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RESUMEN

Muestras de acero al carbono fueron enterradas en el suelo arcilloso modificado con cal, ceniza volante 
y cemento Portland en proporción de 5 y un 10% durante 60 días. El ataque corrosivo fue evaluado 
mediante espectroscopía de impedancia electroquímica. Muestras de suelo arcilloso sin modificación 
fueron tomadas como referencia. Los productos de corrosión se caracterizaron por espectroscopía Raman. 
Se encontró que el suelo con la adición de cenizas volantes y el cemento Portland puede desarrollar 
protección contra la corrosión del acero desnudo por la modificación del óxido formado sobre muestras 
de acero. La lepidocrocita y goetita se encontraron como los principales componentes de la herrumbre 
formada en el acero enterrado en suelos modificados con cenizas volantes y cemento, mientras que la 
magnetita se encuentra en la herrumbre formada en el acero enterrado en suelo modificado con cal y el 
suelo sin modificación. De acuerdo con los resultados electroquímicos, el suelo modificado con un 5% 
de cenizas volantes mostró el mejor desempeño anticorrosivo.

Palabras clave: Acero al carbono, corrosión en suelos, modificación de suelos, impedancia electroquímica, 
espectroscopía Raman.

ABSTRACT 

Carbon steel samples were buried in loamy soil modified with lime, fly-ash and Portland cement in ratio 
of 5 and 10% during 60 days. Corrosion attack was assessed by electrochemical impedance spectroscopy. 
Loamy soil without modification was taken as reference. The corrosion products in rust were characterized 
by Raman spectroscopy. It was found that soil with fly-ash and Portland cement can develop corrosion 
protection to bare steel due to the changing of formed rust on steel samples. Lepidocrocite and Goethite 
were found as major constituents in formed rust on buried steel in soil modified with fly-ash and cement, 
while Magnetite was found in formed rust on buried steel in soil without addition of cementitious materials 
and modified with lime. According to the electrochemical results, the soil with 5% of fly-ash exhibited 
the anticorrosive best performance.
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INTRODUCTION

The study of soil as a corrosive medium is important 
taking into account the large amount of buried 
structures. The deterioration of that kind of structures 

could represent economic, safety, and environmental 
problems through the years.

According to Trabanelli, Zucchi and Arpaia, soil 
can be considered as a porous heterogeneous system 
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with colloidal characteristics [1]. The holes between 
soil particles can be filled with water and/or gas. 
When soil is compared to another medium, such as 
the atmosphere or sea water, it is difficult to make 
a classification of its aggressiveness because of its 
complexity [2]. The corrosiveness of the soil can be 
defined as the capacity of producing and developing 
the corrosion phenomenon. Soil is defined as an 
electrolyte and can be studied by electrochemical 
methods.

Studies related to soils have been of great value for 
implementing new techniques and technologies for 
the construction of the building foundations, electrical 
transmission tower foundations, highways, and roads, 
etc. One of the fields that has focused in the study of 
soils is the road construction because of the diversity 
of geographical and climatic conditions which can 
influence changes in the properties and composition 
of the soil in a determined distance respect to the 
starting point, making that the construction methods 
change as a function of the soil qualities to guarantee 
the functionality and duration of the infrastructure 
on the soil [3].

A good choice to avoid heterogeneities in soils 
which occur during the development of roads is to 
stabilize them to achieve constant properties. The 
most commonly used materials for the stabilization 
and modification of soils are the cementitious 
agents among which are the cement, lime, fly-ash 
or a mixture of them [3]. These materials give 
specific properties to the soil such as increase 
in bearing capacity, mechanical resistance, and 
permeability, among others [4, 5]. Changes in 
those properties are due to a series of reactions, 
which can occur between the material and the soil. 
These reactions are determined by variables like 
temperature, composition, relative humidity, and 
pH [6, 7]. However, while this procedure has been 
very effective, its use has been limited due to lack 
of long-term effectiveness [3, 8].

During the last 30 years, specialized companies have 
increased the quantity of products resulting from the 
carbon burning. These products become ingredients 
of concrete, mortar, bricks, paints, and different 
construction materials. In addition, these products 
are used in soil stabilization, and they could be as 
structural filler or as base layer materials on roads 

[8]. In the last decade, the use of waste obtained 
by carbon burning has increased more than 50%.

