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Abstract 

Reinforced concrete elements in marine environment are exposed to various physical and 
chemical influences. In general, it can be stated that the elements in the wetting-drying 
regions are exposed to highest rate of damage. Since there is a combined effect generated by 
chloride and sulphate ions in sea water, the concrete while on one hand bears the risk of 
destruction due to sulphate effect, on the other hand there is a risk for the reinforcement to be 
corroded by chloride (for reinforced concrete systems) ions as well.   

There are discussions on which type of cement would be the best for use in marine 
environment. Although it seems that use of cement type with relatively high amount of C3A 
would be more suitable due to its capability of binding chloride ions and therefore to reduce 
the risk of corrosion, it is a known fact that a concrete with resistance to sulphate effect 
should have as low C3A content as possible.  

In this study, the effects of cement type (CEM I 42.5R, CEM II 42.5R, CEM I-SR 5), 
water/binder ratio and use of fly ash on the chloride penetration depth of concrete were 
investigated on samples kept in actual marine environment. The results of the experiments 
revealed that the given parameters have remarkable effects on permeability of the concrete. 
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1. INTRODUCTION 
The constructions, since the time they were built, are exposed to the effects of mechanic, 

physical and chemical factors generated by the external environment and within the course of 
time, they lose their original characteristics. Constructions built in marine environment or 
locations close to sea are exposed to the effects of one or a combination of these factors. The 
most significant problem that emerges in the reinforced concrete buildings, directly or 
indirectly affected by the marine environment, is reinforcement corrosion. This problem can 
be eliminated by physical and chemical protection of the reinforcement by a well-designed, 
impermeable and high quality concrete. Physical protection can be achieved by restraining the 
access of harmful substances to the reinforcement whereas chemical protection can be 
achieved by creating an environment with high pH. Despite these positive characteristics of 
the concrete, imperfections in design and application conduced the corrosion to become the 
primary contributing cause which determines the service life of reinforced concrete buildings 
of our time. Chloride ions penetrating into the concrete, in particular for the constructions 
recurrently exposed to wetting-drying effect, are retained in the concrete as a result of 
evaporation of water and chloride density increases as the number of cycles become more. In 
this case, more than the chloride ion concentration in sea water can be accumulated within the 
concrete [1-3]. The resulting reinforcement corrosion decreases the reinforcement cross-
section and on the other hand corrosion products causing expansion and sulphate attacks have 
considerable destructive effects on the concrete.  

There are criteria stipulated for direct use of sulphate-resistant cement in the technical 
specifications of many projects accomplished in the coastal lines of our country. Yet, it is not 
a proper measure use of sulphate-resistant cement by establishing the high amount of sulphate 
concentration contained in sea water. Although such type of cement is recommended against 
the lean sulphate effects, in terms of the corrosion of reinforcement, it does not seem to be a 
proper solution in the event of a combined chemical attack such as sea water effect. When the 
studies with respect to the subject matter is examined, no information concerning the direct 
use of sulphate-resistant cement in the constructions exposed to sea water is encountered.  

It is evident that C3A content of sulphate-resistant cement should be as low as possible for 
sulphate attack, notwithstanding the fact that use of cement with relatively high amount of 
C3A content is favoured due to its capability to mitigate corrosion risk. At this point, it is so 
crucial to decide which the dominant effect would be.  Within the frame of the foregoing, 
ready mixed concrete user brings up the use of sulphate-resistant cement for the constructions 
nearby marine environment and predicates all its assessments related with durability entirely 
on sulphate attack disregarding the reinforcement corrosion issue.  

Considering all of these, in this study, the effect of water / binder ratio, concrete strength 
class, cement type and fly ash usage were investigated, by means of chloride penetration 
depth analysis performed in actual marine environment.  

2.  EXPERIMENTAL STUDY 

2.1  Materials 
Chemical and physical properties of cements types CEM I 42.5R, CEM II / A-M (P-L) 

42.5R and CEM I 42.5 R-SR5 conforming to TS EN 197-1 standard are given in Table 1. C3A 
content is derived through Bogue formula. C3A content of CEM II cement was not calculated.  
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Table 1: Chemical and physical properties of cements 

