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ABSTRACT15

16

This paper describes a study of the damage caused by corrosion to the reinforcement rebars of a 40-17

year old building used as a car park at a distance of 20 metres from the sea. The corrosion levels of 18

d by optical 19

and electron microscopy. Carbonation depths and chloride contents (Vorhard method) of the 20

concrete cover were measured in situ. EDX was used to analyze the condition of the reinforcement 21

surfaces and the morphology and composition of the oxides. A high degree of corrosion was 22

observed in all the above elements, carbonation had reached the depth of the reinforcement in all 23

the samples studied, and the concrete chloride levels were far in excess of the recommended 24

maximums. The study of the reinforcement rebars revealed different types of oxides of varying 25

morphologies, compaction and colouring according to chloride content. A comparison with 26

previous studies allowed us to verify the presence of crystals of at least akaganeite, lepidocrocite 27

and goethite. 28
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33

34

The Valencia coastline has been a leading tourist region in Spain since the nineteen-sixties and its 35

popularity has given rise to the massive construction of residential buildings in the area. Many of 36

these have been raised close to beaches, where this was possible, at between 10 to 20 metres from 37

the waterline. Being so close to the sea, the buildings are exposed to the marine environment and in 38

many cases also to the direct effect of the marine aerosol. 39

40

The main cause of the loss of durability in coastal buildings is the corrosion of the reinforcement 41

rebars due to the chloride ion effect [1], which is often found in combination with carbonation 42

processes [2]. Both phenomena contribute to the destruction of the passive film on the surface of the 43

reinforcementexisting in the steel surface protected to the corrosion. 44

45

Salt particles suspended in the marine atmosphere are deposited on the surface of the concrete and 46

the chloride ions then penetrate to the interior, where there is a strong likelihood of them corroding 47

the reinforcement. The rate of the deposit depends on the saline content of the sea breeze and is 48

rapidly reduced with distance from the sealine. Some studies have shown that there are different 49

concentration levels in the salt spray zone in relation to distance from the shore line, especially in 50

the first 200 m [3]. The chloride ions build up faster than atmospheric carbon dioxide (which is 51

responsible for carbonation of the concrete), so that the action of chlorides is usually the chief factor 52

in the corrosion of reinforcement in this type of atmosphere, when the structure is exposed to a sea 53

breeze.             54

55

The depassivating effect of chloride ions becomes apparent when a threshold value of chloride 56

concentration is reached in the concrete. Factors that influence this threshold value include 57

atmospheric conditions such as moisture content, the presence of oxygen, and period of exposure to 58

the marine environment, as well as aspects related to the composition of the concrete, including: 59

different conditions of the reinforcement passivation, water/cement ratio, type of cementitious 60

matrix, and hydroxide content of the porous network [4,5]. 61

62

Distance from the sea is an important factor in the quantity of salt particles deposited on a surface 63

and therefore also in their reaching the reinforcement. In addition, the wetting-drying cycles of the 64

concrete affect the content of chloride ions, which can be from 3 to 8 times higher when these 65

cycles are absent [6]. 66
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67

Although there are many bibliographical references on different aspects of the durability of 68

reinforced concrete in marine environments, most studies on corrosion in reinforced concrete 69

structures were either carried out in the laboratory or samples were subjected to accelerated 70

exposure in controlled environments. Also, few studies deal with concrete structures exposed in situ71

to long-term marine environments. To cite some examples: De la Fuente [7], Santana [8] and 72

Castaño [9], among others, studied the effects of long-term exposure (13 years, 2 years and 14 73

months, respectively), under different atmospheric conditions, but on samples of steel; Poupard74

[10] studied reinforced concrete beams that had been in a tidal marine zone for a period of 40 years; 75