Most of performed researches in soil modification 
technique have been focused in the improvement 
of mechanical properties. Nevertheless, the use of 
this technique as a control and prevention method 
for buried structures corrosion has not been well 
explored. Large structures like water, gas and oil 
pipelines, electric and telephone cables distributed 
through metallic tubes, bridge anchors or power 
lines are normally exposed to soils of diverse 
aggressiveness, so the integrity of those structures 
must be tested [9]. When it comes to protect buried 
structures in soils, materials with high corrosion 
resistance are commonly used with the purpose of 
isolating the structures from the medium [10-12].

Amer, Al-Rawas and Al-Sarmi [13] evaluated 
the modification of high plasticity silt with lime, 
cement, and a combination of them. They used three 
rates for additions, 3%, 6%, 9% (w/w) of dry soil, 
taking as a reference the soil without modification. 
They found that the addition of 6% lime decreased 
significantly the plasticity. Other researchers carried 
out the stabilization of clay soil with fly ash in a 
5%, 10% and 20% (w/w) content of dry soil, as 
well as with a mixture of cement and fly-ash at 2% 
and 4% on dry soil. They found that fly-ash-free 
CaO and cement react with the clay constituents 
(SiO2 and other silicates) producing formation of 
tobermorite and hydrated aluminosilicates which 
contribute to increasing mechanical resistance [14]. 
The addition of cement gives a higher resistance to 
early age compared to fly-ash.

In this work, a laboratory scale study is presented 
with aim to contribute to knowledge related with 
anticorrosion properties of soil modification. In this 
paper, the assessment of anticorrosive properties of 
soils to which was added lime, fly-ash and cement 
in different percentages are shown. The goal is to 
find a system which provides a greater protection 
against corrosion for structures made of carbon steel.

EXPERIMENTAL PROCEDURE

Sample preparation
In this research, A-36 carbon steel coupons of 10 x 
20 x 0.3 cm in size were sand blasted to Sa3 grade 
(white metal).
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Soil modification with the addition of cementitious 
agents
Soil modification is a process by which natural soils 
are subject to a certain manipulation or treatment 
to take their best qualities obtaining a firm and 
stable soil capable of supporting the transit effects 
and severe weather conditions. Soil modification 
changes soil characteristics producing a long-term 
or permanent mechanical resistance and stability.

In this research the soils has been modified to 
establish whether anticorrosive effects can be 
achieved on buried metallic structures. The used soil 
was previously classified as high plasticity silt, with 
a pH value of 6.5 which corresponds to a typology 
of soils reported in the literature as aggressive for 
buried metallic structures [15]. In order to increase 
the aggressiveness of the soil, a hydrochloric acid 
solution was added to it obtaining a soil with a pH of 
3.5 and a chloride concentration of 0.3%. This soil 
was named as reference soil. Due to the quantity of 
chloride added and taking into account the values of 
chloride concentration in soil (% weight) reported 
in the literature, the reference soil is classified as 
soil of severe aggressivity [16].

Soil modification was made by an homogeneous mix 
of the reference soil with each cementitious agent 
such as lime (high calcium content, and a maximum 
of 5% of magnesium oxide or hydroxide), type F 
fly-ash (from combustion of lignite or anthracite, 
composed mainly by reactive silicate) and type 
I Portland cement (rich in CaO) in a percentage 
of 5 and 10% in weight of dry soil. Eighty Kg 
of soil were prepared in total. Table 1 shows the 
composition of each cementitious agent. In order 
to avoid differences in oxygen concentration inside 
the modified soil, a mechanical homogenization was 
performed to ensure the same particle size between 
the soil and the cementitious agent.

pH measurements
After adding all cementitious material (Table 1), pH 
of the modified soils was monitored each 12 days 
during 60 days. Any chemical interaction between 
soil and cementitious materials could alter the pH 
value. pH measurements were performed according 
to ASTM G 51 [17], using a glass electrode (Boeko 
BA-17). pH values were directly taken from soil and 
they are shown as an average of 5 measurements.

