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ABSTRACT - Reinforced concrete (RC) corrosion is a leading of structural deterioration and 2525:5: glzsn';r ﬁ:rY 2020
premature degradation for the infrasturctures, with significant affected for safety, durability and Revised: 215t Nov 2020
reability. Therefore, early assessment of RC corrosion is important to prevent deterioration of the Accepted: 11t Dec 2020
structure. The objective of this paper is to apply Boundary Element Method (BEM) for improving

reinforced concrete (RC) corrosion assessment using field measurement data. In this study, the KEYWORDS

potential on whole domain of concrete structures was modeled by Laplace equation. The Laplace Reinforced concrete;
equation was solved by BEM, hence the potential on the concrete structure can be determined. Boundary element

method; Half-cell potential
technique;
corrosion assessment

The field data were measured by using half-cell potential technique and collected from an existing
house in Aceh region that struck by the 2004 Sumatra tsunami. The simulation results show the
use of BEM can improve the RC corrosion assessment. According to ASTM C876, the distribution
of potential values on the concrete surface above the corroded area were in range -200 mV to -
350 mV that indicated active corrosion was occurred. It can be inferred, the method can improve
the field measurement data since it has capability to predict the corrosion profiles of reinforcing
steel in more precise.

INTRODUCTION

Reinforced concrete (RC) is the most widely used as a main material for structure construction [1]. Since of reduction
of quality and aging of concrete structures and the intensity of the increased traffic and loads are some of the major
problems faced by the civil engineers or researchers today. Therefore, early investigation of concrete structure reduction
become important. Many researchers has been investigate the several causes of the problems. Early deterioration of
concrete due to several factors such as aggressive environments, and poor quality construction has occurred in many
reinforcing steel structures [2,3]. The result also inferred that corrosion is also one of the main causes of the concrete
reduction quality and it can lead to premature failure [4]. Therefore, performing corrosion assessment periodically for the
maintenance of a concrete structure is important [5,6]. It can reveal the corrosion damage process of reinforced concrete
(RC) in the structures being investigated and controlled.

Recent year, more attention has been given by some researchers for corrosion assessment of reinforced concrete. Field
measurement is one of the conventional strategies for reinforcing steel corrosion assessment. Some techniques are
introduced for field corrosion assessment such as half-cell potential technique [7]. The method influence by the
environment factors [8] and needs electrical access to the steel. High impedance voltmeter and a reference electrode
should be connected, in contact with the steel and surface of reinforced concrete respectively [9-11]. The method is
difficult to be done in many cases such as the part of RC structures those have limited access such as corrosion control in
traffic bridge [12,13] and marine infrastructures [14]. The method will cost a large amount of resurches and time
consuming [15]. Concrete condition factors such as the concrete cover thickness [16,17] and concrete porosity [18] also
influence the measurement results, because the measurements are only done on the surface of the concrete. The
measurement result also influenced by certain environment [19] and current condition of RC structues. The methods only
report the corrosion risk level and the results are not able to give a direct assessment of the reinforced concrete corrosion.
Therefore, due to the several experimental difficulties, it can be a major challenge for the field assessment that might lead
to misleading prediction of RC corrosion. A reliable investigation method is required for decrease the limitation of field
measurement. Some researchers have introduced computational approach for solving the problem. The most widely used
numerical techniques for solving the experimental difficulties analysis and field assessment that migh lead to misleading
such as Finite element method (FEM) (e.g. [20,21]) and Boundary element method (BEM) (e.g [22,23]. However, the
method (FEM) requires the discretization of the whole domain and can be an extremely tedious and time-consuming
process. Whereas, reinforced concrete corrosion asessment only needs the potential data on the concrete surface. Thus,
BEM consider able to reduce misleading prediction of field measurement. In this research, BEM were apply to reduce
the field measurement effort for corrosion assesment. The significance of this research is able to reduce the field
measurement data value collection and predict the corrosion occuring in reinforcing steel. Furthermore, the validation of
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corrosion assessed by BEM will be validate with actual observation on the assesed reinforced concrete column. The
assesed reinforcing steel building which was affected by 2004 tsunami Sumatra.

