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Summary 

Reinforcement corrosion, initiated by the penetration of chioride ions from the surrounding 
marine environment, has for a long time been regarded one of the most difficult damage type 
lo hand\e. On the basis of accelerated, or non-accelerated, chioride diffusion tests in the labo­
ralory, diffusion cocfficients have previously been derived, that indicate that extraordinarily 
dense concrete, and very thick concrete cover are required, if the service life before onset of 
rcinforcement corrosion shall exceed 100 years, or more. New information, based on extensi­
ve field sludies in Norway and Sweden, and supported by field tests from Denmark, indicates 
quile unambigously t that the diffusion coefficient of chioride in the real environment nor­
mally is considerably lower than in the laboratory. It seems as if a reduction in "the laboratory 
diffusion coefficient" by a factor of lO, or more, can be expected to take place in the real ma­
rine environment. This means, that a service life of 100 years might be achived by a high qua­
lily concrete with reasonably thick cover. Concretes with extremely low waterlbinder ratios 
are not required. 

There is also other information, obtained during the last years conceming initiation of reinfor­
cement corrosion. Part of this new information is accounted for in this report. The significan­
ce for the service life is briefly discussed. Much of the information is obtained from the 
Nalional Swedish project "Marine Concrete Construction", which is sponsored by 
Cementa AB, and led by Professor Kyösti Tuutti and Lic Techn. Paul Sandberg. A compre­
hensive presentation, and discussion of data, from the National research project is made in 
Mr. Sandbergs licentiale thesis 117/. 
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l. Introduction 

Chioride penetration has normally been treated in the following simplified way: 

* A diffusion coefficient has been determined by some sort of accelerated test in the labora­
tory. This has been done by comparing the measured profile of total chioride with the theo­
retical solution to Fick's 2nd law of diffusion, assuming constant conditions. 

* The service life has been estimated, the concrete mix has been selected, and the concrete 
cover has been chosen on basis of the diffusivity measured in in the laboratory, and on a 
standard value of the total chioride concentration, that is required for the onset of corrosion. 

Field tests perfonned during the last years in many places, and to a large extent in 
Scandinavia, has demonstrated that this procedure is far from correct: 

* In reality, it is the free chIorides that are of interest in conjunction with corrosion, and not 
the total. 

* In reality, the free chioride required for onset of corrosion is not a constant, but depends on 
the type of cement, on the type and amount of mineral admixtures, and on the water/cement 
ratio. It mayaiso be a function of the exposure time, which deterrnines the amount of disso­
lution of alkalies. 

* In reality , the diffusion coefficient is often much lower than the laboratory diffusion coeffi­
cient. The relation between the two coefficients is bigger, the older the structure, and it is 
also different for different types of cement. 

* In reality , there is not a constant relation between free and bound chioride. Therefore, the 
normal solution to Fick's 2nd law is not applicable. 

* In reality, there is probably another relation between free and bound chioride, than that ob­
tained in an accelerated chioride diffusion test. 

* In reality, the driving chioride concentration is often much higher than assumed when using 
the traditional calculation method. The free chIoride at the surface might be considearbly 
higher than in the surrounding medium. 

* In reality, there is chemical interaction between the concrete, and the surrounding medium; 
e.g. sea water. This is not the case in a laboratory test. 

* In real ity , there is ageing phenomena occurring in the surface of the concrete, due to vary­
ing temperature, frost etc. 

2. Essential factors for service life 

The service life before corrosion starts is mainly determined by four factors. 

l: The threshold chioride concentration for start of corrosion. 
2: The effective diffusivity of chioride in the concrete cover considering all phenomenons that 

might occur such as: 
- chemical reactions between the concrete and the environment, such as sea water 
- non-linear binding of chiorides; the shape of the binding isotherm 
- the water content in the cover; e.g drying caused by self-desiccation 

3: The surface concentration of free chioride 
4: The thickness of the concrete cover 
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3. The threshold concentration of free chIorides 

3.1 No leaching of alkalies 

The threshold concentration of free chiorides depends on the concentration of hydroxyl ions. 
The following very pessimistic, so-called Hausmann criterion, can be used; see Fig 1/1/: 

(I) 

/' 
Equivalenl OH--concenlration molllitres Chioride conlenls in: Co -

-=06 

1,0 

0,5 No corrosion 

/~ I 

" . 

