AIMS Materials Science, 9(2): 255-269.
DOI: 10.3934/matersci.2022015

% Received: 24 November 2021

Revised: 09 February 2022

Accepted: 17 February 2022

Published: 23 February 2022

2
<
"

http://www.aimspress.com/journal/Materials

Research article

Analysis of alterations presented in a white-concrete facade exposed to

a marine environment—A case study in Cadiz (Spain)

V. Flores-Alés]’*, F.J. Alejandre], F.J. Blasco—Lépezl, M. Torres-Gonzalez"* and J.M. Alducin-
Ochoa’

! Department of Architectural Construction II, University of Seville, Seville, Spain
? Department of Civil Engineering, Architecture and Georesources, CERIS, Instituto Superior
Técnico-University of Lisbon, Portugal

Abstract: This study analyses the fagades of a white concrete building located in Céadiz (Spain).
Numerous sections of the concrete cladding on the fagades have become detached and there are clear
signs of reinforcement corrosion. For the purposes of this study, the arrangement of the
reinforcement was evaluated by georadar (GPR). Cylindrical concrete cores measuring 10 cm in
diameter by 15-18 cm in depth were extracted and their carbonation front was evaluated. Samples
were characterized by physical properties determination; chemical and mineralogical analysis and
the chloride penetration profiles.

According to the results obtained, the concrete used can be considered permeable and porous
(16.5-19.7%). Only two sampling points fulfilled the minimum reinforcement coating requirements
for this type of environmental exposure, in accordance with current Spanish legislation. The
carbonation fronts have reached the reinforcements, causing their depassivation. Depending on the
orientation of the facade, the penetration of chlorides from marine spray was observed with a
maximum value of 0.250% by weight of cement, without reaching the limit states of durability.
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1. Introduction

Atmospheric corrosion of steel embedded in reinforced concrete is the phenomenon that most
influences the deterioration of structures, mainly those built in coastal areas due to the effect of ma-
rine spray. This is a worldwide problem that is very difficult to solve, and many researchers have
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raised the need to carry out studies that lead to prevent this phenomenon and its consequences. Real
case studies are extremely important to indicate the factors of influence to be considered as variables
in these models [1].

It must be taken into account that rebars embedded in concrete could be exposed not only to
chlorides present in the concrete itself, but also to chlorides found in the environment that penetrate
the concrete, being-in both cases-a durability problem for the building’ service life. Additionally,
carbonation of concrete or penetration of acidic gases into the concrete is other causes of reinforce-
ment corrosion to consider [2].

The cost of global steel and concrete infrastructures is expected to exceed $300 billion by 2025 [3]
and the National Association of Corrosion Engineers estimated the global cost of corrosion around
$3 trillion per year, or 3.4% of global GDP [4], clearly demonstrating the need to address the prob-
lem scientifically.

As a guide, it should be noted that although the ambient temperature conditions are not
particularly aggressive, the humidity and salinity conditions are deemed to be aggressive. The
records obtained from Cadiz city observatory, provided by AEMET (State Meteorology Agency of
Spain), show that annual temperatures range between 7.5 and 32.10 °C, averaging 18.52 °C, and
relative humidity varies between 32 and 99%, with a relatively high average of 73.08%. In spite of
these environmental conditions, the correct preservation of the reinforced concrete structures is
guaranteed as long as the architectural project fulfils with quality and execution requirements
indicated in the standards in force.

According to the limited data available (data from the original project could not be obtained),
the concrete used is 25 N/mm?, manufactured with type-II white cement with limestone addition
whose compressive strength was 35 N/mm®. According to the legislation in force when the building
was built [5], for concrete exposed to aerial marine environments, the cement content should have
been 300 kg/m’, the water/cement ratio 0.55 and the reinforcements should have been arranged at a
minimum depth of 40 mm. The knowledge of the thickness of the reinforcement coating is essential
to determine the level of protection of the steel and identify potential causes of deterioration, since
the barrier effect of the concrete protecting the reinforcement has a decisive impact in the
deterioration processes over time.