METHODS AND MATERIALS
Half-cell Potential Technique

Half-cell potential technique consists of a device comprising of a piece of metal in a solution such as copper ions in
copper sulphate and silver in silver chloride. The method also one of non-destructive techniques for RC corrosion risk
assessment [15], [24]. The method is considered efficient combining with numerical approach boundary element method
for reliable result. In this research, some potential data from concrete surface was collected for analyzing with numerical
boundary element method. The schematic of half-cell potential technique to estimate the potential on the RC surface is
shown in Figure 1.
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Figure 1. Schematic of half-cell potential technique

The potential measured on the concrete surface given by half-cell potential method is indication of the corrosion risk
level of the steel. ASTM C876 [25] gives a way to interpret half-cell potential measurement data in the field. Table 1
describes the criteria of reinforced concrete corrosion risk. The potential measured by the half-cell potential is relatively
low if the steel is in passive state, 0 to —200mV (Cu/CuSO4). Corrosion actively occurs when the potential is more
negative than —350mV. The potential reading moves toward the potential value of —350mV when the passive layer is
failing.

Table 1. The ASTM C876 criteria for corrosion risk of reinforced concrete

References electrode References electrode Corrosion Risk
Cu/CuSO4 Ag/AgCl
>-200 mV >-106 mV Low (10% risk of corrosion)
-200 to -350mV -106 to -256 mV Intermediate corrosion risk
<-350 mV <-256 mV High (<90% risk of corrosion)
<-500 mV <-406 mV Severe corrosion

Numerical Modeling Bem of Reinforcing Steel Corrosion

The potential of the concrete domain (Q) region can be modeled mathematically by the Laplace's equation [26]:
Vig=0 in Q (1)
where the density of current, denoted by i, is given by:

i__ 99
I—Kan 2
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where N is unit outward normal and &/¢n is derivative in the direction of normal. Boundary condition of the concrete
domain is given in Figure 2. Boundary conditions, related with Eq. (1) are:

i=i, on I (3)
¢:_ fa(l) on 1—‘2a 4)
¢:_ fc (I) on 1—‘20 )

where ¢ is potential at any point,iis current density, f_(i)is the corroded polarization curves and f_(i) is non-

corroded polarization curves of the steel in concrete. The minus signs on the right hand sides of Egs. (4) and (5) are due
to the fact that the potential in the electrolyte near the metal surface (¢) is equal to minus value of potential difference

between the metal and the reference electrode [27]. It is noted that the potential (¢) is defined with referring to the metal

and has the inverse sign of the employed usually in the corrosion science. The current density within the steels has been
imposed as zero for the numerical calculations.

Figure 2. Boundary conditions for reinforced concrete corrosion modeling

Three dimension formulation

The differential equation representing Laplace’s equation in three dimensions can be written as follows:

o’ 0% ©o°
Vg =8—X§f+§¢j+a—2¢;:0 (6)

where VZis Laplacian operator and x, y and Z are the Cartesian coordinates axes which is an arbitrary domain where

the solution is sought. In this solution domain, assume that there is an interior point p (usually called the 'load' point) of
coordinates X b ,Yp and Z . and consider any point on the boundary Q (usually called the ‘field' point) with coordinates

Xo1 Yo and z,, . The use of capital letters for the coordinates indicates a fixed point, whereas the lower case coordinates

indicate a variable point. The three-dimensional fundamental solution of Laplace's equation based on a concentrated
potential or source at the point P can be easily verified as follows:

A(p.Q) :;{V(SQJ U

where r(p,Q) is distance between p and Q given by:

I’(p,Q) Z\/(Xp_xQ)z"'(Yp_yQ)z+(Zp_ZQ)2 ()

The constant [1) is associated with the strength of the potential at the point p but can be considered arbitrary for
A

the present purpose.
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Green’s Functions