Medeiros [6] studied the parameters that affect corrosion in the columns of a 37-storey building 76

with two basements situated 700 m from the coastline.   77

78

In the marine environment, depassivation of the reinforcement can lead to the formation of an 79

irregular layer of oxide on the steel/concrete interface. The thickness and composition of the 80

products in this layer have been widely studied by various authors, all of whom agree that it is 81

mostly composed of non-protective iron oxides and oxyhydroxides. Poupard et al. [10] state that 82

the thickness increases with the degree of corrosion, varies between approximately 20 and 500 83

and that its composition depends on the degree of damage it has sustained; 84

regions it is composed solely of magnetite(Fe3O4), -corr85

goethite ( -FeO(OH)), maghemite(Fe2O3) and akaganeite -FeO(OH,Cl).Oh et al [11] point out that 86

when the same type of steel is exposed to different ambient conditions, the characteristics of the 87

corrosion products vary in relation to different ambient conditions. However, they also found that 88

certain corrosion products are always present, regardless of the environmental conditions and type 89

of steel studied. 90

91

The location of different crystalline phases in the oxide layer has also been thoroughly studied; in 92

particular for highly corroded steel, different authors found this layer to be composed of different 93

sublayers [12,13]. Shiotani et al. [12] studied steel that had been exposed to a marine atmosphere 94

for 27 years and after examining the samples by polarized optical microscopy, found that the 95

internal zones appeared to be constituted mainly of magnetite and goethite, besides an amorphous 96

substance, while the outer layer contained lepidocrocite ( -FeO(OH))and occasionally akaganeite. 97

Duffo et al [13] in their work on a bar embedded in concrete that had been exposed for 65 years to 98

an atmospheric environment found that the inner layer was formed chiefly by adherent non-99

stoichiometric magnetite and the outer layer of lepidocrocite and goethite. The formation of dense 100
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products in the oxide layer due to goethite, magnetite or maghemite only occurs in the presence of 101

carbonation [10,13] but not when attacked by chlorides. Magnetite is developed in the vicinity of 102

the steel surface where oxygen availability is lower [7,14]. 103

104

As a number of authors have pointed out [10,14,15] lepidocrocite and magnetite are generally 105

formed in the early stages of atmospheric corrosion. The lepidocrocite content usually diminishes 106

with time, as it changes into goethite after prolonged exposure [15].  107

108

In the highly corroded areas, goethite is present in the oxide layer, especially in the external 109

sublayer. Akaganeite becomes present in the oxide layer at high chloride concentrations [7,15-17]. 110

Ma et al.[15] verified that the presence of Cl- and therefore of the akaganeite phase, is an indicator 111

of high corrosion rates.       112

113

Crystal morphology depends on the conditions under which crystals are formed. Lepidocrocite is 114

frequently found in the form of small crystalline globules (sandy crystals) or as fine plates (flowery 115

structure) [7,9,15]. Goethite morphology usually has a globular structure known as cotton balls116

(semicrystalline goethite) connected by nest-like formations (nest morphology) or even by acicular 117

structures (crystalline goethite). Magnetite is found in the form of dark flat regions, with hard-to-118

identify circular discs, while akaganeite can take the appearance of cotton balls or be rose-shaped 119

[7]. As can be gathered from the above studies, the different crystal morphologies have a strong 120

influence on their degree of compactness and therefore on their porosity and the ability of moisture 121

and air to get inside [18]. 122

123

The different morphologies of the iron oxides and oxyhydroxides found in corrosion affect not only 124

compactness and porosity but also the volume of the layer, and so have different expansive effects 125

on concrete. Many authors, e.g. Cascudo [19], pointed that iron oxides (II) and (III) have 126

approximately twice the volume of the steel from which they proceed. In addition, if the oxides are 127

hydrated (oxyhydroxides), the volume can be up to four times greater and could give rise to the 128

formation of lepidocrocite, goethite or akaganeite, which would make fissures appear in the oxide 129

layers themselves.     130

131

This paper studies the state of corrosion of the reinforcement rebars of different reinforced concrete 132

structural elements: columns, beams and joists in a building situated 20 m from the edge of the sea 133

after long-term exposure (45 years) to a marine atmosphere, including the identification of the type 134
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of attack suffered and the morphology of the corrosion products. The novel contribution of this 135

