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1. Introduction 

Among the degradation mechanisms of reinforced concrete structures in maritime environment, 

chloride induced corrosion is usually the most important (Mehta and Monteiro, 2006). This type of 

degradation mechanism can have serious consequences on the service life of the structure, leading to 

high strength losses by the structural elements. This extended abstract aims to analyze the durability 

of reinforced concrete structures existing in different seaports of the country, when subjected to the 

exposure class of chlorides XS3, more precisely in splash zone and tidal zone. To this end, a large 

experimental campaign was carried out involving the selection of 7 reinforced concrete structures in 

some seaports along the national coast. The degradation state of about 10-20 years old concrete used in 

national seaport structures was evaluated, presenting different compositions and subjected to different 

exposure conditions. The long-term behavior of these concrete was analyzed and the prediction model 

provided in E 465 (2005) was used to estimate their service life. 

The study allowed to cover concretes of different composition, compressive strength class and chloride 

penetration resistance, according to accelerated migration tests. The diffusion behavior in real exposure 

tends to be 2 orders of magnitude higher than that obtained in accelerated chloride migration tests. The 

addition of fly ash contributed significantly to the reduction of the diffusion coefficient. Chloride 

penetration in real environment was significantly affected by exposure conditions. 

Considering a representative sample of current concrete used in concrete port structures, it is concluded 

that they are not correctly design to provide adequate durability over 50 years of service life when 

exposed to severe chloride attack conditions, XS3. The results indicate that the minimum compositions 

specified in LNEC E 464 (2005) may not be sufficient to guarantee the desired durability over the target 

period of 50 years. 
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2. Experimental campaign 

The experimental campaign was developed in three distinct phases. Initially, a research and selection 

work were carried out on the selection of seaport reinforced concrete structures, located in the central 

and southern areas of the national territory, which would be analyzed in this study. Access to the 

concrete elements, their exposure conditions, authorization by the authorities responsible for the 

structures to be analyzed and, if possible, information on the characteristics of the concrete were 

considered in the selection process. This was one of the major difficulties of this work, as no relevant 

data on the characteristics and compositions of the concrete were available. 

In a second phase, the samples were collected in the previously selected areas and agreed with the 

construction entity. Sampling involved dust extraction at different depths, core extraction and repair 

of the intervention areas. 

Finally, in the third phase we proceeded to the characterization of the concrete under analysis of the 

different ports. 

2.1. Concrete elements analysed 

Seven ports and their sampling areas were selected so as not to disturb the daily operations of the 

seaports. The selected ports, which are part of the west and south coast of Portugal, are: the port of 

Nazaré (13 years old), the fishing port of Sesimbra (7 years old); the fishing port of Setúbal (17 years 

old); the fishing port of Sines (17 years old); the fishing port of Baleeira (Sagres) (26 years old); the 

fishing port of Alvor (13 years old); the fishing port of Quarteira (19 years old).  

   

Figure 1 — Core drilling 

machine.  

Figure 2 — Extracted cores in 

Alvor. 

Figure 3 — Collection of powders 

with the aid of drill in Sagres. 

The behavior of the concrete to the chloride attack was analyzed in the wetting and drying zone, XS3, 

distinguishing the splash and tidal zones. The exposure conditions selected took into account the 
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severity of the chloride attack and the possibility of access and performance of the tests. It should also 

be noted that the samples taken in this study were obtained from protected areas in which the sea is 

relatively calm, with slight undulation. The cores were collected in splash zones where, in accordance 

with specification LNEC E 465 (2005) and NP EN 206 (2013+A1), they fall within exposure class XS3, 

with a 95 mm drill (Figure 1). The core extraction was performed according to NP EN 12504-1 (2009). 

2.2. Physical and mechanical characterization 

The bulk density of the concrete was determined as set out in standard NP EN 12390-7 (2009). The 

specimens (Figure 2) were placed in a humid chamber, submerged in water for 15 days to reach 

saturation. Then the mass of the water immersed specimens was determined. Subsequently, the pores 

are saturated. After that, the specimens were dried in a ventilated oven for 24h at 105°C to determine 

the dry mass. 