0,1 

0,05 

Threshold value, g Crllitre 

Fig I: Relation hctwecn the OH --concentration and the required free chioride concentration 
for start of corrosion of steel; III as represented in 1151. 

For a saturated concrctc made with pure Port land cement, and with no leakage of alkalies, the 
hydroxyl ion concentration <ltthe depth of the reinforcement is a function of the water/cement 
ratio, and a function of the alkalinity of the cement (no leaching of alkalies is assumed to 
occur on the depth where the reinforcement is located) I : 

[OW ]=C(Na/23+KJ39)/P tot 

Where C 
Naand K 
Ptot 

the cement con tent (kg1m3 ) 

the amount of Na and K as weight-jraction of the cement 
the total porosity (m 31m 3) 

(2) 

1) In Eq (2) it is assumed that water in all pores, also in the gel pores, are able to dissolve chioride to 
the same extent. If only the capillary pores dissolve chioride, P in Eq (2) shall be exchanged for 
p cap which is defined: P cap=C(w/c-O,39. a)/1 000 (with the same notation as In Eq (3).) This will inc-

rease the chioride concentration. Example: w/c=0,40, a=O,75: [Cr]P!ot'lCr]pcap=0,42 
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The total porosity is: 

p tot=C( wIe-O, 19·a)1 I 000 

Where a 
wIe 

the degree of hydration 
the water/cement ratio 

(3) 

As an example, the formulas above will be applied to concrete made with a cement of the fol­
lowing chemical composition: K +=0,005 kg/kg and Na+=O,003 kg/kg This means that the 
equvalent alkali content is: (Na02)eq::::O,8%. 

Then, the OH-concentrations and threshold concentrations shown in Table I are valid for dif­
ferent concrete qualities. The degree of hydration is assumed to be 80% in all eoneretes. 

Table I: Example of calculated OH-concentrations and threshold concentrations 

w/c-ratio Cement content Porosity [OH-] [Cr]thr 

(kg/m 3) (m3/m3) (eq. moielI) (moIelI) (mgll) 

0,60 300 0,134 0,58 0,35 12250 
0,50 350 0,122 0,74 0,44 15400 
0,40 420 0,104 1,04 0,62 21700 

Thus, the lower the w/c-ratio, the higher the threshold concentration. This has also been ob­
served in practice; see Fig 2, 12/. The threshold values in this figure are, however, conside­
rably higher than the theoretical; especially for low w/c-ratios. The theoretical value is, there­
fore, on the safe side. 

The use of pozzolanic materials reduces the OH-concentration. One example is seen in Fig 3, 
where the effect of silica fume is shown; 13/. The reduction is marginal when the amount of 
silica fume is small, but it is very big at large dosages. The fact, that the addition of silica 
fume reduces the threshold concentration, is also seen in Fig 2. 
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Fig 3: Effect of silica fume addition on the pH-value of the pore solution; /3/. 

3.2 Effect of leaching of alkalies 

One cannot exclude, that alkalies are gradually leached out of moist concrete. However, even 

if there is total1eaching of all Na+ and K+, there is still a buffer of ca1cium hydroxide main­
taining the pH-value of the concrete at a high level. One example is shown in Fig 3. It shows 
the pH-profi1c in the surface part of a 36 years old quay in Esbjerg in Denmark. The depth is 
calculated from the present surface of the structure. There has been a certain frost erosion, so 
that the real depth is some centimeters bigger than that measured. It is interesting to notice, 
that the pH-value almost completely corresponds to that of saturated Ca(OHh-solution. In the 
tidal zone, there is, however, signs of totalleakage of ca1cium hydroxide to a depth of about 
20 mm. 

The real calciulll hyLlroxiLle profile, and the soluble ion-profiles taken from the tidal zone of 
the same quay. are presented in Fig 4; /17/. The calcium hydroxide is reduced gradually from 
the surface . OUI is normal at a depth of 30 mm from the surface. The alkalies are partly dissol­
ved on a sI i II largcr dcpth. 