Green's functions for linear differential operators involving the Laplacian readily put to use using the second of Green's
identities to solve the problem within the domain to its boundary as follows:

By applying the Laplace’s equations and — -, the solutions may be written as follows:

kIl BVIQp) 4o =11 ()} Qp)-("Qp))¢}er (10)

Eq. (10) shows the advantage of the BEM that reduction the problem dimension by one. The standard boundary
element procedures derived by:

¢ i
x [H]- (i) - [6]4i,p =0 (11)

- i) i

where the further detailed expression of [H] and [G] matrices are given in [28]. The known current density

represented by 0. The system of non-linear algebraic equations in Eq. (11) can be solved by iterative procedures, e.g. the
Newton-Raphson method and LU decomposition. Therefore, the potential ¢ and current density i on the overall surface
of reinforced concrete can be determined.

RESULTS
Field Measurement Corrosion Assesment

The corrosion risk assessment of reinforced concrete has been performed on an existing house in Aceh region after
six years submerged by the 2004 Sumatra tsunami in previous research. For this study, one critical column of a residential
building in Peukan Bada, Aceh Besar, Province of Aceh was selected to be assessed both by potential mapping and BEM
3D corrosion simulation. The building was located 1.8 km from the shoreline and the elevation of tsunami in that region
around 10 m. The building and selected column are shown in Figure 3.

Assessed column

Figure 3. Residential reinforced concrete building which was affected by 2004 tsunami Sumatra
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Figure 4. The equipment of potential measurement on reinforced concrete surface: (a) Steel locator (Profometer-3) and
(b) SCRIBE DHC digital half-cell meter

The location of steel in the concrete was mapped precisely using a profometer-3 as shown in Figure 4,a. Then, the
corrosion potential at those mapped point was assessed by using half-cell meter as shown in Figure 4,b. The result shows
that the potential corrosion distributions were varying approximately between -100 mV to -350 mV as shown in Figure
5. The critical area was located at upper column. The potential corrosion for the upper area ranged between -200 to -350
mV. According to ASTM C876, this column was already at intermediate corrosion risk.
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Figure 5. The potential corrosion distributions from field measurement data at the assessed column

BEM Corrosion Simulation

A model of reinforced concrete corrosion is shown in Figure 6, where the size of corroded area of the steels was 80
cm. Four rebar were embedded into concrete column. The thickness concrete cover was assumed 5 cm from the embedded
rebar. For the corrosion condition for simulation, the corrosion size came from several trials-and-errors simulation in
order to obtain similar potential distribution between simulation and field measurement. The conductivity of concrete (k)
was 0.007 Q*m L. The boundary conditions for the corroded and non-corroded areas on the steels were generated from
linearization of the polarization curve that given in the reference [26]. The model was divided into 9589 triangle element
mesh for 3D boundary element calculation.
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Figure 6. Model of RC Corrosion Figure 7. The distribution of potential on the RC using 3D BEM

The 3D BEM was performed using the above boundary conditions. The result shows the potential distribution on
whole surfaces of the steel and concrete as given in Figure 7. The potential values of upper part of the concrete surface
are higher than the rest one. This indicated that the corrosion was actively occurred on the reinforcing steel of the upper
part of the structure as modeled. The result also shows the potential values of corrosion were distributed in the upper part
of concrete came into high risk corrosion based on Table 1.

DISCUSSION
Factor Influence Field Measurement

For comparison result, Figure 8 shows the comparison the potential distribution on the concrete surface obtained by
simulation result with the field measurement result using half-cell potential mapping technique. A good agreement of the
potential distribution along x-axis on concrete surface was obtained where the potential values significantly decrease
above the corroded area along x-axis from 320 to 400 cm. Furthermore, the 3D BEM simulation result shows the similar
corrosion risk level as given by the field measurement result. The potential values on the concrete surface above the non-
corroded areas were lower than -100 mV that indicated the corrosion reaction came into low risk corrosion.

