data acquisition system.
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Figure 6: Continued.
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Figure 6: Continued.

Advances in Civil Engineering 7



and the cracking load decreased by 14%. It shows that the
chloride corrosion on the steel strand leads to the degra-
dation of its bond behavior with concrete.

+e flexural behaviors of the test beams under the
various working conditions are shown in Table 5. +e
cracking load of the test beams decreased after chloride
corrosion and increased after the CFRP reinforcement
compared with that of the control beams.

After chloride corrosion of 120 d, the ultimate loads of
beams C0-3, C40-3, and C60-3 were reduced by 1.2%, 2.4%,
and 9.0%, respectively, compared with the control beam A1.
When the initial damage degree is low, the weakening effect
of short-term chloride corrosion on the flexural behavior is
not obvious, and the weakening effect increases with the
initial damage degree. Under natural conditions, the ulti-
mate loads of the CFRP reinforced beams were increased by
15.0%∼18.7%. Under chloride condition, the ultimate loads
of the CFRP reinforced beams were increased by 12.8%∼
16.2%. Chloride corrosion reduces the flexural capacity
slightly. It is considered that the strengthening effect of
CFRP significantly increases the flexural capacity, while the
chloride corrosion and initial damage weaken the flexural
behavior. When the three factors are coupled, the
strengthening effect of CFRP is dominant compared with the
weakening effect of chloride corrosion and initial damage.

3.2.4. Ductility. As can be seen from Table 5, CFRP pasted
on the beam bottom exerts its high tensile strength to re-
strain the bending deformation, and ultimate deflection
decreases. +erefore, the ductility of the CFRP reinforced
beam decreases. Under the chloride condition, the structure
with initial damage is more likely to be corroded by chloride,
resulting in early failure of the structure. +erefore, the
ultimate deflection and ductility are reduced significantly.

CFRP reinforcement can inhibit the structural de-
formation, but not reduce the chloride corrosion. +erefore,
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the ultimate deflection and ductility of the CFRP reinforced
beams in chloride condition are further reduced than those
of the control beams and slightly larger than those of un-
reinforced beams.

Due to the limited data, the changes in flexural capacity
and ductility under the coupling of multiple factors still need
to be further studied.

3.3. Cracking and Failure

3.3.1. Crack Patterns. During the loading process, new
cracks appeared firstly in the middle span and below the
loading points of the test beams. +e cracks in the pure
bending span developed vertically upward with the increase
of load steps. When the neutral axis reached to the maxi-
mum height, the cracks are no longer continued. +en the
oblique cracks in the shear spans extended rapidly. +e

distribution maps of cracks are shown in Figure 10. +e
parameters of cracks in the pure bending span are shown in
Table 6.

During the cracking stage, initial cracks, CFRP re-
inforcement, and chloride corrosion all have impacts on the
cracks of PC beams. According to their locations and causes,
the cracks in Figure 10 can be divided into three categories,
as is shown in Figure 11:

(1) Major cracks caused by bending stress appear in the
midspan and below the loading points of the test
beams. And the distribution of major cracks depends
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on the comprehensive bonding properties between
the steel bar and concrete. Corrosion of steel bars
caused by chloride leads to microcracks surrounded
the steel bars. Bending stress makes the microcracks
continue to develop and form the second type of
major cracks. +erefore, such cracks occur above the
corroded steel bars.

(2) Minor cracks occur near the major cracks. +e local
bond stress between concrete and CFRP increases

with the increases of load. When the local tensile
stress of concrete between major cracks reaches the
ultimate tensile strength, the minor cracks appear
between major cracks. Due to the low influence
height of bond stress, such cracks are relatively short.

(3) CFRP peeling cracks are the third kind of cracks.
Arriving at the ultimate load, there has a tendency of
local peeling between the CFRP and concrete at the
beam bottoms, and the peeling cracks are short and
inclined or even parallel to the bottom surface and
intersect with the major cracks and then cause the
peeling off of the CFRP and concrete.

3.3.2. Failure Modes. +e failure modes of the test beams are
shown in Figure 12. In the bending test, the major cracks in
the pure bending span of the control beam are vertically
upward and evenly distributed with the increase of load
grade. When the ultimate load is reached, the concrete
beams A1, C0-1, C40-1, C60-1, and C40-2 are crushed.

Under the chloride condition, the crack patterns and the
numbers of unreinforced beams C0-3, C40-3, and C60-3 are
similar to that of the control beam, and part of the major
cracks are developed from the position where the steel bars
or strand was corroded. In addition, the reduction in the
cross-sectional area of the steel bars and stirrups leads to the
weakening of shear capacity. Arriving at the ultimate load,
the oblique cracks are penetrated from the support to the
loading point, leading to the concrete crushing at the loading
point, and the compressive strength of the concrete on the
midspan was not fully utilized. And the structure is subjected
to shear failure.

Compared with the control beam, the surface cracks in
the CFRP reinforced beams are denser, and there are more
short minor cracks and peeling cracks. For example, under
natural conditions, the crack numbers of the CFRP rein-
forced beams in the midspan are about 1.7∼2.3 times that of

Table 4: +e effective prestress.

PC beam Cracking load (kN) Effective prestress (kN)
+eoretical value 70.3 1032.9
Control beam A1 70.0 1029.4
Beam C0-3 60.0 827.8

Table 5: Summary of the results.

No. Rebound strength
(MPa)

Cracking
load (kN)

Ultimate
load (kN)

Ultimate
deflection (mm) Yield load (kN) Yield

deflection (mm) Ductility factor

A1 49.5 70 205.68 19.71 194.58 12.31 1.60
C0-1 49.6 80 239.28 18.92 220.02 12.53 1.51
C40-1 49.6 70/75 236.54 18.55 215.86 12.37 1.50
C60-1 50.5 75/95 244.23 18.69 224.26 13.29 1.41
C0-2 49.8 85 231.94 17.16 221.36 13.13 1.31
C40-2 48.4 70/75 239.02 16.77 228.05 13.27 1.26
C60-2 51.1 75/75 236.98 17.11 219.65 14.68 1.33
C0-3 51.2 60 203.20 15.57 187.29 11.03 1.41
C40-3 50.2 70/50 200.70 14.84 190.98 11.90 1.25
C60-3 51.2 70/60 187.25 14.18 174.70 11.74 1.21
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Figure 10: Distribution maps of cracks.
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the control beam, and under chloride environment, the
crack numbers of the CFRP reinforced beams in the mid-
span are about 1.5∼2 times that of the control beam A1.
Arriving at the ultimate load, the concrete of the CFRP
reinforced beams in the midspan or under the loading point
are crushed, and CFRP is fractured and peeled off. In this
experiment, the damage on CFRP is not serious, which can

prevent the concrete from disintegrated and falling off on a
large scale.

3.3.3. Crack Widths. +e average widths of the major cracks
on different heights of PC beams are shown in Figure 8. It
can be seen that the crack widths shift linearly with the

Table 6: Parameters of cracks in the pure bending span.

Beam Number Average spacing (mm) Height (mm) Maximum width (mm) Crack patterns Failure mode
A1 7 91 170 0.18 MAC CCF
C0-1 15 45 150 0.12

MAC, MIC, PEC

CCF, CRFC40-1 16 39 165 0.28
C60-1 12 52 155 0.25
C0-2 12 47 155 0.12

CCF, CRFC60-2 14 42 150 0.15
C40-2 12 52 162 0.11
C0-3 8 80 165 0.24

MAC CCF, CSFC60-3 8 77 160 0.22
C40-3 9 74 155 0.20
Note.MAC, major crack; MIC, minor crack; PEC, CFRP peeling crack; CCF, concrete crush failure; CSF, concrete shear failure; CRF, CFRP rupture failure.
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cracks

Peeling

cracks

Major

cracks

Figure 11: Classification of cracks.
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Figure 12: Failure modes of the test beams.
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increase of load steps. +e average widths of cracks on
bottoms of CFRP strengthened beams C0-1, C0-2, C40-1,
C40-2, C60-1, and C60-2 are all significantly smaller than
that of the unreinforced beams A1, C0-3, C40-3, and C60-3.
+e cracking widths of the CFRP reinforced beams are
slightly smaller than that of the unreinforced beams at a
height of 5 cm from the beam bottom. At a height of 10 cm
from the beam bottom, the gaps of the crack widths between
the CFRP reinforced beams and the unreinforced beams are
not obvious.