The water/cement ratio of the concrete in Fig 4 and 5 is 0,55. The leaching is, of course, 
lower for a concrcte with the water/cement ratio of 0,40, or less. One is on the safe side, if 
one assumes thaI the pH-value at the level of the reinforcement bars is 12,5, corresponding to 

saturated ca1cium hydroxide solution. This gives the following OH --concentration and th­
reshold chioride concentration, assuming the Hausmann crilerion, Eq( l), is valid: 

[OH-] = 0,032 mo1cllitre 

[Cr]thr = 0,019 mole/litre or 665 mg/litre 

This threshold concentration is low, and very much on the safe side, for a concrete with as 
low water/cement ratio as 0,40, and a concrete cover as big as 75 mm. It is doubtful if total 
leaching of all alkalies will actually occur in a cover of this high quality. Probably, there will 
be a diffusion of alkali from the interior of the concrete, that replaces the alkalies leached out, 
and maintaining the high pH-value. 
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Fig 4: pH-profile in the surface part of a quay in Denmark, that has been exposed for 36 
years to Sea water in the North Sea; 110/. (w/c-ratio 0,55) 
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Fig 5: CaJcium hydroxide profile and profiles of soluble ions in the surface part of the quay in 
Fig 4; 117/. 

4. The effective chioride diffusivity 

As said above, the effective chIoride diffusivity is a function of many factors. One major fac­
tor is the binding capacity. Normally, one assumes that the binding is linear; i.e. the amount 
of bound chIoride is proportional to the total amount of chIoride. Then, the diffusion can be 
calculated by the common solution to Fick's 2nd law, assuming that the diffusion is determi­
ned by an effective and constant diffusion coefficient, which is a function of the assumed 
constant ratio between free and bound chIorides. 

In reality, the binding isotherm seems to be high ly non-linear. Two examples are seen in Fig 
6 and 7; /4/ and /5/. Fig 6 shows that the binding isotherm is extremely non-linear; much 
more chioride is bound at low chIoride concentrations, than at high. Fig 7 shows that the 
isothenn is also a function of the OH-concentration; therefore, considerably less chIoride is 
bound in a concrete containing silica fume. 

Nilsson /6/ has shown, that a non-linear binding isotherm leads to a totally different solution 
to the diffusion equation. The chioride profile becomes markedly S-shaped. If this is not con­
sidered, an extrapolation of the future chioride penetration from a short term penetration pro­
file willlead to big a under-estimation of the residual service life. 
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Fig 7: The relation hctween the ratio bound and total chIoride and the hydroxide concentra­
tion of the pOle water; 15/. Tolal chIoride concentration 0,3 mole/litres. (SF=silica 
fumc) 

The cffectivc chloridc diffusivity is reduced very much during field exposure to the marine 
environmenl. Two ex amples are show n in Fig 8 and 9. The concretes in Fig 8 were exposed 
in the North Sea for periods between a couple of months and 30 years; /7/. Specimens were 
taken from the surface part of the structures. The chIoride profile was determined at the expo­
sed surface. From this, an effective diffusivity, D c1f ' can be calculated. The unexposed part of 
Ihe specimens, not being chIoride infecled, was subjected 10 an accelerated diffusion test. 
Arter 3S days, the chIoride profile was investigated. From this, a so-caIled bulk diffusivity 
was calculated; Dbu1k dirrusion' 

The relation between the real effective diffusivity, and the bulk diffusivity, is shown in Fig 8. 
The real diffusivity is much lower and the difference between the two values increases with 
increasing concrete age. A reduction by a factor of about 20 is obtained arter 20 years. 

Similar observations were made in Sweden for eonerete, that was exposed to water in the 
Baltic Sea. The concrete investigated was taken from the concrete in a repair of the Öland 
bridge. The reduction in the diffusivity is of the same order of size as in the Norwegian study; 
see Fig 9, 18/. The curve is the effective diffusivity determined from the chioride profile of the 
exposed eonerete. The points are the diffusivities determined in the laboratory on a non-chlo­
ride infected part of the concrete arter 180 and 1387 days of exposure, and on a sample of the 
virgin concrete after 35 days. The test method used is described in 19/.The reduction in diffu-
sivity is very big. It starts with 8.10- 12 m2/s for the young eonerete, and it falls to 0,3.10- 12 

m2/s after 1387 days in sea water; a reduction by a factor 27. 
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Fig 9: The effective chioride diffusivity in a concrete taken from the repair of the Öland brid'­
ge, and exposed to water during 1400 days, versus the diffusivity determined in the 
laboratory on the virgin concrete; /8/. Pure portland cement with C3A==2%, 
(Na20cq)=O,5%. w/c=O,40. 