 CEM I CEM II A-M/P-L CEM I SR 5 
SiO2 (%) 19.07 23.17 19.66 
Al2O3 (%) 5.61 6.16 3,98 
Fe2O3 (%) 2.91 2.82 4,15 
CaO (%) 62.28 56.57 64.82 
MgO (%) 0.87 0.84 0.99 
SO3 (%) 2.75 3.08 2,45 
Na2O (%) 0.61 0.74 0,09 
K2O (%) 0.67 0.86 0,61 
Loss on Ignition (%) 4.82 4.90 2.76 
Additive (%) - 18.07 - 
Blaine (cm2/g) 4780 5070 3790 

Compressive 
Strength (MPa) 

2 days 31.7 30.4 24.9 
7 days 51.3 46.0 44.2 
28 days 58.1 54.8 55.8 

C3A (%) (Bogue) 9.95 - 3.53 
 

Chemical and physical properties of the fly ash obtained from Orhaneli/Bursa Thermal 
Power Plant are given in Table 2. 
 
Table 2: Chemical and physical properties of fly ash 

 
Crushed lime stones obtained from a single source were used. Modified polycarboxylate 

based superplasticizer admixture conforming to TS EN 934-2 was used in concrete mixes. 
Solid substance rate of plasticizer is 25,66%, its density is 1,090 and pH value is 5,90.   
 
2.2 Mixture designs 

Water / binder ratio (concrete class) is one of the main variables of during the experimental 
study. Designs are made for C25/30 class which is commonly used in ready mixed concrete 
sector and for C40/50 class which has comparatively high strength. Total binder dosage is 
selected as 350 kg/m3 and water/binder ratio is selected as 0.56 for Class C25/30 concrete 
whereas binder dosage is 450 kg/m3 and water/binder ratio is 0.43 for Class C40/50 concretes. 

Another main variable in the study is the cement type. Sample productions were made with 
three different cement types being ordinary Portland cement (CEM I 42.5R), Portland 
composite cement (CEM II / A-M (P-L) 42,5R) and sulphate-resistant cement (CEM I 42.5 R-
SR 5) in order to specify the effect of cement type on sea water resistance of concrete and 
reinforcement corrosion. 

SiO2 

(%) 
Al2O3 

(%) 
Fe2O3 

(%) 
SO3 

(%) 
L.O.I 
(%) 

Free 
CaO 
(%) 

Spec.  
Grav. 

Blaine 
Fineness 
(cm2/g) 

React. 
CaO 
(%) 

45µ 
residue 

(%) 

28 Day 
Act. 
(%) 

51.47 25.08 10.89 0.88 0.73 0.10 2.21 3675 4.38 32.9 88.2 
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Concrete mixtures were also prepared by replacing 20% of cement with fly ash. The 
amount of water is identical for mixtures with or without fly ash for the same concrete class. 
Plasticisers in different amounts were used for the mixtures to have similar workability. In 
total, performances of 12 different mixtures were measured. Mixture proportions and 
characteristics of fresh concrete are given in Table 3. 
 
Table 3: Concrete mixture designs and fresh state properties 
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C25CEMIFA 
280 70 

196 

0.1 0.35 889 391 481 

0.56 

17 17 1.8 21 
C25CEMIIFA 0.4 1.40 889 391 481 16 17 1.5 20 
C25SRFA 0.1 0.35 889 391 481 12 12 2.1 21 
C25CEMI 

350 0 
0.1 0.35 906 398 491 5 9 2.0 20 

C25CEMII 0.4 1.40 906 398 491 2 9 2.1 20 
C25SR 0.0 0.00 906 398 491 5 9 1.4 20 

C
40

/5
0 

C40CEMIFA 
360 90 

194 

0.4 1.80 809 405 460 

0.43 

8 9 1.8 21 
C40CEMIIFA 0.5 2.25 809 405 460 10 12 1.7 21 
C40SRFA 0.2 0.90 809 405 460 13 16 1.8 21 
C40CEMI 

450 0 
0.4 1.80 836 419 473 7 9 2.1 21 

C40CEMII 0.6 2.70 836 419 473 12 12 2.3 21 
C40SR 0.2 0.90 836 419 473 7 9 2.0 21 

 
2.3 Research method 

The research was conducted in laboratory and actual marine environment. The samples 
should be exposed to sea water in a safe and systematic manner. A wetting-drying mechanism 
was designed capable of carrying 600 samples with the dimensions of 75x75x285 mm. 
Wetting-drying cycles were performed automatically (Figure 1-2). Since wetting of the 
samples takes place in a short time and drying occurs in a long time, wetting-drying cycles 
were done as the samples were kept in the sea for 12 hours and in the air for 24 hours.  

