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A B S T R A C T   

Hot-dip galvanized steel is widely used for the construction of underground structures, thanks to 
the presence of a zinc coating that is able to protect the carbon steel substrate through the for-
mation of a corrosion products layer. Soil corrosion is a very complex process and hence it is 
difficult to predict the corrosion resistance of a specific component because many factors can 
directly influence the behavior of material immerged in soil. This work focused on the effect of 
chlorides and sulphates concentrations on the corrosion of hot-dip galvanized steel wires buried 
in soil. In particular, the wires were monitored by means of electrochemical techniques, as open 
circuit potential, electrochemical impedance spectroscopy and potentiodynamic polarization. 
Moreover, at the end of the exposure, the samples were extracted and observed by optical and 
electron microscopy, to examine the corroded surface and the corrosion morphology. The analysis 
evidenced that the effect of chlorides and sulphates is very severe, producing a great degradation 
of the zinc coating. In particular, the synergistic effect performed by the combined action of these 
elements caused, in the most critical situation, the protection loss of the external layer, putting 
steel substrate in direct contact with soil, and therefore obtaining a substantial reduction in 
material corrosion resistance.   

1. Introduction 

The corrosion behaviour of galvanized steel in atmospheric environment has been deeply studied over the years [1–4], due to the 
high efficiency of zinc coating in improving the corrosion resistance of steel products in aggressive environments [5–8]. Thus, the 
galvanized steel is often employed in architectural, infrastructural and automotive applications. The hot-dip galvanizing (HDG) 
process in certain situations is even more convenient than, for example, the typical painting, as it requires low cost, while it is pretty 
fast, ensuring high productivity [9]. Moreover, the HDG deposition is ecological, and zinc is a natural no-toxic element present in water 
and in the soil, as a consequence of natural processes. On the contrary, the diffusion of paints produces a severe environmental impact 
and the disposal of the many tons of paint, that are removed at each maintenance phase, requires a high cost [10]. 

The Zn coating corrosion protection is conferred to steel in two ways: as a continuous barrier layer that can separate the steel from 
the corrosive environment and by means of the galvanic protection. Indeed, zinc acts as a sacrificial material to protect the underlying 
steel at defects, scratches and cut edges of the coating, by the formation of a patina consisting in Zn oxides and hydroxides able to 
significantly reduce the rate of corrosion reactions [11,12]. By adding aluminum, the coatings offer higher corrosion resistance than 
conventionally galvanized steel, because the presence of Al introduces a long-lasting physical barrier thanks to the formation of 
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aluminum oxide in the most natural environments. Hence, the improved behavior against corrosion can be attributed to the presence of 
these oxidized products, in particular aluminum oxides and layered double zinc–aluminum hydroxides (ZnAl–LDH). The used Zn-Al 
coatings has become a common practice in the conventional galvanizing process and the most employed alloys are Galfan (Zn + 5 wt% 
Al) and Galvalume (Zn + 55 wt%Al + 1.6 wt% Si). The coating is obtained by immersion in molten metal and is formed by high 
temperature diffusion processes. It is therefore made up of layers of zinc-aluminum/iron alloys richer in iron near the substrate and 
increasingly richer in zinc-aluminum towards the outside [10]. 

Numerous studies of zinc in atmospheric environments have resulted in the ISO classification system [13], which is used for 
practical purposes in order to predict the corrosion rates of zinc in different corrosivity classes. Zinc has also been extensively studied 
for a better fundamental understanding and it is today probably the most investigated metal from an atmospheric corrosion perspective 
[14]. 

Besides estimating the useful life of the component, today the corrosion products of zinc are also analysed to get useful information 
on the corrosion mechanisms and on the impact of aggressive species in the environment, such as chlorides and sulphates [15]. In fact, 
the presence of these compounds is very critical when galvanized steel is used in applications in the soil, to form gabions for MSE 
(mechanically stabilized earth) walls and steep slopes, or rockfall barrier [16]. 

The MSE system consists of three major structural components: the vertical facing element, the level pad, and the soil re-
inforcements. The soil mass behind the pre-cast concrete wall is generally composed by selected granular backfill material reinforced 
by metal strips or grids. These soil reinforcing elements have tensile strains generally smaller than those of the surrounding soil under 
the same stress condition, and hence they are usually assumed to be inextensible in practice [17,18]. The use of MSE reinforced systems 
has increased in the last decades worldwide, with the construction of thousands of walls and slopes. The tensile elements consist of 
metal and polymer strips and grids. The walls are designed to transfer the loads to the tensile elements, attached to the wall face [18]. 
The most used soil-reinforcement elements for retaining walls on transportation projects include galvanized steel. 

Despite the widespread use of galvanized steel in underground applications, such as the MSE systems, the phenomena of soil 
corrosion have not yet been studied in depth. Indeed, many aspects of underground corrosion are still unclear, due to complex 
composition, porosity and discontinuity of the soil, which can influence the corrosion process [19], as the presence of inorganic and 
organic solid phases, a water-based liquid phase, air and other gas phases. The chemical soil composition is typically defined by the 
compounds that are present in the water. These constituents can have a basic nature as in case of sodium, potassium, calcium and 
magnesium, or an acidic nature, such as chlorides, sulphates and carbonates. The nature and concentration of soluble salts, together 
with the moisture content, mainly determine the ability of the soil to conduct electric current, which is very important in relation to 
corrosion processes [20]. 

