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Several experimental techniques were used to characterise steel rebars embedded in concrete for 70 years
and exposed to mountain weather conditions in a sulphur-containing environment. The research has the ob-
jective of understanding the stages of rusting of steel in concrete in a non-conventional environment. Such
understanding would provide information concerning the nature of the corrosion products formed on the
steel rebars in order to make accurate predictions by means of analytical models.
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1. Introduction

Reinforced concrete is a structural material widely used in civil con-
structions such us buildings, dams, bridges, etc. These structures involve
great construction efforts, cost a great deal of money and demand a life-
span of several years. Reinforced concrete structures can undergo
physical deterioration (cracking, frost, fire, for instance), chemical dete-
rioration (sulphate attack, acid attack, sea water, alkali–aggregate reac-
tion, leaching, et cetera) and reinforcement corrosion [1,2]. The main
degradation process that may cause premature reduction of service
life in any concrete structure is reinforcement corrosion, being this phe-
nomenon a major problem today for civil engineers and surveyors as
they maintain an ageing infrastructure.

Concrete is alkaline (pH about 13) because its pores contain sodi-
um, potassium and calcium hydroxide. This alkaline environment
leads to a passive layer that forms on the steel surface. A passive
layer is a dense, impenetrable and protective film which, if fully
established and maintained, prevents further corrosion of the steel.
However, the passivating environment is not always maintained
and two processes can breakdown passivity in concrete leading to a
corrosion process of the reinforced bars (rebars): namely carbonation
and chloride attack [3–5].

In any case, the transformation of metallic iron to rust is accompa-
nied by an increase in volume that, depending on the state of
oxidation, may be as large as 600% of the original metal. This volume
increase is the principal cause of concrete expansion and cracking.
The damage of concrete resulting from the corrosion of the embedded
steel is revealed in the form of expansion, cracking, and eventual spal-
ling of the cover. In addition to the loss of cover, a reinforced-concrete
piece may suffer structural damage due to loss of bond between steel
and concrete and loss of rebar cross-sectional area, sometimes to such
an extent that structural failure becomes inevitable.

Service life of a reinforced concrete structure can be estimated by
proper control and monitoring of reinforcement corrosion. However,
through the use of deterioration models, cost-effective decisions con-
cerning the time to repair, rehabilitate, or replace existing structures
can be made along with predicting future maintenance and replace-
ment needs. Several research works (cited in [6]) have already sug-
gested some useful analytical models to predict either the safe
residual service life or the time-to-cover cracking of the corroded
reinforced concrete structures. However, despite these efforts, some
discrepancy between the predicted values and the measured data
from the field and laboratory has been reported [7], which may be at-
tributed to a number of factors. Several possible corrosion products
may form depending on conditions such as pH of the solution, oxygen
supply and moisture content. It is obvious that different kinds of rust
products have different densities and volume expansions that may
have a large influence on the time-to-cover cracking. Then, in order
to make accurate predictions, there is a need for a better knowledge
of the nature of the corrosion products formed on the steel rebar.
Studies concerning the analysis of the corrosion products formed on
reinforced rebars after long periods of time are relevant to improve
the knowledge on the long-term corrosion behaviour and predict ac-
curately the service life of a reinforced concrete structure based on
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models [6]. In the last years, several works have been published
addressing the type of corrosion products formed on reinforced re-
bars exposed to different environments for long periods of time
[8–16]. This kind of approach has been extensively applied to predict
the behaviour of different structures involved in the nuclear industry,
including nuclear power plants and nuclear waste disposal facilities
[17]. Moreover, as iron is widely present in cultural heritage objects
and monuments, studies of this type are also of relevance for conser-
vation diagnostics and restoration strategies [16,18].

The present work is part of a systematic study aimed to determine
the type, morphology and general properties of the corrosion prod-
ucts formed on steels embedded in concrete in different geographic
locations, in order to correlate the results with the characteristics of
the environment [8]. In this opportunity, the work was focused on
characterise an old reinforced concrete structure exposed to a non-
conventional environment. In particular, the present study was per-
formed on reinforced rebars embedded in a 70-year-old building
exposed to cold mountain weather in a sulphur-containing environ-
ment. Chemical, morphological and mechanical analyses were per-
formed to know the composition, structure and properties of the
different parts of the system.

