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ABSTRACT: Corrosion of steel and spallingf concrete in reinforced concrete elements have become a common
occurrence in structures that are built around marine environment. This research investigated the effect of chloride
the steel in reinforced concrete beams. Mechanical tests such asessing flexural and bond strengths were done
on replicate concrete elements which were cast and buried for a maximum of one year in the Lagos lagoon. Twer
four number of 150 mm x 150 mm x 600 mm sized reinforced concrete beams were cast for thiesfrexgth test,

while forty-eight concrete cubes were cast for both compressive and bond strength tests, samples were cured in &
lagoon and fresh water (The fresh water is for the control). A finite element program, ANSYS was used to model t
deformdion (deflection) of the steel reinforcement in the beams. Results showed a general reduction in compressiy
flexural and bond strengths for the concrete samples buried in the lagoon, while those buried in freshwater showed
increase in strength as thencrete ages. The modelled results of the reinforcement showeeyaasraeformation

rate ¢ = 0.0181) in the steel of concrete buried in lagoon water. This value was used to estimate the future and p
deformation values of these reinforcements dughtoride attack.

KEYWORDS:Chloride,lagoon water, steelemforced concrete, deformation

[ReceivedSept.28, 2020; RevisedJune 72®1; AcceptedAug. 4, 202] Print ISSN: 0189546]| Online ISSN: 24372110

economic loss to many countries of the world. In the USA, it
I. INTRODUCTION is reported that 36@00 million dollars per yearra required
Reinforced concrete elements have been in use in thdor the renovation of bridges and car parks aloneefLal.,
construction industry for many decades, and this may2009). In the UK, £500 million is spent on concrete repair per
continue for many years to come. However, one majoryear, while in China, the annual loss due to corrosion has
problem that concrete has faced over time is deteriorationreached 100 billion RMB (Lét al.,2009).
especially for reirdrced concrete in marine or coastal In reinforced concrete, corrosion of steel reinforcement
environment. is an electrochemical reaction, in which ions pass from one
Deterioration of reinforced concrete structures due tomedium to another. The hydration process in concrete operate
harsh environmental conditions has led to performancemainly in the alkaline medium (pH > 7) and forms thin passive
degradation of these elements. The premature deterioration gfrotection layers on theteel. This layer consists of a degree
structures before completirexpected service life is a major of hydrated iron oxide F&* and Fé&', and it is a few
concern for engineers and researchers. Deterioration rate afanometres thick. The layer is secured from any form of
structures depends on the exposure conditions and extent ahechanical damage, but the ingress of chloride iong (ClI
maintenance (Sanjeet al.,2014). through tiny pores in concrete will cause this layer to break
The most common causes of deterioration in steelafter chemical reactions have taken place, then corrosion of
reinforcement through corrosion is the ingress of chloride intothe steel will then set in. The resistivity of concrete depends
reinforced concrete (Torres al.,2004, Akinyeleet al.,2018). on the corresponding corrosion in concrete (Kumar 1998; Liu
Corrosion is the chemical or electrochemical reaction betweerand Wers 1998; Paul and Van Zijl 2017; Van Zijl and Paul
a material, usally a metal and its humid or hydrated 2018; Langford and Broomfield 1987; Bertoltial2004).

environment, which causes the material and its properties tcl'he followina reactions occur at anode and cathode:
deteriorate (Neville, 2012). Corrosion is a radical destructiveAnode_ 9 '

process which takes place in a material, causing the materi 2 o

to deteriorate progressivelith time (Suvash and Adewumi, qJ: e ~F e 2 Metdlie iron), FeO. (HO)x (Rust) @)
2018). The damage caused by corrosion to bridge, highwayathode:

and other structural elements have brought about a hug&:0, +H, O+2e .2 OH. )

*Corresponding authoekinyelejo@funaaledung doi: http://dx.doi.org/10.4314/njtd.v18i3. 6
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(Mehta and Monteiro 2006).

The presence of oxygen and humidity (water) are two
essential parameters that normally st@rcarrosion process,
the rate of corrosion will be slow if these two elements are
absent (Isgor and Razaqpur 2006; Gaidis 2004; Mullick
2004).