work is that it shows the result of corrosion in situ in a real structure exposed to an aggressive 136

marine environment for a long period and its correlation with the controlled atmospheric conditions 137

described in the bibliography.       138

139

140

141

2.1 Description of the structural elements studied 142

143

Specimens were taken for subsequent laboratory tests from a building in Cullera (Spain) that was 144

being completely rebuilt and situated 20 m from the coastline (39°10'51.6"N 0°13'09.1"W). The 145

building structure was composed of reinforced concrete frames with floor slabs and the tests were 146

carried out on beams, joists and columns. 147

148

The building in question had been put up in 1968 and was used as a car-park. The façades were of 149

non-waterproof lattice-work construction, which allowed the salt spray to get inside and on windy 150

days the walls could even be splashed by sea-water spray from high waves.   151

152

2.2 Characteristics of the local environment 153

154

Cullera is in the Mediterranean climatic region. Average annual temperature is 17ºC, ranging from 155

11.2º in January to 25.9º in July. Annual rainfall is 475 mm per square metre [20]. The prevailing 156

wind is from the east-northeast at an average speed of 6.5 kph. The temperature of the sea water 157

varies between 12ºC in winter to 24-25ºC in August and September.    158

159

The building is beside the coast at 16m metres from the water line and 10m above sea level in 160

uneven rocky terrain. The entire building is exposed to a greater or lesser degree to the marine 161

environment and in stormy conditions the sea spray is blown into the building through the lattice 162

walls.    163

164

2.3 Samples 165

166

This paper contains the results of the tests on the most severely corroded samples. The information 167

obtained from optical (SM) and electron (SEM) microscopy pertains to specimens taken from 168
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columns in the outer wall and floor beams and joists that had been subjected to natural wetting-169

drying cycles   170

171

The columns had a square 0.30 x 0.30 m2 cross section, 12 mm diameter reinforcement at each 172

corner with a 30 mm cover and 6 mm diameter stirrups each 0.30 m. The beams had 0.30 x 0.40 m 173

rectangular cross sections, 16 mm diameter rebars, two in the upper and two in the lower section, 174

with a 30 mm cover and 6 mm diameter stirrups every 0.30 m. The floor joists were of prestressed 175

concrete with three steel wires in the lower section. All the elements studied were severely affected 176

by corrosion.    177

178

2.4 Method179

180

2.4.1 Visual Inspection 181

182

In the specimens described in this paper, spalling is observed in the concrete cover due to corrosion 183

of the reinforcement rebars. The least severe case described here is a column (Fig.1) in which the 184

cover can be seen to have separated from the rebars, which are severely corroded and have lost 185

cross-sectional area (Figs.1 and 2). In one of the beams the spalling is seen to have been due to the 186

corrosion of the rebars (Fig.3). 187

188

The most severe case of corrosion was found in a joist (Figs. 4 and 5) which can be seen to have 189

lost its entire concrete cover from the bottom section. The prestressing wires are highly corroded in 190

a large part of the zone affected by oxidation and have almost completely disappeared. It is worth 191

mention here the possibility of stress corrosion cracking in wires. 192

193

2.4.2 Carbonation depth and chloride content 194

195

Carbonation depth was measured directly by normalized test with 1% phenolphthalein dissolved in 196

alcohol [21]. The concrete cover was measured to the depth of the reinforcement at different sites 197

and carbonation depth was measured with calipers. 198

199

The chloride content of concrete samples was measured in the laboratory in accordance with the 200

procedure described in the UNE-EN- Corrosion of concrete reinforcement steel. 201

Determining chloride content of in-service concrete202
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method (back titration by silver nitrate and ammonium thiocyanate in the presence of iron (III) salts 203

as indicator).   204

205

2.4.3 Analysis of rebar samples and characterization of corrosion products 206

207

General samples were taken from the concrete cover and rebars of the elements studied to analyze 208

the concrete-reinforcement interface and the morphology of the oxide layers by optical microscopy 209