2. Experimental techniques

Rebars embedded in a concrete structure for more than 70 years
were analysed. These rebars were taken from a building (Termas
del Sosneado Hotel) that was built in 1938 (Fig. 1a) and abandoned
circa 1953. Fig. 1b shows the present state of the building. As can be
Fig. 1. Termas del Sosneado Hotel: (a) by the time of its inauguration in 1938; and
(b) at present time.
seen from Fig. 1a and b, the hotel was built mainly of stones, with
some outer parts built in reinforced concrete. The building is located
in the south of the Andes Mountains, close to El Sosneado town, prov-
ince of Mendoza, Argentina (34° 46′ 12″S, 70° 03′ 32″W), at 2174 m
above sea level. The hotel was built around a volcanic thermal spring
with hot sulphurous water. Besides, close to the hotel, there are aban-
doned installations of a sulphur mine.

The annual average temperature (measured in theMalargüe station,
90 km away from the building) is 11.4 °C. The average temperature in
January is 19.5 °C, and in July is 2.7 °C. The maximum temperature reg-
istered was 38 °C, while the minimum temperature was −23.6 °C.
These values show the large spread of temperature variation in the loca-
tion [19]. The average rainfall is 334 mm year−1 and the rain frequency
is 56 days year−1 [20]. Summers are dry to semi-dry, autumns are very
dry and winters are humid [19].

Prior to take a sample of reinforced concrete from a slab, the cor-
rosion potential of several rebars was measured according to ASTM C
876-91 Standard [21], using a copper-saturated copper sulphate ref-
erence electrode (CSE). A piece of concrete was obtained from the
structure and then, it was taken to the laboratory in a sealed bag to
perform the study. No cracks and/or spalling were found, and this is
an indication that the corrosion attack of the rebars was probably
small.

Analysis of the chloride concentration on concrete was made
according to ASTM C-1152 Standard Method [22]. The concrete car-
bonation depth was measured by spraying a phenolphthalein solu-
tion uniformly onto a freshly exposed section normal to the surface
of the slab.

Rebars (as taken from concrete) were observed with both optical
(Olympus BX60M) and scanning electron microscope (Quanta 200).
Energy Dispersion X-ray analysis (EDAX) was performed at many lo-
cations of the rebars and concrete to assess the local chemical compo-
sition. Chemical analysis of steel was made by atomic absorption
spectrometry.

Mechanical properties (yield strength, elongation to rupture and
ultimate tensile strength) were measured on some rebars. Corrosion
products detached during mechanical tests were collected to be
analysed.

Metallographic cross sections were prepared by cutting small
pieces (2 cm in length) of rebars, and mounting them parallel and
transversal to its principal axis in curing epoxy at room temperature.
Themounted sections were mechanically polished with emery papers
(grades 220–600) and then with a diamond paste. The final polish
was done with 1 μm diamond grit. Micro hardness (HV50) of rebars
was measured. The steel microstructure was determined and the
cross section of corrosion products was observed to measure the
thickness of the rust film by means of the reflection behaviour of
polarised light in an optical microscope.

In order to characterise the corrosion products present on the
steel rebars the following techniques were used: X-ray diffraction
(XRD), transmission Mössbauer spectroscopy (TMS) and Raman
spectroscopy (RS). For XRD analysis, powder was removed from the
rust by manual scrapping of the rebars with an acrylic spatula. Mea-
surements were performed on a Philips PW3710 diffractometer
using CuKα-radiation at angles varying from 2θ=10° to 70° in
steps of 0.02°. For TMS analysis the same sample used for XRD analy-
sis was ground in an agate mortar into a fine powder and mixed with
sugar to avoid texture effects. TMS was performed using a 57Co source
in a Rh matrix. Spectra were collected at room temperature (RT) and
at 55 K using a He closed-cycle cryostat. Analysis of the spectra was
performed using the Normos least-squares fitting programme [23].
Isomer shift values are given relative to α-Fe at room temperature.