As can be seen from Figure 13, the reinforcement of CFRP
has a greater impact on the development of cracks compared
with initial damage and short-term chloride corrosion.
+erefore, the average crack widths of CFRP reinforced and
unreinforced beams were fitted with the linear method.When
the load is 115 kN, the average crack widths of the CFRP
reinforced beams at 0 cm, 5 cm, and 10 cm from the beam
bottom decrease by 29%, 11%, and 5%, respectively, com-
pared with that of the unreinforced beams. When the load is
195 kN, they decrease by 52.5%, 32.5%, and 17.5%, re-
spectively. At the same time, the average crack widths of the
unreinforced beams at 5 cm and 10 cm are 31.1% and 56.3%
smaller than those at the bottom, while the average crack
widths of the CFRP reinforced beams at 5 cm and 10 cm are
only 3.1% and 24% smaller than those at the bottom.

+e cracking rates of the test beams are shown in Fig-
ure 14. +e cracking rates of unreinforced beam gradually
decrease with the increase of cracking heights. For example,
the cracking rate at the beam bottom is 1.25 μm/km, and the
cracking rate at 5 cm and 10 cm decreased by 36.4% and
71.0%, respectively. +e cracking rates of the CFRP rein-
forced beams at 0 cm, 5 cm, and 10 cm are almost same, and
the cracking rates are 65.8%, 45.7%, and 26.7% lower than
that of the unreinforced beams, respectively.

In conclusion, the average crack widths and cracking rates
of the CFRP reinforced beams at the same heights are always
smaller than those of the unreinforced beams, and the gaps
between them increase with the load steps and decrease with
the increase of crack heights. Initial damage and short-term

chloride corrosion have no obvious effects on the process of
cracking. However, CFRP has a significant constraint on the
development of cracks, and the effect decreases with the
increase of crack heights. Also, the influence height of con-
straint is related to the thickness, layer numbers of CFRP, and
other factors, which need to be further studied.

4. Conclusions

Ten pretensioned concrete beams designed with different
test conditions were tested. And the effects of initial cracks,
CFRP reinforcement, and chloride corrosion on the flexural
behavior, cracking characteristics, and failure modes were
discussed. +e following conclusions can be drawn based on
the test.
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(1) Considering the initial cracks, chloride corrosion,
and CFRP reinforcement, the sectional strain of the
test beams still follows the plane section assumption
after a pure bending deformation.

(2) +e initial flexural stiffness is reduced by initial
cracks and chloride corrosion, and CFRP re-
inforcement has little effect on the initial flexural
stiffness. Before cracking, the flexural stiffness of the
test beams is basically unchanged with the load steps.
In the cracking stage, the stiffness decreases with the
increase of load steps. And CFRP pasted on the beam
bottom exerts its high tensile performance in this
stage, inhibits the structural deformation, and re-
duces the degradation rate of flexural stiffness
compared with the control beam.

(3) +e effect of chloride corrosion increases with the
degree of initial cracks. Under the chloride condition
of 120 d, the effective prestress of the PC beams is
weakened, cracking loads and ductility are reduced,
and the ultimate loads are reduced by less than 10%.
And the failure mode is prone to change from
concrete crushing failure to shear failure. After the
reinforcement of CFRP, the cracking loads of the test
beams increase, the ductility of these beams is re-
duced compared to the control beam and increased
compared to the chloride corrosion beams, and the
ultimate loads increase than the control beam by
12.8%∼18.7%. When the three factors are coupled,
the enhancement effect of CFRP is more obvious
than the weakening effects of short-term chloride
corrosion and initial damage.

(4) CFRP reinforcement has a constraint effect on the
development of cracks, and the effect decreases with
the increases of crack height. +erefore, the average
crack width and cracking rate of the CFRP reinforced
beams at the same height are always smaller than
those of the unreinforced beams. When the load
grade is 195 kN, the average crack widths of the
CFRP reinforced beams at 0 cm, 5 cm, and 10 cm
from the beam bottom are 52.5%, 32.5%, and 17.5%
smaller than that of the unreinforced beams, and the
cracking rates are reduced by 65.8%, 45.7%, and
26.7%, respectively.

Data Availability

+e data used to support the findings of this study are in-
cluded within the article.

Conflicts of Interest

+e authors declare that they have no conflicts of interest.

Acknowledgments

+is work was conducted with the financial support from
the National Natural Science Foundation of China (grant
nos. 51578099 and 51178069). +e support is gratefully
acknowledged.

References

[1] M. P. Torill and R. E. Melchers, “Performance of 45-year-old
corroded prestressed concrete beams,” Structures and
Buildings, vol. 166, pp. 547–559, 2013.

[2] P. Colajanni, A. Recupero, G. Ricciardi, and N. Spinella,
“Failure by corrosion in PC bridges: a case history of a viaduct
in Italy,” International Journal of Structural Integrity, vol. 7,
no. 2, pp. 181–193, 2016.

[3] F. Li, Y. Yuan, and C.-Q. Li, “Corrosion propagation of
prestressing steel strands in concrete subject to chloride at-
tack,” Construction and Building Materials, vol. 25, no. 10,
pp. 3878–3885, 2011.

[4] L. Wang, X. Zhang, J. Zhang, J. Yi, and Y. Liu, “Simplified
model for corrosion-induced bond degradation between steel
strand and concrete,” Journal of Materials in Civil Engi-
neering, vol. 29, no. 4, article 04016257, 2017.

[5] L. Wang, X. Zhang, J. Zhang, L. Dai, and Y. Liu, “Failure
analysis of corroded PC beams under flexural load consid-
ering bond degradation,” Engineering Failure Analysis, vol. 73,
pp. 11–24, 2017.

[6] F. Li and Y. Yuan, “Effects of corrosion on bond behavior
between steel strand and concrete,” Construction and Building
Materials, vol. 38, pp. 413–422, 2013.

[7] F.-M. Li and Y.-S. Yuan, “Experimental study on bending
property of prestressed concrete beams with corroded steel
strands,” Journal of Building Structures, vol. 31, no. 2,
pp. 78–84, 2010.

[8] Z. Rinaldi, S. Imperatore, and C. Valente, “Experimental
evaluation of the flexural behavior of corroded P/C beams,”
Construction and Building Materials, vol. 24, no. 11,
pp. 2267–2278, 2010.

[9] X. Zhang, L. Wang, J. Zhang, Y. Ma, and Y. Liu, “Flexural
behavior of bonded post-tensioned concrete beams under
strand corrosion,” Nuclear Engineering and Design, vol. 313,
pp. 414–424, 2017.