The following reactions show how corrosion takes place;

Fe**20H - F e (> QRdryous Hydroxide) 3)
4Fe(OHY + 2H,O0 + &, - 4 F e {(F2Hi¢ Hydroxide)4)
2Fe(OH} » 2,HD+FeOs; - H,O  (Rust) (5)

A lot of research haseen done to overcome the problem =
of corrosion in reinforced concrete structures. Some corrosion 5
inhibitors have been developed, and different protective
techniques against corrosion have also been suggestegt. Xu
al. (2012), inferred that fly ash willncrease the corrosion Figure 2: Corroded Sheet pile on the lagoon
resistance of concrete by reducing concrete porosity, by this,

the rate of penetration birmfulions can be reduced. The use Il. MATERIALS AND METHODS
of superplasticizers and mineral admixtures such as A, Chemical Analysis of WateaSiples
pozzolanic materials was suggested by Maslehuedid. The pH, salinity, turbidity and the composition of ions

(1992). The lownickel stainless bar is known to reduce the such as CJ SQZ', Fétin the water samples were analysed for
rate of corrosion by providing high alkaline concrete pore photh the fresh and lagoon water in accordance to BS 8550

solution (Criadcet al.,2011). Steel corrosion can be reduced (2010) at the University of Lagos Concrete Laboratory,
by the use of amino alcohol corrosion inhibitors (Jaghgl., Akoka, Lagos.

2005; Morris and Vazquez, 2002). Carbonation depth can be
reduced with Calcium nitrate corrosion inhibitors by B. Preparation of ConcretesBnples

improving chloride threshold values (Sideris and Savva, The experimenta] ana|ysis considerweb sets of the
2005). Benzotriazole and polyvinylpyrrolidone also improve specimen having three replicates of concrete beams, concrete
corrosion resistance (ArE't al.,2006; Gurteret al,2005) cubes and concrete cubes for the _pm“ test. In this

The degradation of the concrete elements and COI’rOSiOI’éxperimentm program, concrete specimens designated as
of the reinforcement of some bridge structures on the LagosB| 4, were fully submerged in natural seawater that contains a
lagoon in Nigeria has called for the investigation of the high concentration of salts (chloride and sulphate) in the
deformation and structural integrity of thiery important | agos lagoon which is an offshoot of the Atlantic Ocean, at a
structures. Figures 1 ancsBowed the corroded reinforcement depth of 3m and close to the third mainland bridge. Other sets
and steel sheeting of a bridge and a jetty on the Lagos lagoomf concrete which served as the control and were designated
These structural impediments have been giving stakeholdergs BR,, were cued in freshwater, at the civil engineering
in the construction industry serious concern and it has|aboratory of the Federal University of Agriculture Abeokuta.
motivated this investigation. This work aims at determining The target Strength of concrete in this experiment was 40
the rate of deformation of steel bars in reinforced concreten/mne with a watercement ratio of 0.45 (concrete mix ratio
elements buried in chloride infested water enVironment, USingl:]_:l)_ These are the averageu@ used for the design of
both physical and computer modelled reinforced concretepridge structures in Nigeria based on available information BS
beams under susted loading. 5400 (1990).

Batching were done by weight according to ASTM C31
(2011) and BS 1882 (2011). A total of fortyeight (48) cubes
(150 x 150 x 150 mm sized) weerprepared for the
compressive and bond strength test, while a total number of
twenty-four (24) reinforced concrete beams of size 150 mm x
150 mm x 600 mm were cast with 12 mm diameter high yield
steel reinforcing bars according to ASTM D790 (2014) and
BSEN 123903 (2009) for the flexural strength test.

The curing of the concrete samples (cubes, beams and
cubes for pull out test) were carried out at 28, 90, 220 and 365
days. Samples cured in freshwater were cured in a curing tank
NS : DNAEEN in the laboratonat a temperature of 23 +°& depending on
| ¥ e PR R PR the season of the year, while the other samples were cured in
BN - A the Lagos lagoon.