Raman spectra were recorded on metallographically mounted sam-
ples, of the same type as those used to determine the microstructure of
the steel samples, using a LabRAM HR Raman system (Horiba Jobin
Yvon), equipped with two monochromator gratings and a charge



113G.S. Duffó et al. / Cement and Concrete Research 42 (2012) 111–117
coupled device detector. Ar laser (514.5 nm) was used as excitation
source. The spectrograph is coupled to an imaging microscope with
10×, 50× and 100× objectives. A 1800 g mm−1 grating and 100 μm
hole results in a less than 2 cm−1 spectral resolution. Excitation
sources were filtered to give a density power at the exit of the objective
lens varying from 0.1 to 2 μW μm−2.

The determination of the corrosion rate of the rebars was per-
formed by measuring the final radius of the rebar after removing
the rust scale in a 10% ammonium citrate solution at 60 °C, and sub-
tracting this value from the initial radius of the rebar which was as-
sumed to be equal to the nominal radius (3 mm).

3. Results and discussion

The corrosion potential of the rebars after reaching a quasi-
stationary value lays between−0.034 VCSE and−0.048 VCSE. According
to ASTM criteria for corrosion conditions [21], when corrosion poten-
tials are more positive than −0.20 VCSE, there is a greater than 90%
probability that no reinforcing steel corrosion is occurring in the area
at the time of measurement.

The concentration of water-soluble chloride ions in concrete is al-
most constant along the concrete cover depth. The value is 710±
100 mg kg−1 of concrete. Considering a cement content in concrete
of approximately 300 kg m−3, and a concrete density of about
2300 kg m−3 (typical values for a civil building at the moment of the
hotel construction), the concentration of water-soluble chloride is
0.544±0.077% by weight of cement. There is no chloride source in
the vicinity of the building, so the origin of the chloride ion is, probably,
the addition of CaCl2 to accelerate the setting of the concrete during the
construction, due to the cold weather of the region.

The water-soluble chloride content in concrete is always less than
the total chloride content. In fact, Mohammed and Hamada [24]
showed that the total chloride content for a concrete based on Ordi-
nary Portland Cement is approximately 16% greater than the free
chloride content. This relation yields a value of 0.633±0.089% of
total chloride by weight of cement. In literature, there is a large dis-
crepancy on the value of the total chloride threshold concentration
to initiate a corrosion process [25]. The scattering band of results in-
cludes values as low as 0.04 and as high as 3% by weight of cement.
When compared to the chloride concentration measured in the struc-
ture studied in the present work, it is found that it lies in the broad
band of threshold values reported in the literature. This implies that
chloride induced corrosion cannot be disregarded at this stage.

By application of the phenolphthalein test, it was found that the
concrete was carbonated (Fig. 2) because some regions with no pur-
ple colour were observed when the complete section was sprayed
with a phenolphthalein solution. With the maximum carbonation
depth (x) of 57 mm, and the structure age (t) of 70 years the K con-
stant in the equation x=K·t0.5 yields 6.8 mm year−0.5. Taking into
account that a good quality concrete has a K value between 0.25
Fig. 2. Cover depth and maximum carbonation depth in a cross section of the concrete
specimen.
and 1.0 mm year−0.5 [3,4], it can be inferred that the structure stud-
ied in the present work was made with a bad quality concrete. Also
note in Fig. 2 that the carbonation depth is longer than the cover
depth, so that a uniform corrosion process due to a low pH value
near the rebar cannot be disregarded.

The rebars studied in the present work have a nominal diameter of
6 mm. They are smooth and show evidence of corrosion. The chemi-
cal composition of rebars is (in w/o); C, 0.038; Si, 0.060; Mn, 0.40;
Cr, 0.020; S, 0.054; P, 0.036; Ni, 0.05; Mo, 0.007 and Fe balance. This
composition is consistent with a SAE 1006 steel. The average mechan-
ical properties of the steel rebars were: yield strength (σ0.2),
168 MPa; ultimate tensile strength (UTS), 210 MPa; and elongation
to fracture, 24%. The mechanical properties of this material are very
poor as compared to those used at present time (σ0.2=420 MPa,
UTS=500 MPa and elongation to fracture, 12%) [26].