Electrochemical Impedance Spectroscopy
Corrosion of buried carbon steel coupons in modified 
soils, with and without cementitious material addition, 
was evaluated in time by electrochemical impedance 
spectroscopy (EIS) in a classic there-electrode cell 
with a working area of 400 cm2. Figure 1 shows the 
assembly of the electrochemical cell used.

The measurements of EIS were carried out using a 
three electrode cell in which the working electrode 
was steel coupons vertically buried in soil to a depth 
of 5 cm to decrease differential aeration. The total 
exposed surface was 400 cm2. An electrode of copper/
copper sulphate was used as a reference electrode 
and a stainless steel 304 grid as counter electrode. In 
each soil with and without addition of cementitious 
agent, duplicate coupons were exposed with the 
objective of calculating the average impedance 
measurements and to obtain better reliability of 
the data. All data were reported as an average of 
the impedance measurements made at two coupons 
exposed in similar conditions.

Impedance measurements were carried out in 
potentiostatic mode at the open circuit potential, 
using a potentiostat-galvanostat Gamry Reference 
600. The impedance spectra were registered in a 
frequency range of 100 kHz to 5 mHz, 10 points/
decade, 10 mV of amplitude. Figure 1 shows the 
assembly of the electrochemical cell used. All 
measurements were carried out at room temperature 
(22°C, approx.). The total exposure time was 60 days. 
Rust on carbon steel coupons were characterized 
by Raman Spectroscopy using a micro-Raman 
spectrometer Horiba Jovin Yvon, with a radiation of 

Table 1.  Chemical composition of cementitious 
materials.

Chemical 
compound

Fly-ash
(type F)

Lime
Portland
Cement

SiO2 54.90 0.53 22.60

Al2O3 25.80 0.21 4.30

Fe2O3 6.90 0.08 2.40

CaO 8.70 94.6 64.40

MgO 1.80 0.5 2.10

SO3 0.60 0.05 2.30

Na2O & 
K2O

0.60 0.3 0.60
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632,8 nm, D2 filter and acquisition times between 
30 and 50 seconds in a wave number range of 100 
and 1750 cm-1.

Figure 1.  Electrochemical cell for soils evaluation.

RESULTS AND DISCUSSION

pH modification by addition of cementitious agents
Soils do not usually have a pH less than 5, on the 
contrary they have a higher pH between 5 and 8. 
However, pH is not the only parameter that affects 
soil aggressiveness. In the present study, pH was 
decreased to a value less than 5 to obtain unfavorable 
conditions of the soil. Differences of aeration, 
influence of sulphate-reducing bacteria and, organic 
material decomposition were not considered.

Figure 2 shows the evolution of soil pH values in 
time with and without addition of cementitious 
materials. Soil pH without cementitious material 
was 3.5 and remained constant throughout the 
measurement time. However soil pH increased to 
a value close to 6.0 with addition of fly-ash in 5% 
and 10% to the soil. This value tended to increase 
in time to 7.5. Higher additions of fly-ash did not 
change soil pH. The texture of modified soil with 
fly-ash did not suffer significant changes; it only 
exhibited change of color. The pozzolans are known 
as siliceous or siliceous-aluminous materials without 
cementitious properties, but in a mixture with 
soil, pozzolans reacting with calcium hydroxide 
(Ca(OH)2) to produce compounds with cementitious 
properties. One of the benefits of the fly-ash is that 
it provides high resistance to sulphates. Because of 
that, it is recommended to use when the concrete is 
exposed to soils containing sulphate ions and when 
concrete is at contact with underground water [18]. 

By using fly-ash as cement replacement in concrete 
increasing of strength and durability is obtained 
[19]. For all the above, the assessment of fly-ash 
as soil modifier is appealing.

There are two ways to modify soils with Portland 
cement. The first one is called flexible-type 
modification in which the percentage of cement 
varies between 1 and 5%. This modification makes 
soil decreases its plasticity and reaches a very low 
increase of mechanical resistance. The other one is 
known as a rigid modification in which the percentage 
of cement is higher and varies between 6 and 15%; 
this modification is more common because it provides 
significant increase of mechanical strength [20].

