
White Concrete for
Aggressive Environment



This report documents the durability and strength of 
white concrete based on AALBORG WHITE® cement. 
The documentation is based on a large experimental 
examination in which the properties of white concrete 
have been compared with properties of reference con-
cretes, which are today considered as well-known and 
well-documented concretes with excellent durability in 
an aggressive environment. The powder compositions 
of the reference concretes are similar to the concretes 
used for respectively the Great Belt Fixed Link and the 
Oresund Link in Denmark.

The overall conclusion of the examination is:
Concrete based on AALBORG WHITE® cement and 
silica fume has at least as good properties in respect 
to strength and durability as concrete normally used in 
constructions placed in an aggressive environment.

Aalborg Portland, September 2003
(2nd edition, December 2004)
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Concrete possesses a wide range of exceptional pro-
perties, making it a unique building material. The most 
obvious advantages of concrete are its formability and 
excellent strength. An extra dimension is added when 
it is also possible to decide the colour. White cement 
can contribute to freedom of choice with respect to 
concrete colour.

Presently, white concrete has many applications, e.g. in 
facade elements and surface coverings, but white or co-
loured concrete is only used to a very limited extent for 
constructions that are cast in-situ in aggressive environ-
ments. There is, however, increasing interest in using 
white or coloured concrete in such environments. The 
purpose of this report is to document the properties of 
white concrete in order to allow its use in aggressive 
environments. 

One significant barrier, which often results in traditional 
grey concrete being chosen instead of white concrete, is 
the perception among decision-makers that white con-
crete is less durable than grey concrete. However, the 
chemical composition of white cement from Aalborg 
Portland made in Denmark is ideally suited for the pro-
duction of concrete with high strength and durability.

On this background, an experimental programme was 
conducted to determine the strength and durability 
properties of white concrete. The mix designs included 
in the investigation were chosen to match state-of-the-
art grey concretes. For comparison purposes, reference 
concretes with powder compositions similar to those 
used to build the Great Belt Bridge and Tunnel and the 
Oresund Link in Denmark were used. White silica fume 
powder and light-coloured blast furnace slag were used 
as pozzolans in the white concretes. As dirt repelling 
properties can also be a problem with white concretes, 
mix designs containing hydrophobic admixtures were 
also investigated. 
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Concretes were prepared in two series with water/
powder ratios of 0.36 and 0.45 respectively. Reference 
concretes were prepared with powder compositions 
corresponding to those used to build the Great Belt 
Bridge and Tunnel (Ref. A) and the Oresund Link (Ref. 
B), see Table 2. The durability and other properties 
of white concretes in aggressive environments were 
compared with those of the reference concretes, which 
were assumed to be well-known, well-testet, highly 
durable concretes.
 
The paste composition of the concretes are shown in 
Table 1. For all concretes, the weight-percentage com-
position of aggregates was 38% pit sand 0/2 class E, 
13% crushed granite 2/8 class E, and 49% crushed gra-
nite 8/16 class A; aggregate classes according to Danish 
Standard. The concretes had constant ratios between 
paste volume, aggregate skeleton and water content. 
Workability was adjusted by the addition of plasticiser 
and super-plasticiser to achieve a target slump of 150 
mm. The target air content was 6%.

Besides the reference concretes, each series contained 
concretes with the following powder combinations:

•  one concrete based on 100% Aalborg White (AW) 
with no other powder;

•  one concrete based on 95% AW and 5% silica 
fume;

•  one concrete based on 100% AW with 2 kg zinc 
stearate per m3 concrete;

•  one concrete based on 95% AW and 5% silica fume 
with 2 kg zinc stearate per m3 concrete;

•  one concrete based on 70% AW and 30% blast 
furnace slag. 

An additional reference concrete (Ref. C) was included 
in series 2. Apart from having a higher water/powder 
ratio, Ref. C was identical to Ref. A in series 1. The 
designations and powder combinations of all concretes 
included in the investigation are shown in Table 2.

The concretes had a slump of 150±30 mm and an air 
content of 5.9-7.0%. It should be noted that there was 
no great effect of powder composition on slump or 
air content. However, it was necessary to double or 
triple the quantity of air-entraining agent used in the 
mix designs containing zinc stearate (i.e. hydrophobic 
agent). *

Material

Series 1: 
water/powder ratio 0.36

Series 2: 
water/powder ratio 0.45

Ref. A Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Ref. B Ref. C Mix 6 Mix 7 Mix 8 Mix 9 Mix 10

Low-alkali sulphate-
resistant cement (%)

80 95 80

Aalborg White cement (%) 95 100 95 100 70 95 100 95 100 70

Fly ash (%) 15 15

White silica fume (%) 5 5 5 5

Silica fume (%) 5 5 5

White Blast 
furnace slag (%)

30 30

Zinc stearate(kg/m3) 2 2 2 2

Table 2: Powder composition of concretes included in the investigation.