The soil properties are even affected by organic matter and organisms. For example, sulphate reducing bacteria (SRB) cause the so 
called microbiogically-influenced corrosion. These bacteria are very aggressive, favouring the formation of sulphates on the steel 
surface that consequently promote the origin of soluble products, inducing a reduction in the corrosion resistance of the structure [21]. 
The oxygen content that is able to penetrate in the soil play an essential role in the behavior of galvanized steel, because the pre-
dominant cathodic reaction is the oxygen reduction. Thus, the amount of oxygen is fundamental to define the cathodic reaction rate 
and hence the rate of the whole corrosion process. The formation of corrosion macrocells produces an increase of corrosion rate in the 
clay soil, due to concentration of the anodic reaction, while the cathodic one occurs mainly in the sand soil, as the presence of oxygen is 
much higher [22]. Regarding the pH influence, the corrosion resistance of galvanized steel is very high in neutral conditions, while the 
corrosion rate increases for high acid or alkaline environments, due to loss of stability of the corrosion products [23]. The resistivity is a 
measure of the ability of a soil to act as an electrolyte and is correlated with the soil compaction, temperature, moisture and salt 
content. In general, the corrosion rate increases as the resistivity decreases: therefore, resistivity parameter can be used to predict 
water content and degree of saturation of the soil [24]. 

Finally, the chlorides and sulphates concentrations are in general the most critical parameter for the corrosion behavior of buried 
steel. Indeed, these elements are very detrimental for the corrosion resistance because the obtained corrosion products are not stable 
and well adherent to the substrate. Moreover, chlorides promote the pitting corrosion, localized attack that occurs in correspondence 
of coating defects, where pit forms due to concentration of the anodic reaction inside the pit, while the cathodic reaction develops 
mainly in the region around the pit. Pitting corrosion is very important for the corrosion behavior of galvanized steel, because it leads 
to the complete penetration of the zinc coating and the consequent direct contact between aggressive environment and steel substrate 
[25]. A soil is considered corrosive if it contains even a low concentration of these elements, in particular a concentration of chlorides 
greater than 500 ppm and a concentration of sulphates greater than 1000 ppm [26]. The content of these compounds inside the soil 
depends even on the external atmospheric environment. For example, chlorides ions are present mostly in marine environments, while 
both have a critical high concentration in case of polluted atmospheres due to human activity [26]. 

MSE walls are expected to remain stable for many decades: for that reason, the corrosion study of the tensile elements is funda-
mental in order to obtain useful data and information about the lifetime of these systems, since a rapid deterioration can provide 
instability on the structure, eventually leading to its failure. Long-term durability of reinforcing materials is a major concern for MSE 
systems, due to suspected corrosion of the tensile elements as a consequence of the chemical aggressiveness of the soil-water envi-
ronment [27]. 

The aim of this work is to analyse the behavior of the galvanized steel wires against soil corrosion, trying to deduce the influence of 
the chemical characteristics of the soil, with a particular focus on the effect of chloride and sulphate compounds. The study was 
performed by monitoring the samples behaviour with electrochemical measurements over time so as to have information on corrosion 
process characteristics. Then, the samples were extracted from the soil and analysed by optical microscopy and scanning electron 
microscopy SEM, with the aim to evaluate the intensity and the morphology of the corrosion process, studying the corroded surface. 
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2. Experimental 

2.1. Materials 

The hot-dip galvanized steel wires (6 mm in diameter) covered by Galfan were produced and provided by Metallurgica Ledrense 
(Tiarno di Sopra, TN, Italy). The thickness of the metallic coating is about 70 µm, in agreement with the CE marking. The soil employed 
in the study was picked up in Ville d′Anaunia (Val di Non, TN, Italy). Sodium sulphate, sodium chloride, citric acid, silver nitrate, 
barium chloride and hydrochloric acid were purchased by Sigma Aldrich and used as received. 

2.2. Samples arrangements 

With the purpose to study the influence of chlorides and sulphates presence, several testing environments were prepared with 
different concentration of these compounds. In particular, two sets of environments were performed, each consisting of four different 
soil conditions:  

• The first set of environments contained only sulphate with different concentrations, while the chloride content was totally absent;  
• The second set was composed by both sulphates and chlorides, in order to evaluate the synergistic effect given by the presence of 

both elements. Specifically, the sulphates content was maintained unchanged, while the chlorides amount was progressively 
increased. 

The first and the second set of samples are summarized in Table 1 and Table 2, respectively. 
The specific values of concentration for chlorides and sulphates were chosen by reference to the lower corrosivity limit defined for 

structural elements buried in soil (chloride concentration higher than 500 ppm and sulphate concentration higher than 1000 ppm 
[26]). The selected values are much higher than the reference ones in order to simulate highly corrosive environment that can be found 
in the most critical situations. The value of pH, since it is not a parameter of interest, was maintained around 7, because in neutral 
region the effect of pH on the corrosion behavior of galvanized steel is very low. Instead, for high acidic or alkaline environments, the 
effect of pH becomes fundamental, due to the loss of stability of the corrosion products. 

In addition to the galvanized steel, a second sample formed by bare steel was immersed in the same soil. The sample was obtained 
through the removal of the zinc coating from the same used galvanized steel. The aim of this sample was the comparison between the 
corrosion behavior of bare steels and Zn-coated steels. The zinc removal was carried out by immerging the wires in a dilute solution of 
hydrochloric acid at 10 wt%. 

2.3. Testing environments setup and preparation 

Sulphates and chlorides were added to the soil through specific aqueous solutions by using respectively sodium sulphate and 
sodium chloride, that have been dissolved in demineralized water. All solutions were neutral and hence they were not able to change 
the pH of the system. 