Wetting-drying platform consists of a main load-bearing system and associated with 4 
baskets. Baskets where the cells containing the samples are placed, are suspended to the load 
bearing frame by means of pistons. When the 12-hours wetting period is completed, pistons 
hoist the baskets and thus the drying phase starts. Sample baskets kept await outside the water 
for 24 hours are immersed into the water when the drying phase is completed and then the 
wetting period starts again. The wetting-drying cycles go on in this manner and the number of 
cycles is monitored by means of a mechanic meter attached to the platform. The entire system 
is automatic and there is no need for manual treatment to the submersion-emersion process.   
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Figure 1-2: Wetting-drying mechanism and test samples installation 
 

From all mixtures, 3 cubic samples each with an edge of 150 mm per each test age were 
taken to determine the compressive strength before the cycles and 20 prismatic samples each 
with size of 75*75*285 mm were taken to measure chloride penetration depth in different 
cycle periods. It is a known fact that strength developments would be different depending on 
cement type and use of fly ash. It was considered that the samples having pozzolanic material 
would be quite different strength level before the wetting-drying cycles. Therefore, it was 
aimed to reach approximately similar strength levels before sea water exposure. For this 
purpose, following the 28-days standard curing process, extended time of water curing was 
applied for some mixes. For example, when the mixture reach the desired strength level 
samples were taken out from the curing pool (keeping on air at room temperature) while other 
specimens were maintained in the water curing. After the strength level achieved a certain 
level, prismatic samples were taken to the port area and placed on the platform and cycles 
were started. Table 4 indicates the compressive strength values of the samples before being 
exposed to seawater.  

 
Table 4: Compressive strength values of concretes prior to sea water exposure (MPa). 

C25 
CEMI 

C25 
CEMII 

C25 
SR 

C25 
CEMIFA 

C25 
CEMIIFA 

C25 
SRFA 

C40 
CEMI 

C40 
CEMII 

C40 
SR 

C40 
CEMIFA 

C40 
CEMIIFA 

C40 
SRFA 

44.8 46.2 43.7 43.8 43.2 41.5 62.0 57.9 56.7 57.3 56.1 55.0 
 

After a certain amount of cycles, prismatic beam samples were subjected to bending test 
and 0.1 N AgNO3 solution was sprayed on the cross-section that revealed after bending. 
Colour changing zones were recorded as the chloride penetration depth [4]. 

3.  RESULTS AND DISCUSSION 
Chloride penetration depth values for Class C25/30 samples are shown in Figure 3. For 

each cycle, concretes without Fly Ash have deeper chloride penetration whereas concretes 
with Fly Ash content had lower chloride penetration depths. It is considered that chloride 
bonding effect of Fly Ash and reduced permeability as a result of pozzolanic reaction led to 
these results.  
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Figure 3: Chloride penetration depths for Class C25/30 concretes. 

 
The highest penetration depths of mixtures with or without Fly Ash are determined in 

concretes with SR Type cement. Results showed the importance of binder type rather than the 
compressive strength.  

After 50 cycles, CEMIIFA had the lowest chloride penetration depth whereas SR had the 
highest value. In such a short while, penetration depth of SR type cement is exactly twice the 
depth of CEMIIFA. The significance of binder type could be observed evidently in such short 
period of time.  

After 200 cycles, C25CEMIFA and C25CEMIIFA had the lowest chloride penetration 
depths. These two mixtures have almost the same performance. SR type cement showed the 
highest penetration depth (37,5mm). Taking into consideration that this result was obtained 
from samples with 75*75 mm cross-section, it can be concluded that chloride had penetrated 
the entire sample cross-section. Here, the possibility of C25SR mixture to achieve 37,5 mm 
value at an earlier stage should not be disregarded. Furthermore, stabilization of chloride 
penetration depth after 200 cycles does not denote cease of chloride penetration and most 
probably chloride continues to penetrate. Such a feeling arises because chloride depth more 
than 37,5 mm could not be measured since sample cross-section sizes are 75*75 mm. It is 
considered that, insufficient C3A content to get into reaction with chlorides would be the 
reason for penetration of chloride to the entire section in C25SR mixture in such a short 
period of time.  

Penetration depths of C25CEMI and C25CEMII mixtures achieved the maximum value 
(37,5 mm) in 450 cycles and chloride penetrated the entire cross-section. It can be concluded 
that more C3A content compared to C25SR provided somewhat extra time to this mixture. 
Most probably, chloride penetration process goes on as in C25SR mixture. 