The lack of coating would require an intervention on the fagade that would cause the
regeneration or strengthening of the protective barrier layer on the building as a whole. It is
important to note that the aesthetic quality of the white concrete exposed to the open air is seriously
affected by contamination due to the development of biological stains. In this case, the material has
behaved as a low bioreceptivity concrete [6], since it does not present alterations due to colonization
by biotic organisms.

In general, the specific conditions that allow chlorides to reach the limit state to initiate
corrosion are not clearly established, since this depends on different circumstances, so it was not
possible to introduce a single representative value in the models. Although numerous studies have
been carried out to determine the critical level of chlorides in the reinforcement capable of initiating
corrosion, the suggested range of variation is extremely broad, which makes it difficult to define a
single value [7-9]. The chloride content in the concrete that reaches the reinforcement depends on
the ion diffusivity-linked to the nature of the cement and the compactness of the concrete [10], and
the solid geometry determined by the thickness of the reinforced concrete covering and the micro-
cracking of the concrete [11].
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The corrosion of the reinforcements usually involves two stages. During the first phase, two
reactions take place simultaneously: the metal (Fe”) dissolves in certain areas, while at other points a
cathodic reaction occurs, e.g., from hydroxyl ions (OH ) if oxygen content is high enough in
interstitial water. In the second phase, the dissolved metal ion (Fe™") reacts with the anions in the
water to form a precipitate that covers the steel. Observations show that if the concrete is sufficiently
sound, i.e. if its pH remains high (pH > 11) and is not contaminated by substances such as chlorides,
the coating product on the steel will be sufficiently watertight to prevent water from reaching the
metallic surface, since the high alkalinity of the concrete protects the steel [12]. In the presence of
chlorides, the passive layer of the steel can no longer be watertight; in this way, the steel corrodes
due to dissolution, giving rise to corrosion if chloride content exceeds a certain threshold determined
by the pH of the concrete [9].

Taking into account the studied characteristics of the concrete, an increase of w/c ratio
contributes to lower chloride thresholds [13], due to the different conditions for the passivation of the
reinforcement, higher moisture content and oxygen availability, lower binding capacity and lower
hydroxide content in a porous network solution [8].

Taking as a reference the penetration models indicated in Annex 9 of the Code on Structural
Concrete (EHE-2008), “Additional considerations on durability” [14], in case of corrosion the total
time needed for a significant attack or degradation can be expressed as Eq 1:

tL=t+t, (1)

t.: Total time required for the attack or degradation to become significant.

ti: Time taken by the penetration front of the aggressive agent to reach the reinforcement thereby
causing the onset of corrosion.

t,: Corrosion propagation period until the structural elements suffers significant degradation.

Chloride concentration is expressed in % of concrete weight, using the cement content in kg/m’
and the actual density of the concrete. The critical chloride concentration, in accordance with current
legislation, is a value of 0.6% of the cement weight for checking the limit state in relation to the
corrosion of the passive reinforcements. The limit state concept implies that, if it is exceeded, a
structural failure may occur because the project does not reach the end of its useful life as aggressive
agents generate a degree of deterioration that prevents the structure from behaving in accordance
with the requirements according to which it has been planned [14].

It is well known that carbon dioxide (CO;) contained in air penetrates over time through the
porous system of the concrete, combining with calcium hydroxide to form calcium carbonate. This
circumstance causes concrete pH to decrease from the outside inward, eventually causing the
disappearance of the passivating oxide layer that naturally protects the steel reinforcement. The
speed of the process depends on these variables: relative humidity, open porosity, cement dosage and
age of the concrete [15]. Therefore, under the action of mainly ambient humidity and oxygen, the
effect of corrosion can develop more quickly; even more in the presence of chlorides, as is the case
of the marine spray that affects the building studied [16,17].