[10] R. Yang, J. Zhang, L. Wang et al., “Experimental research for
flexural behavior on concrete beams with local corrosion
fracture of strands,” Journal of Central South University
(Science and Technology), vol. 49, no. 10, pp. 2593–2601, 2018.
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Cement structures are major capital investments globally. However, exposure of cement-based materials to aggressive media such
as chloride- and sulphate-laden environments such as coastal areas affects their performance. Ordinary Portland cement (OPC) is
the main cement used in buildings and civil structures such as dams and bridges. )is paper reports the findings of an ex-
perimental investigation on the effect of ingress of Cl− and SO4

2− on compressive strength development and the ions’ diffusivity in
selected OPC brands in Kenya. )e aggressive media used included seawater (SW) and wastewater from leather industry (WLI).
)ree brands of commonly used cements of OPC in Kenya were used. Mortar prisms were prepared from each brand of cement at
different water-to-cement ratios (w/c) of 0.5, 0.6, 0.65, and 0.7 and allowed to cure for 28 days in a highly humid environment.)e
aggressive ions’ ingress in the mortar prisms was accelerated using a potential difference of 12V± 0.1 V. Analysis of diffusivity and
diffusion coefficient of Cl− and SO4

2− was finally done. Compressive strength analysis was done before (at the 2nd, 7th, 14th, and
28th day) and after exposure to the aggressive ions. )e results showed that the diffusivity of chlorides was more pronounced than
that of sulphates. Diffusivity was observed to be higher at higher w/c ratios for all cement categories. It was observed that
compressive strength increased with curing age, with the highest observed at 28 days. Cement A was generally found to have the
highest compressive strength for all w/c ratios. )e compressive strength was observed to increase after the mortar prisms were
exposed to SW as opposed to the ones exposed to WLI. Generally, it was also observed that the strength gain increased with
increase in w/c. )e loss in strength was also observed to increase with increase in w/c.

1. Introduction

Long-term durability of concrete structures is the main
concern for safety and economic reasons. Deterioration of
concrete structures is generally caused by ingress of ag-
gressive agents into the concrete [1]. A large number of
concrete structures such as harbors, decks, piers, floating
offshore platforms, power plants, and waste disposal facil-
ities are generally subjected to environments which contain
aggressive agents [2]. )ese aggressive agents may include
sulphates, chlorides, moisture, and carbon (IV) oxide [2].

)e steel rebar corrosion of the reinforced concrete (RC)
caused by the ingress of chloride ions is the most severe
problem affecting the durability of concrete constructions,
especially in saline environments. Once a sufficient quantity
of chloride has been accumulated on the surface of the
embedded steel rebar, pitting corrosion will occur [3].
Corrosion of RC is a problem throughout the world, de-
manding significant amounts for repair and rehabilitation.
Extensive research has been done to establish relationships
between the chloride ions content and the onset of corrosion
[4–8]. Haque and Kayyali [9] showed that not all chloride
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ions that ingress into concrete remain free in the pore so-
lution. Some of the ions get bound by the hydration products
in a chemical reaction to form chloroaluminate hydrate.
)e portion of chloride ions that remains free is responsible
for causing damage to the RC structures. Elsewhere, Sagüés
[10] observed that the concentration level of Cl− to OH−

(Cl− /OH− ) in the pore solution determines the depassi-
vation of steel rebar in the concrete, while Mundra et al.
[11] suggested that, for external chlorides, the Cl− /OH−

ratio below 3 does not cause significant corrosion but with
internal chlorides, corrosion will occur at a lower level.

Sulphate attack is considered a major deteriorative
problem occurring when the cement-based materials, such
as concrete, mortars, and buildings, are exposed to sulphate
ions environment [12]. )e sources of aggressive ions to the
mortar/concrete may include deicing salts, seawater,
groundwater, bacterial action in sewers, wastewater from
industries, use of sulphate or chloride contaminated mix
water, and natural gypsum in the aggregate, among others
[1, 13–16].

In the leather-making industry, a great deal of waste-
water containing high concentrations of sulphate is dis-
charged which comes from many processes such as liming,
deliming, bating, pickling, and chrome tanning [17]. )is
wastewater with high concentrations of sulphates is not
treated especially in tannery, but discharged directly into the
integrated wastewater [17, 18]. )ese ions may be carried
into inner sections of concrete by ionic diffusion, capillary
absorption, permeation, and convective flow through the
pore system, among others [19].

Ordinary Portland cement (OPC) is the main cement
used in buildings and civil structures such as dams and
bridges in Kenya [1]. It is mostly preferred to blended ce-
ments due to the fact that it exhibits shorter setting times and
achieves high early strength (28 days) than blended cements
[1, 20]. However, it is more prone to attack by aggressive
media, for example, chlorides and sulphates, among others.
)is is attributed to the fact that the hydration of OPC results
in production of about 20 percent by weight of Ca(OH)2,
which makes it highly susceptible to the aggressive ions [1].
)is potentially results in degradation of the cement-based
structures. )is subsequently reduces the service life of these
structures. )e use of OPC has continued regardless. In the
Kenyan market, there are many brands of OPC, yet not
much study has been carried out on their resistance to
ingress of aggressive of Cl− and SO4

2− ions. )erefore, the
present study aimed at investigating the effect of ingress of
Cl− and SO4

2− on compressive strength development and the
ions diffusivity in selected OPC brands in Kenya. )e ag-
gressive media used included seawater (SW) and wastewater
from leather industry (WLI).

2. Materials and Methods

2.1.Materials. Materials were sampled from their respective
places in Kenya. OPC (42.5N/mm) was obtained from the
respective appointed distributors in Nairobi, )ika Town,
and Githurai Township in Kenya, respectively. Letters A, B,
and C are used to refer to OPCs from companies A, B, and C,

respectively. For each company cement category, 20 kg was
procured from the appointed distributor in the respective
towns. )e 20 kg of each cement category was mixed
thoroughly to make a homogeneous 60 kg sample in each
cement category.

Seawater from the Indian Ocean and Pirates Beach,
Mombasa County, Kenya, and wastewater from Leather
Industries of Kenya Limited, )ika, Kiambu County were
used. )e seawater and wastewater from leather industry
were labelled as SW and WLI, respectively.

River sand was obtained from sand transporters and
distributors in Githurai Township, Kiambu County, Kenya.
Sand as obtained from the sampling point was washed by
spraying tap water and sun-dried for two days to a constant
weight (ASTM C0117, 2004). )e dried sand was sieved to
meet the standard sand aggregates grade (ASTM C 593,
2005). To remove coarse materials, the dry sand was sieved
through a 2360 μm sieve.)e aggregates that passed through
the 2360 μm sieve were then passed through a series of sieves
which were 1180 μm, 600 μm, 300 μm, and 150 μm (ASTMC
593, 2005). Standard sand was finally prepared by mixing
384.00 g of sand retained on 1180 μm sieve, 427.00 g of sand
retained on 600 μm sieve, 181.00 g of sand retained on
300 μm sieve, 223.00 g of sand retained on 150 μm, and
135.00 g of sand that passed through a 150 μm sieve to make
1350 g of standard sand (ASTM C 593, 2005). )e sand
retained in each sieve was stored in dry polythene bags until
needed.

2.2. Methods

2.2.1. Preparation of Mortar Prisms. Mortar prisms mea-
suring 40mm× 40mm× 160mm were prepared in accor-
dance with EAS 148-1 : 2000. In this regard, 450± 1 g of
different brands of OP was separately weighed and placed in
the mixing bowl of an automatic programmable mixer,
model number 1305. For a water-to-cement ratio of 0.5,
225± 1ml of distilled water was then added. )e mixing
bowl with its contents was clamped onto the mixer.
1350± 1 g of the graded sand was placed in an automatic
pour trough and added automatically to the mixing bowl
little by little while the machine was running at a speed of 30
revolutions per second. )e machine was allowed to run for
ten minutes. )e mould and the hopper were firmly
mounted on the vibrating table after the vibrator had been
switched on. )e first layer of the mortar into the com-
partments of the mould was placed from right to left of the
mould within 15± 1 seconds so that the compartments were
approximately half-full. After an interval of 15± 1 seconds,
during which the vibrator remained running, the second
layer was placed in the mould within the next 15 seconds,
again working from right to left. )e vibrator switched off
automatically after 120± 1 seconds. )e excess mortar was
removed using a straightedge spreader. )e surface of the
mortar was smoothened using the same straightedge
spreader held almost level. )e vibration machine mould
clamps were loosened to release the mould. )e mould with
the mortar was gently lifted off the vibrating table and stored
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in a cabinet maintained at 22± 1°C. )e mortar prisms were
left in the mould for 24 hours after which they were
demoulded and marked with a crayon marker for identi-
fication. )e mortars were finally cured in deionized water
for additional 27 days in a curing room maintained at
22± 1°C. To prepare 0.6, 0.65, and 0.7 w/c ratio mortar,
270± 1ml, 292.5± 1ml, and 315± 1ml water was used,
respectively, following the same procedure. 27 mortar
prisms were made for each category of cement.

