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ABSTRACT: The aim of this paper is to evaluate tdwerosion activity of cracked flexural
reinforced concrete elements in marine environméfiten a crack occurs in cover concrete,
steel corrosion may be initiated or acceleratecdbise chloride ions can reach the rebar surface
more quickly. Therefore, the effect of cracking tbe service-life prediction of RC structures
should be taken into account. In this paper, sorhenandestructive test results of a
comprehensive research project are presented aoaksdied. In this regard, corrosion activity of
several small cracked reinforced concrete beamerusuktained loading, which are located in
tidal zone of a field exposure station in the RersGulf region, are assessed using three
nondestructive testing technigues. The 5-monthSnbnth results of the project are presented
in this study. The results show that corrosiontegkreinforcement under the cracks becomes
more severe by increasing crack width to coveord#floreover, the corrosion was less active
after 9 months of exposure compared to 5 monthexpbsure because of higher concrete
resistivity and lower ambient temperature at thterlage. Furthermore, the corrosion current
density and electrical resistivity values were meeasitive to the distance of testing point to the
crack point compared to the half-cell values.

1 INTRODUCTION

In marineareas, chloride penetration into reinforced comcistthe most dominant cause of
rebar corrosion. In this field, most of the studi@se been performed on non-cracked concrete.
However, it is almost impossible to produce cradefconcrete. When a crack occurs in cover
concrete, steel corrosion may be initiated or a&restd because chloride ions can reach the
rebar surface more quickly. Therefore, the efféaracking on the service-life prediction of RC
structures should be taken into account.

In this paper, some of nondestructive test (NDBulis of a comprehensive research project,
which is conducted by Amirkabir University of Tedlogy and Road, Housing & Urban
Development Research Center to study the durabilftycracked reinforced concrete, are
presented. In this project, several small crackéforced concrete (RC) beams under sustained
loading with 0.5 m length and six large RC beamih wie length of 5 m were made. Some of
the small beams and all the large beams were aatidal zone of a field exposure station in
the Persian Gulf region and the rest of small beame situated in a chamber which has
facilities to simulate the conditions of real clidter exposure. The parameters which have been
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considered to be investigated in this project idelicrack width, cover thickness, water to
cementitious materials ratio and replacement lef/sllica fume.

2 EXPERIMENTAL PROCUDURE

21 Test specimens

In this project, some of the specimens are 50 anerede prisms (small beams) reinforced with
single$10 steel bar with different concrete covers. Faatdrs are investigated: 1) prisms with
crack and without crack; 2) two binder types (plaontland cement and portland + silica fume);
3) three concrete covers (30, 50 and 75mm); 4)konadth ranging from 0.08 to 0.47mm. For
this purpose, totally, 24 small beams were made.

In table land Table 2, the chemical compositiofisthe binders and concrete mixture
proportions are presented. As can be seen in Tabteo different concrete mixtures were
made. In the first mixture, plain portland cemergswised as binder and in the second one,
silica fume was used to replace 7.5% by weightasfland cement. The cementitious materials
(cm) and water to cementitious materials ratio (w/evere kept constant at 400 kg/end 0.4

for both concrete mixtures. These amounts are d@ypfor concrete mixtures of coastal
reinforced concrete structures constructed in #rsi&n Gulf region, south of Iran.

Table 1. Chemical properties of binderes

Oxide composition (%by mass)

Sio, Al,O4 Fe03 CaO SE MgO NaO KO Loss on ignition

21.4 5.25 4.0 62.2 15 2.0 .35 75 2.2
93.2 1.1 0.7 0 0.05 1.6 0 0 1.6

Table 2. Concretes mixture proportions and slumps

Mixture proportions (kg/m)

Cement SF  Water Sand Gravel Supperplasticizer AF w/cm  Slump

09 i em
Control 400 - 160 1024 689 2 27 0 0.4 14
SF 370 30 160 1027 692 3.2 29 75 0.4 14

All the specimens were cured in water for 28 days l@emained in atmosphere for one month.
Then, all the faces of the small beams were coatddepoxy leaving only one face in tension
uncoated. The small beams were cracked at mid-applying three-point loading. The prisms
were paired and loaded back-to-back using stairdessl frames. Bolts of the frames were
tightened to achieve the desired crack widths.iue 1, a coupled small beams loaded with
stainless steel frame can be seen.

