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Abstract 

Reinforcement feasibility of a new ecological earth concrete was examined. Steel rebar 

corrosion, when in contact with three different types of clayey soil, was investigated using 

electrochemical methods, potentiodynamic voltammetry and impedance spectroscopy (EIS). 

Results have shown that the voltammetry method overestimates the corrosion rate while EIS 

supplies the most reliable results. Corrosion rate decreased and a steady state was reached 

after four months of contact. The type of clay does not have a significant influence on the 

corrosion rate of the steel rebar, and the average value of 3  was considered 

acceptable for the lifetime of the structure. 

Keywords: raw earth concrete, eco-materials, clay-steel interaction, electrochemical analyses, 

polarization resistance, EIS.
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1. Introduction 

Nowadays, ecological issues are important in the field of construction and civil engineering. 

Standard concrete requires, for its production, huge grey energy consumption. In addition, it 

needs natural aggregates, as sand and gravel, having significant impacts on the nature [1], like 

the destruction of beaches and mountains [2]. 

In order to reduce the environmental impact of standard concrete, the use of energy-efficient 

materials is necessary [3]. Therefore, many researchers tend to study the behaviour of eco-

geo-materials, as new construction resources, such as dredged sediment, recycled aggregates, 

or raw earth [4] [5]. One of the alternatives is using natural soils (raw earth) as a basic 

material. 

A new earth concrete was developed and patented in Normandy, France [6] [7] [8]. It is 

composed of 87 % of raw earth treated with 9% of cement and/or 3% of lime. It can also be 

strengthened with recycled concrete aggregates RCA [9] to improve its mechanical properties 

while remaining ecological. This earth concrete presents a satisfactory mechanical behaviour 

when structural elements are acting in compression, e.g. bearing walls. However, as in the 

case of standard concrete, when structural elements are working in bending or tension, e.g. 

beams, the concrete presents a low tensile strength which requires the use of steel 

reinforcements. Likewise, this low tensile strength affects the shrinkage behaviour of the earth 

concrete [10]. Using ecological reinforcements such as bamboo, liana, or vegetable fibres can 

be possible in the future with advanced studies [11] [12]. Thus, with the new earth concrete, 

steel reinforcement is still necessary to construct buildings, with structural elements acting in 

tension. 

In the standard concrete, the environment is alkaline (pH value as high as 12.5). This 

environment promotes the formation of a protective film on the steel surface, which reduces 
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the corrosion rate [13]. However, due to the porosity of concrete, carbonation [14] and ingress 

of chloride ions [15] may occur, which will decrease the pH value and stimulate the corrosion 

process. In earth concrete, the environment is also alkaline, when it is treated with binders 

(cement and lime), but it is also composed of natural clayey soil that is not inert, like the case 

of sand and gravel present in standard concrete. So, to study the corrosion of steel in earth 

concrete, the interaction between the natural clayey soil and the steel should be considered. 

Natural soil is a highly non-homogeneous environment, composed of different minerals and 

chemical compounds. Many soil parameters influence the corrosion of the steel [16] which 

are the particle size [17] [18], pH [19], moisture content [20] [21], concentration of dissolved 

oxygen [21] [22], nature of salt ions, and organic content [23]. According to the soil’s particle 

size distribution, its resistivity varies and affects significantly the corrosion of the steel in soil 

[23]. Among minerals, clays are the most reactive with their environment with the presence of 

water; they increase soil’s conductivity [16]. So, understanding their interaction with the steel 

is highly important, especially when the soil is used to construct buildings. 

Studies reported in the literature discuss mostly bentonite-iron interaction. El-Shamy et al. 

[20] showed that the corrosion rate of pipelines in contact with bentonite is proportionally 

related to water content, as large as the moisture content is below 40%. Kaufhold et al. [24] 

showed that Na-bentonites are slightly less corrosive than Ca-bentonites, and that highly 

charged smectites are less corrosive than low charged ones. They also found out a formation 

of a 1:1 Fe-silicate mineral. Earlier, Ishidera et al. [25], also found out that the smectite clay 

was destabilized to form a 1:1 phyllosilicate. Schlegel et al. [26] showed a transformation in 

clay layers and a decrease in the corrosion rate with time. In iron-rich clay, Yan et al. [27] 

showed that the presence of Fe oxides in clay increases the reaction rate for both anodic and 

cathodic processes of pipeline steel. 
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Different techniques are proposed to evaluate the corrosion process and to measure the 

corrosion rate. Among all, electrochemical techniques are the most used. In different studies, 

the electrochemical impedance spectra showed two relaxation time constants with capacitive 

behaviour [16] [27]. 

The literature review shows that many studies dealt with the interaction between soil and 

carbon steel in the fields of archaeology [28] [29], pipelines [30], and radioactive waste 

management [24] [31]. These environments (high temperature, anaerobic, compacted soil, 

etc…) are very different from those of construction. In this field, only a few studies were 

devoted to earth walls and backfill reinforcement [32]. As far as we know, no study dealt with 

the corrosion of steel rebars in contact with earth concrete. 

The aim of this paper is to investigate the corrosion rate of steel rebars embedded in raw 

earth. Results will validate the feasibility of reinforced earth concrete. 