Compressive strength measurements were taken using
compressive strength machine model number ADR-Auto
250 at the age of 2, 7, 14, and 28 days and after separate
curing in tap water and aggressive media. )e 28-day water-
cured mortars were also exposed to aggressive media for
36 hours, and the changes in the compressive strength after
exposure were calculated using the following equation:

%CSgain/loss �
CS(after exposure) − CS 28th day( 

CS 28th day( 
, (1)

where %CSgain/loss is the calculated percent gain or loss in
compressive strength, CS(after exposure) is the strength
after exposure, and CS(28th day) is the strength at the 28th
day.

For each category of cement, three prisms were removed
from the curing tank; any deposits wiped out and covered
with a damp cloth until tested. )eir identities were noted
down. A prism was placed in the test machine with one face
on the supporting rollers and with its longitudinal axis
normal to the supports. )e load was then applied vertically
by means of the loading roller at a rate of 50N/s until failure
to obtain prism halves. )e prism halves were kept damp
until tested. )e halves were then crushed by smoothly
applying load at a rate of 2400± 200N/s. Triplicate mea-
surements of compressive strength were taken.

2.2.2. Chemical Analysis of Test Cements. About 100 g of
each cement sample was pulverized to pass through a 76 μm
sieve and used for the analysis of cement oxides in accor-
dance with KS EAS 18:2008.

(1) Analysis of Al2O3, SiO2, and Fe2O3. Analysis of Al2O3,
SiO2, and Fe2O3 was carried out in accordance with KS EAS
18:2008. A buffer solution was prepared by dissolving 2.5 g of
SnCl2·H2O in 10ml concentrated HCl in a 100ml volu-
metric flask. )e solution was then topped to the mark with
distilled water. 1000 ppm stock solution of aluminium was
prepared by dissolving 1.0 g of aluminium in 20.0ml HCl
and 1ml of HgNO3 in a 1000ml volumetric flask. )e re-
sultant solution was then topped to the mark using distilled
water. For the preparation of working standards, 10.0ml of
the stock solution was put in a 100ml volumetric flask.
2.0ml of the buffer solution and 2.0ml of a potassium
chloride solution containing 100 g/l were then added. )e
resultant solution was then topped to the mark using dis-
tilled water. From the working standards, solutions of
20 ppm, 40 ppm, 60 ppm, and 100 ppm were made through
serial dilutions. SiO2 and Fe2O3 standards were made
through serial dilution of titrosol solutions of the oxides

provided with the AAS machine. 0.100 g of the pulverized
cement sample was weighed and placed at the bottom of a
100ml plastic bottle. 1.0ml of aquarengia (HNO3 :HCl, 1 : 3)
and 3.0ml of hydrofluoric acid were added and the bottle
was corked.)e mixture was then stirred taking care so as to
maintain the sample at the bottom of the bottle. )e re-
sultant mixture was allowed to stand for 12 hours. 50.0ml of
boric acid was added, and the solution was left to stand for
one hour. )e resultant solution was topped to the mark
using distilled water and left to stand for two hours. AAS
model AA.10 was used to determine the amounts of Al2O3,
SiO2, and Fe2O3. Calibration of the machine was done using
the working standard solution diluents and the blank so-
lution. Analyses were done in triplicate. Each time analysis
was done, the standard solutions were prepared afresh.

(2) Analysis of CaO andMgO. Analysis was done according to
KS EAS 18:2008. A buffer solution was prepared by dissolving
requisite amounts of La2O3 and CsCl in 20.0ml distilled
water− 25.0ml concentrated HCl mix in a 100ml volumetric
flask. )e resultant solution was then topped to the mark
using distilled water. 1000 ppm of CaO and 200 ppm of MgO
stock solution was prepared by dissolving 2.5 g anhydrous
CaCO3 and 0.7 g of anhydrous MgCO3 in 500.0ml of 1 : 4
nitric acid : distilled water mixture in a 1000ml volumetric
flask. 20.0ml of the buffer solution was added to the solution,
and the resultant solution was topped to the mark using
distilled water. From the stock solution, 50, 100, 300, and
500 ppm CaO and 10, 20, 60, and 100 ppm MgO were pre-
pared through serial dilution. Blank solution was prepared
using the same procedure but without the addition of CaCO3
or MgCO3. 0.5 g pulverized cement sample and 0.5 g of
ammonium acetate were mixed in a 250ml beaker. 10.0ml of
concentrated HCl was added into the beaker while stirring
until no more bubbles were observed. )e beaker’s content
with a glass cover lid was heated over a water bath at 80–100°C
for about 30minutes. 50.0ml hot water was added while
stirring. )e solution was then filtered through a Whatman
filter paper number 542 into a 1000ml volumetric flask. )e
residue was washed with 5.0ml hot concentrated HCl twice
followed by hot water until it was confirmed free of chloride
ions using AgNO3 solution. 10ml buffer solution was added
to the solution while stirring. )e solution was cooled and
then topped to the mark using distilled water. Analysis was
then done in triplicate using AAS model AA.10. Calibration
curve was prepared from the stock solution diluents and the
blank solution. Each time analysis was done, standard so-
lutions were prepared afresh.

(3) Analysis of K2O and Na2O. A buffer solution was prepared
by dissolving 30.0 g aluminium in 400ml of 50% HNO3 acid
in a 1000ml volumetric flask, and the solution was topped to
the mark using distilled water and mixed well by inversion.
500 ppmK2O and 250 ppmNa2O stock solution was prepared
by dissolving 0.7915 g KCl and 0.4715 g NaCl in 500ml
distilled water in a 1000ml volumetric flask. To the resultant
solution, 20.0ml buffer solution was added and the solution
was topped to the mark using distilled water. From the stock
solution, 10, 20, 30, 40, and 50 ppmK2O and 5, 10, 15, 20, and
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25 ppm Na2O were prepared through serial dilution. In each
case, an amount of concentrated HCl equivalent to half the
amount of the stock solution was added. Blank solutions were
made using the same procedure but without the addition of
KCl and NaCl. 0.5 g of the pulverized cement sample was put
in a 50ml beaker and 25.0ml distilled water and 5.0ml
concentrated HCl were added as stirring continued. )e
resultant solution was topped to themark using distilled water
and heated to boiling on a hot plate for fifteen minutes. )e
solution was filtered through aWhatman filter paper number
542 into a 500ml volumetric flask. )e filter paper was
washed six times with hot water. 10.0ml of the buffer solution
was added to the solution while stirring. )e solution was
cooled and then topped to the mark using distilled water.
Calibration curve was prepared using the stock solution
diluents and the blank solution. Analysis in triplicate was
finally done by flame photometry using flame photometer
number WFX 210A.

2.2.3. Bogue’s Calculation of the Major Cement Phases.
Bogue’s equations given in (2)–(5) were used to calculate the
approximate mineralogical composition of the major phases
in OPC based on the data obtained from chemical analysis
[21]:

C3S � 4.071CaO − 7.6SiO2 − 6.718Al2O3 − 1.43Fe2O3

(2)

C2S � 2.867SiO2 − 0.7544C3S (3)

C3A � 2.65Al2O3 − 1.692Fe2O3 (4)

C4AF � 3.043Fe2O3 (5)

)e approximate mineralogical compositions of the
cements were presented in percentages of the main phases.

2.2.4. Migration Test. Migration test was carried out in
accordance with ASTM C 1556 (2004). )e mortar prisms
cured for 28 days were cut to 100mm length using a cutting
machine model number MC 100 type EFNOUT KT with a
2.0mm diamond blade. An electrochemical cell setup
consisting of 500ml of 0.3MNaOHwas placed in the anodic
compartment and an equal volume of SW, WLI, or TW was
placed in the cathodic compartment. Stainless steel elec-
trodes were then placed in the two compartments as the
electrodes. )e electrodes were connected to a 12V± 0.1V
electric source. Current between the two electrodes was
recorded using a milliampere ammeter after every
30minutes. Temperature was alsomonitored throughout the
exposure period. )e exposure period of 36 hours started
when the solutions were placed in the respective compart-
ments, covered, and the electrodes were connected in the
circuit. )e solutions were stirred periodically using a glass
rod.