The sample setup was composed by a tubular container set on a perforated plate. The system was placed in a vessel with low edges. 
300 g of soil were introduced in the tubular container with the addition of 110 ml of solution, in order to have a wet soil that allows the 
execution of electrochemical tests. Moreover, the flowerpot saucer was fulfilled with solution with the aim to maintain as much as 
possible constant the moisture content, since the solution was able to reach the soil through the small holes of the plate due to 
capillarity. Both soil and saucer were covered to avoid excessive evaporation of the solution and water. The scheme of sample setup is 
illustrated in Fig. 1. 

In each tubular container were placed a galvanized steel and a bare steel wires, immersed with same depth in order to keep the same 
area of contact with the corrosive environment. In particular, the wires were immersed for 8 cm and, since wires had a diameter of 
0.6 cm, the buried lateral area was equal to 15.1 cm2. The buried edges of the wires were not coated by zinc and therefore, to avoid the 
direct contact between the soil and the steel substrate with the consequent galvanic coupling, they were covered by silicon. 

The initial pH of the soil, measured with a pH meter by means a specific procedure [28], exhibited a value around 8. For this reason, 
in order to shift the pH until 7, a dilute solution of citric acid was added to the soil of the samples. After a week, monitoring the pH 
value, a slightly increase was observed, until a maximum value of 7.4. Thus, in any case it remained in neutral conditions. 

Firstly, chlorides and sulphates concentrations were measured, obtaining a filtered transparent soil solution [29]. For chloride 
analysis, silver nitrate was added in order to react with chloride ions to promote the precipitation of white silver chloride. While for the 
sulphates, the addition of barium chloride was performed in order to form, as in case of chlorides, white precipitates in a transparent 
soil solution. In both cases, no changes were observed, thus the content of chlorides and sulphates inside the initial soil was considered 

Table 1 
first set of testing environments with different concentration of sulphates.  

Sulphates concentration [ppm] 5000 7000 9000 11000 

Chlorides concentration [ppm] Not present  
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as lower than 20–30 ppm and consequently negligible respect to the amount added in the sample solutions. 

2.4. Characterization 

Potentiodynamic analysis were carried out with Ametek Model 273 A potentiostat with a scan rate equal to 0.166 mV/s and step 
potential equal to 1 mV, to acquire information about the corrosion rate of the samples [30]. The tests were performed in the soil but 
also immerging the samples directly in the different solutions of chlorides and sulphates, with the aim to compare the two different 
results and to deduce the influence of the soil in the corrosion process rate. 

Open circuit potential (OCP) measurement and electrochemical impedance spectroscopy (EIS) test were carried out two times a 
week and conducted to monitor the corrosion process over time. The measurements were exploited using a Ametek Model 273 A 
potentiostat equipped with the PowerSuit ZSimpWin software. The EIS were carried out applying a signal of about 10 mV (peak-to- 
peak) amplitude in the 105-10− 2 Hz frequency range. The cell setup for the three different analyses was composed of an Ag/AgCl 
reference electrode (+207 mV SHE) and a platinum counter electrode, immersed in the soil of the tubular containers. The platinum 
counter electrode is represented by a standard laboratory counter electrode consisting of a ring with a diameter of 0.4 cm and an area 
equal to 1.0 cm2. 

The wires were immersed in the soil (test setup) and monitored for 4 months; thus, the samples were extracted and cleaned, in order 
to be analyzed with the optical microscope Nikon SMZ25, to study the corroded surface of the samples with and without corrosion 
products. Finally, the samples were observed with SEM JEOL IT 300 to assess the corrosion morphology and to examine the elements 
present on the surface after the corrosion process. 

3. Results and discussion 

3.1. Soil composition 

The soil was subjected to elemental analysis through SEM-EDXS observations. Carbon element was not considered in the analysis, 

Table 2 
second set of testing environments with different concentration of chlorides.  

Sulphates concentration [ppm] 7000 

Chlorides concentration [ppm]  1000  3000  5000  7000  

Fig. 1. testing setup scheme.  

Table 3 
Elemental analysis of soil used in the study.  

Element Mass Norm. [%] 

Oxygen  53.46 
Sodium  1.03 
Magnesium  1.51 
Aluminum  8.00 
Silicon  21.19 
Potassium  2.26 
Calcium  7.39 
Titanium  0.50 
Iron  4.52 
Phosphorous  0.15  
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so as not to falsify the results. The results illustrated in the Table 3 show high concentration of oxygen, silicon, aluminum, calcium and 
iron. The results suggest a brown calcareous or forest rendzina nature of the soil. These two types of soils are very similar, as they arise 
from the same parental materials, such as limestone, marly limestone and dolomite [31]. The composition of these two typical soils is a 
mixture formed mainly by sand and silt, with a low content of clay (around 12%) and in general it is characterized by slightly alkaline 
pH (a value around 8). Total carbonates are particularly abundant in calcareous soils and, about heavy metals, since developed from 
carbonate rocks, they present the largest median values for zinc and lead. Moreover, they contain even chromium, copper, nickel and 
iron with a lower concentration. The most major and trace elements are slightly mobile and accumulate at surface, while their con-
centration decreasing regularly with the soil depth [32]. 

This analysis of the soil can be very useful in the study of the composition of the corrosion products formed on the surface, because 
some elements that can be present in the corrosion products or attached on the surface could come from the soil. As a matter of fact, the 
corrosion reactions develop on steel surface and therefore an interaction occurs between the sample and the surrounding environment 
during the corrosion process. 