(magnifications of from 8x to 80x using a Leica MZ APO Stereoscopic Microscope and scanning 210

electron microscopy (SEM2 JEOL Model JSM6300) with backscattered electron detector (BSE) or 211

X-Rays (EDX),as required. The sample images were magnified between 20x and 500x. SEM was 212

used at magnifications of up to 6000x to identify oxide types in both the reinforcement-concrete 213

interface and in rebars. The analysis of the elements present was by EDX. 214

215

216

217

3.1 Analyses of carbonation depth, chloride content, and pore volume and density 218

219

Carbonation depth in the elements studied in situ by the phenolphthalein test is seen in all cases to 220

be equal to or greater than the thickness of the cover. The chloride ion concentration measured in 221

the entire concrete samples was found to be between 0.60% and 0.85% respect to concrete. 222

Although the maximum chloride ion value below which rebars are not considered to be at risk of 223

depassivation depends on many variables, a chloride ion content of 0.4% of cement by weight or 224

0.05% of the weight of non-carbonated concrete is generally accepted as a reliable limit [1]. By this 225

criterion, the concentration found in the samples studied is clearly too high.         226

227

3.2 Analyses of rebar samples and characterization of corrosion products 228

229

Figs. 6, 7 and 8 show 8x magnified optical microscope images of samples taken from a joist steel 230

wire with pitting corrosion (Fig.6) plus a section from the column reinforcement (Figs.7 and 8), 231

previously treated with nitric acid to eliminate impurities. Fig. 6 shows the typical pitting and 232

reduced cross-sectional area of wires subjected to a marine environment. Fig. 7 shows a rebar 233

sample taken from the corroded section of a column in which the steel-oxide interface can be 234

clearly seen. Also visible are corrosion stains inside the steel itself. Fig. 8 shows the area of the 235

reinforcement affected by pitting. 236
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237

Fig. 9 shows salt deposits embedded in the interior of the steel-oxide interface in contact with the 238

steel, which appears to be the start of a pitting process due to high chloride content. Fig. 10 is a 25x 239

magnification of the steel-oxide interface in which cracks can be seen in the interior of the corroded 240

zone. Fig. 11 is a 25x magnified image of a corroded area with black, yellow and brown patches, 241

indicating the presence of different corrosion products [14]. The black patch can be attributed to the 242

presence of magnetite [23] and wustite [24], while the yellow and brown are due to the presence of 243

iron oxyhydroxides, mainly akaganeite, lepidocrocite and goethite.   244

245

The SEM study of pitting between 20x (Fig.12) and 150x (Figs.13 and 14) shows the presence of 246

crystals due to salt deposits around and inside the pitting. The crystals composition it shows in 247

Table 1. 248

249

In order to study the composition of the pitting in the rebars, bearing in mind that they had been 250

exposed to the marine environment for 45 years, a microstructural analysis of the oxide layer was 251

carried out, as seen in Fig. 15, which shows corroded zones of different colours. The same effect 252

was noted in the pitting seen through the optical microscope (Figs.7-11). Table 2 gives the atomic% 253

composition of the analysed elements by zone. A mapping study was also carried out to detect the 254

regions with the highest (lighter colour) and lowest (darker colour) presence of iron (Fig.15b), 255

oxygen (Fig.15c) and chlorine (Fig.15d). These images helped us to determine the thickness of the 256

pitting, the different types of oxide present and the zone with the highest concentration of chloride 257

ions.       258

259

In the SEM image shown in Figure 15a, five different coloured zones can be clearly identified. 260

Zone 1 is that of non-corroded steel. Zones 2  5 are made up of different oxide compositions, seen 261

as variations in the greyish tones and compactness related to different concentrations of chloride. 262