In order to determine the compressive strength, the tests were performed according to the standard NP 

EN 12390-3 (2011). The relationship between maximum aggregate size and core diameter has always 

been less than 1:3 as specified in NP EN 12504-1 (2009). According to this standard, the samples were 

kept in water at (20±2) °C for at least 48h before the test was performed. The test pieces were obtained 

by cutting, which was followed by face grinding. The height of the cores was substantially identical to 

their diameter, being associated with a height/diameter ratio of 1,0. This was followed by NP EN 13791 

(2008), which allows to estimate the characteristic compressive strength of concrete in situ and the 

respective resistance class. 

Initially it was sought to estimate the coarse aggregate volume in the concrete by analyzing images 

collected on Dino-Lite Edge Digital Microscope AM7915MZT. For this purpose, specimens from the 

core were sectioned and their surface analyzed using the Motic software, which allows to individualize 

elements of different shades. Thus, it is possible to roughly quantify the area of coarse aggregate in the 

sample and estimate the volume of coarse aggregate of concrete per m3. 
 

To estimate the volume of fine aggregate, we began by selecting a sample of the concrete under analysis 

and immersing it for 48h. After this time the saturated sample with the dry surface was weighed and 

its immersed weight was also determined with the aid of a hydrostatic balance. After determining the 

volume, the sample was placed under attack of nitric acid (HNO3) for a period of 24h. The acid reacts 

with the concrete decomposing all calcium components, leaving only the fine silicate aggregate at the 

end of the reaction and other minor insoluble elements of the remaining components. At the end of the 

24 hours, the sample is decanted removing all traces of acid and products from the attack. The already 

washed fine aggregate is then placed in a over for 24 hours to remove all water present and then 

weighed, in order to determine the volume of fine aggregate. 
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To determine the w/c ratio, it was necessary to calculate the cement mass. To this end, it is assumed 

that solid hydration products occupy a volume equal to cement and initial water, discounted by 25.4%. 

It is further assumed that the amount of non-evaporable water is in the order of 23%, taking into account 

the estimated combined water in each cement component as well as its usual relative proportion in 

normal Portland cement (Taylor, 1990; Neville, 1995). Without knowing the hydration coefficient of 

concrete, it is conservatively assumed that the hydration coefficient is 85%. With the cement mass 

determined, it is possible to calculate the water volume and finally it is then possible to determine the 

water/cement ratio. 

2.3. Chloride penetration resistance characterization tests 

To determine the instantaneous diffusion coefficients of the different specimens, the Accelerated Non-

steady Chloride Migration Test (RCMT) was used following the LNEC E 463 (2004) specification. This 

test consists of subjecting specimens to a potential difference of 10 to 60 V in order to force the migration 

of CL- ions through the concrete by migration. 

In order to construct the chloride profile in concrete exposed in real environment, we used the method 

proposed by Real and Bogas (2018), which is based on AASHTO T260-97 (2009). Thus, concrete dust 

samples were collected (Figure 3) at 0–5mm, 5–10mm, 10–15mm, 15–20mm, 20–25mm e 25–30mm with 

the aid of a ϕ25mm drill. 

3. Results and discussion 

3.1. Concrete composition 

The determined cement mass varies between 312 and 539 kg/m3, with w/c ratio between 0,4 and 0,6. 

The small volume of fine aggregate and the estimated high aggregate content for the port of Sagres 

stand out, indicating a smaller granular compactness of these mixtures. The high binder content in 

some mixtures, such as the port of Sines and Alvor may be related to the fact that additions were used 

in these concretes. As expected, the mixtures with higher absorption are associated with a higher w/c 

ratio or higher binder content. Except for the case of Alvor, the aggregate volume ranged from about 

63 to 74%, which is within the usual values currently used in concrete. 

3.2. Compressive strength and bulk density 

Average values of bulk density ranged from 2353 kg/m3 to 2423 kg/m3. Taking into account the 

estimated fresh bulk density values, this is generally lower than the in-situ determined density except 
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for Sesimbra. The values obtained were close to the experimental values (in general, differences below 

40 kg/m3), indicating that the method used to estimate the concrete composition must have been 

adequate. Considering that concrete can be classified by its density according to NP EN 206 (2013+A1), 

all seaports were constructed with normal concrete (concrete with a bulk density between 2000 and 

2600 kg/m3). 