The reduction seems to be depending an the type of concrete. One example is shown in Fig 
10; /10/. The three concretes have been exposed at the field station in Träslövsläge in 
Sweden. The first value for each concrete is the bulk diffusivity determined in the laboratory 
by the method described in /9/. The other two values are the effective diffusivities determined 
from the measured chioride profiles of the exposed concrete. The reduction in the diffusivity 
during a period of 14 months in sea water is very big in the concrete with pure portland ce­
ment, small in the concrete with 5% silica fume, and none (or a slight increase) in the concre­
te with both silica fume and flyash. 

The reason behind this reduction of the effective diffusivity is unknown. Possible explana­
tions are: 

* Chemical reaction with the sea water makes the concrete surface more dense. The reaction 
is smaller when the concrete contains mineral admixtures. Altematively, concrete with mi­
neral admixtures obtains some micro-cracking, which are reducing, or eliminating, the den­
sifying effect of the chemical reaction. 
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* Continuous hydration making the concrete more dense. It might be that a pure PC-concrete 
hydrates during a longer time, than does a concrete containing mineral admixtures. 

* A time-dependent chloride binding; Le. the binding isotherm is time-dependent. It might be 
that this effect is bigger in a PC-concrete. 

None of these hypotheses has been confirmed. 

According to the solution to Fick's 2nd law, the penetration of a certain constant chlo-
ride concentration, e.g. the critical concentration, proceeds according to a square-root-of-time 
relation. This is not the case with a diffusion coefficient, that is gradually reduced. Instead, 
the penetration of a fixed level of concentration can approximately be described by the fol­
lowing type of relation: 

~=const·tP (4) 

Where 
zc the distance from the surface to the chioride front where the concentration is c 

the exposure time 

~ an exponent, that is smaller than 0,5 and which might also be zero or even negati­

ve. ~ is a function of time 

When ~ is zero, the penetration front stops moving inwards. This type of behaviour has also 
been observed in practice. Two examples are shown in Fig 11 and 12; 11 0/. The concrete in 
Fig 11 is a PC-concrete with low-alkalinow-C 3A cement with the water/cement ratio 0,40. 
The penetration continues between 210 days and 363 days, but with reduced diffusivity; from 
4,5.10- 12 m2/s to 2,7.10-12 m2/s. The concrete in Fig 12 is made with the same cement, but 5% 
dry silica fume has been added. The waterlbinder ratio is kept constant. Now the penetration 
front is almost constant with the exposure time. The chIoride diffusivity is reduced from 
3,4.10-12 m2/s af ter 285 days, to 1,3.10-12 m2/s after 438 days. 

Effective chioride diffusivities 
(Fick's 2 law) 

w/b o;opozzolan DCI,effx1 E-12m2/s 
35d 9monlhs 14monlhs 

A 0.40 O%pozzolan 8.3 4.5 2.7 
---------_. __ ._ . . _-_ .. -

B 0.405%SF 2.1 2.0 1.3 
-------~---~ ---_. -_ .. -- -

C 0.40 5%SF,17%FA 1.2 1.6 1.5 
-------- ._-----~-_. 

lab field field 

Fig ]0: Examples of the change in the effective diffusivity versus the exposure timc in sea 
water; /10/. Three different concrete mixes. Waterlhinder ratio 0,40 in all concrclcs. 
SF=silica fume; FA=f1y ash. Cement characteristics as in Fig 9. 
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/10/. Water/binder ratio 0,40, 5% silica fume. 

5. The surface concentration of free chioride 

Many observations have shown, that thefree chloride at the surfacc of a concrete immcrsed in 
sea water, is higher than that in the surrounding sea water. It is not known whether the same 
is valid for eonerete, that is only exposed continuously to de-icing salts. One example taken 
from from a marine structure (a quay) in Denmark exposed during 36 years in sea water is 
shown in Fig 13; /III. The free chioride concentration in the submerged zone, and in the so­
called "upper splash zone", is almost two times the outer concentration. Similar results have 
been found in Sweden /11/, in Japan /12/ and elsewhere. This phenomenon has not been ex­
plained. At a first sight, it seems impossible. It might be, however, that the presenee of other 
negative ions playarole, primarily OH- -ions. If these are leached from the eonerete, other 
negative ions, such as chloride, might enter the concrete in order to restore e\ectrical equilib­
rium. If so, the "extra" chioride will not necessarily propel the diffusion. Another possibility 
is that the chioride is actually not "free", but adsorbed or bound in complexes of different 
kind. If so, they will not take part in, or force the diffusion. New observations, /18/, made 
under controlled conditions in the laboratory, indicate, that the internai chioride level is only 
5% to 35% higher than in the surrounding solution, the level depending on temperature. 