Zone 2 is the deepest, at the rebar-oxide interface, where the chlorine ion content is lowest and most 263

compact. Zones 3 and 4 have a more porous oxide layer with a higher chlorine content (slightly 264

lower in Zone 3). Zone 5 contains the outside layer, again more compact and with a lower 265

concentration of chlorides than the intermediate zone. It should be emphasized that chloride ions 266

together with a large number of cracks were found in all the pitted regions, undoubtedly caused by 267

the different volumes of the oxides present. The atomic % O/Fe ratio is equal to 1 in the deepest and 268

most compact part of Zone 2, indicating that the type of oxide in this layer is FeO contaminated by 269

chlorides. All the other layers have an O/Fe ratio >1, which implies that they contain iron 270



9

oxyhydroxides. Following Koleva [25], in both cases the formation of iron oxy-chloride complexes 271

is suggested. 272

273

Figs. 16 and 17 contain SEM maps of a detail of the rebar/oxide interface with the notable presence 274

of chloride ions. In Fig. 16, an agglomeration of salts can be seen, evidently due to the absence of 275

iron (Fig.16b) and oxygen (Fig.16c) in this zone, which indicates a high concentration of chlorine 276

(Fig.16d). Here again numerous cracks can be seen in the oxide layer. In this case the chloride ion 277

content in the rebar/oxide interface is very high and there are chlorine crystals encrusted on the 278

metal surface (Fig.16d).  279

280

Fig. 17a shows a non-compact band in the steel (left)/oxide (right) interface that facilitates the free 281

diffusion of chlorides through the metal surface. Note the high chloride ion content in both interface 282

zones (Fig.17d). This shows the aggressiveness (attack) of the chloride ions and the growing depth 283

of the pitting. The presence of chloride ions in the interior of the metal zone is also evident in the 284

scan shown in Fig. 18.     285

286

Figs. 19 and 20 show some details of the different morphologies of the oxides in one of the pitted 287

zones. In both SEM images the oxide on the lower right-hand side has a more porous structure with 288

the presence of more open zones; the oxide on the right-hand side has a more compact structure. 289

Note once again the presence of numerous cracks due to the different expansion rates of the oxides 290

(Fig.21).       291

292

As regards the nature of the oxides present in the corroded parts of the different structural members, 293

a distinction has to be made between those observed by SEM in column reinforcement and in the 294

joists. The oxides in the former are generally amorphous, and crystalline formations are only found 295

in the zones with the highest chloride concentrations at high magnifications (6000x) (Fig.22a). The 296

oxides found in the joists show a range of more stable and with a higher degree of crystallinity 297

forms, identified as iron and chlorine oxyhydroxides(Fig.23). The higher tendency of joists to 298

corrosion due to a thinner concrete cover, the characteristics of prestessing steel wires (smaller 299

diameter, internal loads, surface, etc.) and freer access of oxygen and chlorine to the reinforcement, 300

explain their higher corrosion levels. In some cases the steel can dissolve within the concrete to 301

such an extent that it completely disappears.  302

303
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In Fig. 23 the morphology of the oxides in the rebar samples taken from the column and joist are 304

shown in SEM images. The layers are in general highly porous, as can be expected from steel 305

subjected to a marine environment for an extended period. Acicular morphologies can be observed 306

in the form of cotton balls and rosettes. Even though the shape of the oxide surface can vary 307

significantly for different types of exposure [13], in a comparison with the bibliography [7,15,16] it 308

seems clear that the shapes are due to the presence of akaganeite ( -FeOOH). 309

310

Fig. 24 shows images of some oxides with open-structured crystals present in the corrosion layer of 311

the joist wire, previously treated with HNO3 to eliminate traces of mortar and non-adhering 312

impurities. References in the bibliography identify these as lepidoc -FeOOH) 313

typically found in highly corroded samples [7,13,18].  314

315

-FeOOH) formations can be seen in Fig.25a. According to the literature, these 316

crystals are usually found together with magnetite (Fe3O4) in the type of formations seen inFig.25b. 317