Average values of compressive strength range from 22,8 and 70,1 MPa. This study allows to involve 

concretes of different compressive strengths, with strength classes between C20/25 and C60/75. In 

general, the coefficients of variation were less than 3,5%, except for Sines, Sesimbra and Setúbal. 

There was a poor relationship between the ratio w/c and the bulk density of the concrete. This is 

justified by the fact that this property depends on the type of binder and content and type of aggregate. 

In general there is an adequate relationship between the compressive strength and the w/c ratio, since 

the strength of the concrete is essentially conditioned by the characteristics of the cementitious matrix. 

However, other factors such as the age of the concrete and the presence of additions also affect the 

strength significantly, justifying the observed differences. In particular, the weak strength values 

observed in the port of Sagres are not compatible with those of a concrete with w/c ratio of 0,5, as 

estimated in this study. As noted, in the case of Nazaré and Sines, fly ash were surely incorporated into 

the binder. 

3.3. Resistance to chloride penetration in accelerated test 

Diffusion coefficients, Dcl,RCMT, range over a wide range from 1,64 to 21,45x10-12 m2/s, depending on the 

concrete type, which translates into a low to extremely high chloride penetration resistance, according 

to the classification advanced by Gjørv (1996). 

It is observed that Sagres and Setúbal concretes, associated with low compressive strength values or 

high w/c values, have the lowest resistance to chloride penetration. In turn, Sesimbra and Alvor with 

w/c concrete below 0,45 have the best performance. As already mentioned, the compositions of the 

studied mixtures are not well known. Thus, in order to better characterize the concrete with regard to 

the chloride diffusion coefficient, the results of this study were compared with the values obtained by 

other authors, as a function of the w/c ratio, in CEM I concrete, with CEM I and up to 20% fly ash (CEM 

II/A-V) and CEM I and up to 20% limestone filler (CEM II/A-L). 
 

As reported by several authors, there is an increase in Dcl,RCMT with increasing w/c ratio, regardless of 

binder type and dosage (Carrinho, 2018; Cortês, 2014; Meddah et al., 2014). 

There is a reasonable adjustment of the results obtained in Setúbal as observed by other authors in 

concrete with CEM I, considering that this concrete has a high w/c ratio of 0,6. In turn, in the concrete 

from Sines, Sesimbra, Quarteira and Nazaré, the best fit is achieved for concrete from other authors 
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produced with fly ash incorporation. Only the presence of these additions justifies the lower Dcl,RCMT 

values observed for a given w/c in the concrete of these seaports. In turn, the concrete of the port of 

Sagres has too high a value of Dcl,RCMT compared to the estimated value for its w/c ratio. The same had 

been observed for mechanical strength, where the values obtained suggested a higher w/c ratio in these 

concretes. This may be associated with a possible error in estimating the composition of these concrete 

or the probable incorporation of limestone filler, which for a given w/c tends to reduce both the 

mechanical strength and chloride penetration resistance of the concrete (Real, 2019; Bogas, 2011). In 

fact, a greater adjustment of the values obtained in Sagres concrete is confirmed to the results reported 

by other authors in concretes with limestone filler. Finally, in relation to the seaport of Alvor, it is found 

that the diffusion coefficient associated with its w/c ratio is much lower than indicated by any of the 

results obtain by other authors. This suggests that Alvor’s concrete has a higher percentage of fly ash, 

incorporate other more effective pozzolanic additions, such as fumed silica, or have a lower w/c ratio 

than estimated. However, the compressive strength results do not point to a lower w/c ratio or the 

eventual addition of fumed silica, in fact it has a much lower compressive strength (24% less) than 

Sesimbra’s concrete with w/c of 0,41. 

Disregarding the type of binder, there is an increase in Dcl,RCMT with respect to w/c, confirming the 

importance of concrete porosity in the accelerated chloride test. The differences observed between 

concretes from different seaports, for a given w/c, highlight the importance of the type of binder and 

the incorporation of additions in the concrete. Since the mechanical strength better reflects the maturity 

and compactness achieved in the analyzed concrete, it’s relationship with the Dcl,RCMT shows a slight 

improvement over the w/c ratio. Thus, for concrete of normal density it may be more accurate to define 

durability as a function of mechanical strength than as a ratio of w/c. 