2. Methods 

When a steel rebar is in contact with soil, the corrosion process takes place [33] [34] [35]. In 

this study, the interaction between a carbon steel rebar and three types of clayey soil, 

kaolinite, montmorillonite and natural silt, was investigated using two electrochemical 

methods to estimate the corrosion rate [36] [37]. 

2.1. Principles of electrochemical methods 

A classical three electrodes cell constituted of a working (WE), a reference (RE) and a 

counter electrode (CE) was used. Electrodes were in contact with the clay which is a corrosive 

environment that constitutes the electrolyte. These electrodes were connected to a potentiostat 

which is both a control and a measuring device. It maintains the potential of the WE constant 

with respect to the RE by adjusting the current at the CE. 
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Generally, to study an electrochemical corrosion system, three main measurements can be 

done, open circuit potential (OCP, or ), potentiodynamic polarizations (also called 

potentiodynamic voltammetry) that estimate the corrosion current density ( ) and Tafel 

constants for anodic and cathodic processes, and electrochemical impedance spectroscopy 

(EIS). Generally, experimental spectra were then reproduced by an adequate equivalent 

circuit. From these measurements, the corrosion rate of the WE in contact with electrolyte can 

be evaluated. 

2.2. Experimental setup 

Figure 1 presents a descriptive scheme of the experimental setup used in this study. The 

counter electrode was a stainless-steel grid (Figure 2). The steel rebar, generally used in 

reinforced concrete, constituted the working electrode (Figure 2) with a drilled hole at one end 

(Figure 2-b) to ensure electrical connection to the potentiostat. This steel rebar had a smooth 

surface with a diameter of 10 mm. It was coated with an insulating tape at both ends to limit 

the contact area with the soil to 5 cm (length). The contact area of the WE for all experiments 

was then 15.7 cm2. The reference electrode was a graphite rod (Figure 2) throughout the 

experimental process. Table 1 shows the potential of the graphite rod embedded in clay with 

respect to SCE. The potential shows an exponential decay with time. All potentials were 

related to SCE scale. 

First, the CE was placed in the slightly conical mould wall. A small portion of the CE extends 

above the top surface of the mould, in order to be connected to the potentiostat (Figure 2). 

Second, the wetted soil, with a water content slightly above the liquid limit , was poured 

and vibrated. Third, the WE was inserted in the centre of the poured soil. Finally, the RE was 

inserted between the WE and the CE. The mould was then covered with a pre-cut lid. All 
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apertures were sealed carefully with silicone mastic to avoid evaporation and to maintain the 

soil water content throughout the experiment. 

The potentiostat used in this study was Gamry® Interface 1000. Once the system was 

stabilized (i.e. constant OCP), the following procedure was realized: 

1. OCP was measured during the first 5 minutes to ascertain the free potential value. 

2. EIS was then measured at OCP with a frequency ranging between 100 kHz and 10 

mHz or less, by 5 or 10 points per decade. The amplitude of AC signal was 10  

3. After the collection of impedance spectrum, the electrode was kept at the open circuit 

for one hour, followed by 5 minutes of OCP measurement. 

4. Potentiodynamic polarization curve was then collected. The potential was scanned 

from -50 to +50 mV with respect to OCP at a scan rate of 1 . 

This set of measurements was repeated continuously for 2 days, then once a day for a week, 

then once a week for one month, then once a month for 3 months and finally every 3 months. 

Altogether, the experiments were continued for six months. 

2.3. Calculation and analyses 

From these measurements, two sets of results were obtained, the current I in function of the 

potential (voltammogram) and the impedance (complex number) in function of the AC 

perturbing signal. The objective was to evaluate the corrosion current density  ( ) then 

to calculate the corrosion rate  ( ). 

From the potentiodynamic voltammetry, was deduced from the first Stern-Geary equation 

[38] (equation 1) with the faradaic current passing through the WE interface.  
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  (1) 

In the above equation, “ ” represents the measured current density ( ), “ ” the 

corrosion current density, “ ” the Tafel constant of the anodic process ( ), “ ” the Tafel 

constant of the cathodic process ( ), “ ” the corrosion potential determined at the zero 

overall current (V), and “E” is the measured potential (V). 

The corrosion rate (Equation 2) was then calculated from the value of corrosion current . 

 
(2) 

Where “M” ( ) stands for the molar mass of the steel ( ) considered to be equal to 

that of iron, “t” (s) the contact time, “ρ” ( ) the density of steel rebar, “F” ( ) the 

Faraday, and “n” the valence of steel dissolution assimilated to that of iron. 

It is important to recall that a typical feature of impedance spectra obtained, involves 

generally two time constants with capacitive behaviour as illustrated in Figure 3 [16] [27]. 

This circuit is composed of the electrolyte resistance Re, the double layer capacitance Cd, the 

charge transfer resistance Rt, the faradaic capacitance CF, and the faradaic resistance RF. The 

measured current I under potential scan contains therefore, in addition to , the current for the 

charging of the interface capacitance Icapa. The current I measured was then expressed by 

Equation 3. 

 
(3) 

Where, dE/dt is the potential scan rate. However, in most cases, Icapa was neglected by using 

sufficiently slow potential scan, thus IF was considered to be equal to I. 