Fig 13 shows, that the surface concentation is considerably higher in the tidal water zone than 
in submerged eonerete. The maximum value is about 5 times the concentration in sea water. 
The water/cement ratio in this structure is fairly high; 0,55. In a concrete of higher quaiity , 
e.g. with w/c-ratio 0,40, the capilIarity is very low. It is, therefore, reasonable to assume, that 
the chioride accumulation in the surface is much smaller in such a eonerete. The factor 5 
between inner and outer free chioride concentration, therefore, ought to be the maximum pos­
sible in marine structures, and it is probably lower in high quality concrete. 
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In a structure exposed to de-icing salts, any value of the chioride concentration might occur at I 
the surface; from saturation to zero. Probably, however, the driving concentration caused by 
de-icing salts, used during the winter season only, is normally lower than the driving concent­
ration caused by continuous exposure to sea water. 

In the next paragraph, it is assumed that the free chIoride concentration in the surface of a ma­
rine structure is a certain multiple of the outer concentration in the surrounding water. 

. .., 

<o 

~ 30 .. 
" o. 
Ö 20 

• ;; 
t-

10 

o 

o 

I 

'" 6 
/ ... ".'e' o .... el 

I'" 
.. .. 

6· • 

6 

o • 
~ . 

~o.ou • S<Ibmorged 10M 

.0 • & Tidewatet 10M 

o Upper spIAsII rene 

o.~ 1.~ 2.$ 

'r.. el mof .. tJI por. Uuld 

Fig 13: Relation between the free chioride in the pore solution, and the total chioride, in a 
concrete with w/c-ratio 0,55 exposed during 36 years in sea water; /111. The outer ch­
loride concentration is 0,40 mole/litres. 

6. Time to start of corrosion 

6.1 No leaching of alkalies. Pure Portland cement 

Il is assumed, that the chIoride binding is linear, so that the normal solution to Fick's 2nd law 
can be used. Then, the diffusivity of free chIoride is the same as the diffusivity of total chIori­
de. This assumption, of linear binding, gives a calculated rate of penetration of the threshold 
concentration, that is bigger than that occurring in practice 

The chIoride concentration in sea water at the Swedish west coast is maximum 0,016 kg/kg or 
0,46 molellitre. The concentration of free chloride at the surface is supposed to be a multiple 
of this outer concentration. Thus, the free chIoride concentration driving the diffusion is: 

[Cno= 1'0,46 molellitre (= 1.0,46.35,5 = 1'16,3 g/litre) (5) 

Where 
[CI- ]0 

1 

the cJoride concentration in the surface (mole/litre) 

the relation between free chioride in the surface of concrele and the chioride 

concentration of the surrounding sea water. Normally , '1 ~ I. 

The concrete is assumed to be made by pure Portland cement of the same type as in the ex­
ample above; Table J. The water/cement ratio is 0,40. Then, the absolute minimum of the 
threshold concentration of free chIoride is: 

[CI-]1hr=0,62 moieli (6) 
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Il might very weil be that the real threshold concentration of a concrete with the water/cement 
ratio of 0,40 is 2 or 3 times higher, or even more; see Fig 2. 

The concrete, used in the ex ample above, is assumed to have a cement content of 420 kg/m 3, 

and a water content of 0,4·420= 168 litres/m3 . This means, that the concentration of chIoride 
in the surface according to eq (5), and the threshold concentration of free chIorides according 
to eq (6) corresponds to the following values expressed as weight-% of the cement, and as 
weight-% of the concrete: 

rCr]o=(Y· 16,3· 168/420.103 ) ·100% =0,65·y weight-% of the cement (7a) 

[Cr)o=(y·16,3-16812400·103 )·100%=0, 114·y weight-% of the concrete (7b) 

[cr ]thr=[cr]o ·0,62/(0,46·y)=0,65·0,62/0,46=0,88 weight-% of the cement (8a) 

[C1- ]thr=[Cr]o ·0,62/(0,46·'Y)=0, 114·0,62/0,46=0, 154 weight-% of the concrete (8b) 

One can now use the solution to Fick's 2nd law for calculation of the required effectice coef­
ficient of chIoride diffusivity for start of corrosion arter 100 years, when the concrete cover 
is C. The solution can be written: 

(9) 

Where 
c the actual concentration of free chIoride at depth C af ter time t life 

(mole/litre) or (weight-%) . 
Co the concentration of free chIoride in the surface (molellitre) or (weighl-%) 

C the concrete cover (m) 
tlife the required service life until start of corrosion (s). For 100 years, 

tlife =3,153·109 s. 