3.4. Chloride profiles 

As stated in 2.3, concrete powder samples were taken to determine the total chloride concentration at 

different depths. With the results of the tests, the chloride profiles were constructed and the respective 

chloride diffusion coefficients, Dcl and the superficial chloride concentrations, Cs. These parameters 

were determined by adjusting the chloride profile to the theoretical curve defined by Fick's second law, 

based on a nonlinear least-squares regression analysis using the MatlabR2017b software.  

In the splash zone the Dcl ranges between 0,12 and 1,73x10-12 m2/s and in the tidal zone between 0,21 

and 0,95x10-12 m2/s. As will be discussed later, the values of the diffusion coefficients obtained are much 

lower than the diffusion coefficients, Dcl,RCMT, determined in the accelerated tests and do not follow the 

same hierarchy in both tests. The chloride profiles for concentrations defined by percentage of binder 

mass, for the splash zone exposure class is presented in Figure 4 and for the tidal zone exposure class 
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in Figure 5. These figures also show as a reference the value of the critical chloride content, Ccr, 

corresponding to 0,3% of the binder mass. 

  
Figure 4 — Splash zone chloride profiles by % binder 

mass. 

Figure 5 — Tidal zone chloride profiles by % binder 

mass. 

Except in the case of Setúbal, where chloride profiles were identical in both exposure environments, a 

higher chloride penetration in exposed tidal areas is confirmed. It is confirmed that in some situations 

the maximum peak chloride concentration occurred within the concrete at about 10-20 mm depth. This 

should be associated with surface washings of chlorides in the splash zone and capillary absorption 

phenomena in the tidal zone (Poulsen and Mejlbro, 2006; Lindvall, 2003; Kropp, 1995). It is verified that, 

in the splash zone, the concrete of the seaports of Alvor, Sines, Setúbal and Nazaré present chloride 

concentrations at 30 mm depth higher than the considered Ccr. This indicates that the corrosion process 

can be started at this depth. In tidal zone, the chloride concentration at 30 mm depth was higher than 

Ccr in all ports analyzed. 

3.5. Surface concentration of chlorides 

The estimated Cs values are between 0,18 and 1,02% of the sample mass, corresponding to 1.03 to 7.85% 

of the binder area for the splash zone. For the tidal zone, these values range from 0,61 to 1,36% of the 

sample mass and 3,45 to 8,69% of the binder mass. The increase in Cs between the splash zone and the 

tidal zone ranged from 84% to 348%. There is a tendency of increase of Cs with respect to w/c, although 

the correlation between these properties is weak.  

The values determined according to the Hetek model for Cs are more homogeneous compared to the 

experimental results. It was observed that the results of Cs,calc, are much closer to the Cs obtained in the 

tidal zone than in the splash zone. In fact, the difference for Sines and Setúbal in the tidal zone is only 

3,5% and 2,9% respectively. 
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3.6. Penetration parameter, Kcr 

The Kcr values for splash zone range from 2,88 to 17,75 mm/year1/2 per binder mass %. In the tidal zone, 

values range from 6,21 to 15,50 mm/year1/2 by percentage of binder mass. There is no relationship 

between Kcr and w/c, contrary to what is reported by Real (2019). The highest value is observed in the 

seaport of Setúbal, associated with higher w/c ratio and eventual incorporation of limestone filler. Best 

performance observed in Sagres port concrete is probably due to the exposure conditions. 

3.7. Estimated service life according to E 465 (2005) 

The Cs determined by E 465 (2005) range from 3,00 to 4,50 per % binder mass. When compared to the 

Cs results for the splash zone obtained in 3.4, the difference varies between 9% and 265%, while for the 

tidal zone this difference is smaller, between 9% and 55%. Except in the case of Setúbal and Nazaré, the 

estimated Cs values in E 465 (2005) were higher than those obtained experimentally in splash zone and 

lower than those obtained in tidal zone. 

As regards Da(t), this ranges from 0,96 to 10,84x10-12 m2/s. When compared to the Dcl value obtained in 

3.4, the variation reaches a more severe magnitude, with the values obtained for the splash zone 

ranging from 0,36 times less to 68,25 times greater. For the tidal zone this difference is smaller but is 

still between 3,09 to 38,57 times higher. 