According to the second equation of Stern and Geary (Equation 4) [38], the corrosion current 

density Ic can be evaluated from the polarization resistance Rp (Ω) and the Tafel constants. 
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(4) 

The polarization resistance can be calculated either from the slope of the current-potential 

curve at the corrosion potential Ec, as well from the impedance results by fitting the 

impedance spectra with the equivalent electrical circuit or the extrapolation of Nyquist plot to 

the low frequency limit (Equation 5). Note that  does not contain the term of the electrolyte 

resistance . 

	

(5) 

3. Materials 

Three types of soil were analysed in this study: natural silt, kaolinite clay and montmorillonite 

clay. Their X-ray diffractogram is presented in Figure 4 in order to identify their mineralogy. 

The soils were initially moistened to become a mud by adding an appropriate amount of water 

to the dry natural material. 

Table 2 presents the water content of the slurry, w , the pH, 

and the electrical conductivity of the considered soils. The water used was doubly deionised 

water. 

3.1. Natural silt 

The natural soil used in this study was silt retrieved from earthmoving works. It constituted 

the principal component of the earth concrete (cf. Table 3). Based on these properties and its 

grading curves, the soil used was classified as sandy loam SL(SM) by the USCS classification 
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(Unified Soil Classification System). According to its XRD (Figure 4), it was mainly 

composed of quartz (61%), and the clay particles were essentially muscovite, vermiculite, 

chlorite and illite [8]; these clays are non-swelling in presence of water. 

3.2. Kaolinite P300 

The kaolinite used was natural clay P300. It is T-O clay (1:1) which corresponds to 

mineralogy from two layers: 

T: Tetrahedral layer composed of a set of silicon (Si) and four anions of oxygen ( ); 

O: Octahedral layer composed of a set of two aluminium (Al) and eight hydroxyls ( ). 

This mineralogy type of clays has a low reactivity with its surrounding environment and a low 

sensitivity to water absorption. Its physical properties are presented in Table 3. 

3.3. Montmorillonite 

The montmorillonite was also a natural clay of the T-O-T mineralogy (2:1) which is an 

octahedral layer surrounded by 2 tetrahedral layers. This mineralogy type of clays is highly 

reactive due to the uncompensated electrical loads on the edge of the sheet. Thus, this type of 

clay is reactive with its environment, and swells with the presence of water. Its properties are 

summarized in Table 3. 

4. Results 

The interaction of three different clays in contact with a smooth steel rebar was analysed 

using two complementary methods: potentiodynamic voltammetry around the OCP and the 

electrochemical impedance spectroscopy EIS. 
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4.1. Potentiodynamic voltammetry results 

Figure 5 displays the time evolution of log(I)-E curves for steel-Montmorillonite couple. One 

over two experimental data were plotted by symbols. Lines corresponds to fitted curves 

according to Equation 2 by non-linear simplex regression calculation. The consistency 

between these two data was satisfactory since the coefficient of determination , the 

correction factor, was greater than 0.999 for all cases. 

Excluding the very early stage, it can be noticed that the cathodic current density increased 

with contact time of the steel in the soil whereas the anodic reaction rate decreased. The 

potential shifted towards a more anodic direction while the corrosion current density  

decreased. Following, the variation of various voltammetry parameters for the three soils was 

presented. 

4.1.1. OCP and Ec variation 

Figure 6 presents the variation of the measured  (OCP) and  that was calculated by non-

linear fitting of I-E curves (Equation 2). The curves were slightly consistent. Both potentials 

varied similarly. In the case of silt, it increased in the first three days, while in the case of 

kaolinite, it increased in the first ten days. Both then decreased. In contrast, for 

montmorillonite, they decreased monotonically in the first 2 days and then increased after. 

4.1.2. Variation of corrosion current density 

Figure 7 shows the variation of the corrosion current density  determined by 

potentiodynamic voltammetry, Equation 2. Like the potential variation,  of silt and kaolinite 

presented a similar feature. The initial  was low, 0.7 and 1.3 , respectively for silt 

and kaolinite. It decreased slightly on the first day of contact time; then it remained almost 

constant for about a week, then increased steeply after. This steep current increase was 
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somewhat unexpected and will be compared to  calculated from the impedance data 

(§4.2.4). On the contrary, for the montmorillonite, the  started with a high value of 2.2 

, then decreased monotonically until it reached, after 100 days of contact time, a 

constant curve at about 0.4 . 

4.1.3. Variation of Tafel constants 

Figure 8 illustrates the variation of Tafel constants  and . As for the anodic constants, they 

did not vary significantly compared to the cathodic ones. For silt and kaolinite,  change 

depicted a sigmoid. At early contact time, it was about 40  and changed slightly during the 

first four days, then it decreased for one month, till it reached the steady state value, 16 . In 

the case of montmorillonite,  was initially equal to that of silt, then increased from 39 to 60 

, then decreased to reach a constant curve of 24 . 

The amplitude of  changed often as mentioned above. As for steel-silt interface,  was 

initially about -42 , then decreased on the first 5 days. It reached -120 . After 5 days,  

increased and approached -23 . For kaolinite, which was the case for anodic Tafel 

constant, a similar shape was depicted but its values shifted towards more negative values (-

71 to -130  and about to -51  after four months). In the case of montmorillonite,  

change has showed a sigmoid, -28 to -80 . The half plateau value was located around three 

days. 