Figure 1: Corroded Reinforcement in Concrete.
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C. Compressivétrength Test and 365 days. The rust on the samples cured in lagoon water
At the end of each curing regime, the crushing of theis very conspicuous when compared to the samples cured in
concrete cube was done in the concrete and soil mechanickeshwater.
laboratory with the use of Compression Testing Machine (the
machine used was CN 370, 2000 kN. Impact test equipment)
The crushing was done dtet rate of 405 kN/min following
BS 123963 (2009). The cubes were removed from the curing
tank and lagoon water and wiped with a dry cloth. The cubes
were tested to failure by crushing, the failure load was divided® ==
by the area of each cube to obtain thmpressive strength of
the samples. The average compressive strength for eac
specimen was taken from three replicates of each cube as t
compressive strength.

D. Flexural Strength &st

This test was carried out on the beam specimens using
Universal Testing Machine (Okhart Digital Machine, OK 600
kN, 2012 model). The beams were simply supported at the
ends, with the load applied at the psigan of each beam to
form a threepoint loading arrangement. At the end of the
curing days, the beanvgere removed from both the lagoon :
and freshwater and taken to the laboratory for the testing. The:igure 3: BL,,at 28 days curing
load was gradually applied on each beam until failure of the
beams, three replicates of each beam were tested and tt
average results were used. This test dase following the
ASTM D790 (2014) standard.

E. Bond $rengthTest

A 12 mm diameter high yield steel rod was cut into short | -
pieces of 250 mm length and placed at the centre of the moul
which was cleaned and oiled. The steel rod extended 50 m

tampering rod and tameg 25 times. The specimens were then |
de-moulded after 24 hours of casting and some specimen wer{.
cured in freshwater while the remaining samples were buriec
in the lagoon water for curing.

At the end of each curing days (28, 90, 220, and 365
days) the samples were then subjected to thequiltest. The
testing machine for this pudiut test was a loaded rig on which
a load cell equipment was mounted. The steel rod was held b
the upper jaw of the machine while the concrete cube wagd
supported bywo steel elements. The force was applied at a
loading rate of 5 kN per seconds by the hydraulic jack by
pulling out the steel rod from the concrete cube. This test was
done by following ASTM C234 (1991) and BS EN 1542:
(1999). The bond strength (bond stewas calculated using
the standard formula:

PN

Figure 4: BL 50 at 365 days curing

of — (6)
Where P= failure load (ultimate load) kN,
| = embedded length (150 mm ),
n = Steel reinforcement bar diameter (12mm).

Figures 3 and 4howed the cubes used for the bond test at
28 amd 365 days for samples buried iagoon water, while
Figures 5 and 8howed the samples cured in freshwater at 28 Figure 5: BF 4 at 28 days curing
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neutral axis, the colour of the lagoon water was cloudy yellow,
while that of freshwater was colourless, the freshwater was
odourless while the lagoon water had an unpleasant sharp
smell. The chloride in fresh water was very low and cannot
significantly cause corrosion in steel when compared to
lagoon water. It should be noted that the water samples were
tested at the end ohé curing days. The table showed that
there is a very high concentration of chloride in the lagoon
water, and the ion is known to attack iron rod in reinforced
concrete structures. This must have been responsible for the
deterioration observed in Riges. 1 and 2 above.

B. Compressive Strengtlesults

The compressive strength of the two specimens clearly
showed that there was a gradual reduction in strength far BL
and an increment in strength for BEhroughout the curing

Figure 6: BF4at 365 days curing period. The rate of imement in strength between 28 to 365
days in BlRo was 1.83%, while Bl experienced a reduction
F. Scanning Electron Microscopy (SEM) in strength by 7.69% during the same period. The optimum