After the exposure period, the mortar prisms were re-
moved from the setup and allowed to drain for about
20minutes. )ree mortar prisms were subjected to

compressive strength analysis while the other three were
subjected to chloride and sulphate profiling. )e mortar
prisms were sliced into 10mm slices using a well-oiled block
cutter model MC-100 number 88-07-521 with a 2.0mm
diamond blade. )e slices were then dried in an oven Binder
model at 50–70°C for 60 seconds± 5 seconds. Each slice was
pulverized using a standard pulverizing machine Siebt-
echnik model TS 250 so as to pass through a 76 μm mesh
sieve. Each pulverized sample was stored in a dry well-la-
belled plastic container and shaken well to enhance mixing.
)e pulverizer machine basins were thoroughly cleaned and
dried before another sample was ground. )e pulverized
samples were then analyzed for chlorides and sulphates.
Triplicate analyses were done for each cement category.

2.2.5. Sulphate Analysis. Sulphate analysis was done using
the turbidimetric method in accordance with ASTM C 1580
(2007). Buffer solution was prepared by mixing 30.0 g
magnesium chloride, MgCl2·6H2O, 5.0 g sodium acetate,
CH3COONa·3H2O, 10.0 g potassium nitrate, KNO3, and
20.0ml acetic acid, and CH3COOH in 500ml distilled water
and made up to 1000ml using distilled water. A 100 ppm
sulphate stock solution was prepared by dissolving 0.1479 g
anhydrous sodium sulphate, Na2SO4, in 500.0ml distilled
water in a 1000ml volumetric flask, and the resultant so-
lution was made to the mark using distilled water. From the
stock solution, 1 ppm, 5 ppm, 10 ppm, 20 ppm, and 30 ppm
were prepared through serial dilutions. )e diluents were
used to prepare the calibration curve.

Ten grams of the pulverized sample was placed in a
250ml beaker, and 75ml of distilled water was added slowly
while stirring. )e solution was placed on a hot plate and
allowed to boil for two minutes then diluted to 100ml using
distilled water and heated for 15minutes. )e resultant
solution was then filtered using Whatman filter paper
number 542 into a beaker. )e residue was washed with hot
water until no white precipitate was formed when AgNO3
solution was added to the filtrate. )e filtrate was diluted to
250ml and boiled. 10ml of the diluted sample solution was
placed in a 250ml conical flask. 20ml buffer solution was
added, and the resultant solution was stirred with a magnetic
stirrer, while stirring about 0.2 g of BaCl2 was added and the
solution was stirred at a constant speed for 60± 2 seconds.
)e resultant solution was left to sit for five minutes during
which the absorption cell was filled with distilled water and
used to zero the instrument at 420 nm wavelength. Analysis
of the samples was run on a Beckman DU 520 spectro-
photometer. )e sample solution was then transferred into
the cell of the photometer and turbidity measured at
5± 0.5minutes. )e same procedure was applied to the
standards and their turbidity determined. )e turbidity of
the test solution was calculated by taking the difference
between solution with BaCl2 and the one without. Cali-
bration curves were used to determine sulphate concen-
tration in ppm of cement. Triplicate analyses were done for
each category of the test cement. )e results were presented
as sulphate concentration versus depth of ingress. From the
graph, sulphate diffusion coefficients, Dapp, were derived
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from error fitting curves in equation (6) using the method of
least squares [22].

zC

zt
� D

z2C

zx2 , (6)

where C is the concentration of the aggressive ion at a depth
x and at the moment t and D is the diffusion coefficient.

)e diffusion of chloride or sulphate ions in concrete is
approximated from solution to Fick’s second law equation
[23] under non-steady-state conditions assuming boundary
conditions C(x,t) � 0 at t� 0, 0< x<∞, C(x,t) �Cs at x� 0,
0< t<∞, constant effects of coexisting ions, linear chloride
binding, and one-dimensional diffusion into semi-infinite
solid. )e analytical solution to equation (7) is equation (8)
[23, 24]:

C(x,t) � Cs 1 − erf
x

2
�����
Dmigt

⎛⎜⎜⎜⎝ ⎞⎟⎟⎟⎠
⎡⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎦, (7)

where C(x,t) is the concentration of the ion at any depth x in
the mortar bulk at time t, Cs is the surface concentration
whileDmig is the migration diffusion coefficient and erf is the
error function. Apparent diffusion coefficients, Dapp, are
calculated from the following equation:

Dapp �
DmigRTInt

2

ZiFΔΕ
, (8)

where ΔE is the effective applied voltage in V, t is the du-
ration of exposure in seconds, Dapp is the apparent diffusion
coefficient, and Dmig is the migration diffusion coefficient.

2.2.6. Chloride Analysis. Cl− analysis was carried out using
the Mohr method, precipitation titration. A 5% K2CrO4
indicator was prepared by dissolving 1.0 g of K2CrO4 in
20.0ml of distilled water. Standard (0.1M) AgNO3 solution
was prepared by dissolving 9.0 g of AgNO3 in about 200.0ml
distilled water in a 500ml volumetric flask and the solution
topped to the mark using distilled water. )e resultant
solution was standardized against NaCl. NaCl was dried for
one hour at 140°C in an oven and cooled to room tem-
perature in desiccators. 0.25 g portions of NaCl were
weighed into a 250ml Erlenmeyer flask and dissolved in
about 100.0ml of distilled water. Small quantities of
NaHCO3 were added until effervescence ceased. About 2ml
of K2CrO4 was added and the solution was titrated to the
first permanent appearance of red colour.

Individual 10.0 g pulverized sample was placed in a
250ml Erlenmeyer flask. 150ml of 2 :1 nitric acid : distilled
water was added to the sample in the flask. A glass cover lid
was placed, and the flask and its content were placed on a hot
plate until the volume of the solution reduced to about
100ml. )e solution was allowed to cool for about
15minutes. )e solution was then neutralized by adding
small quantities of calcium carbonate until effervescence
ceased. )e solution was then filtered through a Whatman
filter paper number 541 into a 200ml volumetric flask. )e
filter paper was rinsed thrice with distilled water, and the

resultant solution was topped to the mark. 10.0ml aliquot of
the solution was pipetted into a conical flask. About 2.0ml
the indicator was added, and titration was carried out in the
usual way with the 0.1M AgNO3. Triplicate analyses were
done for each cement category. A chloride-free CaCO3 blank
was run through the same procedure. )e amount of
chloride was determined using the following equation:

Cl−[ ] �
3.5450 V1 − V2( M

W
, (9)

where V1 is the volume of AgNO3 solution used for sample
titration (equivalent point), V2 is the volume of AgNO3
solution used for blank titration (equivalent point),M is the
molarity of AgNO3 solution, and W is the weight of sample
in grams.

)e results were represented in chloride profiles. From
the profiles, chloride diffusion coefficients, Dmig, were de-
rived from error fitting curves in equation (7) using the
method of least squares. Apparent diffusion coefficients,
Dapp, were calculated using equation (8).

2.2.7. Chemical Analysis of SW and WLI. About 500ml of
each media was sampled for the analysis of Na+, K+, Ca2+,
Mg2+, Cl− , and SO4

2− . )e samples were filtered to remove
solidmatter. Sodium and potassium ion concentrations were
analyzed using flame photometry, while Ca2+ andMg2+ were
analyzed using atomic absorption technique. Buffer solu-
tions for the analysis of Ca2+ and Mg2+ were prepared as
described in Analysis of CaO and MgO in Section 2.2.2 and
for Na+ and K+ as described in Analysis of K2O and Na2O in
Section 2.2.2. Sulphate concentration in sampled SW and
WLI was determined using the procedure described in
Section 2.2.5 while chloride concentration was determined
using the procedure described in Section 2.2.6.