4.2. EIS results 

Figure 9 presents the impedance spectra of steel-clay interface collected at an early stage of 

the experiments. For other systems, a similar impedance diagram was observed. They 

revealed two depressed capacitive loops in Nyquist diagram. Therefore, the equivalent circuit 
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will be composed of the electrolyte resistance , two resistances (charge transfer resistance 

 and faradaic resistance ), and their corresponding capacitances. This circuit was very 

close to Figure 3, where the capacitive behaviour was presented by pure capacitance; whereas 

in Figure 10-a, reckon depressed feature of capacitive loops, CPE was used. The CPECd 

represented the contribution of the electrochemical double layer capacitance. The couple 

RF//CPEF was allocated to the redox process taking place with corrosion products and 

accumulated on the steel surface. The electrochemical reaction involving a redox process is 

presented in §5.2. On the contrary, for montmorillonite, after about 20 days of contact with 

the steel rebar, an additional capacitive loop started to appear in the Nyquist diagram at the 

high frequency side and increased after about 2 months. The equivalent circuit presented in 

Figure 10 was used for parameter fitting calculations. 

The circuit elements in Figure 10 are the following: 

: Electrolyte resistance between RE and WE ( ) 

: Charge transfer resistance ( ) 

: CPE element for double layer capacitance ( ) 

: Power coefficient of CPE (dimensionless) 

: Faradaic resistance associated with redox process ( ) 

: CPE element for faradaic capacitance ( ) 

: Power coefficient of CPE for the redox process (dimensionless) 

: Resistance representing ionic conduction through the surface layer ( ) 

: CPE element for surface layer ( ) 

: Power coefficient of surface layer (dimensionless) 

The impedance of a CPE element (Q, a) in parallel with a resistance R is: 
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(6) 

The results of fitting calculation were superimposed on experimental data in Figure 9. They 

represented well the experimental data. The variation of the different circuit’s parameters is 

described below. 

4.2.1. Variation of the electrolyte resistance  

Figure 11 presents the variation of electrolyte resistance  of steel rebar in contact with three 

different soils.  for silt and kaolinite soils was about 10 times greater than that of 

montmorillonite.  was almost constant about 3.0 and 2.3  for silt and kaolinite 

respectively, but it increased slightly after 3 months of contact and reached 4.9 and 3.1 

 respectively for silt and kaolinite. 

As for montmorillonite,  decreased from 0.26 to 0.21  during the first 17 days then 

increased to 0.54  after 6 months of the experiment. 

4.2.2. Variation of the two resistances  and . 

Figure 12 exhibits the variation of the charge transfer resistance Rt and the faradaic resistance 

RF. For montmorillonite, excluding at the early stage,  (solid symbol with bold curve) was 

smaller than  (open symbol with thin curve). Besides,  data were scattered substantially, 

and the time variation was unpredictable.  for silt was initially ca. 7 , then decreased 

down to 2.5 , then increased almost linearly to 30  after eight months of 

contact with the soil.  increased almost-linearly from 10 to 25  during the first 2 

days, then it remained constant. 
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 for kaolinite showed a bell-shaped curve. The initial and final values were both 2.8  

and the resistance was maximal at 3 days with 11 .  increased similarly for silt, but 

slightly steeper, almost-linearly from 6 to 40  for 30 days to reach a steady state.  

for montmorillonite was almost constant around 3 , on the first day, then decreased to 

1  at about four days. Over one week, it increased almost linearly. Its  was smaller 

than  in contrast to other cases. It depicted sigmoid, from 2 to 25 . 

4.2.3. Variation of the effective capacities  and  

The quantitative comparison of CPE was not an easy task since this variable was defined in 

both CPE element Q and power coefficient a. For that reason, the effective capacitance of 

each CPE element was calculated using the equation proposed by Brug et al. [39]. For a 

circuit , i.e. composed of electrolyte resistance  in series with a parallel 

linking of CPE element and the charge transfer resistance , the effective capacitance C can 

be expressed by equation 7: 

 
 

(7) 

Figure 13 presents the variation of the effective double layer capacitance  and the faradic 

capacitance . 

 (solid symbols with bold curve) for both silt and kaolinite increased with contact time. 

For silt, it changed from 50  during one hour of contact time to 10  after 9 

months. For kaolinite, it ranged between 60  and 16  for the same period. 

Between one and two weeks, the capacitance increase was slower and was about 700 . 
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For montmorillonite, its variation was different. It increased from 80 to 700  during 

the first month and then decreased significantly. 

 of silt was small at the beginning, 35  and reached a value as high as 25  

after 6 months of contact time.  for kaolinite remained constant during the first day, then it 

increased progressively. After 8 months, it was about 6 . The variation of this 

capacitance for montmorillonite was complex; it increased slightly during the first day, then it 

decreased from 400 to 70  for 2 days, then it increased after. The value at 8 months 

was the smallest among the three soils examined. 

4.2.4. Variation of the corrosion current density 

Using Equation 3, the corrosion current density  was evaluated from EIS data. So, called 

Stern-Geary constant B was determined by parameters fitting of voltammogram, Figure 8. 