The surface of the rebar is covered with orange or red-brown cor-
rosion products that can be easily flaked off with a razor blade. The
rust so obtained reveals a mixture of black and red particles under
low magnification.

Metallographic cross sections revealed that the rust is composed
of laminar layers of different colours, in some cases cracked, as well
as some globular corrosion products (Fig. 3). The maximum depth
of the corrosion product layer was 500 μm. The corrosion rate was
measured after elimination of the corrosion products. It was observed
that the average decrease in rebar radius due to corrosion attack was
625 μm. This value gives an average corrosion rate of 8.9 μm year−1.
This value is inside the range of moderate to high corrosion rate sug-
gested by Broomfield [4], or moderate corrosion rate according to
Andrade and Alonso [27].
Fig. 3. Metallographic cross sections showing the different laminar layers of rust, the
cracks and the globular corrosion products.

image of Fig.�2
image of Fig.�3


Fig. 4. Rebar microstructure showing predominantly ferrite with MnS inclusions:
(a) longitudinal cross section; and (b) transversal cross section.
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The steel microstructure was revealed with Nital 4 for 10 s in lon-
gitudinal and transversal cross sections. The predominance of ferrite
with little amount of pearlite was observed (Fig. 4a and b). MnS and
oxide inclusions are aligned along the rolling direction. Steel micro-
hardness measurements along the rebar radius, showed little differ-
ence between the value measured at 75 μm from the edge (153
HV50) and the value measured at the centre (160 HV50). This led to
conclude that rebars were conformed by hot rolling, and this is con-
firmed by the equiaxiallity of the grains.
Fig. 5. XRD pattern where the main diffraction peaks corresponding to the major com-
pounds are indicated as: A (albite), Ak (akaganeite), C (calcite), P (portlandite), and Q
(quartz).
Fig. 5 displays a representative XRD pattern of the rust powder
sample. It shows dominant peaks of calcite (CaCO3), quartz (SiO2),
portlandite (Ca(OH)2) and calcium oxide (CaO) coming from the con-
crete. The presence of calcite is undoubtedly linked to a carbonation
process because calcite is the final product of this process. The inter-
planar distance corresponding to the more intense peak is character-
istic of a feldspar named albite (NaAlSi3O8), which is a mineral
component of the soil rocks. Akaganeite (β-FeOOH) presence was
also determined. In Fig. 5, the main diffraction peaks corresponding
to the major compounds are indicated as: A (albite), Ak (akaganeite),
C (calcite), P (portlandite), Q (quartz). A finer analysis reveals hema-
tite (α-Fe2O3) and pyrrothite (Fe7S8) as minor components. The pos-
sibility of chalcopyrite (CuFeS2) presence cannot be ruled out.

As for the Mössbauer results, whose representative spectra are
shown in Fig. 6, the occurrence of a mixture of Fe-bearing compounds
was determined. At room temperature two doublets are the main com-
ponents of the spectrum (Fig. 6a). The hyperfine parameters of one of
them are: IS 0.36 mm s−1 and QS 0.55 mm s−1. The other quadrupole
doublet displays: IS 0.36 mm s−1 and QS 0.91 mm s−1. These values
are consistent to paramagnetic akagaenite which shows two different
Fe3+ sites when chloride is present in the structure. It is worth noting
that akaganeite is only stable in a chloride environment. However,
such doublets are not only characteristic for akaganeite but also for
other Fe3+-bearing minerals. That is why we cannot rule out the
Fig. 6. Mössbauer spectra at: (a) RT; and (b) 55 K.