Table 1: Paste composition of concretes included in the investigation.

water/powder ratio 0.36 water/powder ratio 0.45

Total powder content (kg/m3) 391 333

Water content (kg/m3) 140 150

Plasticiser (% of powder weight) 0.5 0.4

Super-plasticiser      
(% of powder weight)

0.5-0.8 -

*  Zinc stearate is just one type of hydrophobic agent among a large selection on the market. 
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2.1 Components
Table 3 lists the components used to formulate the 
concretes investigated. Further documentation of sev-
eral of the materials can be found in Appendix J. 

Material Type Comments

Cement Low-alkali, sulphate-resistant 
AALBORG WHITE®

See Appendix J for further details.
See Appendix J for further details.

Sand, pit sand Nørre Halne 0-2 mm See Appendix J for further details.

Stone, crused granite Espevig 2-8 mm
Espevig 8-16 mm

See Appendix J for further details.
See Appendix J for further details.

Fly-ash NEFO See Appendix J for further details.

Silica fume Elkem Silica 940u, grey
Elkem Silica, 983u, white

Supplied by Elkem®.
See Appendix J for further details.

Slag White See Appendix J for further details.

Plasticiser Conplast 212

Peramin F

Water-reducing plasticiser based on lignso sulphonate. 
Supplied by Fosroc®.
Super-plasticiser based on melamine. 
Supplied by Fosroc®.

Air-entraining agent Conplast 316 AEA 1:1 Air-entraining agent based on Vinsol and tenside.
Supplied by Fosroc®.

Table 3: Description of individual concrete components.
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The development of compressive strength, tensile strength 
and modulus of elasticity is shown in Appendices B-D where 
each value is the average of measurements made on three 
concrete cylinders. Results for compressive strength are shown 
both as actual values and values adjusted to an air content of 
6% (it was assumed that a 1% difference in air content results 
in a 4% difference in compressive strength). 

Compressive strength was measured for all concretes 
at 1, 2, 7, 14, 28 and 90 days’ maturity. Splitting tensile 
strength and modulus of elasticity were measured on 
Ref. A, Mix 1, Mix 2 and Mix 3 at 1, 2, 7, 14 and 28 
days’ maturity.

3.1 Compressive strength
3.1.1 Water/powder ratio of 0.36
Figure 1 shows the results of compressive strength 
tests on concretes with a water/powder ratio of 0.36 
up to and including 90 days’ maturity. The results are 
shown relative to Ref. A in Figure 2.

Figure 1 shows that AW-based concretes were generally
stronger at early ages than the reference concrete (Ref. 

A), based on low-alkaline, sulphate-resistant cement. 
Furthermore, the figure shows that white concretes (Mix
1, Mix 2, Mix 3 and Mix 4) possessed strengths after 2 
days that were higher than the strength achieved by the 
reference concrete after 7 days. Concretes containing 
zinc stearate (Mix 3 and Mix 4) had marginally lower 
compressive strengths than corresponding concretes 
without zinc stearate (Mix 1 and Mix 2). Addition of 
blast furnace slag (Mix 5) reduced initial compressive 
strength in relation to the other AW-based concretes, 
but initial compressive strength was still higher than 
the reference. Generally, strength develops more 
slowly in concretes incorporating blast furnace slag 
than in concretes based solely on Portland cement (5).

At 28 and 90 days’ maturity the compressive strength 
of AW-based concretes was similar to that of the refe-
rence concrete. As expected, the compressive strength 
of AW-based concretes with 5% silica fume was greater 
than that of AW-based concretes without silica fume. 
The compressive strength of Mix 5, which contained 
30% blast furnace slag, was as much as 12 MPa lower 
than that of Mix 2. 

Figure 1: The compressive strength of concretes 
with a water/powder ratio of 0.36. Values 
adjusted to an air content of 6%. 

Figure 2: Relative compressive strength 
(Ref. A = 100) of concretes with a water/
powder ratio of 0.36.
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3.1.2 Water/powder ratio of 0.45
Figure 3 shows the results of compressive strength 
tests on concretes with a water/powder ratio of 0.45 
up to and including 90 days’ maturity. The results are 
shown relative to Ref. B in Figure 4.

Figure 3 shows that AW-based concretes were conside-
rably stronger at early ages than the reference concrete 
(Ref. B). Furthermore, the figure shows that AW-based 
concretes possessed strengths after 2 days that were 
generally similar to the strength achieved by the refe-
rence concrete after 7 days. AW-based concretes with 
5% silica fume possessed greater compressive strengths 
than pure AW concretes. Initially, concretes containing 
zinc stearate had compressive strengths similar to cor-
responding white concretes without zinc stearate. 