Figure 14 displays the variation of the corrosion current density  calculated with  as 

mentioned above (Equation 6). This relationship was introduced to an electrochemical system 

with anodic and cathodic Tafel relationship. However, the same equation was valid when a 

redox process was involved in the corrosion mechanism [40]. Figure 7 shows the same 

relationship when  was determined from polarization curves. The initial  values were 

similar for these two methods. However, a marked divergence can be noticed for a long 

contact time.  determined by EIS decreased continuously up to three months, then  

increased very slightly for silt and kaolinite; whereas for montmorillonite,  decreased during 

the whole period examined in this study. 

Figure 7 includes also the corrosion rate expressed by thickness loss. After 8 months, the 

corrosion rate was smaller than 3  for all clayey soils examined. 
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5. Discussion 

5.1. Identification of corrosion products 

The corrosion products formed at the surface of steel rebar were studied by XPS and XRD. 

XPS analysis was carried out between 0 and 1350 eV after etching during 720 s of the 

electrode surface. Figure 15 presents, as for an example, the XPS spectrum of corrosion 

products in contact with montmorillonite, after two years exposure, around the peak 

corresponding to Fe2p. The results of deconvolution of this peak were indicated in the figure. 

The Fe2+ peak corresponds to Fe2O3. The peak Fe3+ corresponded to the magnetite formed by 

a transformation of Fe(OH)2. The multiple peaks indicated the presence of magnetite. A small 

amount of siderite, FeCO3 was also detected. 

The XRD also detected, not illustrated here, the magnetite and the peaks of montmorillonite, 

quartz and goethite (α-FeOOH). For the other two corrosive environments, XPS spectra were 

similar and identified the same substances with slightly different proportion for peak area. 

XRD pattern showed the presence of magnetite. 

The main corrosion product was therefore magnetite. According to E-pH diagram, in neutral 

medium, which is our case at the beginning of experiments (cf. Table 2), OCP for the three 

media examined (located between  -0.54 and  -0.75 V vs. SCE ) indicated that  was 

thermodynamically stable species [41]. The examined corrosion products formed on the steel 

rebar embedded in clayey soils were mainly magnetite with a small amount of siderite. 

According to Nakono, with geochemistry database [42],  will be formed in this 

potential - pH domain. 
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5.2. Corrosion process 

In most cases, the impedance spectra showed two capacitive loops. These two capacitive loop 

diagrams can be explained by the following corrosion mechanism: 

 For the anodic process: 

      [1] 

      [2] 

     [3] 

   [4] 

     [5] 

Reaction of Step [1] is the formation of monovalent adsorbed species. This intermediate 

reaction species leads to the active dissolution through reaction [2] and the formation of 

passive species  by reaction [3]. The latter is oxidized into  (reaction [4]). 

These species dissolve further in ferric species by reaction [5]. Step [4] is reversible giving 

rise to the faradaic capacitance CF. Two intermediate reactions,  and  at 

the surface, may induce two relaxation time constants. However, no such time constants were 

observed. This phenomenon can be explained by the fact that these time constants were too 

short to be observed experimentally. 

 The cathodic process will be the reduction of dissolved oxygen: 

      [6] 

All these reactions were electrochemical with charge transfer. Step [4] was reversible, which 

induced a capacitive behaviour in electrochemical impedance. Corrosion process was 

governed by the equality of the electron formation (Steps 1 to 5) and their consumption (Step 
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6). Results suggested that a large amount of  will be formed because  value was high 

(cf. Figure 13). 

To facilitate the discussion, the surface film formed will be called magnetite even if siderite 

was also detected. 

In the three soils media, the cathodic Tafel constant  was never close to zero (cf. Figure 8) 

excluding that of the reaction kinetics (Step 6) because it was never entirely controlled by the 

diffusion, in spite of the electrode embedded in a pasty soil. The diffusion limiting current 

density of dissolved oxygen should be lower in the presence of clays than that for an electrode 

directly immersed in a solution; the voltammetry curves did not show that the cathodic 

process was controlled by convective diffusion. Thus, Step 6 was mostly governed by the 

activation process. 

On the other hand, the anodic branch did not show that IF was independent of the potential; 

whereas the dissolution of passive species may be chemical. According to Seo and Sato [43], 

the anion-doped hydro-oxide may depend on the potential of the electrode. 

OCP corresponded to the overall current density equal to 0 ( ). If magnetite 

film become more stable with time, the reaction rate of Step 5 may decrease, leading OCP 

moving towards a more anodic direction (Figure 5). 

5.3. Loop appearance at high frequencies for Montmorillonite 

The insert in Figure 16 illustrates the additional high frequency loop observed for this clay 

after 6 months of contact time. This loop can be simulated with a CPE//R. The calculated  

remained practically constant and it was equal to 200  with respect to contact time. The 

resistance associated with the high frequency loop was about 200 . The effective 

capacitance was equal to 0.04 . This high frequency loop was likely due to the 
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formation of a compact montmorillonite layer, probably containing corrosion products, on the 

steel rebar surface. By applying a flat condenser model with the following equation, the 

thickness of this layer will be estimated: 

 
 

(8) 

Where “ ” is the vacuum permittivity ( ), “ ” the relative permittivity of 

the corrosion product, “A” the contact surface area (here 1 ) and “d” the film thickness 

(cm). According to the results of Zakri [44],  of montmorillonite is equal to 33. Therefore, 

the compact surface layer thickness was estimated as 0.7 µm. 