Deff the effective chIoride diffusivity during 100 years (m 2/s). D eff is conside -
rably bigger than the so-called "bulk diffusivity" determined on a young 
specimen at a traditional accelerated diffusion test. 

~ a parameter that depends on c/co' 

The argument x is tabulated in standard tables over the complentary error function (erfc); e.g. 
see Crank /131. 

For a concrete cover of 75 mm, a threshold concentration according to eq (6), and asurface 
concentration according to eq (5), the following relation is valid: 

0,62/(g.0,46)=erfc(O,075/(4·3, 154·109D etT )In} 

Or: 

1 ,35/'Y=erfc{ 6,677·1O-7/DetT II2 } 

Corrosion is only possible when the following condition is fulfilled: 

[Cnthr<[Cno' 

(10) 

(11 ) 

Then, the surface concentration must be at least 0,45 molellitre, or 'Y must be at least 1,35. 
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In Fig 14 the solution of this equation is shown. In the figure is also shown the requi-
red diffusivity, under condition that the threshold concentration is, either 25 % higher, or 
twice the concentration given by eq (6)'. 

Examples of maximum allowed chIoride diffusivities in are shown in Table 2. 

Table 2: Examples of maximum chIoride diffusivities , that are allowed, if the service life 
shall be 100 years. Cement of the type described in Table l. Cover 75 mm. 

Threshold 
concentration 
(~.0,62) I) 

(molellitre) 

1·0,62 =0,62 
1,25·0,62=0,78 
2·0,62 =1,24 

Maximum allowed chioride diffusi vit y , m 2/s·1 0- 12 
Surface concentr. in multiples of the concentr. in the water 

'J-I 'J-2 y=3 "(=4 'J-5 

o 
O 
O 

5,0 
24 
O 

1,5 
2,6 
10 

1,0 
1,3 
5,2 

0,73 
1,0 
3,2 

l) The constant p is a factor by which the calculated (minimum possible) threshold concentration 0,62 
molellitre is multiplied. 

This means, that a maximum diffusivity of 5.10-12 m2/s (158 mm 2/year) is required, if the sur­
face concentration of free chIorides is twice the concentration of the surrounding sea water. If 
the surface concentration is 5 times that of sea water, a maximum diffusivity of 0,7.10- 12 m2/s 
(23 mm 2/year) is required. 

These values are absolute maximum values, assuming a low threshold concentration of free 
chloride, corresponding to the criterion in eq (l). If this is increased, the required diffusivity 
is higher; already an increase of the threshold concentration by 25 %, to 1,25·0,62=0,78 
mole/litr,e causes an increase in the required effective diffusivity to 24.10-12 m2/s, and to 
1·)0-12 m2/s for the surface concentration 2 and 5 times the outer concentration. 

If the threshold concentration is twice the value given by eq (6), i.e. 1,26 molellitre, corrosion 
cannot start when the surface concentration is twice the outer. For 5 times the outer concent -
ration, a diffusivity of maximum 3.10-12 m2/s is required. 

The required diffusivity for other concrete covers, than 75 mm, can be calculated by multiply­
ing the values obtained from Eq (II), or from the ex ample above, by the faetor [C/O,075] 2 

where C is the neweover in m. 

A reasonable maximum effective chioride diffusivity on the safe side is about: 

* 1·)0-12 m2/s (30 mm 2/year) in the splash zone, where a eertain aecumulation of 
chIoride can oeeur due to drying and wetting. It eorresponds to asurface eoneentration of. 
free chiorides, that is 5 times the concentration of sea water; see rig 1.4. The threshold eon­
centration is supposed to be 0,78 molellitre, i.e. 25% higher than that given by eq (6). 