image of Fig.�4
image of Fig.�5
image of Fig.�6


Fig. 8. (a) Rust layer showing different corrosion products. (b) Raman spectra obtained
in different zones of panel (a). Spectra were taken from X to Y, and the distance, in μm,
is taken from the point X.
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presence of lepidocrocite (γ-FeOOH) and/or ferrihydrite. In the spec-
trum is also evident a complex magnetically split fraction composed of
various sextets. With the fitting procedure four overlapping sextets
with subsequent hyperfine magnetic fields (Bhf) around 19 T, 24 T,
28 T and 32 T were attributed to the various sites in the ordered struc-
ture of iron Fe1−xS monosulfides. Most of them are not stoichiometric
and consist often of a mixture of compounds with compositions be-
tween FeS and FeS2 called intermediate pyrrhotites. There are also
minor sextet components with Bhf values around 37 T, 43 T, 48 T and
51 T which could be assigned to goethite (α-FeOOH), magnetite
(Fe3O4) and/or maghemite (γ-Fe2O3) and hematite. Again, the possibil-
ity of the presence of chalcopyrite cannot be dismissed. In the spectrum
at 55 K (Fig. 6b) the magnetic/paramagnetic ratio increases accordingly
to the expected behaviour for the iron oxides and hydroxides present in
the sample, denoting a magnetic ordering of the RT disordered phases.
Compounds assignment described for the RT spectrum was then con-
firmed. All the parameters found for the above mentioned compounds
are consistent with the data obtained from literature [28,29]. In summa-
ry, the Fe-bearing phases determined by Mössbauer spectroscopy are:
akaganeite as the major one, lepidocrocite and/or ferrihydrite, magne-
tite and/or maghemite, goethite, hematite and intermediate pyrrothites,
without ruling out the presence of chalcopyrite.

Raman spectroscopy performed on different zones of the rust layer,
allowed to identify the following compounds: goethite, hematite, mag-
netite, maghemite, lepidocrocite and calcite. Characteristic spectra of
each of them are shown in Fig. 7. Goethite has intense and narrow
bands close to 300 and 390 cm−1; a mix of hematite andmagnetite pre-
sent peaks at 212, 225, 260, 290 and 400 cm−1; maghemite presents
broad bands close to 360, 500, and 710 cm−1 and lepidocrocite has an
intense and narrow band at 250 and 380 cm−1. The presence of calcite
with a narrow peak at 1083 cm−1 was observed, mixed with different
oxides. In order to evaluate the distribution of the observed compounds,
Raman spectra were taken along the line shown in Fig. 8a, from the steel
(X) to the external surface (Y). The resulting spectra are shown in
Fig. 8b. The rust layer consists predominantly of hematite; while lepido-
crocite is only observed in the inner part of the layer. The presence of
magnetite and calcite is significant in the outer part of the rust layer,
while maghemite is also observed. From Fig. 8, it is worth mentioning
that in the present work, it was impossible to correlate the different col-
ours of the rust layer with the presence of specific iron compounds. It
should be noted that maghemite and akaganeite show very similar
Raman spectra and, consequently, the identification of the type of
oxide present is ambiguous. Taking into account that XRD and
Mössbauer spectroscopy results showed the existence of akaganeite, it
is believed that the broad bands associated to maghemite could instead
be indicating the existence of akaganeite. All the types of compounds
Fig. 7. Raman spectra obtained in different zones of the rust layer.
observed are consistent with those found in several references
[30–32]. However, no correlation with the corrosion patterns described
in literature [16,17] was possible due to the heterogeneities above
mentioned.

SEM photographs from representative locations of the rust sample
are shown in Fig. 9. Fig. 9a shows magnetite with dense layered struc-
ture and clearly visible cracks. Cracks of these type are very frequent-
ly found in magnetite layers [8,33–35]. The causes of the cracks are
unknown, but its appearance (among other evidences) helps to iden-
tify the presence of magnetite. In some places, magnetite grows as
circular grains showing bulges that appear as donuts (Fig. 9b). In
Fig. 9c, crystals showing fine plates (“flowery” structures), probably
due to lepidocrocite, are observed. Finally, Fig. 9d shows a globular
(“cotton-ball”) pattern, typical of akaganeite. The morphologies ob-
served are similar to those reported by several authors who studied
the rust formed under atmospheric conditions [33–35]. Besides,
these observations are in agreement with the findings from XRD,
Mössbauer and Raman analyses.