The samples were cut into small sizes of 5mm thickness/alues for 28, 90, 220 and 365 days was attained in. BF
and 15 mm length, after which the samplesecoated with Compressive str_ength of concrete was hl_ghly aﬁe.cted .by the
zinc coating, an electrically conductive material, which SulPhate attack in sample Bl This result is a confirmation
allowed the easy penetration of electron into the specimens?f the concrete spalling shown in Figures 1 and 2, of some of
The samples were then omted in the stem stub of the SEM the bridge elements on the same Lagos lagoon.
machine, inside a relatively high pressured vacuum chamber,

and electron gun was shot at the samplesages from < 39 = BL40 m BF40
polished surfaces of these concrete fragments allow evidenc E
of the microstructural arrangements of the cetefragments. £ 38
The test was carried out on concrete fragments at 28, 90, 22 = 37
and 365 days for the two samples. Scanning electror &,
microscopy (SEMbpased images came from scanning @ 36
electron microscopy JEOL JSM7600F. *B 35

. . .g 34
G. Finite Element Modelling 7

Finite element modelling of the steel rod inside the 0 33

concrete was carried out using the ANSYS software. The & 32 I
purpose of this analysis was to determine the effect of chloride
ion on the steel and rebar deformation under sustained load ¢ 31
28 and 365 days only. &tural test results obtained from the 28 90 220 365

laboratory were used for the beam loading, while the Curing Days
compressive strength obtained foriand Bk at the end of Figure. 7: Compressive strength of cubes

28 and 365 days test were used for the modelling of the
reinforced concrete beam strength. The charetic strength

of steel {;) was 460 N/mrfy the modulus of elasticityet) was = BL40 = BF40
200 kN/mmtand the f act)ovas 1.8.fThesea f
values were used to predict the rebar deformation in concrett
(BS 81101, 1997). The formula adopted in the prediction of
thedeformationof steel rod for past and future years was:

6 0 p ive (7)

where:
As = future year or past year value
P = Initial value at 28 days
r = Oneyear deformation rate
n= number of forecast years after base year (n>1) 5

0

28 90 220 365

W W A b
o o1 o O

=N
ol O

Flexural ‘Strenght’(N/mm2)
= N
o (6]

lll. RESULTS AND DISCUSSION
Water Analysis Bsults
The results for the water analysis is shown in Table 1; the
pH value for the lagoon water was 6.9, which is within the Figure 8: Flexural strength of beams

Curing Days
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Table 1: Water analysis result

Water type Salinity TDS Sediments  PH NOs ZnoO PO SO2 Cl Fe?
(mgfl) (ppm) (mgfl) (mgfl) (mgfl) (mgfl) (mgll) (mgll) (mgfl)
Lagoon 469.7 650 18 69 7.28 7.36 0.02 20 260 0.42
Fresh 28.9 190 - 69 232 2.4 0.01 6 16 0.06
C. Flexural Strength Test The general increment in bond strength of «8F
The flexural strength of Bl in the first 90 days had the overtime further confirmed the report of Falade and Oyekan
optimum average flexural strength in all curing environments.( 2 0 0 6 ) “that t he bond stren

This was due to the chemical reaction between the lagoorstrucural elements depended on the bond between concrete
water and the Ettringite, Ca(Okland GS-H gel which was  and reinforcement to ensure effective transfer of stress from
actively generated from an early age of the betmnctures  steel reinforcement to the surrounding concrete and that the
which included the steel rod buried in the lagoon. However,bond was usually high at later age because the compressive
this reaction took a reversal after thé"@y with a gradual  strength of concretena the grip effect on reinforcement
reduction in strength. At this stage, the negative effect ofi n c r e a s e drhisshoviever di&d g dpply to the sample
sulphatesalts on the concretes and chloride on the steelburied in the lagoon, due to chloride attack on the steel
reinforcement caused the reduction in strength. Thereinforcement, as showea Figure4.