5.4. Corrosion current density  

When analysing Ic, estimated from voltammetry curves (Figure 7), it can be noted that the 

minimum value was quite similar in the case of the three soils, even though it was twice as 

much for kaolinite. On the other hand, we noticed also an increase in Ic value after 4 days for 

the silt and one month for the kaolinite. This behaviour was not detected for the 

montmorillonite for 6 months. 

At the beginning of the tests, Ic can be classified as follows: montmorillonite >> kaolinite > 

silt. This classification corresponded to the quantity of water added during the preparation of 

the sample. The initial water content appeared to play an important role in the corrosion 

kinetics of the steel rebar during the first days. Once the corrosion was accelerated beyond 

one month, the classification of Ic was reversed silt > kaolinite >> montmorillonite. 

5.5. Effective capacitance 

Corrosion can induce an increase in the actual area of the electrode by increasing the surface 

roughness. To check if the current variation was related to electrode area or corrosion 

kinetics, we should compare the double layer capacitance Cd. 
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Figure 13 shows that  change was similar in both value and evolution over time, up to 30 

hours of steel-soil contact. They increased almost linearly in the semi-logarithmic plane, i.e. 

their increase followed an exponential law. Some acceleration of their increase was observed 

when Ic increased rapidly (excluding the case of montmorillonite). For the last clay sample, 

we observed a formation of a relatively thin protective film. The continuous decrease of  as 

well as  in the latter medium can be explained by the formation of the barrier layer. 

The faradaic capacitance CF (open symbols with thin curves) in Figure 13, gave information 

on the redox process of Step 4. The greater the amount of magnetite available for the 

reversible reaction was, the larger the  value was. During one day of contact,  remained 

stable. The steel-silt system was initially about five times smaller but later it increased to 

reach the value like the other two media. Hence, at the beginning, there will be less amount of 

the magnetite in this environment that have low water content. Steps 1 and 3 in this 

environment would be slower. However,  increased after this initial period and continued 

to increase thereafter. 

For kaolinite, the CF value remained stable for one day, and then it increased. However, Ic 

also increased after the first day. Therefore, a strong correlation existed between CF and Ic for 

the steel electrode in contact with kaolinite. As for silt, the CF value indicated a continuous 

increase in surface accumulation of magnetite and an increase of Ic determined by 

voltammetry after 10 hours of contact.  variation for the steel-montmorillonite interface 

was more complex. 

It can be noticed that Cd and CF varied similarly (excluding the case of montmorillonite above 

one day of contact time). A particular behaviour of montmorillonite can be explained by the 

formation of a compact surface layer. The magnetite is an electronic conducting species, 

therefore, the increase of CF, that was the amount of magnetite at the steel surface cause a 
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greater Cd value. In other terms, Cd was not merely related to the surface roughness of the 

steel, but also to the expanded surface area of corrosion products accumulated on the steel 

surface. At the very beginning of experiments, where the accumulation of magnetite on the 

steel surface was negligible, the value of Cd that was frequently observed for the double layer 

capacitance, was several tens of µ . 

5.6. Charge transfer resistance Rt and Faradaic resistance  

Excluding the early stage of the steel corrosion in contact with montmorillonite, t < 3 days, 

the lower the corrosion current density determined by the voltammetry was, the greater the 

charge transfer resistance was (Figure 12). This was rather an unusual situation. However, CF 

(Figure 13) and Rt varied qualitatively in a similar way. The charge transfer resistance also 

involved the reaction step [4], and during that period, magnetite formed had lost its reactivity. 

The formation of a surface film with montmorillonite may likely be related to this 

phenomenon. 

It can be seen that RF (Figure 12) was strongly correlated with Ic, the higher RF was, the 

higher the corrosion current density was. An exception occurred for a short contact period for 

montmorillonite where we found out that Rt < RF. Thus, the corrosion current density was 

expected to decrease with contact time.  However, we realized that the increase in RF was fast 

between one and ten days for montmorillonite. Precisely, in this period, CF decreased. Since 

CF was related to the charge stored at the interface, the decrease in the reactivity of the 

passive film lead to a lower quantity of this species available for the redox reaction of Step 4. 

The corrosion rate depended on both the anodic and cathodic processes. The corrosion 

potential was defined by the equality of these two current densities in absolute value. 

Variation of OCP, measured just before the start of the voltammetry measurement, is 

discussed below. 
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5.7. OCP and Ec 

Figure 6 shows that at early contact time, OCP remained almost constant for silt, whereas it 

increased for kaolinite and decreased for montmorillonite. After one day of contact, OCP 

shifted towards a more anodic direction for all the three interfaces. For silt and kaolinite, OCP 

showed a maximum than decreased; whereas for montmorillonite, it continued to increase. 

The higher the Ic was, the more anodic OCP was.  

Figure 17 presents the potential variation at anodic or cathodic current equal to ± 2 µA cm-2 

for the three systems examined. These potentials varied similarly to OCP, i.e. the decrease of 

the corrosion current Ic determined by voltammetry was induced by the slow-down of both 

processes. Conversely, the increase of corrosion current density was determined by the 

acceleration of both processes. 