The object of this study was a building constructed in 1996 on the seafront of Cadiz, a city
located in southern Spain, between 50 and 100 m from the sea. The material used in the building
envelope was white concrete reinforced with conventional carbon steel reinforcement. This
characteristic makes the building unique and represents an added maintenance difficulty since the
degradation processes are more evident in white walls. The proximity of the sea and the subsequent
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action of marine spray and saline condensation on the surface has had an important impact on the
evolution and conservation of the fagade materials (Figure 1). Thus, undocumented repairs have been
carried out in some areas consisting in the application of external mortar coating in highly localized
areas.

Some evidence of concrete fragments becoming detached due to reinforcement corrosion
(Figure 2), prompting the need for a general study of the building’s fagades to evaluate the condition
of the concrete and the reinforcement making up the exterior construction elements in order to
diagnose their current state, forecast the behaviour of the materials and report on the necessary
rehabilitation actions.

Figure 1. (A) Winds in the city of Cadiz between 02/16/19 and 05/28/20 (Own data.
Source: AEMET). (B) Incidence of prevailing winds on the fagades of the building
studied on the ground plan and (C) in perspective. D: General image of the damage
located on the south-west fagade.
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Figure 2 Close-up of alterations in the exposed reinforced concrete fagade: detachments,
shrinkage cracks, reinforcement corrosion, oxidation patinas.

The purpose of this work was to determine the state of the materials comprising the exposed
concrete fagade of the building studied by extracting cores from different orientations of the building,
determining their density and open porosity, the concrete coatings of the reinforcements, the depth of
carbonation and chloride penetration, in order to evaluate the development of corrosion processes, as
well as their origin and intensity. This study serves as a useful tool for the technicians entrusted with
the maintenance and rehabilitation of the building, supporting decision-making in areas already
damaged and in other areas where there are not yet external signs of deterioration.

2. Material and methods

A general prior analysis of the reinforcement was carried out in the studied areas using a GPR
(ground penetrating radar) model GP8800 manufactured by PROCEQ with a defined frequency
range between 400—6000 MHz and a penetration capacity for measuring up to 65 cm. The data were
processed using Proceq GPR Live software enabling results to be read in situ. GPR is a non-
destructive method that uses UHF (Ultra High Frequency) electromagnetic waves designed to detect
the internal characteristics of a specific medium and basically responds to the principle of wave re-
flection in dielectric discontinuities [18]. In this case, it was used to detect the rebar location in the
reinforced concrete, areas of discontinuity in reinforcement, lack of reinforcing bars or overlapping
reinforcements. Horizontal and vertical facade readings were taken and 3D analyses were performed
to obtain a simulated image of the layout and state of the reinforcement [19].

The measurements taken with the GPR were complemented with measurements taken on the
surface with the Proetisa Elcometer 331 BH detector to accurately confirm the position and depth of
the steel bars and determine average coating thicknesses in the sampled areas and surrounding areas.

To carry out the investigation, in agreement with the technicians responsible for the
conservation and maintenance of the building, a total of six cylindrical cores measuring 10 cm in
diameter by 15-18 cm in depth were extracted, analysed and tested (Figure 3). They were obtained
and stored properly in accordance with the criteria and measures required by the UNE-EN 12504-1
standard [20]. Three two-centimetre-thick slices were cut from each core, from the outside to the
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inside, in order to characterize the chloride penetration front. The cuts were carried out in a dry state
to avoid altering the concentration of soluble salts in the samples [21].

Real density, apparent density and open porosity of the concrete in vacuum conditions were
determined in accordance with the UNE-EN 83980 standard [22]. From the extracted cores, samples
were taken from the slices cut at different depths (2, 4 and 6 cm), analysing the penetration profile in
each sample and chloride concentration by cement weight (Figure 4).

Figure 3. Process of extraction of two cores from the facade.

MEZZANINE FLOOR GROUND FLOOR ROOF FLOOR

Figure 4. Location of the areas in which GPR studies were performed and cores extracted.

Chloride analysis was performed by ion chromatography on a Metrohm 930 Compact IC Flex
(Herisau, Switzerland). For the calculation of the percentage of chlorides in cement weight,
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“Chlorides in Concrete” CTI Technical Note C2 (September 2002) [23,24] was used as a reference,
which considered real density calculated in the porosity test. In accordance with this methodology,
the samples were prepared by grinding 50 g of the respective samples to a size of less than 125 um.
These were then quartered to extract an amount of 20 g, which was stirred for 60 min in deionized
water at room temperature and subsequently filtered until get a volume of 250 mL.