The rebars studied in the present work showed corrosion poten-
tials that, according to the ASTM standard [21], imply low probability
of corrosion. This finding, together with the fact that no cracking or
spalling was observed on the structure, may suggest that the corro-
sion attack was small. However, when the rebars were studied in
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Fig. 9. SEM photographs of the different corrosion products found.
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detail, several corrosion products were found and a high mean corro-
sion rate was determined (close to 10 μm year−1). The explanation to
this may be as follows: the measurements of the corrosion potentials
were performed during summer time, a period of the year in which
the climate is extremely dry. As a consequence, the corrosion process
may be hindered by that time of the year, showing a high corrosion
potential. Thus, the corrosion attack may have advanced only during
the wet periods of the year. As regards the absence of cracks, it can
be understood if the concrete quality is poor, with many voids and
high degree of porosity, where corrosion products may accommodate
without causing significant pressure on the surroundings.

The results of the present work showed that a range of corrosion
products forms. Both types of corrosion usually encountered in con-
crete, chloride attack and carbonation, have occurred. From XRD
and TMS analysis, it was found that akaganeite is one of the predom-
inant compound present (confirmed also by SEM observations). This
fact is in accordance with the presence of chloride in the cement
paste that is usually related to that type of corrosion product. Carbon-
ation has also occurred, as the phenolphthalein test as well as the
presence of calcite in XRD analysis put in evidence. The presence of
calcite is undoubtly linked to a carbonation process. In fact, some au-
thors [16] stated that this phase is even observable in zones where
the phenolphthalein test is negative. Carbonation has led to the for-
mation of other corrosion products. It should be taken into account
that while XRD and TMS measurements are performed over a repre-
sentative sample of corrosion compounds, RS is localised and gives
information of the corrosion product observed at a particular zone
of the specimen. In fact, RS results are particularly heterogeneous,
but showed, in average, the same corrosion products observed by
XRD and TMS.

Besides, it is worthmentioning that apart from the compounds usu-
ally found in this type of studies, iron sulphides were also found in low
proportions in the present work. The presence of these compounds is
due to the particular environment to which the structure was exposed:
close to a volcanic thermal spring with hot sulphurous water. Apart
from the oil industry, the presence of such compounds in the rust
layer had been reported previously only in the case of corrosion of
steel in anoxic soils [17] due to the activity of sulphate-reducing bacte-
ria that consume sulphate ions and produce hydrogen sulphide. In
those cases, Fe(II) sulphides are generated by the metabolic activity
of those anaerobic microorganisms [37]. In the present case, the forma-
tion of pyrrotites and other iron sulphides could be attributed either to
the direct reaction between steel and humid elemental sulphur (the
spring water contains colloidal sulphur) of the type showed by Gee
and Chen [38], or to the reduction of oxidised sulphur compounds (or
even elemental sulphur) to hydrogen sulphide by microbiological ac-
tivity and the further reaction of hydrogen sulphide with the steel.
This topic deserves further study to determine the origin of the iron
sulphide compounds.

In the last years, several works have addressed the study of the
type of corrosion products formed on reinforced rebars exposed to
different environments for different periods of time [8–16]. The

image of Fig.�9
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identification of a clear and unique corrosion pattern has not always
been possible. However, the results of the present work showed
that the different corrosion compounds found have, according to the
literature [36] volume expansions that lie between 2.08 (magnetite)
and 3.48 (akaganeite), and are not as high (6) as other authors sug-
gested they could be [5], being this information relevant when evalu-
ating analytical models to predict the time to cover cracking.

4. Conclusions

From the present work, the following conclusions can be drawn:

⁎ The identification of a clear and unique corrosion pattern has not
been possible.
⁎ Apart from the compounds usually found in this type of studies
(goethite, lepidocrocite, akaganeite, magnetite, maghemite, he-
matite, etc.), iron sulphides were also found in the present work.

⁎ The presence of iron sulphides is due to the particular environ-
ment to which the structure was exposed. These types of corro-
sion products had been found only in the case of corrosion of
steel in anoxic soils.

⁎ When evaluating analytical models to predict the time-to-cover
cracking, volume expansions between 2.08 (magnetite) and 3.48
(akaganeite) should be considered.
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