Figure 2. pH evolution in time of modified soils 
with different cementitious materials.

As it can be seen in Figure 2, the addition of cement 
between 5 and 10% to the soil led to a pH increase 
to 11 and 11.6 respectively, however both of them 
reached a pH value of 10 after 60 days. The initial 
increase of pH is typical of cementitious systems 
because the cement has a higher content in Ca(OH)2; 
so there will be a greater amount of hydroxyl anions 
[20]. As a consequence, the texture of soil suffers 
appreciable modifications. This feature makes 
that the mechanical strength of the soil increases, 
as has been reported in literature. The mixture of 
soil, cement and water produces two reactions. 
The first one is caused by cement itself; a mortar 
is formed by hydration and a skeleton with silt 
sand [21]. The second one occurs in three phases: 
phase 1, the hydration of cement promotes cement 
layer formations in the surface of agglomerated silt. 
Lime, which is released during the hydration, reacts 
immediately with soil and it is quickly consumed. In 
phase 2, the hydration progress and the degradation 
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of agglomerates of soil are activated. In phase 3, 
cement interacts with agglomerates of soil and the 
hydration persists slowly. According to the reactions 
above mentioned, different type of soil structures 
(a sandy structure linked to cement, stabilized soil 
and unstabilized soil) can be obtained.

Initially, the addition of 5% of lime increases soil 
pH to a value of 11.8. After 15 days of exposure, pH 
value decreased to a value close to 10 and remained 
constant. With the addition of 10% of lime to soil 
the pH increases to 12.5, later decreases to 10.5. 
As a consequence of this addition, the texture of 
soil underwent big changes in mechanical strength. 
Increasing of soil pH breaks the clay particles in 
the soil, releasing silica and alumina, which can 
react with the calcium of silt to produce hydrated 
calcium silicates and hydrated calcium aluminates. 
These compounds are cementitious products similar 
to those formed in Portland cement. They form the 
matrix of hard compounds that help to increase the 
mechanical strength of the soil. The modification 
in the soil structure from a granular sandy material 
to a moderately hard waterproof layer produces 
changes in the load capacity of the soil. The process 
begins within hours and may continue for years in 
a properly designed system. The matrix formed is 
permanent, producing a structural layer which is 
strong and flexible.

When lime is used to modify soils, chemical reactions 
occur immediately, the soil humidity hydrates lime 
releasing heat and producing a soil drying. The heat 
generated evaporates the residual humidity; after 
that, lime reacts with clay particles [13]. After initial 
mixture, Ca2+ ions of the hydrated lime emigrate 
to the clay particles surface along with water and 
other ions. The soil is friable, making it easier to 
work with (workable). At this stage, the index of 
soil plasticity decreases dramatically as well as 
its tendency to swell and contract. This process, 
called flocculation and agglomeration, generally 
occurs within a few hours [3, 20]. Due to soil is 
usually modified with a quantity of lime between 
1 and 8 %, physical-chemical changes can happen 
in that. Loamy soils modified by the addition of 
lime improve its plasticity, shrinkage index and are 
bonded to form calcium silicate [20]. It is believed 
that into the physical-chemical mechanism of 
the phenomenon of soil modification, Ca(OH)2 
dissociates into the controlled environment. The 

hydroxyl ions released increases the pH value which 
favors the substitution of Ca2+ ions for other cations 
existent in soil. A more negative soil will attract 
more Ca2+ ions to reach saturation point which is the 
retention point mentioned above [21]. In the current 
work the intention is to provide protection against 
corrosion to structures buried in loamy soils and, 
as observed in Figure 2, percentages higher than 
5% do not produce additional increase in the soil 
pH values, and maybe no additional anti-corrosion 
properties will be expected.