3.2. Potentiodynamic polarization 

The first potentiodynamic analysis was performed by immerging the samples directly in the different aqueous solutions. The goal of 
this preliminary test was to compare these results with ones obtained by immerging the samples in the ground, in such a way to 
establish the influence of the soil on the corrosion rate. 

Fig. 2 shows the anodic and cathodic branches of the wires in different sulphate solutions. The anodic curves evidence that at higher 
polarizations there is an increase in the current density from 9000 ppm onwards. Differently, the cathodic curves are approximately 
superimposed, as the reduction reactions should be in diffusion control of oxygen and, since the test was carried out directly in the 
sulphate solutions, the oxygen availability is practically the maximum possible [25]. The free corrosion potential is around − 1050 mV 
vs Ag/AgCl that is equal to the values observed by pure zinc, following the Galvanic Series in seawater [33]. 

At these potentials there is the reduction of the oxygen present in the electrolyte, typical of a neutral oxygenated environment, 
represented by the following reaction:  

O2 + 4e- + 2 H2O→ 4OH-⋅                                                                                                                                                               

The process is under oxygen diffusion control, as is evident from the trend of the cathode curves shown in Fig. 2, where the current 
density is not affected by the potential values. This trend is observed for the whole cathode branch shown in the figure up to potentials 
equal to − 1200 mV vs Ag/AgCl. 

The curves were analysed in order to extract the Tafel lines of each sample and then the correspondence corrosion currents 
(expressed as current density). The results are reported in Table 4. Assuming that the type of corrosion remains the same, the corrosion 
current is proportional to the corrosion rate, therefore higher current means higher rate. The currents in Table 4 do not arise following 
the increase in sulphate concentration: only the sample with 11000 ppm exhibits an appreciable increase in current density. 

Thus, the analysis was performed in the soil in order to understand if the increase in sulphates concentration leads to a consequent 
arise of the corrosion rate. The potentiodynamic curves collected from the test are illustrated in Fig. 3. From the anodic plot, no 
active–passive transition can be observed; hence the activation continues on the anodic branch. On the other hand, the cathodic branch 
of the potentiodynamic polarization curve indicates diffusion-controlled behavior, implying that the reduction reaction is mainly 
related with oxygen content [34]. This phenomenon is due to the greater difficulty of oxygen to diffuse into the ground, as can be seen 
by comparing the cathode current density of Fig. 3 with Fig. 2. The current density decreased with the concentration of sulphate, as the 

Fig. 2. anodic (on the left) and cathodic (on the right) curves of the samples immersed in solutions with different sulphate concentration.  
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increase of the concentration of salts results in a consequent reduction in oxygen, which leads to a decrease in the current density. 
However, the differences are not that significant. 

The obtained values of Icorr, calculated on 5 measurements for each testing environments, are summarized in Table 5. The results 
perfectly show the influence of different concentration in the soil: a gradual increase of corrosion current can be observed due to the 
consequent rise in the sulphates content. However, comparing the minimum value for 5000 ppm sample and the maximum one of 
11000 ppm sample, current density approximately doubles, hence an important growth occurs, considering that even the concen-
tration is doubled from the first to the fourth environment. Moreover, by comparing these results with ones in Table 4, it is possible to 
note a significant reduction in the corrosion current, due to higher oxygen availability and sulphates mobility in the solution respect to 
the soil. Therefore, cathodic reaction can occur readily in the first case producing an increase in the velocity of whole corrosion 
process. 

As for the first set of testing environments, potentiodynamic test was performed also with different chloride content, immerging the 
galvanized steel wires directly in the different solutions and then in the soil. The two branches of potentiodynamic curves obtained for 
samples immersed in the solutions with different chloride concentrations are reported in Fig. 4. The free corrosion potential is constant 
for all the four samples, and it is equal to − 1050 mV vs Ag/AgCl, value, similarly to the corrosion potential of zinc. The anodic curves 
shift slightly to the right due the increment of chloride content in particular at high level of anodic polarisation, while the cathodic ones 
are more or less superimposed and seems to be in diffusion control. 

Table 6 summarizes the corrosion current densities obtained by extrapolating the Tafel lines from the potentiodynamic curves. The 
Icorr do not show a progressively increasing according to the increment of chloride content. However, the difference between the values 
is quite small, therefore the corrosion rate is approximately the same regardless to the aggressiveness of the environment. 

Subsequently, the analysis was performed in the soil and the obtained potentiodynamic curves are illustrated in Fig. 5. By observing 
the anodic branch, no passivation phenomena can be appreciated, as the zinc remains in the active state. Moreover, even in this case 
the curves shift rightwards with the increase of chloride concentration. The difference between cathodic curves is practically insig-
nificant except for the 7000 ppm sample. A possible explanation for this phenomenon lies in the activation of the cathodic reaction on 
the surface, due to the presence of a high amount of chlorides. However, all the curves exhibit a diffusion control situation governed by 
reduction of oxygen. 

The current densities of samples were derived and reported in Table 7. The values of current density relative to 1000 ppm and 
3000 ppm samples is approximatively the same, while then progressively increase due the increment of chloride concentration, in 
agreement with the greater aggressiveness of the environment. However, despite the large difference in content of chlorides between 
the 1000 ppm of the first soil and the 7000 ppm of the last one, Icorr evidence a residual increase. This result suggests that the influence 
of chlorides on corrosion current is quite low in comparison of the effect of the sulphate presence. As expected, the values of current are 
much lower than the ones obtained by performing the analysis immerging the galvanized steel wires directly in the solutions (Table 6). 

Table 4 
corrosion current of the samples immersed in the different sulphate 
solutions.  