freshwater cured beams gradually increased in strength from
the 28 to the 365 days, leading to the optimum strength afte
curing for one year in Bigwith a flexural strength of 28.3
N/mm? compared to Bl with flexural strength value of 24.4 mBF40 mBL40

w
o

N/mn? during the same perio&ig.8 showed the result of the o5 “
flexural test carried out on the beams. E _
D. Bond Strength of Concrete Specimens 22
The pultout testresults for the determination of bond % .
strength in reinforced concrete structures is shown in%ig. i 15
while the slipping distance of steel rod from concigthown %
in Fig.1Q The bond strength results generally showed that o 10
BFs0had increased bond strehgtt the rate of 46.3% between 5
28 to 365 days with the peak strength at 18.60 Niniihe @ 5
BL4o sample, however, behaved differently, the bond strength
peaked at 90 days with a value of 26.52 N/hmt took a 0
downturn to 16.79 N/mfnat the end of 365 daysh& bond 28 90 220 365
strength results of the sample cured in lagoon watesofBd CuringDays

in agreement with the findings dbemis et al., (2010),

Apostolopoulos (2012)|gba et al., (2019). Wherein both  Figure 9: The bond strength result
cases the bond strength increased with increase in corrosio
level at the initial stage of curing and later decreased as thi
concrete ages. The initial increase in bond strength was due t
the increased roughness of the stamicretanterface caused 14
by the growth of the expansive rust. The reduction in bond
strength over a long period can be attributed to the reductior
in crosssectional area of steel and the loss of adhesive
properties of the steel surface due to rust.

The reverse in bond strength can be linked to the
negative effect of chloride that ingresses into the concrete ant
attacks the steel reinforcement, whereby allowing corrosion tc
set in and encouraged the eventual reduction in the bonc
strength and increaselibping distance between concrete and
steel. The slipping distance of both concrete specimens
increases as the curing days increased, but the samples buri 220 365
in the lagoon generally had higher slip than the sample in Curing Days
freshwater, the optimum slip was obsehan the 368 day
for both BRoand Blyat 11.5 mm and 14.5 mm respectively. Figure 10. Slippeddistance of steel rod.

16
m BL40 = BF40

[EEY
N

Slipdistance(mm)
'_\
o

o N A OO ©

e B
28 90
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E. SEM AalysisResults flexural resistance of the steel bar in cate. The results
The purpose of this test is to determine the microstructuralfrom Figs. 18— 25 showed a very interesting trend, these
properties of each concrete samples at the end of the curingesults are summarised in Table 2.
days. The SEM analysis results revealed the microstructural
properties of each sgple at 28, 90, 220 and 365 daykhere
were many portions of small hydration crystals and large
holes in By samples as seenkiigs.11-17. The main reason
was due to the small number of hydration crystals and thei
uneven distribution in the cementatrix, resulting in the
production of many large pores and a decrease in the strengt
when compared to samples buried in freshwater.
The BRo samples showed the microstructures of the un
corroded concrete samples, there were lots of fibrous ang
flocculent hydrated calcium silicate, but no obvious corrosion
products or micralamage was observed in the figures as no
external sulphate ions entered into the concrete.
There were smaller holes in Bfconcrete samples as
seen in the figures, whicmust have led to a general increase
in strength (compressive, flexural and bond@he main
microstructure features identifiable from their typical
morphology were as follows: ettringite needles, calcium Figure 11. SEM Images oBL 4 at 28 days
silicate hydrates (&-H), and tricalcium aluminate
monosulphate hydrates (AFm) mainly seen inBL
Activities of Ettringite, Ca(OH) and G-S-H gel were
actively generated in the early age of 4sB&nd the amounts
of these materials generate
time. It was believedhat the full submergence of these
samples buried in the lagoon water ended up creatingd
microstructures with more defects, as lots of more pronouncec
micropores were noticed in B4on the 368-day sample.
In BF4o at 220 days(Fig.16) the microstructwe indicated that
the cement hydration reaction was nearly complete and
produced many needlike and sheelike crystals. The
microstructure oBFsiwas composed of reticular amorphous 8
and needldike C-S-H phase where calcium hydroxide
crystals were locl embedded. The BRo had a
microstructure with fewer defects which in turn increased the
generation of components such as hydrated calcium silicate
(C-S-H) crystals, elements that improved the composite
mechanical properties.
The ability ofsulphate ion to penetrate the large pores
of BL4o also encouraged the ingress of chloride ions presen
in the lagoon water into the concrete samples. The steel rod i
the reinforced concrete beams was attacked by the chloridi
ion as the age of curing in@sed. This reaction must have led
to the poor performance of Bdin both the flexural and bond
strength tests, and the generally large slip distance observe
during the bond strength te@tig.10). The corroded surface
of the steel rod as a result of chite attack reduced the
bonding strength between the concrete and the stee
reinforcements. '

Figure 12. SEM images ofBF4 at 28 days.