Mineralogical analysis was carried out by x-ray diffraction (XRD) in a Bruker-AXS model DSI-
A25 diffractometer, equipped with a Cu Ka copper filament (A = 1.5405 A), with Bragg-Brentano 0-
0 configuration, filter nickel and Lynxeye linear detector, using the powder technique; and
thermogravimetry (TGA) on a TA Instruments Q600 SDT Differential Scanning Calorimeter.

Finally, the carbonation front of the cores was measured using the phenolphthalein test, in
accordance with the UNE 112011 standard [25], and carried out inside the specimens-cores, one for
each extraction, previously broken by the generatrix using the indirect traction test, in accordance
with the UNE-EN 12390-6 standard [26]. The pH assessment of the cores produces a magenta colour
on the concrete if its pH is greater than 8.5 and is colourless if the pH is less than 8. The test was
carried out in the laboratory on samples that were packed immediately after extraction and isolated to
avoid their superficial carbonation (Figure 5).

Figure 5. (A) Performance of the indirect traction test, (B) Phenolphthalein test—
Carbonation front of core 5.

3. Results and discussion
3.1. General study of the fagcade reinforcement

Table 1 shows the average coating thicknesses measured in the sampling areas.

AIMS Materials Science Volume 9, Issue 2, 255-269.
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Table 1. Reinforcement coating thicknesses.

Sample Location Average thickness (mm)
1. Inner courtyard fagade (east) >45

2. Main fagade (west) 15-20

3. Main facade (south) 30-40

4. Exterior ramp facade (west) 1520

5. Roof fagade (east) >50

6. Roof fagade (west) 1520

The minimum coating value recorded on the construction date of the building was 40 mm [1]
Therefore, it is evident that, generally speaking, this parameter has not been fulfilled. These
measurements may be one of the potential causes of the alterations present.

The readings taken with the GPR corroborated that the external reinforcement generally con-
sisted of horizontal rebars arranged every 20 cm and vertical rebars every 20-25 cm. However, areas
of discontinuity in the horizontal reinforcement were detected due to the lack of reinforcing bars be-
tween the different sections of wall executed during construction works. The GPR also allow to iden-
tify areas with defective bonding, thus voids were observed in the radargrams. These voids were
mainly found on the south-west facade -exposed to greater action of the marine spray- and some of
these areas presented an imminent risk of detachment. In addition, approximate measurements of the
existing coatings were obtained in each reading, being <3 cm in most of the areas studied which is
less than recommended by national standards at the time of construction (EHE-2008) (Table 1)
(Figures 6 and 7).

Figure 6. Vertical radargrams. (A) core area 3, (B) core area 4, (C) core area 6, (D) core area 2.
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Figure 6 presents the readings of the vertical radargrams in four areas, showing the following
items: (i) the horizontal rebars from the top reinforcement (hyperbolas with higher contrast) and the
bottom reinforcement, (ii) their poor coating, (iii) the wall thickness and (iv) significant alterations
like voids (Figure 6B,C) and lack of reinforcement in specific areas (Figure 6D). Additionally, it
could be seeing the location of sample 4 (Figure 6B) and sample 2 (Figure 6D), due to the different
concrete used to replace the horizontal coring previously extracted.

In the case of Figure 7, it is shown the vertical reinforcement and clearly identify differences in
the coatings thickness-this fact is obvious, in the distance between rebars from the same wall section,
voids and even double reinforcements, probably due to previous reinforcement interventions.

vf}WﬁMf\vAw«mmWAvA4..”\wj\—,\m\vﬁ-_w,\vmwa-w.w,m\u,.s‘
= :Bonom rebat. Reﬂe&énthérbo‘la# o bt o
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Figure 7. Horizontal radargrams. (A) core area 4, (B) core area 3, (C) core area 6.
3.2. Physical properties
All the extracted samples could be classified as porous and permeable concretes, unsuitable for
exposure to a marine environment as all exceeded 15% porosity. This high porosity may have its
origin in a high w/c ratio and poor execution due to insufficient compaction [27,28]. The results

obtained for the physical properties of the elements tested are shown in Table 2

Table 2. Results of physical properties.