When C25CEMIFA and C25CEMIIFA mixtures are taken into account, a slight increase 
can be observed from 200 to 300 cycles. When it is considered that such slight increase is at a 
negligible level, it is seen that penetration depths of mixtures with Fly Ash remain stable 
during 20 months between 200 to 600 cycles. Among those mixtures, C25SRFA had the 
highest value with 20 mm.  

While after 450 cycles chloride penetrates the entire cross-section independent from 
cement type in mixtures without Fly Ash, the level of chloride penetration depth in mixtures 
with Fly Ash is almost the half of maximum penetration depth. 
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C25CEMI and C25CEMII, C25CEMIFA and C25CEMIIFA mixtures had highly 
comparable performances during the wetting-drying cycles. 

Figure 4 indicates chloride penetration depth values for Class C40/50 samples. 
 

 
 

 
 
 
 
 
 
 
 
 

 
Figure 4: Chloride penetration depths for Class C40/50 concretes. 

 
Not surprisingly, chloride penetration depths for Class C40/50 concrete were lower 

compared to Class C25/30 concrete. Although fly ash was not used in C40SR mixture, 
penetration values of almost the same level (~20 mm) with C25SRFA after 200 cycles is 
significant regarding the effect of compressive strength. 

Rank of test results of class C40/50 mixtures according to chloride penetration depth value 
is notably similar to those of Class C25/30 concretes. Lower chloride penetration depth value 
is obtained in mixtures with mineral additives as in Class C25/30. 

The highest chloride penetration value of mixtures with or without Fly Ash is derived from 
mixtures with CEMISR cement, as in Class C25/30.  

C40CEMI and C40CEMII, C40CEMIFA and C40CEMIIFA mixtures showed similar 
performance to chloride penetration as in Class C25/30. 

It is observed that chloride penetration depths of mixtures other than C40SR mix remain in 
a narrower range compared to Class C25/30. It can be said that compressive strength is more 
dominant factor compared to cementitious type. In other words, chloride penetration depths 
values are lower and in a restricted range compared to Class C25/30 due to the concretes 
having higher strength and therefore being more impermeable.  

4.  CONCLUSIONS 
In this research the effect of concrete class, cement type and fly ash usage on the chloride 

penetration resistance was investigated under actual seawater exposure. Test results revealed 
the following conclusions. 

Mixtures with fly ash are more resistant to chloride penetration compared to mixtures 
without fly ash. High chloride binding capacity of mineral additives and reduced permeability 
as a result of pozzolanic reaction are the most crucial reasons of taking lower readings for 
chloride penetration depth.  

Concretes with highest resistance to chloride penetration are the mixtures with fly ash 
content where CEM I and CEM II cements are used. It is assumed that high amount of C3A in 
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these mixtures compared to CEM I SR Type cement allows more chloride bonding and thus 
the resistance is increased.  

Concretes with lowest resistance to chloride penetration are mixtures with sulphate-
resistant cement and concrete without fly ash content.  

Accordingly, the following order can be given for chloride penetration resistance: 
CEMIFA ≈ CEMIIFA > SRFA > CEMI ≈ CEMII > SR 
The above results are independent from concrete class. 
The effect of binder type from the point of chloride penetration depth become more 

important in concrete class C25/30. Accordingly, it can be asserted that the significance of 
binder type will diminish when concretes with higher quality (C40/50 and above) are used. 

Highly accelerated chloride penetration is in question during the first phases of wetting-
drying cycles. Therefore, a design with higher early strength should be made for the 
constructions exposed to sea water, in particular for the elements in wetting-drying zones.  

Use of only sulphate-resistant cement without using mineral additives such as fly ash, blast 
furnace slag and silica fume would be insufficient for reinforcement protection.  

Whatever the binder type, concrete cover should be as high as possible for constructions 
exposed to sea water. It can be recommended that use of at least 50 mm concrete cover, 
particularly reinforced concrete elements within the wetting-drying zone.  

Increase of chloride penetration as the amount of C3A decreases, as specified in the 
literature, was verified during this research. This is why sulphate-resistant cement concrete 
displayed the worst chloride penetration performance.  

Sulphate-resistant cement, an effective solution for only sulphate effect, becomes no more 
a solution in case of a combined effect with chloride attack. In addition, even use of mineral 
additive together with this type of cement would not become a satisfactory solution. Based on 
all above, when an assessment based solely on binder type is conducted, it seems to be most 
effective choice to use combinations, with mineral additives, of CEM I and CEM II type 
cements which contain relatively higher amounts of C3A.  
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