* 5.10- 12 m2/s (160 mm 2/year) at the waler level, where the concrcte is saturated all the time. 
It eorresponds to asurface eoncentration, that is twice the outer eoncentration in the sca 
water; see Fig 14. The threshold concentration is supposed to be 0,62 molellitre given by 
Eq (6), which is a very pessimistic assumption. 
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These low effective diffusivities are evidently achieved in a concrete with a water/cement 
raHo of 0,40 after some years of exposure. Examples of this can be seen in Fig 8, 9 and 10. 
On the other hand, it can be difficult to obtain such low values at an accelerated "bulk diffu­
sion test", in the laboratory, on specimens that are not exposed to natural conditions in the 
sea. Therefore, one can accept a somewhat higher value of the diffusivity in a laboratory test; 
especialJy when the concrete docs not contain residual materials, such as fly ash or silica 
fume. For concretes containing these materials, the reduction in diffusivity in the practical use 
of the concrete seems to be lowcr. On the other hand, for such concretes, the initial valuc is 
also lower in most cases; see Fig 10. 

NOTE: The cement in Fig 10, II and 12 is low in C3A, and has a fairly low alkali conien!. 
The C3A content is less than 2%. Despite this, the measured chioride diffusivity is very low. 
This confirms the observations made by many researchers during the last decade, that the 
C3A con tent is of little importance for chIoride binding, and for the effective chioride diffusi­
vity; e.g. see /14/. C4AF also plays a fundamental role and so does probably also physical 
characteristics of the cement paste formed. 

The required maximum chtoride diffusivity; 0eHm2/s 
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1.25·0.62=0,76 moleIl 

0.62 moleII 

The relalion belween the surface concentralion of chioride 

and the outer concentration; -y 

Fig 14: The required maximum effective chIoride diffusivity for 100 years of service life of a 
concrete in sea water having a chioride content of 1,6 weight-%, (0,46 mole/litre), and 

75 mm concrete cover.The surface concentration of free chIoride is 'Y times higher lhan 
the outer concentration. The threshold concentration of free chioride is either 0,62 
mole/litre, 0,78 molellitre, or 1,24 molel1itre, 
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6.2 Alkalies are leached out 

A: The threshold concentration is determined by the "ausmann criterion, Eq(1): 

As shown in paragraph 3.2, the threshold concentration can not be lower than: 

[a-hIn = 0,019 molellitre 

Then, Eq (lO) is changed to: 

0,019/(y.0,46)=erfc(O,075/(4.3,154.109.Deff)lfl ) 

Or: 
0,041/y=erfc { 6,677·10 -7 lDeff 1/2) 

(lOa) 

(11 a) 

The following maximum diffusivities are valid for two surface concentrations, expressed in 

terms of the "concentration factor" y; "(=1 and "(=2: 

"(=1: Deff<1,8.1O- 13 m2/s 

"(=2: D efr<l,4.IO-13 m2/s 

These values are very low, and are probably difficult to achieve in normal concrete, although 
field data indicate a very large reduction in the effective diffusivity over time; Fig 8-10. 
Probably, the complete leaching of alkalies assumed, does not occur in den se concrete at a 
depth as big as75 mm from the surface. There will probably be a diffusion of alkalies from 
the interior outwards, that compensates for the alkali migration to the surface. 

B: The threshold concentration is higher than the "ausmann criterion: 

In reality, the threshold concentration in dense concrete is higher than that predicted by the 
Hausmann criterion; Eq (I). A c1ear indication of this is given in Fig 2. Let us assume, that 

the threshold concentration according to Hausmann is increased by a factor ~. Then, the fol­
lowing relation for the required diffusivity is valid, provided the concrete cover is 75 mm and 
the service life 100 years: 

O,04I·~ly=erfc( 6,677.10-7/Deff1/2 ) (llb) 

Examples of the application ofEq (llb) are show n in Table 2. 

Table 2: Examples of maximum chIoride diffusivities that are allowed if the service life shall 
be 100 years. Cement of the type described in Table 1. Concrete cover 75 mm. 
Alkalies are leached out. 

Threshold 
concentration 
~I) 

l 
5 

10 

Maximum chloride diffusivity, rn 2/s·1 0- 12 
Surface concentr. in multiples of the concenlr. in the waler 
"(=1 "(=2 

0,18 
0,55 
l , 11 

0,14 
0,33 
0,55 

I) The eons lan t ~ is a faelor by which the ealculated (minimum possible) thrcshold concentration 0,62 
molellitre is multiplicd. 