We realized a difference between OCP and Ec for the three steel-clay interfaces. Ec was 

determined by the overall zero current on the voltammetry plots (Figure 6). The gap was 

small at the beginning of the experiment and then increased with time. However, the steel-silt 

and steel-kaolinite systems showed a larger difference compared with montmorillonite 

medium. 

The origin of this potential difference between OCP and Ec is discussed in the next section. 

5.8. Effect of interface capacitance to  

As shown in Equation 3, the current measured during voltammetry experiments contained the 

current for charging the interface capacitance whereas the corrosion rate should be determined 

by the faradaic current IF. Consequently, the current measured by voltammetry curve 

overestimated the corrosion current density. Figure 13 shows that the interface capacitance, C 
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(= Cd + CF) increased from ca. 200 µF cm-2 to more than 10 mF cm-2 for silt and kaolinite 

media. 

For C = 1 mF cm-2 with the scan rate dE/dt = 1 mV s-1, Icapa = 1 µA cm-2. When C reached this 

magnitude, we observed a significant increase of Ic by voltammetry for silt and kaolinite 

media. As for montmorillonite, after 10 days, C decreased, and Figure 7 shows the corrosion 

current density decreasing with time. 

In Figure 18, the voltammograms corrected for the charging current of interface capacitance is 

presented for steel-silt at two months contact time. Figure 18-a is relative to the linear I-E 

curve. The correction for charging current decreased the current while increasing the 

polarization resistance. It increased from 5.06 to 12.9 kΩ cm-2 by subtracting the contribution 

of the interface capacitance. Ec, i.e. the zero overall current, shifted towards a more anodic 

direction by 21 mV. Ec was determined by the correction of interface capacitance and was 

equal to OCP. It was thus demonstrated that the difference of OCP and Ec observed was really 

induced by the potential scan, certainly too fast for these corroding systems because of a 

marked increase of interface capacitance. 

Figure 18-b displays the same results in the Tafel plot. The fitting of these curves with 

Equation 2 resulted in an Ic equal to 2.39 and 0.856 µA cm-2. 

The corrosion kinetics by impedance measurement required the Stern-Geary coefficient B 

[38]. B determined by parameter fitting calculation of the measured current density and that 

of the corrected C charging, cf. Figure 18-a, was respectively 12.1 and 11.0 mV. The former 

was probably slightly higher because the effect of ohmic drop by Re. These two values, 

however, were sufficiently close enough to the accuracy of corrosion current density expected 

for the corrosion study. Consequently, the B value obtained without the correction of C can be 
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used to evaluate the corrosion current density by Rp determined from the impedance 

measurements. Rp determined by EIS did not contain the electrolyte resistance Re. 

5.9. Corrosion rate of steel embedded in different clays 

Figure 14 shows the corrosion current density determined from the polarization resistance 

which was calculated from EIS data used in equation 4. The corrosion was fast at the 

beginning of experiments, and then decreased with contact time. At the beginning, steel-

montmorillonite interface exhibited the fastest corrosion rate, that was more than 3 µA cm-2 

after two hours of contact. 

It is important to remark that the presence of electrolyte resistance underestimated the 

corrosion rate by voltammetry method. Figure 9 shows that the electrolyte resistance was not 

negligible compared with the polarization resistance for silt and kaolinite media in a short 

contact time. The comparison of Figures 7 and 14 confirmed that the corrosion current density 

determined by voltammetry was lower than that of the EIS method. On the other hand, the 

interface capacitance C (=Cd+CF) overestimated the corrosion current density by voltammetry 

method. Figure 13 shows that the interface capacitance C increased with contact time leading 

to the overestimation of the corrosion current density. It resulted in antagonistic effects. Only 

the EIS allowed evaluating these two parameters. 

For the case of steel-silt couple, it was revealed that the smallest corrosion current density 

occurred at the beginning, was almost four times smaller than the steel embedded in 

montmorillonite. However, after four months of contact time, all systems lead to the same Ic, 

ca. 0.3 µA cm-2. In terms of the corrosion rate, the current density corresponded to the 

thickness loss of 3 µm y-1 for the dissolution of iron into ferrous species. Note that if the 

corrosion process was taking place with ferric species, as proposed in Reaction step [5], the 

corrosion rate will be 2 µm y-1. 
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Clayey soils examined in this work did not have a significant influence on the corrosion rate 

of a steel rebar in contact with a clayey soil. Montmorillonite can act as a protection by 

developing a barrier layer at the surface of the bar. The corrosion rate obtained supported the 

use of steel rebars in raw earth construction. 

6. Conclusion 

In this paper, we investigated the interaction between three types of clayey soil and steel 

rebars by means of electrochemical methods. The objective of the study was to estimate the 

corrosion kinetics to check the feasibility of the reinforcement of earth concrete. The two 

electrochemical methods used were potentiodynamic voltammetry and EIS. 

Results showed that a passive film, constituted mainly of magnetite was formed in large 

quantity. For the corrosion mechanism proposed, the corrosion rate was better correlated to 

the polarization resistance than to the charge transfer one. The water content played a 

determining role both in the kinetics and in the quality of the passive coating. Corrosion may 

induce an increase in the actual area of the electrode by increasing its surface roughness. It 

can also induce a faradaic capacitance associated with a redox process involving the passive 

species. Overall, the anodic dissolution of the steel and the cathodic reduction of dissolved 

oxygen in clayey soil decreased with the time of contact with clays. 