3. Results and Discussion

3.1. Chemical Analysis of the Test Cements. Table 1 gives the
results for chemical analysis of oxides in percent by mass
(except for Cl− ) of the test cements.

Table 2 gives the results of the Bogue calculation.
From Table 1, it was observed that for all the test ce-

ments, the sum of the proportions of CaO and SiO2 was at
least 50 percent by mass. )is allows the formation of the
most important cement phases during the formation of
clinkers. )e phases are C3S and C2S. Kenya Standards
stipulates a minimum of 50 percent bymass of CaO and SiO2
for OPC (KS EAS 18-1:2001).)e ratio (CaO/SiO2) was 2.99,
3.00, and 2.99 for cements A, B, and C, respectively. )e
Kenya Standards stipulates a minimum of 2.0 for OPC. From
Bogue’s approximations, all the test cements met the two-
thirds by mass of calcium silicates (C3S and C2S) stipulated
by the Kenya Standards. )e silicates upon mixing with
water hydration make cement gain strength.

)e Kenya Standards (KS EAS 18-1:2001) stipulates a
maximum of 0.10 percent of chloride content and a maxi-
mum of 3.5 percent sulphate of SO3. From the results, all the
test cements used in this study met this requirement. In the
chemical analysis of cement, gypsum is indicated by SO3.)e
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role of gypsum is to control the setting time of cement when
mixed with water. Slower setting results in greater strength
to the set mass.

)e alkali and alkaline metal oxides are important be-
cause they provide alkalinity in hydrated cement and/or
concrete pore systems. )e alkalinity protects reinforcing
bars against corrosion. A disruption of the pore system
would result in corrosion of the rebar. )e test cement alkali
metal oxides were within the recommended range of
0.100–2.000%, and the alkaline metal oxides were within the
stipulated range of 40–67% (KS EAS 18-1 : 2008). )e oxides
besides providing alkalinity (pH> 10) for the pore water
system also provide a medium through which cement phases
react [25].

)e aluminium oxide and iron oxides of the test cements
were within the recommended range of 1.5–8% for OPC
[26]. )ese oxides serve as a flux during clinkerization, thus
promoting fusion. )is aids in the formation of the calcium
silicates at a lower temperature (<2000°C). )is makes the
process of cement manufacture economical [27]. Given that
the cement samples were obtained from the market, the
results indicate that the Kenya Standards and East African
Standards are observed by the various cement manufac-
turers in Kenya.

3.2. Compressive Strengths. Compressive strength is a per-
formance measure used by engineers in designing buildings
and other structures. )e compressive strength results are
used in quality control, acceptance of concrete/mortar, and
evaluation of adequacy of curing. Compressive strength
results for the test cements at various w/c ratios and at 2, 7,
14, and 28 days are represented in Figures 1–4.

From Figures 1–4, it was observed that the compressive
strengths increased with curing period at all w/c ratios and for
all the test cements. )e increase in the compressive strength
with curing days was significant. )e increase in the com-
pressive strength was significant for all w/c ratios. Hydration

is mainly achieved through curing of cement-based materials.
)e older the concrete/mortar, the greater the hydration that
has occurred and the higher the compressive strength
[20, 28–31]. Cement gains strength upon hydration. )e
hydration reactions of C3S and C2S are given by

C3S + H⟶ CSH + 2CH (10)

C2S + 2H⟶ CSH + CH (11)

During hydration, CSH is formed which contributes to
the strength of the mortars. )e Kenya Standard (KEBS
KS02-1262, 1993) recommends a minimum strength of
42.5MPa for OPC at 28 days for w/c� 0.5 and 10MPa at
2 days. All the test cements met the standard requirement.

)ere was a decrease in the compressive strength with
increase in w/c ratios for all the test cements. )is can be
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Figure 1: Compressive strength at 2, 7, 14, and 28 days for all
brands of OPC at w/c 0.5.

Table 1: Results for chemical analysis of the test cements in percent by mass.

Oxide (%)
Sample

A B C
SiO2 21.721± 0.1655 20.786± 0.2257 20.078± 0.3202
CaO 64.956± 0.0524 62.400± 0.2212 60.221± 0.3129
Al2O3 3.624± 0.0690 3.9020± 0.1096 3.0290± 0.0189
Fe2O3 3.163± 0.0675 2.6000± 0.0236 2.8510± 0.0538
Na2O 0.288± 0.0055 0.2660± 0.0038 0.3620± 0.0009
K2O 0.566± 0.0001 0.5710± 0.0029 0.5280± 0.0034
MgO 0.751± 0.0001 0.8710± 0.0008 0.9860± 0.0041
SO3 3.443± 0.0132 3.4420± 0.0167 3.4160± 0.0020
Cl− 0.030± 0.0010 0.0210± 0.0010 0.0370± 0.0010

Table 2: Results for the Bogue calculation of the test cements.

Brand
Mineral (%)

C3S C2S C3A C4AF
A 70.433± 0.0220 9.219± 0.0018 4.712± 0.016 9.626± 0.0028
B 66.073± 0.0190 9.739± 0.0037 3.791± 0.029 7.912± 0.0021
C 68.092± 0.0362 6.207± 0.0052 3.204± 0.042 8.676± 0.0034
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attributed to increased porosity at high w/c ratio. )e key
constituents of all concrete mixes are the binder system and
the amount of water present [32, 33]; w/c ratio is considered
as the most important factor affecting mortars/concrete
strength [33]. )is is because it affects the porosity of the
hardened paste. )e quantity of water used also affects the
flow or rheology of the mixture as well as cohesion between
paste and aggregate [34]. As a result, it influences the overall
strength of the mortar.

It was observed that cement A had generally the highest
compressive strength compared to the other test cements.
From Bogue’s calculation (Table 2), A, B, and C had 79.652%,
75.812%, and 74.299%, respectively, of combined C3S and
C2S. )ese are the two main phases that contribute to the
strength development of cements [35]. Hydration of silicates
contributes significantly to the strength development of

cements. Cement A had the highest amount of C3S and C2S
(79.652%) and hence the observed compressive strength.
Hydration of silicates leads to substantial strength gain.

3.3. Chemical Analysis of SW and WLI. Table 3 gives the
results for analysis of SW and WLI in ppm.

SW was found to have a higher chloride concentration
than WLI. It was therefore expected that mortar prisms
subjected to SW would have more gain in compressive
strength than the ones subjected to WLI. )is was observed
in this study. Chlorides are known to be accelerators of
compressive strength development in mortars or concrete
[1]. On the other hand, WLI was found to have a higher
sulphate concentration than SW.Mortar prisms subjected to
it were expected to suffer more from sulphate attack [36–38];
this was observed in this study.

3.4. Compressive Strength Development on Exposure to Ag-
gressive Media and Tap Water. )e change in the com-
pressive strength of the cement mortars subjected to SW,
WLI, and TW was compared to their respective strength at
28 days, and their percentage gain/loss was determined.
Figures 5–7 show these results after exposure to SW, WLI,
and TW, respectively.

)ere was an observed increase in the strength for all the
test cements immersed in SW for all w/c ratios. It was also
observed that the strength increased with w/c ratio. Chlo-
rides are known to be accelerators of compressive strength in
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Figure 4: Compressive strength of all brands of OPC at w/c 0.7.
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Figure 2: Compressive strength at 2, 7, 14, and 28 days for all
brands of OPC at w/c 0.6.
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Figure 3: Compressive strength at 2, 7, 14, and 28 days for all
brands of OPC at w/c 0.65.

Table 3: Results for analysis of SW and WLI in ppm.