In this study we highlight the fact that a good approximation was obtained by E 465 (2005) to the port 

of Alvor, Sines and Sesimbra in the splash zone. As would be expected, consideration in the 

experimentally measured E 465 (2005) of the Cs tends to improve the approximation to the real profile, 

but nonetheless, there are large differences between results. It can be seen that the theoretical profiles 

obtained through E 465 (2005) tend to be between the chloride profiles obtained for the splash zone and 

tidal zone, as evidenced by the ports of Quarteira, Sines and Sesimbra. 

3.8. Estimated 50 years service life 

For the calculation of chloride profiles after 50 years of exposure, it is conservatively assumed that the 

diffusion coefficient and surface chloride coefficient have reached stable values. Bearing in mind that 

in NP EN 1992-2 (2018) it is considered that exposed concrete structures in class XS3 must have a 

minimum coating of 45 mm (structural class 4), it is found that at this depth the critical content is 

exceeded in Alvor, Sines, Sesimbra, Setúbal, Nazaré and in the tidal zone in Quarteira. Most of the 

analyzed concrete, representative of different structures analyzed along the national coast, have been 

found to have estimated useful life periods well below the minimum of 50 years required by the 

regulation. 
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4. Conclusion 

The main conclusion obtained in this extended abstract are: 

a) In general, an adequate relationship between the compressive strength and the estimated w/c ratio 

was observed for the different analyzed concrete. The fluctuations observed are associated with 

differences in age, level of deterioration, content and type of additions incorporated into the 

mixtures. 

b) Accelerated chloride migration tests indicate different chloride penetration resistance classes for 

concrete, ranging from low to extremely high, according to the Gjørv (1996) classification. Concrete 

with higher w/c, low strength values and no pozzolanic additions have the lowest performance. 

Considering the results obtained by other authors, it can be concluded that the concrete from the 

ports of Alvor, Sines, Sesimbra, Quarteira and Nazaré will have been produced with fly ash 

incorporation. The addition of fly ash has raised the level of chloride penetration resistance 

suggested by Gjørv (1996). The Sagres seaport concrete suggests the incorporation of limestone 

filler in the mixture, which justifies the low values of mechanical resistance and chloride 

penetration. Alongside the high w/c ratio Setúbal concretes, Sagres concretes fall into the low 

chloride penetration resistance class. 

c) For all seaports analyzed, the tidal zone chloride concentration was higher than the critical chloride 

content at 30 mm depth. For these cases, only 10-20 years old, sufficient conditions can be met for 

the development of significant corrosion at this depth. 

d) The actual chloride exposure tests confirm the high difference in chloride penetration resistance in 

the studied concrete.In general, diffusion coefficients were lower in splash zones than in tidal 

zones, where contact with seawater is more frequent. 

e) The values of Dcl,RCMT are up to 2 orders of magnitude higher than the diffusion coefficient Dcl.  

f) The surface chloride concentration tended to increase with the w/c ratio, although the correlation 

was weak. Cs is significantly affected by the incorporation of additions and by age and exposure 

conditions. The values of Cs estimated by the Hetek model approached the values determined for 

the tidal zone, being little adequate to translate the behavior in splash zone, where the exposure 

type can be quite variable. As expected, Cs in tidal zones were generally higher than in splash zones. 

g) The penetration parameter, Kcr, was naturally higher in tidal zones than in splash zones, as they 

were associated with higher Cs and Dcl values. There was no relationship between Kcr and w/c, 

justified by the different age, type of binder and concrete exposure conditions. 

h) E 465 (2005) estimates Cs values for class XS3 which are generally conservative under splash zone 

exposure conditions but underestimated for tidal zone. Estimated values for Dcl are generally 1-2 
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orders of magnitude higher than those obtained experimentally, which led to misleading, although 

conservative, average estimates of reality. The fit was improved when considering the 

experimentally determined Cs.  

i) From the present study, involving a representative sample of current concrete used in concrete 

seaport structures, it is concluded that they are not correctly design to have adequate durability 

during 50 years of life when exposed to severe chloride attack conditions, XS3. It is further 

concluded that the minimum compositions specified in the LNEC E 464 (2005) specification may 

not be sufficient to guarantee the desired durability over the target period of 50 years. 
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