It was shown that EIS measurements supplied a reliable value of the corrosion current 

density. A similar variation was observed for kaolinite and silt 6 hours after the beginning of 

experiments and valued at about 15 μm y-1. The steel-montmorillonite couple presented the 

highest corrosion rate at the beginning. For the three couples examined, the corrosion rate 

decreased to about 3 μm y-1. It can be concluded that the type of clay has no significant 

influence on the corrosion rate of a steel bar. This observation enhanced the importance of 

experiments carried out for a longer period. 
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The corrosion rate evaluated after 6 months of contact time was acceptable for the lifetime of 

the structure. According to this study, it was possible to use steel rebar in reinforced raw earth 

concrete. 

In perspective, the carbonation and the ingress of chloride ions in earth concrete will be 

investigated for a longer exposure of raw earth building. 
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Figure 1- Electrochemical cell with soil as electrolyte. 
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Figure 2- Electrodes: a-stainless steel grid as CE; b-hole of the WE; c-graphite bar as 
RE; d-WE. 
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Figure 3- Typical Equivalent electrical circuit for clay-steel interface. 
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Figure 4- X-ray diffractogram of the three soils used. RX source is Cobalt (Co) 
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Figure 5- Voltammograms of Steel/Montmorillonite at different contact times. 
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Figure 6-  and  change with respect to contact time of three different soils. 
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Figure 7- Variation of corrosion current density  evaluated by voltammetry with 
respect to contact time for three soils examined. 
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Figure 8- Variation of Tafel constant,  and  with respect to contact time for three 
soils examine. 
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Figure 9- Impedance spectra in Nyquist plot of steel bar embedded in three soils studied 
at six hours contact time” ― ―” for fitted data. Parameters are frequency in Hz. 
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Figure 10- Electrical equivalent circuit to reproduce experimental data (a) two 
capacitive loops (b) three capacitive loops observed for steel / montmorillonite interface 

for a long contact time. 
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Figure 11- Time change of the electrolyte resistance for steel electrode  

in contact with three different soils 

 

0.1 1 10 100
100

101

102

Rt

R
t, 

R
F
 /

 k


 c
m

2

t / days

Montmorillonite

Kaolinite
Silt

RF

 

Figure 12- Time change of  and  for steel in contact with different soils. Solid 
symbols and bold curves for  and open symbol and thin curves for  
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Figure 13- Effective capacitance  (solid symbols with thick curve) and  (open 
symbols with fine curves) for steel / soil interface with respect to contact time 
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Figure 14- Corrosion current density determined by EIS measurements with respect to 
contact time for three soils. 
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Figure 15- XPS spectra of steel bar embedded into montmorillonite for two years 
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Figure 16- Appearance of High frequency loop for montmorillonite after 6 months of 
contact time. 
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Figure 17- Time evolution of potential at I = 2 or 2 µA cm-2 for steel / soil interface. 

 

Figure 18- Effect of capacitance loading current on I (V) curve. Steel / silt interface at 
two months of contact time. CCd=2.33 mF cm-2 and CF=1.13 mF cm-2 
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Tables 

 

 

Table 1- Potential of graphite electrode with respect to SCE for three mud 

Egraphite = E + E·exp(-t/tau) 

Mud E./ V vs. SCE E / V tau / day 

Natural silt 0.20 0.014 7.40 

Kaolinite 0.30 -0.20 19.7 

Montmorillonite 0.25 0.042 13.3 

 

 

 

Table 2- Initial state of the mud 

 Natural Silt Kaolinite Montmorillonite 

pH  8.0 ± 0.2  7.92 ± 0.2  7.51 ± 0.13 

Conductivity (µS/cm) 47.6 ± 2 46.61 ± 2 172 ± 2 

Water content (%) 26 52 125 
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Table 3- Soils properties 

 Natural Silt Kaolinite Montmorillonite 

Methylene Bleu Value: VBS 0.5 -- -- 

Liquid Limit: WL (%)1 20 40 116 

Plasticity Index: IP 6 19 70 

Fines content (<80 µm) (%) 35 100 100 

Clay (<2µm) (%) 0 60 69 

Silt (2µm to 60 µm) (%) 25 40 -- 

Sand (0.06 mm to 2 mm) (%) 67 0 -- 

Gravel (>2mm) (%) 8 0 -- 

D10 (µm) 32 0.1 -- 

Cu =D60/D10 4.37 20 -- 

Cc =  0.94 0.45 -- 

1   = Liquid Limit of Soil. It is the water content limit before the soil becomes liquid, i.e. no shear strength. 
 

Table 4- Results of parameter fitting of data presented in Figure 15 

 As measured Corrected for capacitance loading current 

Ec (V) 0.710 ± 0 -0.691 ± 0 

Ic (µA cm-2) 2.39 ± 0.04 0.856 ± 0.027 

ba (V
-1) 11.3 ± 0.333 25.3 ± 1.05 

bc (V
-1) -71.5 ± 0.9 -65.9 ± 0.7 

R2 0.9983 0.9998 

 

                                                            
 