The EDX analysis indicates the presence of FeO oxides in the darkest and most compact zone of the 318

pitting/steel interface (see Table 3 andFig.26). This could be attributed to the formation of wustite, a 319

phenomenon which has apparently not been found in previous studies.     320

321

322

323

Many of the studies on corrosion in reinforced concrete structures have either been carried out in 324

laboratories or the samples have been subjected to accelerated exposure under controlled 325

conditions. Little in-depth research has been done in situ on the damage caused to these structures 326

by long term exposure to aggressive environments, however, the present paper deals with corrosion 327

damage to an actual building exposed to the effects of a marine environment for a period of 45 328

years. 329

330

The presence of high concentrations of chloride ions in the concrete cover of columns and joists in 331

the building was confirmed by the Volhard method, which in tests gave mean Cl- content values of 332

0.7% in the concrete. It was also confirmed that the concrete cover had been completely carbonated 333

and had penetrated to the reinforcement.  334

335
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Inspection by optical microscope revealed deep pitting in the reinforcement rebars, which in some 336

cases was accompanied by salt sediments in and around the corroded areas even after being treated 337

with HNO3.338

339

SEM images showed the presence of various types of oxides with different chloride ion contents in 340

different coloured areas, with morphologies related to oxide porosity and compactness. High 341

chloride contents were found in areas in which the oxides had a more porous and fragmented 342

structure.   343

344

A range of diverse crystalline structures was also found, including: the characteristic cotton ball and 345

rosette shapes of akaganeite, in both column and joist reinforcements, in samples seriously affected 346

by chloride corrosion. Goethite and open-structured porous lepidocrocite were found in samples 347

from highly corroded joists. The EDX analysis revealed crystals whose atomic % Fe/O ratio was 348

equal to 1, suggesting the presence of Fe0 type wustite or similar.    349

350
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Figure captions and Tables 437

438

Fig.1. Spalling in cover of column                    439

Fig.2. Corroded rebars in column                       440

Fig.3. Spalling in beam cover 441

Fig.4. Spalling in joist cover                                                    442

Fig.5. Loss of concrete and broken wires 443

Fig.6. Joist wire with pitting corrosion 444

Fig.7. Section of column rebar with pitting corrosion 445

Fig.8. Area of rebar affected by pitting 446

Fig.9. Detail of pitting with a crust of saline particles 447

Fig.10. Pitting with cracks due to different oxide composition 448

Fig.11. Different morphologies of oxides in pitting 449

Fig.12. Joist wire with pitting corrosion 450

Fig.13. Salt deposits on the surface of a pitted zone 451

Fig.14. Salt deposits inside a pitted zone 452

Fig.15. Microstructural analysis of oxide layer on rebar. a) Different oxide morphologies and 453

identification of analyzed zones; b) mapping of the presence of iron; c) mapping of the presence of 454

oxygen; d) mapping of the presence of chlorine. 455

Fig. 16. Detail of the oxide-steel interface in corroded area. a) SEM image; b) mapping of the iron 456

content; c) mapping of the oxygen content; d) mapping of the chlorine content.    457

Fig. 17. Detail of rebar (left)/oxide (right) interface of pitted area. a) SEM image 150x; b) mapping 458

of the iron content; c) mapping of the oxygen content; d) mapping of the chlorine content. 459

Fig.18. Scan of steel/oxide interface. The figure on the right shows a detail of the relative contents 460

of the elements studied 461

Fig.19. Morphology of oxides in a corroded zone 462

Fig.20. Morphology of oxides in a corroded zone 463

Fig. 21. Detail of cracks showing different oxide expansion rates 464

Fig.22. Morphology of oxides in pitting of column reinforcement. a) Crystalline formations found 465

in zones with highest concentration of chloride ions; b) formations in zones with lowest 466

concentrations of chloride ions. 467

Fig.23. Morphology of oxides in column rebars and joist wire 468

Fig.24. Morphology of oxides in joist wire 469
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Fig.25.Formations of oxides in rebars. a) Presence of magnetite and goethite b) typical goethite 470

crystals 471

Fig.26. Morphology and EDX analysis of FeO in joist wire 472

473

474

Table 1. EDX analysis of salt deposits on the pitting shown in Figure 13 (arrow) 475