Sulphate concentration [ppm] Icorr [mA/cm2]  

5000  64.17  
7000  59.05  
9000  61.58  
11000  78.19  

Fig. 3. anodic (on the left) and cathodic (on the right) curves of the samples immersed in soils with different sulphate concentration.  
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Table 5 
corrosion current of the different samples immersed in soil.  

Sulphate concentration [ppm] Icorr range [mA/cm2] 

min max  

5000  8.26  9.43  
7000  10.11  12.58  
9000  12.17  13.69  
11000  15.84  16.38  

Fig. 4. anodic (on the left) and cathodic (on the right) curves of the samples immersed in solutions with different chloride concentration.  

Table 6 
corrosion current density of samples immersed in solution containing 
chloride ions.  

Chloride concentration [ppm] Icorr [mA/cm2]  

1000  34.15  
3000  39.69  
5000  36.61  
7000  38.78  

Fig. 5. anodic (on the left) and cathodic (on the right) curves of the samples immersed in soils with different chloride concentration.  
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This could be explained with the lower diffusion and oxygen availability that is present in the soil. Therefore, cathodic reactions are 
hindered respect to the case of aqueous solution. 

3.3. OCP measurements 

The open circuit potential was monitored twice a week over all the immersion time to get useful information on the corrosion 
process. Considering the trend of potential, it is possible to highlight the tendence of the metal to passivate, the eventual formation of 
corrosion products and it possible to acquire information about the type of metal in corrosion state. Fig. 6 exhibits the OCP curves of 
the two series of environments. Regarding the soil with sulphate presence, the OCP starts from a value approximately equal to the 
potential of zinc. The curves initially show a rapid increase and thereafter tend progressively to a plateau. The maximum value 
considering all samples is − 940 mV vs Ag/AgCl, therefore it is possible to assert that whole corrosion process is remained in the zinc 
predominant region, meaning that probably the consumption of the external layer was not sufficient to reach the steel substrate. This 
trend of potential variation was exhibited from all samples, as the potential difference between the samples is very small. Thus, the 
corrosion behavior was roughly the same regardless of sulphate concentration. Moreover, the soil pH of all the samples was maintained 
in neutral region, with a value more or less equal to 7. Therefore, considering the values of OCP and the Pourbaix diagram of zinc, it is 
possible to deduce that the corrosion process occurred in the corrosion zone. Hence, zinc oxidation should be induced with the 
progressive formation of Zn2+. Definitely, no passivation of zinc was expected to occur on the surface, but the formation of corrosion 
products, as zinc oxides and hydroxides connected with the zinc ions. 

Similarly, all the samples immersed in soils with different chloride concentration (on the right of Fig. 6) behave approximately in 
the same way: the OCP initially increased from − 1050 mV vs Ag/AgCl and subsequent gradually tended to a constant value. The 
difference between all steel wires in the corrosion potential values at the end of immersion time was negligible. During the entire 
immersion in the soils, the potential has been maintained in the zone governed by zinc corrosion: hence, only zinc was involved in the 
corrosion process, while the underlying iron did not undergo corrosion phenomena. 

3.4. EIS analysis and microscope observation of the corroded surfaces 

This analysis was employed, as for OCP, to monitor the corrosion process over time. The measurements were carried out two times a 
week, together with the analysis of free corrosion potential. Then, the collected data were analyzed by introducing an equivalent 
(electrical) circuit composed of a number of elements such as resistances (R), capacitances (C), and inductances (L), that is able to 
represent the actual state of electrochemical interface during the corrosion process [35]. 

Table 7 
corrosion current of the different samples immersed in soil.  

Chloride concentration [ppm] Icorr range [mA/cm2] 

min max  

1000  10.96  11.66  
3000  10.97  11.02  
5000  14.95  15.49  
7000  15.68  16.11  

Fig. 6. evolution of the OCP of the sample immersed in soils with different sulphate and chloride concentrations, on the left and on the right, 
respectively. 
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In particular, two different equivalent circuits have been employed for the analysis of the galvanized steel samples, as shown in  
Fig. 7. For the first period of immersion of the sample (the black curve with square points in Fig. 7), the used circuit for the fitting was 
composed by electrical circuit solution resistance (Rs), charge transfer resistance (Rct) and double electrical layer capacity (Qdl) [36]. 
This circuit was suitable for the data analysis for the initial period because of the absence of corrosion products. Subsequently, when 
the corrosion process is developed enough and a well-defined layer of corrosion products is formed on the surface (the red curve with 
dot points in Fig. 7), a different equivalent circuit was introduced, as it is commonly used to model porous corrosion product layers. It 
was composed by Rs accounting for the solution resistance, Qc and Rp for the film capacitance and resistance of the porous layer, 
respectively, Qdl and Rct accounting for the capacitance and transfer resistance/diffusion through the pores, respectively [37]. 

Indeed, in case of galvanized steel corrosion, during the first phase of corrosion, a semi-compact layer of precipitates, mainly Zn and 
ZnO with small amounts of Zn(OH)2, is present on the surface of the wires. However, as immersion time increases, the layer grows, 
depleting the zinc coating and forming a thick, porous layer consisting mainly of a non-protective and soluble layer of Zn(OH)2 [38]. 
Thus, after the 4 months’ immersion in the different soils, the samples were analysed at the optical an electron microscope, to deeply 
study the corrosion morphology of the wire surfaces. 