Corrosion evaluation by electrochemical 
impedance spectroscopy (EIS)
The EIS diagrams for carbon steel coupons after 1 
and 60 days of exposure in soils with and without 
addition of cementitious material in a percentage of 
5% in weight of soil are shown in Figure 3. These 
diagrams are composed by at least three capacitive 
arcs, which are characteristic of the time constants 
of three different electrode processes. According 
to their evolution in time, it can be said that the 
first arc characterized the metal charge transfer 
process in parallel with the electrical double layer; 
the second capacitive arc, is associated to the 
rust formed; and the third arc is associated to the 
diffusion process of species through the rust. The 
time constants of the previous processes are overlap 
due to the characteristic heterogeneity of the soil 
and to the quick rust formation, having similar time 
constants. Therefore, these impedance arcs are not 
well defined and the impedance diagram appears 
flattened, making the analysis and interpretation of 
the results difficult, even by using equivalent circuits. 
Other researchers have obtained the same results 
in a mixture of sand and clay [22]. Nevertheless, 
it is possible by using extrapolations in the limits 
of high and low frequencies to obtain values of 
soil resistance (Rs) and polarization resistance of 
the steel (Rp), respectively [23]. Both resistances 
were used to compare the electrochemical behavior 
of carbon steel exposed to different soils with the 
addition of cementitious material. Soils with addition 
of 10% of cementitious material exhibited similar 
impedance diagrams to those observed in soils with 
different additions.

In general, small changes were obtained in the 
impedance diagrams with the exposure time, which 
indicates that mechanism of corrosive process did 
not suffer considerable alterations through the time 
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for a same soil. Great changes were observed at low 
frequencies in the impedance diagrams, showing a 
decrease compared to the initial value. Many studies 
indicated that generally steel corrosion in soil, on 
its initial stages, is determined by the resistance to 
charge transfer coupled to the diffusion of electro 
active species [22, 24]. After the incubation time, the 
corrosive process is mainly determined by diffusion.

Arpaia, Pernice and Costantini [25] evaluated the 
corrosion of steel in clay soils and they found that in 
short exposures the corrosive process is controlled 
by hydrogen diffusion joined by the cationic 
exchange reaction of the clay particles. However 
for long exposures, the process is only controlled by 
diffusion. For these reasons the Nyquist impedance 
plot of a steel electrode in soil is not a simple 
semicircle, but may assume various shapes which 
have to be analyzed in terms of kinetic parameters. 
This confirms the validity of our results. Scully and 
Bundy [26] reports an elliptical behavior of Nyquist 
plots of steel exposed to Ohio soil for an exposure 
from 2 to 404 hours. Kasahara and Kijayama [27] 
reported elliptical plots from the beginning to a few 
days of exposure for steel in clay and sand. Quite 
different trends were obtained for longer exposures.

Figure 4 shows the variation of the polarization 
resistance (Rp) for carbon steel (taken at the limit 
of low frequencies of the EIS diagrams) and the 
soil resistance (Rs) for carbon steel (taken at the 
limit of high frequencies of the EIS diagrams) in 
soils with and without addition of cementitious 
material. In soil without addition of cementitious 
material the Rs remains constant at a value close to 
2.3 kOhm.cm2. While Rp values present a tendency 
to decrease from 7.2 kOhm.cm2 (in the first days 
of the test) to 4.6 kOhm.cm2 (after 60 days of 
exposure). It can be inferred that the deterioration 
of the steel coupons by corrosion in this medium 
could be significative. It is known that a soil with 
low resistivity is generally corrosive [28, 29]. 
According to the value of the soil resistance (Rs) 
found for the reference soil, and considering that 
the distance between electrodes (counter electrode 
and reference) was 2.0 cm, a value of resistivity of 
1150 ohm.cm could be calculated. This value of 
resistivity is characteristic of corrosive soils.

Analyzing the effect of the additions of lime and 
cement in 5 and 10% in weight, it is observed 

Figure 3. Impedance diagrams of carbon steel 
samples buried in reference soil and soils 
modified with 5% of lime, fly-ash and 
cement, after 1 and 60 days of exposure. 
Bode plots inserted.