F. Modelling of $elDeformation in Fexure

The flexural behaviouof the steel reinforcement in the
concrete beams was modelled using ANSYS software for 2€
and 365 days only. This was to mathematically predict the *
deformations of concrete beams and the steel bars inside th
concrete under loading, taken into consideratihe curing

environment of each beam and the effect of chloride on the ! .
Figure 13. SEM images oBL 4 at 90 days
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Figure 16: SEM images oBF4 at 220 days
Table 2: Deformation of rebar and beams

Specimens Rebar Beam
deformation (mm) deformation
(mm)
28 365 28 365
days days days days
BFao 3.75 3.72 3.94 3.91

BL4o 3.78 3.85 3.99 4.22

4]

11/10/2018 WD Mag = Hy HFW Pressure
7:15:20AM 8.4MM 10,000 20KV 130um 70Pa

a
11/10/2018 WD Mag Hv HFW Pressure
7:00:30AM 10.0MM 10,000x 20KV 130um 70Pa

Figures 15: SEM images oBF4 at 365 days.

The results showed that the deformation ofiBfamples for

both days was generally lower than BLAlso, the values
decreased as the curing age fougRcreased while that of

the BLyo samples increased as the curing age increases. This
observation can be linked to the effect of sulphate attack on
concrete and chloride attack on the rebar in the samples buried
in the lagoon water. The weak concrete flexural and bonding
strengths allowedmore tensile stresses to act on the
reinforcements, which allowed the large deflections
experienced in the steel rod of the samples buried in the
lagoon water. The deformation in the steel samples buried in
freshwater was low and keep on reducing as gledrecreases
because of the increased in concrete strength of this sample
since there was a very small amount of chloride and sulphate
ions that would have acted as impurities and attack the
reinforced concrete beams.

The oneyear deformation ta of steel rod in beams
buried in the chloride infested lagoon is estimated to be (r =
0.0181 or 1.81%). Based on equation 5, the past and future
deformation values can be obtained. The estimate for the
deformation of the steel in ten years from the pregeéll be
4.52 mm, while the value in ten years ago is estimated to be
3.15 mm. Most of the concrete structures on the Lagos lagoon
have an average age of 40 years, going by the current values,
the deformation of the rebar in forty years ago can be
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estimaed to be 1.82 mm, and these estimates are based on t
annual deformation rate and the usé&qf(5).

000 100.00 200,00 (mm)
_— _—
50.00 15000

Figure 18: BF4 28 days keamdeformation.
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000 100.00 20000 (mm)
| ——
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Figurel9: BF4 28 days ebar deformation.
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Figure 20: BF4, 365 days eamdeformation.

000 100.00 200,00 (mm)
— —_—

50.00 15000

Figure 21: BF4, 365 days ebar deformation.

069314
041838
0.14362 Min i

000 100.00 200.00 {mm)
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Figure 22: BL 4028 days bkeam deformation

IV. CONCLUSION
This experiment has investigated the role played by both
sulphate and chloride ions on the deterioration of the
structural members of some concrete elements buried in
lagoon water and using fresh water as control.

The mechanical test on the concrete samples buried in
the chloride infested lagoon showed depletn strength as
the concrete ages, while the samples in freshwater behaved
like a typical concrete in a normal environment. The
microstructural analysis revealed the large pores that were
formed in the samples buried in the lagoon, these pores were
formed as a result of chemical reactions between the concrete
elements and sulphates ions, which created a weak bond
within the concrete matrix, the large pores allowed the ingress
of chloride ion into the concrete, and eventually exposed the
reinforcement tattacks.

The corrosion in the steel as a result of chloride attack
led to low bond strength and high slipping distance in the
concrete buried in the lagoon. The modelling results revealed
the effect of chloride on the high deformation and deflections
that occurredn steel rods of concrete samples buried in the
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