Sample Real density (g/cm’) Apparent density (g/cm’) Open porosity (%)
1. 2.65 2.15 18.8
2. 2.65 2.15 18.9
3. 2.66 2.16 19.0
4. 2.77 222 19.7
5. 2.64 2.20 16.5
6. 2.63 2.12 19.3
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It should be noted that the density results obtained are fully consistent values, since the actual
density of calcite is 2.71 g/cm’ and concrete is mainly composed of crushed limestone aggregate.

3.3. Chloride concentration

The available data makes impossible to estimate the times indicated in Eq 1 in this building.
Although the EHE-08 Code indicates that the critical concentration of chlorides in the reinforcement
area is 0.6% by cement weight for passive reinforcements [14]. If this threshold value is taken as a
reference, the data obtained in the analysis carried out are clearly well below that value. The results
for chloride concentration obtained are shown in Table 3.

Table 3. CI concentrations of the core specimens (% by weight of cement).

Cores Sample location Chloride concentration (%)
1 1.1 External sample 0.039
1.2 Intermediate sample 0.023
1.3 Interior sample 0.023
2 2.1 External sample 0.144
2.2 Intermediate sample 0.061
2.3 Interior sample 0.019
3 3.1 External sample 0.250
3.2 Intermediate sample 0.032
3.3 Interior sample 0.019
4 4.1 External sample 0.181
4.2 Intermediate sample 0.095
4.3 Interior sample 0.079
5 5.1 External sample 0.058
5.2 Intermediate sample 0.023
5.3 Interior sample 0.020
6 6.1 External sample 0.081
6.2 Intermediate sample 0.095
6.3 Interior sample 0.043

It is important to highlight that the samples from the south-west and south-east facades had
higher chloride contents than the rest. The south-east facade is in a cul-de-sac that favours
condensation. While the south-west fagade is directly facing the sea, and both are subject to the
prevailing winds at this location (Figure 1).

The diffractograms obtained for the samples taken from the exterior and interior areas of the
cores did not allow the identification of any mineral phase that can be associated with chlorides
(Figure 8), thus making it possible to consider that the soluble salts which have penetrated through
the porous system of the material may have reacted with tricalcium aluminate, but not enough
chloroaluminate has been produced to develop visible peaks in the XRD spectra.

AIMS Materials Science Volume 9, Issue 2, 255-269.
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Figure 8. XRD: Calcite (Cal), Quartz (Qtz), Portlandite (P).

3.4. Carbonation front

In this case, it was very important to determine the penetration depth of the carbonation front to
confirm if the area where the metal reinforcements were located had been reached. This fact occurs
in all samples except in 1. and 5. leading to their depassivation and their subsequent oxidation and
expansion due to the formation of iron hydroxides. It was observed that this process is causing
cracking in these elements and detachment of fragments of this material, due to the expansion of the

products resulting from the corrosion process. The results of the carbonation depth and tests are
shown in Table 4.

Table 4. Carbonation depths of the core specimens.

Sample Carbonation depth (mm) Reinforcement coating (mm)
1. 20-25 40-50

2. 10-15 15-20

3. 30 30-40

4. 10-15 15-20

5. 15-20 >50

6. 20 15-20

4. Evaluation of the degradation process

As described by Sanjuan et al. (2015) [29] and considering the characteristic of the concrete
used in this case study (CEM II cement and a w/c ratio of 0.5), the estimated chloride penetration
coefficient (KCI) was 8.05 mm?/year. The most widely used model to evaluate the degree of
penetration of chlorine salts in concrete consists in the application of Fick’s second law of diffusion
of aggressive chlorides through the coating. In this regard, the Eq 2 retrieved from the Annex 9 of the
EHE-2008 expresses in a simplified way the relationship between the depth reached by a given
concentration of aggressive agent over time and permits calculating the initiation period:

AIMS Materials Science Volume 9, Issue 2, 255-269.
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d=Kq -t 2

Equation 2 indicates the time required for critical chloride concentration to be reached at a
given distance from the surface of the element by taking into account the chloride diffusion
coefficient. According to this value, based on the current age of the building (23 years).The depth
reached by the penetration front of CI would be 38.6 mm.