that with the addition of 5% of lime or cement Rs 
presents values close to 2.0 kOhm.cm2, which are 
slightly lower than those observed in reference soil, 
while with 5% of fly-ash keeps the same. On the 
other hand, the addition of 10% of any of the three 
cementitious materials does not generate increase 
in electrical resistance of the soil respect to the 
reference, obtaining values close to 2.5 kOhm.cm2. It 
can be said that the addition of cementitious material 
greater to 5% does not guarantee an increasing 
in electrical resistance of soil. This indicates that 
although soil modification with cementitious material 
generates changes in the contexture of soil and 
improvements in its mechanical properties, there are 
not necessarily changes in its electrical properties. 
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The lower variation in electrical properties could 
be explained by the fact that the soil was acidified 
with Cl- ions with the purpose of increasing the 
aggresivity of the soil and decreasing the response 
time in the corrosion test. The chloride ions are very 
mobile and are good electrical charge transporters, 
which makes the electrical conductivity does not 
suffer changes with the presence of chloride ions 
in the medium, despite the soil modification with 
cementitious material.

The polarization resistance (Rp) values of the buried 
steel in modified soils with cementitious materials 
are higher than those observed in reference soil, 
except for the addition of 5% of lime (Figure 4). 
The addition of cement and fly-ash in 5% produced 
values of polarization resistance of 8.5 kOhm.
cm2 and 9.0 kOhm.cm2, respectively, at the end of 
60 days. While with addition of 10% of the same 
materials, the polarization resistances were 7.0 
kOhm.cm2 and 6.0 kOhm.cm2.

Taking into account that the increase of Rp cannot be 
associated to the increase of electrical resistivity of 
the soil, it is predictable that this increase in electrical 
resistance is due to more protective rust formation 
on the surface of the steel [30]. As it will be showed 
by Raman spectroscopy, there were not important 
changes in the composition of the rust generated 
in different modified soils, that means there may 
be a differentiating effect in the compaction of the 
rust generated by the cementitious materials. The 
generation of iron oxides finely divided on the steel 
substrate leads to the formation of a compact rust 
with well barrier properties inhibiting or limiting 
the passage of aggressive agents. In the current work 
this can be noticed by the polarization resistance 
increasing through the time in the steel coupons 
buried in soils modified with cementitious materials.

According to electrochemical impedance, it can be 
concluded that: the anticorrosive protection offered 
by cementitious materials does not completely 
depend on pH since the polarization resistance of 
the steel in soils with pH higher or equal than 10 
is very similar to the obtained with soils with pH 
lower than 10. In addition, the electrical resistance 
of soil shows little variations by the addition of 
the cementitious material. However, the addition 
of cementitious material retards the corrosive 

Figure 4.  Rp and Rs variation over the time for 
reference soil and soil with addition of 
5% and 10 % of cementitious materials.

process of the material which can be reflected in 
the increasing and stabilization of the polarization 
resistance over the time; similar to that occurred with 
the long term increase of mechanical resistance due 
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to the progressive crystallization of the new mineral 
species, which are produced by reactions between 
cementitious materials and soil [31].

As it was mentioned above, this study was developed 
under the hypothesis that the increase in pH of the 
soil by the addition of cementitious materials can 
promote conditions in which protective rust can be 
generated. From this point of view, the materials 
which can validate this hypothesis are the cement and 
lime since both confer to the soil a high alkalinity 
while fly-ash only achieves increasing in pH values 
close to 7. According to Pourbaix [32], at pH=7 iron 
must to be at an active corrosion state; however, the 
values of polarization resistance of carbon steel buried 
in soil modified with fly-ash are comparable to those 
obtained with soil modified with cement and lime. 
This could occur because fly-ash is constituted by 
little and fine particles with spherical form which can 
be located in empty spaces of the soil, reducing the 
porosity of soil and acting as a barrier to diffusion, 
so limiting the access of aggressive agents [19, 33].

Characterization of corrosion products
Because of the addition of the cementitious agents 
in the soil and the consequent increase of the pH in 
the soil, the rust formed in the steel can be modified 
substantially. According to the potential-pH diagram 
for iron [32], the oxides and hydroxides of iron, 
which tend to form in high values of pH, have 
protective character, enabling the passivation of 
the iron or steel in the same way like happen in the 
reinforcing steel embedded in concrete [34, 35].