3.4.1. Soils with different sulphate concentration 
The EIS diagrams of the samples immersed in soils with different sulphate concentration initially exhibited only one-time constant, 

while after a certain period of immersion, the development of the corrosion products led to the evolution of a second time constant, as 
described in Fig. 7. For this reason, at the beginning the impedance spectra were fit with a R(QR) model circuit. Subsequently, 
approximately after 38 days of immersion, the R(Q(R(QR))) model were used to account even the effect of corrosion products layer on 
the surface. 

Initially all the samples exhibited an increase of the impedance modulus measured at the low frequency, probably because of the 
increment of double electrical layer and oxide layer. However, at a specific point the impedance modulus decreases for 7000 ppm, 
9000 ppm and 11000 ppm environments, while the modulus of 5000 ppm sample revealed a constant raise. In fact, in the less 
aggressive environment the corrosion products are partially protective, consequently increasing the total impedance. Otherwise, in 
more aggressive environments there is a tendentially constant corrosion rate. All the impedance spectra were analyzed with equivalent 
electrical circuits in order to get information on the resistances related with corrosion products (Rp) and with charge transfer phe-
nomena (Rct). Their variations of these two parameters as a function of the time are reported in Fig. 8. The solution resistance (Rs) was 
considered fixed for whole immersion period. 

The Rct values of 11000 ppm sample were significantly lower respect to the other wires. Consequently, the corrosion products 
provided a weaker protective effect. Differently, the other three curves initially exhibited an increase of Rct with increasing the 
exposure time, thus indicating that the corrosion products layer hindered the corrosion progress. Nevertheless, only the 5000 ppm 
curve had a constant increment, while the 7000 ppm and 9000 ppm environments evinced a change of trend and Rct values start to 
decrease, due to the possible damage of the porous layer, leading to a consequent increase of the corrosion rate [39]. 

Similarly, the increment of Rp can be related to the formation of corrosion products, when a subsequently decrease of the resistance 
polarization can indicate the deterioration of the zinc oxide layer on top of the underlying steel, brought forward by the dissolution of 
the zinc layer [40]. 

The trends of the curves are not linear due to the development of corrosion products that are not totally uniform, due to the local 
non-homogeneity of the electrolyte. Therefore, the presence of water and the absorption of oxygen can vary from area to area on the 
sample surface. 

After approximately 4 months, the samples were extracted from the soil and cleaned as much as possible by means of a dilute 

Fig. 7. evolution of the Nyquist diagram of the sample with sulphates concentration equal to 5000 ppm over time. Representation of the two 
equivalent circuits used for the fitting of the experimental data. 

S. Rossi et al.                                                                                                                                                                                                           



Case Studies in Construction Materials 17 (2022) e01257

10

solution of citric acid (40 ml/L) and ultra-sonic bath, with the aim to get information on the morphology of the corrosion processes. As 
can be seen in Fig. 9, no significant differences can be identified between the surfaces of the wire immersed in different four soils and 
even no sign of possible localized corrosion seems to be present. Therefore, the corrosion process induced by sulphates was a 
generalized corrosion that was approximately uniform on whole surface. However, observing the sections of the wires, it was possible 
to notice a decrease in the thickness of the galvanized layer as a function of the concentration of sulphates in the soil. Starting from a 
thickness of about 75 µm, the exposure to soils caused a decrease to about 55 µm, 43 µm, 35 µm and 32 µm in the presence of 
5000 ppm, 7000 ppm, 9000 ppm, 11000 ppm of sulphates, respectively. With so thin zinc layers it is possible that certain points of the 
intermetallic layer came in direct contact with the soil, explaining the presence of red rust. 

Initially when it is flawless, the zinc-aluminum coating protects the steel due to the barrier effect. However, being electrochemically 
active, zinc also exhibits degradation phenomena. During exposure in the ground, the corrosive phenomena that can be different from 
area to area, as can be seen in Fig. 9, lead to a non-uniform degradation of the coating. When the electrolyte, due to the zinc 
degradation, comes into contact with the steel substrate, a galvanic coupling is formed where the electrochemically less noble material 
will increase its corrosion rate, while the more noble material (steel) will be protected, as it is the seat of oxygen reduction reactions. 

Fig. 8. variation of Rct and Rp, on the left and on the right, respectively, as a function of the immersion time for samples in soil with different 
sulphate concentration. 

Fig. 9. optical images of the galvanized steel wires without corrosion products. a) 5000 ppm, b) 7000 ppm, c) 9000 ppm and d) 11000 ppm.  
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The intensity of the galvanic coupling will depend on the conductivity of the electrolyte. For this reason, the zinc, when the area of steel 
uncovered or the resistivity of the electrolyte will be high, will no longer be able to protect the substrate steel which will begin to 
corrode. 

Thus, the samples were observed at SEM, performing qualitative and semi-quantitative elemental analysis by means of EDXS and 
mapping in order to study the corrosion morphology that took place and the elements that participated in the corrosion process, 
considering even the elements coming from the soil and the added sulphate solution. The analyses carried out with SEM on all samples 
show similar results both in elemental analysis and in mapping. Table 8 summarizes the results of the analysis performed on 
11000 ppm soil, as example for the wires immersed in four environments. As expected, the external layer is almost totally composed by 
zinc, aluminum and oxygen (together include roughly the 86% of the elements). Therefore, the external surface is mainly formed by 
zinc and aluminum oxides, hydroxides or more complex compounds produced by the corrosion reactions. At the same time, the 
absence of strong iron signal suggests that the outer part of the coating is made of the zinc porous layer, while the Zn-Fe intermetallic 
layer is still covered. 