Considering in accordance with Annex 9 of the EHE-2008, a limit value of 0.6% in cement
weight to check the limit state in relation to the corrosion of passive reinforcements, it can be
observed that this value has not been reached in the walls analysed in this building. However, an
additional circumstance has seriously conditioned the behaviour of the reinforcements and concrete:
the resulting carbonation and the consequent depassivation of reinforcements placed at an
insufficient distance from the surface.

If the values shown in Table 4 are analysed, it can be observed that in samples 2, 3, 4 and 6 the
carbonation front has gone beyond the position of the reinforcements or limits with said position.
Given this circumstance, it may be concluded that. Although chloride concentration values never
exceed the service limit state value [30], chloride concentration is sufficient for significant corrosion
of the reinforcements in those areas where carbonation has caused depassivation and the consequent
lack of protection of the steel elements. Reinforcements were even observed where chloride action
has triggered pitting corrosion processes in non-carbonated areas (Figure 9).

Figure 9. Low reinforcement coating thickness, initiation of the oxidation process due to
pitting in the reinforcement caused by Cl and traces of rust on the surface of white
concrete (1: Initiation of the oxidation process; 2: Pitting corrossion).

5. Conclusions

Previous studies on the structural concrete cores of the building’s fagade have revealed the start
principle of carbonation, depassivation on the reinforcements and their subsequent corrosion as the
main causes of deterioration. These processes derive from, among other factors, the environmental
conditions to which the building is exposed, aggravated by the physical characteristics of the
concrete and the insufficient thickness of the reinforcement coating in certain areas. It should be
noted that the problem detected in this building stems not only from the marine environment, but
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also from poor execution and poor emplacement of the steel reinforcement bars. So, it is essential in
these cases a careful execution following the technical specifications and standards to guarantee the
maximum durability of the constructive elements, particularly in the facades because they are more
exposed.

The comparative test of properties such as density and porosity allowed us to evaluate their
suitability to provide adequate protection, based on our estimates of the factors responsible for the
damage. It is important to highlight that it was possible to demonstrate that non-compliance with the
requirements stipulated in current regulations has negatively influenced the behaviour and durability
of the reinforced concrete elements.

In reinforced concrete structures close to the coast, the action of marine spray is often assumed
to be the cause of corrosion of rebars, and carbonation processes are not adequately considered. It
has been shown that carbonation depassivation phenomena in concrete greatly accelerate the
aggressive action of chlorides. It was confirmed that the action of chlorides -by itself- has not been a
determining factor in the degradation of the building's facade. The depassivation of the steel
reinforcements, due to the carbonation of the concrete, was confirmed as a necessary factor for the
start of the alteration of the reinforcements due to chloride activity.

The study of the carbonation front and the thickness of the coating is an essential tool for
technicians that make it easier to establish intervention criteria for the repair of the facade. Based on
the scientific and technical results obtained, a proposal for the protection of the fagade surfaces can
be defined and a waterproofing agent for its application on concrete elements can be selected. These
measurements would prevent the humidity penetration and condensation processes, that favour the
migration of a greater quantity of chlorides towards the interior. Additionally, a palliative treatment
to inhibit corrosion should be considered. Finally, attention must be drawn to the importance of
considering a periodic protective maintenance programme, considering the complex environmental
conditions to which the building is exposed. In accordance with the products selected for protecting
of the facade and the durability indicated by the supplier, the stakeholders and technicians
responsible for the retrofitting must establish a maintenance programme that guarantees the
effectiveness of the executed work over time.
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