Ion Concentration in SW (ppm) WLI
Cl− 18754.67± 1.5275 885.00± 1.0000
SO4

2− 2666.33± 1.5275 3300.67± 1.1547
Mg2+ 1279.33± 1.1547 157.00± 1.0000
Ca2+ 409.00± 1.0000 286.67± 1.5275
Na+ 10750.67± 1.1547 1853.33± 1.5275
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mortars/concrete. Seawater contains both chloride and
sulphate ions. )e presence of chloride ions in the hydrated
cement pore water activates residual cement hydration,
hence enhancing the strength. Chlorides are more active in
enhancing the strength gain than sulphates due to their small
charge and ionic sizes. )e small size allowed more chlorides
into the mortar.)is in turnmay have allowedmore residual
hydration products to be formed majorly, Friedel’s salt that
might have crystallized in the pores. )is results in pore
refinement and densification of the mortar matrix hence
increased compressive strength. Both chlorides and sul-
phates are known to initiate residual cement hydration [39].

It was also observed that gain in compressive strength
increased with increased w/c ratio. High w/c ratio results in
increased voids and spaces through which the residue ce-
ment hydration reactions occur. Increased voids and spaces
due to high w/c ratios give more room for more residual
hydration. Generally, cement A had the highest percent gain
across all the w/c ratios. )is could be attributed to the high
content of C2S and C3S phase which is observed in Table 2.
)e phase may have been activated by ingressed Cl− .

)e percent loss in compressive strength after exposure
of the mortar to WLI is given in Figure 6 at different w/c
ratios.

It was observed that there was a decrease in compressive
strength when the mortars were exposed to WLI for all w/c
ratios. )e loss of the compressive strength may be attributed to
the formation of many different compounds such as Na2SO4
(thenardite), Na2SO4·10H2O (mirabilite), Na3H(CO3)2·2H2O
(trona), Na2CO3·H2O (thermonatrite), and NaHCO3 (nahco-
lite), andCaSO4·2H2O (gypsum), CaSiO3·CaCO3·CaSO4·15H2O
(thaumasite), and 8.5CaSiO3·9.5CaCO3·CaSO4·15H2O (bir-
unite). Sodium sulphates can result in damage to the concrete
due to cyclic formation of the anhydrous and hydrated forms of
these salts [40]. Expansion of concrete may be attributed to the
formation of ettringite [31]. Ettringite forms as a result of the
chemical reactions between sulphate ions with aluminate phase
of cement and Ca(OH)2 [20].

Mortars subjected to a 3.5% sodium chloride and 5%
sodium sulphate solution were found to have a percent
reduction of about 20.7% and those subjected purely to a 5%
sodium sulphate solution 68.3%. )is trend elucidated the
predominant role of the Cl− in mitigating sodium sulphate
attack. Presence of chloride ions leads to a reduction in the
deterioration effects of sulphate ions [41]. )e percent ex-
pansion of the specimens subjected to combined action of
sulphate and chloride ions is less than would be if the
specimens were subjected to individual action of sulphate
ions. )e rate of diffusion of chloride ions is much higher
than that of sulphate ions and this allows the chlorides to
react with C3A and C4AF [42]. )e reaction leaves little C3A
available for sulphate ions to react to form ettringite. In this
study, cement A had the highest amount of C3A (4.781%).
)is may mean that little amount of C3A was available to
react with sulphate ions to form ettringite; hence, cement A
experienced least expansion for all w/c ratios. )e aggressive
media used had both chloride and sulphate ions, and the loss
in the compressive strength was significantly different for all
w/c ratios. Magnesium attack may also have occurred
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resulting in decalcification. In the case of magnesium sul-
phate attack, brucite, Mg(OH)2, which has low solubility,
and its relatively great amount of gypsum released lead to
degradation [43]. )is is so because magnesium also takes
part in the reactions, replacing calcium in the solid phases.
)e displaced calcium precipitates as gypsum. OPC with low
C3A content is more easily attacked by sulphates [36]. In this
study, cement C had the lowest C3A content and was
therefore more attacked. Figure 7 gives the percent gain in
compressive strength after exposure of mortars to TW.

It was observed that there was a slight increase in
compressive strength subjecting the mortar to TW. TW
contains ions such as chlorides which were expected to
accelerate compressive strength development. However, the
concentration of these ions was too low to cause a substantial
increase in strength development. )e slight increase in
strength was therefore more due to continued hydration
process than the presence of the stated ions. Most concrete
structures are expected to come into contact with TW as a
normal media. From the results, it was observed that WLI is
an aggressive media since all the mortars experienced a
reduction in compressive strength when compared to those
exposed to TW. On the contrary, mortars exposed to SW
had gained compressive strength even more than those
exposed to TW. )is was expected due to the high con-
centration of chlorides in SW than in TW. TWhas a chloride
concentration of less than 250 ppm and sulphate concen-
tration of less than 400 ppm (KS 05-459, 1996). However,
this did not mean that SW was not an aggressive media.
Chlorides, as stated earlier, are used as compressive strength
development accelerators in concrete structures [44, 45].
Ingressed chlorides and sulphates cause a gain in com-
pressive strength. Increased strength of the hydrated cement
mortars results in a densification of the microstructure of the
hydrated cement after exposure to aggressive ions.

3.5. Chloride and Sulphate Profiling

3.5.1. Chloride Profiles. Figures 8–15 show the chloride
profiles against the depth of cover of each category of mortar
prisms after exposure to SW and WLI, respectively, at
various w/c ratios. )e profiles involved the determination
of the concentration of the chloride ions (×10− 1) at different
depths of cement mortar bulk of the test cements.

Figures 12–15 give chloride profiles after exposure to
WLI for OPC at different w/c ratios.

From Figures 8–15, it is observed that, as w/c increased,
there was an increase in chloride ingress across all the test
cements. )is can be attributed to continuous and inter-
linked voids that provided pathways for ion ingress in hy-
drated cement mortars at increased w/c ratios. )e
penetrability of concrete is related to the pore structure of
the cement paste matrix. As w/c ratio increases, the porosity
of the resultant mortar increases [46]. Increased porosity
could have resulted in a higher diffusivity of chlorides and
sulphates into the mortar. From the figures again, it was also
observed that the ion ingress was highest in the first few
millimeters (20mm) from where their concentration
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Figure 8: Chloride profiles at w/c 0.5.
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Figure 9: Chloride profiles at w/c 0.6.
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Figure 10: Chloride profile at w/c 0.65.
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dropped significantly.)is was attributed to the proximity to
the exposed surface to the aggressive media. Diffusivity of
chloride ions is affected by the amount of C3A and C4AF in
the cement [47]. A higher amount of C3A in cement results
in a lower diffusivity of chloride ions. C3A and C4AF are
known to bind chlorides, thus decreasing their ingress. )e
reaction between C3A and free chlorides in the hydrated
cement results in its reduction from the pore solution. In this
study, Figures 14 and 15 show clearly that cement C had a
higher total chloride ingress than B and A. )e order of the
amount of C3A was C<B<A. It can be seen from Table 2
that C had the least amount of C3A. )is showed that it had
the lowest proportion of the phase that binds chlorides. C
was therefore observed to have the highest chloride diffu-
sivity compared to B and A. )is can be attributed to
chloride binding capacity of the cement involved. Cements
with a high C3A content are likely to bind chlorides more

than those with low C3A content [47, 48]. When more
chlorides are bound, their diffusivity and thus RC corrosion
risk are lowered.

Generally, higher w/c ratios were expected to show
increased chloride ingress into the bulk compared lower
w/c ratio. )is was observed in this study. As the w/c ratio
increased, there was a marked rise in the total chloride
ingress in all the profile depths of all the test cements.
Increase in w/c ratio leads to an increase in porosity. )is
was dependent upon the depth of penetration which was
again dependent upon the brand of OPC.

3.5.2. Sulphate Profiles. Figures 16–23 show sulphate pro-
files at various w/c ratios after exposure to SW and WLI,
respectively.