Thus, the area analysed with the EDXS was mapped in order to obtain the distribution of the different elements present on the 
surface. The maps of the elements connected with the corrosion process are reported in Fig. 10. Oxygen and aluminum content are 
concentrated in the darker regions, while zinc is present mostly in the rest of the surface. Thus, the passivation of aluminum occurred 
principally in these three areas and zinc oxides form mainly on the other part of the surface. However, only a small trace of iron can be 
observed, and it is even present in the soil composition as shown the soil analysis in Table 3. Definitely, this analysis demonstrates that 
the outer layer is formed by Zn-Al oxides and hydroxides, while Zn-Fe layer is totally covered. 

In general, it is possible to affirm that the surface of these four samples is composed for the greater part by large amount of zinc 
corrosion products and in minor way by aluminum compounds. Therefore, zinc is involved in the predominant corrosion process, while 
the passivation of aluminum becomes important only in few spots. Moreover, the presence of sodium, sulphur and carbon can be 
explained with the development of more complex products than oxides and hydroxides, such as specific compounds as hydrozincite 
(Zn5(CO3)2(OH)6), hydrotalcite (Zn6Al2(OH)16CO3.4 H2O) and (Na4Zn4SO4(OH)6Cl2.6 H2O), that are typical corrosion products of 
Galfan alloy [41]. 

3.4.2. Soils with different chloride concentration 
As for the first series of soils, The EIS diagrams initially exhibited only one-time constant, while after a certain period of immersion, 

the development of the corrosion products led to the evolution of a second time constant. Again, the impedance modulus of all the four 
wires shows the same behavior: an initial increasing and a subsequent decreasing approximately after a certain time of burial. This 
phenomenon is explained with the initial formation of double electrical layer and the development of corrosion products, while the 
following reduction can be caused by gradual damaging or completely failure of the galvanized coating in specific surface points. 

As previously described, all impedance spectra were fitted in order to obtain the variation of Rp and Rct and the results are 
illustrated in Fig. 11. The samples exhibited similar Rct variation curves, except for the 7000 ppm sample, which revealed lower Rct 
values. Moreover, all curves exhibit the same trend: a first increase, symptom of formation of a protective layer, and a subsequent 
reduction after a certain exposure time, indicating either a breakdown of that layer or that the formed film is porous and fails to fully 
protect the surface over time [42]. Similarly, Rp value initially increased, due to the development of corrosion products generated and 
absorbed on the electrode surface. However, the Rp value decreased gradually with the increment of exposure time, and it decreased 
even as the Cl- concentration increased. This phenomenon suggests that corrosion products film absorbed on the electrode surface 
progressively damaged under the effect of chlorides ions [43]. 

Fig. 11 reveals the appearance of the surfaces of the fours wires, after the removal of the corrosion products. The corrosion on 
1000 ppm Cl- soils (Fig. 11a) is roughly generalized on whole the surface, due to the effect of sulphate concentration of 7000 ppm 
present in the soil. Differently, increasing the chloride content, the corrosion tends to localize in specific spots of the surface. These 
phenomena are correlated to strong formation of white rust composed by zinc oxides, hydroxides, or more complex compounds, due to 
the greater dissolution of zinc. This behavior is typical of localized corrosion produced by chloride ions [44]. 

The profile of the zinc coating of 1000 ppm soil is uniform along the surface. Therefore, the chlorides were not able to attack the 
external layer to form a pit and the generalized corrosion was mainly due to the presence of sulphates. The average thickness of the 
galvanized coating of the other three wires is similar to that of the 1000 ppm wire. Nevertheless, in specific regions of the surface, the 
thickness is subjected to a strong reduction. As a matter of fact, the increased chlorides concentration favours the development of 
localized corrosion morphology, leading to a minimum thicknesses of the zinc film even lower than 20 µm, more or less one fourth of 
the initial layer depth. Therefore, in certain localized spots the corrosion process probably reached the underlying intermetallic layer, 
putting it in direct contact with the aggressive environment or even the steel substrate in the worst situation.(Fig. 12). 

The profile of zinc coating immersed in 1000 ppm soils is uniform along the surface, therefore the chlorides were not able to attack 
the external layer to form a pit and the corrosion is generalized mainly due to the presence of sulphates. By observing the other wires, it 
is possible to note that on average the thickness of galvanized coating is similar to 1000 ppm one, but in specific regions of the surface, 
thickness is subjected to a strong reduction. The meaning is related with the increased chloride effect that favors localized corrosion 
morphology, leading to a minimum thicknesses even lower than 20 µm in these points, that is more or less one fourth of the initial layer 
depth. Therefore, it is probable that corrosion process reached underlying intermetallic layer in certain points, putting it in direct 
contact with the aggressive environment or even the steel substrate in the worst situation. 

Table 9 summarizes the results of the EDXS analysis performed on the four wires, highlighting the difference evidenced between the 
1000 ppm wire (representative also of the 3000 ppm and 5000 ppm samples) and the 7000 ppm wire. The elemental analysis evi-
denced that the greater part of the surface of 1000 ppm sample is covered by oxygen (27.78%), zinc (52.15%) and aluminum 
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(10.26%). Therefore, the external layer is covered by Zn-Al corrosion products. Regarding the other elements, only calcium (4.18%) 
and silicon (2.73%) have a significant concentration derived by the soil, while the content of iron is very low (less than 1%), hence 
corrosion process was not sufficient to reach the intermetallic layer formed by Zn-Fe alloy. Differently, the elemental analysis of 
7000 ppm wire presents a very high amount of zinc (59.44%) and oxygen (23.47%), while the aluminum content (6.31%) results to be 
reduced respect to the 1000 ppm sample. However, the most interesting aspect is the very significant increase of iron concentration 

Table 8 
elemental analysis of 11000 ppm soil.  