In order to verify that hypothesis, a characterization 
of the corrosion products formed on carbon steel 
samples exposed to reference and modified soils 
with different additions of cementitious materials, 
was carried out by Raman spectroscopy. In Figure 
5 Raman spectra of rust formed in the steel exposed 
to different modificated soils are shown. In that rust, 
two regions were observed: one light red region 
and a dark brown. The light red region of the rust 
is mainly constituted by goethite (247, 380, 470, 
550, 690 cm-1) and lepidocrocite (305, 390, 530, 
650 cm-1), in according to the characteristics bands 
of these compounds consulted in the literature 
[36-40]. These compounds are present in the rust 
formed, independently if the soil was or was not 
modified with cementitious materials. Moreover, 
it could be observed that in the dark region of the 

reference soil and soil modified with 5% of lime, 
in addition to goethite and lepidocrocite, there is an 
important presence of magnetite (667 cm-1) [36, 38]. 
This situation does not occur in the dark brown rust 
formed in soils modified with cement and fly-ash. 
The presence of chloride ion could preclude the 
passivation of the steel by the formation of soluble 
compounds, even though if it is in an alkaline medium 
(pH>9.0) [36]. It is well know that in weathering 
steels the production of amorphous goethite makes 
possible the formation of protective rusts; while the 
presence of magnetite into the rust makes it more 
active and less compact, enabling the subsequent 
oxidation of the substrate [40]. In this work was 
found that the presence of cement and fly-ash in the 
soil contaminated with chlorides prevents or limits 
the formation of magnetite into the rust, enabling the 
formation of protective rust while in the reference 
soil and in the soils modified with lime, magnetite 
forms easily and the rust does not have protective 
characteristics. The protective characteristic of the 
rust generated on steel samples buried in modified 
soils with cement and fly-ash is coherent with the 
results obtained by the electrochemical impedance 
technique, where it was found a higher polarization 
resistance in those soils. The presence of maghemite 
(385,505, 520,665, 720 cm-1) [36, 39, 40] could be 
occurred by the dehydration of the lepidocrocite 
caused by thermal effects induced by the laser 
in the Raman technique. Because the stability of 
the surface with respect to the laser depends on 
their morphology, and therefore cannot ignore the 
damage the laser may cause to a sample, no matter 
its intensity [39-44].

Visual inspection of the probes
Once the exposure time was ended the steel samples 
were retired from the soils and cleaned. The samples 
deterioration was analyzed by visual inspection. In 
Figure 6 it is observed that samples that present a 
lower deterioration were those samples buried in 
soil modified with fly-ash. It does not observe an 
important difference between samples buried in 
soil modified with 5% and 10% of fly-ash. The 
samples buried in soil with addition of lime, in 
both percentages, are those which present a higher 
deterioration; a uniform corrosion in the surface 
was observed. The coupons buried in soil with 
addition of cement showed a localized corrosion 
with intermediate deterioration between fly-ash and 
lime. This deterioration is low when cement is added 
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at 5%. The sample buried in soil without addition 
of cementitious materials (reference) overcomes, 
in all cases, the surface deterioration exhibited by 
samples buried in soil modified with cementitious 
material. The visual inspection of the carbon steel 
coupons agree with the results showed by the 
electrochemical impedance technique where the 
higher values of polarization resistance were obtained 
in soils modified with fly-ash and cement at 5%.

Figure 6.  Samples of carbon steel extracted from 
the soils modified with and without 
addition of cementitious materials after 
60 days of exposure.

CONCLUSIONS

According to the obtained results in this study the 
most effective anticorrosive procedure for acid 
soils is to add 5% of fly-ash or cement to the soil.

The addition of cement and lime in proportion of 
5% and 10% achieve a high alkalinity of the soil 
which allows obtaining pH values close to 10; 
however, this is not an enough condition to provide 
protective properties to the soil when it is acid and 
contaminated with chloride ions.

Figure 5.  Raman spectra of corrosion products 
formed on carbon steel exposed to soil 
with and without addition of 5% of 
cementitious materials. The spectra were 
taken in regions of the rust with different 
color: (a) Light red. (b) Dark brown.
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Additions higher than 5% of cementitious materials 
to the soil, do not reach an additional effect in 
anticorrosive protection. This only implicates physical 
changes in mechanical properties of the soil.
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