It was observed that diffusivity of sulphates increased
with increase in w/c ratio.)is was attributed to porosity and
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Figure 11: Chloride profiles at w/c 0.7.
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Figure 13: Chloride profiles at w/c 0.6.
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Figure 14: Chloride profiles at w/c 0.65.
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permeability of the mortar/concrete [47, 48]. Expansive
products are expected to be formed when mortars are
subjected to sulphates and fill the voids at high w/c ratio [49].
Possible cracks may have provided a pathway for the ingress
of sulphate ions. )e mortars may also have suffered sul-
phate attack which may have resulted in the formation of
gypsum, brucite, and ettringite. )ese products are expan-
sive and thus create voids in the mortar making it more
permeable. From the profiles, the concentration was highest
in the first 20mm and then a drop was experienced. )is
may be attributed to their ionic size. Sulphate ions being
bulky ions were not expected to ingress to deep depths. In
the presence of chloride ions, sulphate ions are first bound to
the hydration products of cements [50]. However, the
chloride and sulphate diffusivity can be used as a general
quality parameter for evaluation of resistance of concrete
against chloride and sulphate intrusion.

3.5.3. Apparent Diffusion Coefficient. Figure 24 shows one of
the error fitting curves for apparent chloride diffusion co-
efficient (Dapp) of cement Amortar. Similar curves were used
for the determination of the apparent diffusion coefficients
for other test cements. In this study, the equation to solution
of Fick’s law under non-steady-state conditions for diffusion
in a semi-infinite solid was used. Tables 4 and 5 give the Dapp
and r2 values for different cementmortars and w/c values after
exposure to SW and WLI, respectively, for Cl− , and Tables 6
and 7 give theDapp and r2 values for different cement mortars
and w/c values after exposure to SW and WLI, respectively,
for SO4

2− .
)e Dapp generally increased with increasing w/c ratio

for both chlorides and sulphates. As would have been
expected generally, the diffusivity and permeability are
higher for the 0.7 w/c systems than 0.5, 0.6, and 0.65.
Lowest diffusivities of chloride and sulphate ions for 0.5 w/c
were observed for all the test cements. )is shows that low
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Figure 15: Chloride profiles at w/c 0.7.
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Figure 16: Sulphate profiles at w/c 0.5.
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Figure 17: Sulphate profiles at w/c 0.6.
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Figure 18: Sulphate profiles at w/c 0.65.
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w/c ratio gave better resistance to ingress of ions. In-
creasing w/c ratio increased diffusivity of chlorides and
sulphates. High w/c ratio affects porosity. Although in-
creased porosity gives more room for increased cement
hydration, extremely high w/c ratios are harmful as the
increased porosity acts as pathways for harmful ions and
products [51].

It was generally observed that increasing w/c ratio re-
duced the resistance of the mortars to both Cl− and SO4

2−

diffusion. Diffusivity and permeability of mortars and pastes
decrease with increased degree of hydration as a result of
curing. Mortars made from cement A were found to have
lower Cl− and SO4

2− diffusivity compared to both B and C
for all w/c ratios. )is may be due to higher degree of
hydration in mortars made fromA compared to B and C due
to its highest C3S content which is responsible for the high
degree of hydration.

From Table 2, A had the highest C3A, and this may
mean that C3A may have reacted with chloride ions so that
free chloride ions decreased. )is then resulted in reduced
chloride diffusivity. It was also observed that diffusivity of
chlorides in mortars exposed to WLI was slightly higher
than those exposed to SW.)is was attributed to the higher
sulphate ion concentration in WLI compared to SW. From
Table 3, it was observed that sulphate concentration was
higher in WLI than in SW. )e amounts of free chloride
ions in the pore water remain high when sulphate ions are
added because chloride binding was reduced in the pres-
ence of sulphates. )is is so because sulphates are bound
first occupying sites otherwise available for chlorides
[48, 50].

From Tables 4 and 5, Dapp values for chlorides were
found to be in the range of 1.738×10− 10m2/s to
4.589×10− 10m2/s. With low ion ingress, low Dapp was
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Figure 19: Sulphate profiles at w/c 0.7.
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Figure 20: Sulphate profiles at w/c 0.5.

0 80
Depth (mm)

0
0.2
0.4
0.6
0.8

1
1.2

2
1.8
1.6
1.4

(S
ul

ph
at

e)
 in

 g
/g

 o
f c

em
en

t m
or

ta
r

10 20 30 40 50 60 70

A
B
C

Figure 21: Sulphate profiles at w/c 0.6.
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Figure 22: Sulphate profiles at w/c 0.65.
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Figure 23: Sulphate profiles at w/c 0.7.
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Figure 24: Error function fitting for (A) SW (w/c 0.7, Cl− ), Dapp � 3.788×10− 10m2/s, and R2 � 0.9992.

Table 4: Dapp and r2 values after exposure to SW for Cl− .

Cement type w/c Dapp (×10− 10m2/s) r2 Cs

A

0.5 1.738 0.981 3.00
0.6 2.716 0.992 1.98
0.65 3.782 0.988 1.80
0.7 3.788 0.992 3.00

B

0.5 1.754 0.987 1.70
0.6 3.912 0.987 1.51
0.65 3.912 0.981 3.00
0.7 4.176 0.981 3.50

C

0.5 3.911 0.981 1.67
0.6 4.176 0.985 1.75
0.65 4.589 0.983 2.10
0.7 4.589 0.987 2.50

Table 5: Dapp and r2 values after exposure to WLI for Cl− .

Cement type w/c Dapp (×10− 10m2/s) r2 Cs

A

0.5 2.716 0.987 1.00
0.6 3.912 0.983 1.10
0.65 4.016 0.987 0.93
0.7 4.683 0.987 1.20

B

0.5 2.842 0.987 1.30
0.6 3.911 0.992 1.28
0.65 4.268 0.987 1.45
0.7 4.589 0.983 1.46

C

0.5 3.402 0.987 0.99
0.6 3.912 0.983 0.99
0.65 4.226 0.987 1.60
0.7 4.589 0.987 1.67

Advances in Civil Engineering 13



expected. )ese values were in agreement with Dapp values
for chlorides which have been found to be in the range of
10− 9 to 10− 10m2/s depending on the concrete. In trying to fit
the error function in all the test cement mortars, chloride
profile results to obtain the Dapp, it was observed that the
fitting was generally good. )is was arrived at from the r2
values that were above 0.98.

From Tables 4 and 5, r2 values did not show an increase
as w/c ratio increased or a decrease as w/c ratio decreased.
)is could probably show that there were other processes
other than pure diffusion involved in the ingress. )is
change in Dapp could be attributed to other factors such as
sulphate precipitation with the components of the pore
solution, adsorption rather than w/c effect only.

In trying to fit the error function in all the test cement
mortars, sulphate profile results to obtain the Dapp, it was
observed that the fitting was generally not good. )is was
arrived at from the r2 values that were below 0.96. Dapp
values have been reported by many researchers to be in the
range of 10− 10 to 10− 13m2/s depending on the concrete [22].
From Tables 6 and 7, r2 values did not show an increase as w/
c ratio increased or a decrease as w/c ratio decreased. )is
could probably show that there were other processes other
than pure diffusion involved in the ingress [48].

Generally as expected, it was observed that the higher the
w/c, the higher the Dapp. From Tables 4–7, there was more
ion ingress in the mortars with higher w/c ratio. )is in turn
resulted in higher Dapp which can be attributed to increased
permeability due to high porosity.

4. Conclusions

Based on the results, analysis, and discussions, the following
conclusions were made:

(i) Diffusivity of both Cl− and SO4
2− ions increased

with w/c ratio for all the test cements
(ii) Diffusivity of Cl− ions was higher than that of SO4

2−

ions
(iii) )e use of high w/c> 0.5 should be discouraged

since it resulted in more ingress of aggressive ions
(iv) Mortars subjected to SW exhibited a gain in

compressive strength as opposed to those subjected
to WLI

(v) All the test cements, A, B, and C, met the stipulated
minimum requirements by KS EAS 18-1:2008
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