Table 2. Atomic % of elements Fe, O and Cl by EDX (* composition of rebar without allowing for 476

the error due to the C of the sample holder used in the analysis) 477

Table 3. EDX analysis of FeO in joist wire 478



Element Weight% Atomic% 
O K 39.25 63.90 

Na K 5.66 6.41 
Mg K 0.25 0.26 
Al K 1.49 1.44 
Si K 2.42 2.25 
P K 0.13 0.11 
S K 1.04 0.84 
Cl K 4.46 3.28 
K K 1.19 0.79 
Ca K 0.73 0.47 
V K 0.03 0.01 
Mn K 0.24 0.11 
Fe K 43.12 20.12 
Totals 100.00 

Table 1. EDX analysis of salt deposits on the pitting shown in Figure 13 (arrow) 

 

 

 

 

 

 

 

 

 

 

 

Table 2. Atomic % of elements Fe, O and Cl by EDX (* composition of rebar without allowing 
for the error due to the C of the sample holder used in the analysis) 

 

 

 

 

 

Table 3. EDX analysis of FeO in joist wire 

Element Weight% Atomic% Compd% Formula 

Fe K 77.73 50.00 100.00 FeO

O 22.27 50.00 

Totals 100.00 

 

Zone Fe    O Cl An. Atoms 
1 87* C,Mn
2 48.99 49.02 1.94-0.68 Si,S 
3 44.55 44.55 10.77 
4 39.66-39.57 44.63-42.22 17.13-13.73 Si,S,Ca 
5 43.80-45.21 48.70-48.92 5.45-3.24 Si/S,Na 

Tables
Click here to download Table: Tables_revised (Moreno et al. 2015).docx
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Fig.1. Spalling in cover of column 

Figure
Click here to download Figure: Figures_revised (Moreno et al. 2015).docx
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Fig.2. Corroded rebars in column 
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Fig.3. Spalling in beam cover 
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Fig.4. Spalling in joist cover 
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Fig.5. Loss of concrete and broken wires 
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Fig.6. Joist wire with pitting corrosion 
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Fig.7. Section of column rebar with pitting corrosion 
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Fig.8. Area of rebar affected by pitting 
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Fig.9. Detail of pitting with a crust of saline particles 
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Fig.10. Pitting with cracks due to different oxide composition 
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Fig.11. Different morphologies of oxides in pitting 
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Fig.12. Joist wire with pitting corrosion 
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Fig.13. Salt deposits on the surface of a pitted zone 
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Fig.14. Salt deposits inside a pitted zone 
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Fig.15. Microstructural analysis of oxide layer on rebar. a) Different oxide morphologies and 

identification of analyzed zones; b) mapping of the presence of iron; c) mapping of the presence of 

oxygen; d) mapping of the presence of chlorine. 
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Fig 16. Detail of the oxide-steel interface in corroded area. a) SEM image; b) mapping of the iron 

content; c) mapping of the oxygen content; d) mapping of the chlorine content 
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Fig. 17. Detail of rebar (left)/oxide (right) interface of pitted area. a) SEM image 150x; b) mapping 

of the iron content; c) mapping of the oxygen content; d) mapping of the chlorine content. 
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Fig.18. Scan of steel/oxide interface. The figure on the right shows a detail of the relative contents 

of the elements studied 
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Fig.19. Morphology of oxides in a corroded zone 
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Fig.20 Morphology of oxides in a corroded zone 
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Fig 21. Detail of cracks showing different oxide expansion rates 
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Fig.22. Morphology of oxides in pitting of column reinforcement rebars. a) Crystalline formations 

found in zones with highest concentration of chloride ions; b) formations in zones with lowest 

concentrations of chloride ions. 
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Fig.23. Morphology of oxides in column reinforcement rebars and joist wires 
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Fig. 24. Morphology of oxides in joist wires 
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Fig. 25. Formations of oxides in rebars (3000x). a) Presence of magnetite and goethite b) typical 

goethite crystals 

a b
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Fig.26. Morphology and EDX analysis of FeO in joist wire 