Meanwhile, the distribution of potential values on the concrete surface above the corroded area were in range -200
mV to -350 mV that indicated active corrosion was occurred. The result also shows the differences potential distribution
along 0 to 200 cm of rebar (green ciycle). The differences occur since current measured field condition influence. Current
measured concrete condition was shown by Fig. 9. The Defect and pitting was occur on the concrete cover. Thus, it might
lead a misleading of the field measurement. Therefore, many field condition factor influence the assessment result.
Meanwhile, the assumed concrete conductivity of reinforced concrete influence the simulation result, the result shows a
stable potential distribution along 0 to 200 cm rebar. However, the differences of potential distribution along 0 — 200 cm
considered consistent with the field measurement. It’s due to standar corrosion risk level in Table 1, in the 0 — 200 cm of
rebar considered came to low risk corrosion.
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Figure 8. Potential distributions on concrete surface obtained by 3D BEM and by Half-cell measurement

In the other hand, the comparison gives an indication that the corrosion size of the actual corrosion was similar with
the corrosion size in the simulation. By doing 3D BEM simulation, thus comparing the result with the assessment data,
information related to the corrosion distribution might be obtained, for this case was corrosion location and size. Hence,
the assessment could be improved by using 3D BEM simulation. Further analysis was obtained in the research. Actual
observasion was perform to validate the field measurement and 3D BEM simulation.
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Figure. 9. The current assessed concrete cover condition during field assessment

Actual Observation for Validation

The selected public buildings that were assessed have been reconstructed as shown in Figure 10. Visual observation
has been conducted for the analysis of field measurement and simulation of BEM for validation. The actual observation
shows that the corrosion activity has been occur on the reinforcing steel. Based on the field measurement, the enhancement
of corrosion potential was occur on the bottom of rebar and high risk of corrosion activity was occur on the upper site of
rebar. Meanwhile, the simulation result shows the high risk corrosion activity was occur on the upper site of reinforcing
steel. Regarding those result, the bottom and upper site of assessed rebar was destroyed as shown in Figure 11.
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Figure 10. The assessed concrete column was reconstructed

The actual observation shows that low risk corrosion activity was occur on the bottom site of rebar and worse corrosion
has already taken place in upper site of the reinforcing steel. Figure. 11(a) shows that the high corrosion risk was occur
on the upper site of concrete and Figure. 11(c) shows the low risk of corrosion on the site.

Figure. 11. Actual corrosion of rebars in the east surface of column 1 of the existing civilian house

The observation also shows that the experimental result has good accuracy in predicting the corrosion risk of
reinforcing steel. Further actual for validation corrosion that already occurring in the column of the existing Tsunami
building is shown in Figure 12. It can also be seen that the rebar are already corroded under the surface of the concrete,
and even worse corrosion has been occur on the upper site. However, in resolving the experimental work, much time
must be allocated well and many field factor must be reckoned. The current concrete condition also influence the field
measurement. Hence, BEM can be an option to improve the field measurement result in order to obtain better assessment
result. By using BEM, the actual corrosion condition determined by field measurement can be well predicted.
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Figure. 12. The worst actual corrosion of rebar after reconstructed for actual condition prediction

CONCLUSION

The measurement field data has been collected by half-cell potential technique that show the probability of corrosion
of reinforced steel of the public buildings affected by 2004 Tsunami Aceh. RC corrosion has been simulated by using 3D
BEM which indicated the potential corrosion on the concrete structure was affected by corrosion profiles of the
reinforcing steel. The comparison of potential distribution on the concrete surface obtained by simulation result was
agreed well with the field measurement result. For such situation, the actual corrosion profile also might similar to the
simulation. Therefore, RC corrosion assessment by using half-cell potential technique can be improved by employing the
3D BEM, since the corrosion profiles of reinforcing steel in more precise can be predicted. Moreover, in order to avoid
the corrosion of reinforcing steel inside the concrete, several methods could be applied, i.e. cathodic protection,
realkalization, and chloride removal.
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