The small beams were located in tidal zone of thesiBn Gulf as illustrated in Figure2. It

should be added that six large-scaled beams withtheof 5 m have been also made in this
project and put in the tidal zone (Figure 3). Tlxtamed results of the large beams will be
presented in future papers.
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Figure 3.Largdeams located itidal zone of the field exposure station.
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2.2 Testing methods

To assess the corrosion, three NDT techniques dimgju galvanostatic pulse, concrete
resistivity, and half-cell potential measuremen&ewsed. The galvnostatic pulse method was
used to rapidly measure the corrosion current defisi,,) of steel bar in RC elements. The
electrical resistivity of the specimens was measusith a four-probe (Wenner) apparatus.
Half-cell potential method was utilized to detewt {potential for steel reinforcement corrosion.
The reference electrode used in this experimentanagpper-copper sulfate electrode.

The NDTs are conducted periodically on the beams. shown in Figure 4, the NDT
measurements are performed on the cracks (poiandb)on points a and b which are 150mm
away from the crack.

10 mm steel bar
I‘ 500 mm >|
a b ¢ /

150 mm 150 mm

Figure 4. Location of the NDT measurements.

3 RESULTS AND DISCUSSION

In Figures 5-7, the effect of crack width to covatio W./C) on the three NDT results have
been shown for exposure periods of 5 months ad @an be seen in these figures, corrosion
current densityj. increases and electrical resistivity and half-gaitential decrease with
higher W,/C. In other words, corrosion of steel reinforcemécomes more severe by
increasingh,/C.

According to Faraday's Law of electrochemical egl@xce, the corrosion current density,
can be directly related to section loss (corrosie) of steel reinforcement, whergua/cm?
equals to 11.fum/year (equation 1) (Broomfield (1997)). Therefarereasing/cr/C leads to
faster section loss of reinforcement under cracis l@ence faster structural deterioration of
reinforced concrete structures. As shown in Figyreelatively good direct linear relationships
exist betweem\cr/C andigy;.

corrosionrate = 11.5 X i ppr 1)

According to various studies, electrical resisyivaf concrete can be used to indirectly evaluate
the corrosion activity and hence predict the serdife of reinforced concrete structures
(Andrade & Gonzalez (1998), and Otieno et al. (2R18ome studies have shown that the
corrosion rate is inversely proportional to resisti of uncracked concrete (Otieno et al.
(2010)). However, no generally accepted rules ekistrelating concrete resistivity to the

corrosion rate. Similar to previous studies, theéawmled results in this study indicate that
resistivity of cracked concrete is inversely retbtie corrosion rate (compare Figures 5 and 6).

Half-cell test method is widely used for the ddtattof the corrosion potential for steel
reinforcement embedded in concrete. It should kedthat there is no general correlation
between the corrosion rate and half-cell potentiatause these two parameters are differently



Second Conference on Smart Monitoring,

Assessment and Rehabilitation of Civil Structures "

n

SMAR 2013

depended on variables, particularly moisture (grgex availability), temperature, and concrete
resistivity (Otieno et al. (2010)). However, simil@ corrosion current density and electrical
resistivity results, half-cell potential resultsoghthat the corrosion of steel bar reinforcement
become more severe with increasiig.

By comparing the 5-month and 9-month NDT resultssifound that the corrosion is less
intense after nine months of exposure in both egeamixtures (Figures 5-7). Lower corrosion
density, higher electrical resistivity and lowegatve half-cell values have been obtained after
nine months of exposure in sea water. Two reasams be proposed for justifying this
phenomenon.