Element Mass Norm. [%] 

Carbon  7.90 
Oxygen  33.60 
Magnesium  0.53 
Aluminum  16.00 
Silicon  2.77 
Sulphur  0.78 
Zinc  36.57 
Potassium  0.23 
Calcium  0.19 
Titanium  0.04 
Iron  1.39  

Fig. 10. SEM EDXS map of the elements connected with the corrosion process of 11000 ppm sample.  

Fig. 11. variation of Rct and Rp, on the left and on the right, respectively, as a function of the immersion time for samples in soil with different 
chloride concentration. 
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(8.07%) respect to the other samples. Therefore, the corrosion process, thanks to the more important effect of chlorides, in some spots 
was able to reach the Zn-Fe intermetallic alloy or even the steel substrate. 

The maps of the elements connected with the corrosion process of the wire immersed in the soil containing 7000 ppm of chlorides 
are reported in Fig. 13. Oxygen is present predominantly on the edges, while aluminum, zinc and iron are concentrated mainly in the 
central region. The greater content of these last three elements can lead to define that the zone at the centre represents the intermetallic 
layer of the galvanized coating composed mostly by Zn-Fe alloy with presence of Al. This can be demonstrated even by the low 
presence of oxygen and the consequent poor formation of zinc and aluminum corrosion products. In addition, three specific central 
spots show an even more intense concentration of iron and aluminum and at the same time a reduction in the amount of zinc. Hence, in 
these regions the coating was probably completely corroded producing the direct contact between the steel substrate and the soil. 

3.5. Comparison between first and second sets of soils 

The analysed corrosion morphology, as expected, was completely different between the two type of environments. The addition of 
chlorides led to a localization of the corrosion process, while the sulphates produced a generalized corrosion that was approximately 
uniform on whole surface. The optical microscope observations clearly showed this progressive change in the corrosion mechanism: 
indeed, the least critical soil of the second set (containing 7000 ppm of sulphates and 1000 ppm of chlorides) was subjected to a 
uniform corrosion, similarly to the samples containing only sulphates, while the subsequent gradual increase of chloride concentration 
in the other wires led to a localized corrosion process. 

Fig. 12. optical images of the galvanized steel wires without corrosion products. a) 1000 ppm, b) 3000 ppm, c) 5000 ppm and d) 7000 ppm.  

Table 9 
elemental analysis of 1000 ppm and 7000 ppm soils.  

Element Mass Norm. [%] - 1000 ppm Mass Norm. [%] - 7000 ppm 

Oxygen  27.78 23.47 
Magnesium  0.65 / 
Aluminum  10.26 6.31 
Silicon  2.73 0.30 
Sulfur  0.79 0.46 
Zinc  52.15 59.44 
Potassium  0.46 0.57 
Calcium  4.18 1.08 
Chlorine  0.17 0.34 
Iron  0.83 8.07  
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By comparing the corrosion currents obtained by potentiodynamic analysis obtained in soils, the current values evidenced the 
influence of greater content of salt in promoting higher corrosion current and consequently more intense corrosion rate. In particular, 
the effect of sulphates seemed to be more detrimental respect to chlorides, confirmed by the higher shift of potentiodynamic curves 
considering an increase of sulphates. In any case, the influence of chlorides on Icorr can be noted taking as reference the sample of the 
first set with a sulphate concentration equal to 7000 ppm and by observing the subsequent increment of Icorr following the increase of 
chlorides content applied in the second set of soils. 

The free corrosion potential variation between the two sets of environments during the immersion time was very similar. 
Nevertheless, different amounts of chlorides and sulphates had different effects on the corrosion behavior of galvanized steel wires. In 
particular, the presence of chloride was more critical for the corrosion of the surface of the wires. 

Indeed, the results obtained by means of the SEM analysis and the examination of the sample sections after immersion in soils 
containing only sulphates revealed that the zinc coating was still present on whole surface without ever reaching the intermetallic 
layer. Differently, the synergy of the presence of two salts (especially with sulphate content of 7000 ppm and chloride content of 
7000 ppm), led to the penetration of the corrosion process into the galvanized coating up to the Zn-Fe layer and even up to the steel 
substrate in specific points of the surface. 

4. Conclusions 

This work aims to study the corrosion process of galvanized steel wires buried in soil. In detail, the various experimental analyzes 
were performed in order to investigate the influence of the chemical characteristics of the soil on corrosion behavior of hot-dip 
galvanized steel. Specifically, the contribution of two critical factors of the soil was evaluated, such as the concentration of sul-
phates and chlorides. 

The test revealed that the presence of sulphates introduced a generalized corrosion, approximately uniform on the surface of wire, 
that became more severe following the increasing of their concentration in the soil. In any case, the corrosion process was not enough 
vigorous to cause the significant degradation of the zinc coating. 

Differently, the addition of chlorides produced the progressively formation of a localized corrosion phenomenon, according to the 
increment of chloride content, which was able to penetrate the external layer reaching the steel substrate, significantly reducing the 
durability offered by the hot-dip Zn-Al coated steel. 

Therefore, the introduction in the soil of these salts forced the corrosion process, mostly due to the synergistic effect that occurred 
when both chloride and sulphates were present at the same time. This aspect results very critical for buried structures that in general 
must have a service life of several tens of years, considering that the immersion time in case of this study was more or less of 4 months. 
However, it is necessary to highlight that the soil used for the testing was subjected to an addition of amount of chlorides and sulphates 
that can be rarely found in natural soils. 
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