These diffusivity values, for ~=5 and ~= I 0, are nol lower than can he achieved in a cOllcrcle 
of high, hut not extrernely high qualily. 
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6.3 Effect of mineral admixlures 

The discussion so far refers to pure Portland cement. If a mineral admixture is added, the OH­
concentration is reduced. An ex ample of the effect of microsilica on the pH-value of the con­
crete is shown in Fig 3. Consequently, the threshold chioride concentration is reduced. This is 
c1earIy seen in Fig 2. 

Let us assume that the ratio of the OH-concentration of the two types of concrete is: 

[Olr ]pc+s I rOH -]pc = ( ( 12) 

Where [OH-]pc+s is the OH-concentration of the concrete containing mineral admixture and 

[OH- Jpc is the OH-concentration of the pure PC-concrete. 

Then, assuming the surface concentration is not changed, assuming 75 mm cover, assuming 
100 years of service life, and assuming the same type of Portland cement as above, the fol­
lowing relation is valid: 

(.( ~·O,62)/(y·0,46)=erfc{ 6,677.10-7/1) eIf 1f2 } (lic) 

Where 0,62 is the threshold concentration defined by Hausmann for the pure Portland cement, 

0,46 is the chioride eoncentration of the surrounding water. ~ is a factor expressing the fact 

that the real threshold concentration is higher than that given by the Hausmann criterion, E is 

the reduetion faetor of OH-eoncentration defined by Eq (12), and y is the "concentration f ac­
tor" of chIoride at the surface. 

lt is very mu ch on the safe side to assume that ~=l and y=2. Then, the following equation is 
valid: 

0,674·e=erfc{ 6,677· 1O-7/Delf l12 } (I I d) 

This equation is applied to a concrete with 5% microsilica. The pH-reduction show n in Fig 5 
is used. 5% Microsilica causes a reduction of the pH-value of about 0,25 pH-degrees; 

i.e. e::::{),5. 

Thus, the following maximum allowed diffusivity is valid for a concrete with and without 5% 
microsilica: 

With microsilica: Deff<1.1O-12 m2/s 

Without microsilica: D eft<5.1O-1 2 m2/s 

According to this calculation, the effective diffusivity of a concrete with 5% microsilica must 
be reduced by a factor 5, compared with the PC-concrete, if the service life shall be 100 years 
for both concretes. 
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Conclusions 

l: It seems reasonable to assume that a concrete with a waterlbinder ratio that does not exceed 
0,40 and with a concrete cover that is not lower than 75 mm will sustain the marine envi­
ron ment duri ng 100 years without corrosion of the reinforcement. Even under very pessi­
mistic assumptions conceming the outer surface concentration of chioride, and conceming 
the threshold concentration, the maximum effective chioride diffusivity, that is allowed,is 
not lower than what will be reached in a high quality concrete of the type mentioned. 

2: Alaboratory chIoride diffusion test, of the concrete to be used, is actually not required. If it 
is done, for example according to the test described in /9/, one shall consider that there is 
a big reduction in the diffusivity with time. It shall also be considered, that this reduction 
is probably bigger in a concrete without pozzolanic materials than in a concrete contai­
ning such materials. Reasonable reduction factors on the safe side are 10 for pure Portland 
cement concrete and 5 for concrete containing 5% microsiliea (possibly the reduction is 
zero for a slag cement, and for a concrete containing both considerable amounts of silica 

. fuine and flyash; see Fig tO). This means, that the requirement of the test result should be 
of the following order of size: 

* 10.10-12 m2/s for pure Portland cement concrete 
* 5.10-12 m2/s for concrete with 5% silica fume 

Then, in both cases, the real effective diffusivity will not be higher than about 
1.10-12 m2/s and probably at least 2 times lower. 

3: There is no need for a lowest value of the C3A-content of the Portland cement. An upper 
value of about 5% is needed, however, due to the risk of sulfate attack in sea water. 

4: If all alkalies in the concrete are leached out, there will be a reduction in the threshold con­
centration, corresponding to a value, that is determined by the pH-value of calcium hyd­
roxide; :::12,5. This means, that the maximum allowable chioride concentration is lowered 

to values of the order O, J .10-12 to 0,5·10- J 2 m2/s. Il is, however, not IikeJy, that complete 
leaching occurs at a concrete depth of 75 mm in a concrete with the water/cement ratio 
0,40. 

Note:The conclusions l: and 2: are only valid under condition that the concrete is crack-free, 
and that it is absolutely frost resistant, and that the frost/salt surface scaling at the end of 

the 100 years is not more than about 10 mm; seelJ 6/. 
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