Firstly, the resistivity of the concrete mixtureave been increased with time, which is
attributed to ongoing hydration and hence a reduocin pore solution conductivity and
additional microstructure densification. As candeen in Figure 6, the electrical resistivity of
uncracked beamsW(/C=0) have been increased for both control an SRKumgs. Due to
pozzolanic reaction, this improvement with timeriere considerable for the SF mixture. This
has been also observed in other works (Ahmadi &&iodi (2010)). The resistivity of concrete
has a significant effect on the rate of corrosibrermbedded reinforcing steel after the break
down of passivity. Generally, the larger the eleatrresistivity of electrolyte of corrosion cell
(in this case concrete), the smaller the corrosaia of reinforcement will be (Cusson et al.
(2006), and Broomfield (1997)).

Secondly, the 5-month and 9-month measurements panfermed in summer with ambient
temperature of 40°C and winter with ambient temjpeeaof 26°C, respectively. Temperature
affects the corrosion rate directly. The rate @f ¢ixidation reaction is influenced by the amount
of heat energy. The concrete resistivity also redueith increased temperature because ions
become more mobile in the pore solution and sat®ime more soluble (Broomfield (1997)).
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Figure 5.Relationship between corrosion currentsiigrand W, /C: (a) 5-month exposure and (b) 9-
month exposure.
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Figure 6. Relationship between electrical resigtiand W,,/C: (a) 5-month exposure and (b) 9-month
exposure.
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Figure 7. Relationship between half-cell potentad W,,/C: (a) 5-month exposure and (b) 9-month
exposure.

The effect of measurement location on NDT resuttgehbeen shown in Figures 8 As can be
seen in this figures, the corrosion current densityd electrical resistivity values are

considerably different on the crack location wittja@ent points (points a and c in Figure 4).
While, there is no significant difference betweeatf4eell values obtained on the crack with the
adjacent points. Similar trend was also observedh® other small beams. Therefore, it can be
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concluded that the corrosion current density aedtatal resistivity results are more sensitive
to the distance of testing point to the crack poorhpared to the half-cell results. Accordingly,
conducting only half-cell might not be appropridte evaluating the corrosion condition of
steel bars under cracks and it should be acconganjeother NDT techniques for better
interpretation.
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Figure 8.Effect of measurement location on NDT Itssya) corrosion current density, (b) electrical
resistivity and (c) half-cell potential (binderaaph portland cement, crack width: 0.31mm, covemBQ
exposure duration: 5 months)

4 CONCLUSUINS

The main conclusions of this study about NDTs penfxl on cracked reinforced concrete
beams to evaluate the corrosion of steel reinfoerdrare as follows:

» Corrosion current density,, increases and electrical resistivity and half-peliential
decrease with higher crack width to cover ratioug;hcorrosion of steel reinforcement
becomes more severe by increasing crack widthweraatio.

e The corrosion rate is inversely related to thetdleal resistivity on the crack location.
Therefore, electrical resistivity can be used wirectly evaluate the corrosion activity
of steel reinforcement under crack.

* By comparing the 5-month and 9-month NDT resuitss found that the corrosion is
less intense after nine months of exposure in loothicrete mixtures (Figures 5-7).
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Lower corrosion density, higher electrical resiggivand lower negative half-cell values

have been obtained after nine months of exposuseanwater. Two reasons can be
proposed for justifying this phenomenon.

« Corrosion was less active on crack location aftenadth exposure in the tidal zone
compared to 5-month exposure as electrical redistof the concrete increased with
time due to ongoing hydration of the cementitiousitenals and the ambient
temperature at 9 months was far less than the atrtieiperature at 5 months.

e The corrosion current density and electrical regigtvalues were more sensitive to the
distance of testing point to the crack point coregapo the half-cell values. Hence, half-
cell test should be accompanied by other NDTs &itelb evaluation of steel corrosion
under crack.
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