At 28 days’ maturity, a high level of compressive 
strength was attained by Ref. B. This level was similar to 
that achieved by AW concretes with 5% silica fume. The 
compressive strength of Mix 7, a pure AW concrete, was 
slightly lower. A large increase in compressive strength 
between days 14 and 28 was also evident for Ref. C, a 
concrete identical to Ref. A except for a higher water/
powder ratio. The compressive strength of Mix 6 incre-
ased only slightly between days 14 and 28. 

Between days 28 and 90 days, the compressive 
strength of Ref. B increased app. 2 MPa. The compres-
sive strength of all other concretes increased app. 10 
MPa during the same period. The compressive strength 
of Mix 10, containing 30% blast furnace slag, was sig-
nificantly lower than that of the other concretes after 
90 days. 
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Figure 3: The compressive strength of concretes 
with a water/powder ratio of 0.45. Values 
adjusted to an air content of 6%. 

Figure 4: Relative compressive strength 
(Ref. B = 100) of concretes with a water/
powder ratio of 0.45.
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Splitting tensile strength
Splitting tensile strength was determined in 
accordance with Danish Standard DS 423.34. 
Tests are performed by placing concrete cyl-
inders horizontally in a compression testing 
machine and then loading them along the 
longitudinal axis as shown in the illustra-
tion. At load P, tensile stress, τ, occurs in the 
vertical centre section perpendicular to the 
direction of the load (4). The splitting tensile 
strength can then be calculated from cylinder 
dimensions and the load necessary to fracture 
the cylinder.

3.2 Splitting tensile strength
Splitting tensile strength was measured for Ref. A, Mix 
1, Mix 2 and Mix 3. The measurement method is descri-
bed below, and the results are shown in Figure 5.

Initially, splitting tensile strength was considerably 
higher for AW-based concretes than for the reference 
concrete. The splitting tensile strength of AW-based 
concretes after 2 days was similar to that of the refe-
rence concrete at 7 days. 

After 14 days, all concretes had comparable splitting 
tensile strengths. 
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Figure 5: Splitting tensile strength measured at 
1, 2, 7, 14 and 28 days’ maturity. Splitting tensile 
strength was only measured for Ref. A, Mix 1, 
Mix 2 and Mix 3.
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3.3 Modulus of elasticity
As was the case for splitting tensile strength, the modu-
lus of elasticity was measured only for Ref. A, Mix 1, Mix 
2 and Mix 3. The measurement method is described 
below, and the results are shown in Figure 6.

The modulus of elasticity increased with time (in much 
the same way as splitting tensile strength) with higher 
initial values for AW-based concretes than for the refe-
rence concrete, based on low-alkali, sulphate-resistant 
cement. The modulus of elasticity of AW-based con-
cretes after 2 days was similar to that of the reference 
concrete after 7 days. 

After 14 days, the modulus of elasticity of all concretes 
was similar.
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Figure 6: Modulus of elasticity measured at 1, 2, 
7, 14 and 28 days’ maturity. Modulus of elasticity 
was only measured for Ref. A, Mix 1, Mix 2 and 
Mix 3.

Modulus of elasticity
Modulus of elasticity was determined in 
accordance with Danish Standard DS 423.25. 
Measurements are performed by mounting 
concrete cylinders in a compressometer ca-
pable of recording deformation. The cylinders 
are then deformed by loading, and curves  
relating load values to the corresponding 
relative deformation, or strain as it is also 
known (∆l/l), are generated. The modulus of 
elasticity is then determined as the tangent to 
the initial slope of the generated curve. 
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Adiabatic calorimeter measurements were performed 
on all concretes and the Freiesleben model (2) was 
fitted to the results. The parameters for the model are 
shown in Appendix H together with heat development 
diagrams. Property parameters were determined from 
a single measurement on each concrete. The measure-
ment method is described below.

Adiabatic heat development

During curing, heat of hydration causes the tempera-
ture of concrete to increase. In adiabatic calorimetry, 
this temperature increase is measured in a sample 
which is prevented from exchanging heat with its 
surroundings.

Heat exchange with the surroundings is prevented 
in an adiabatic calorimeter by insulating the sample 
within a series of chambers. With a multi-chambered 
calorimeter, heat exchange with the surroundings 
can be limited to extremely low levels by regulating 
the temperature in the chambers. Thus, approximate 
adiabatic conditions can be achieved, and these have 
proved to be in close agreement with the heat ge-
nerated in actual hardening concrete sections. The 
principle of an adiabatic calorimeter with a single 
chamber is shown in the figure below. 

Results for heat development are plotted against the 
corresponding maturity of the concrete on a single 
logarithmic scale as shown in the diagram below. The 
following function is then fitted to the values:

Where Q(M) is the heat developed (kJ/kg cement) 
at maturity M, Q∞ is the final heat generated, τe is 
a characteristic time constant (h), M is the maturity 
of the concrete (h), and α is a curvature parameter 
(-). The function is empirical and was developed by P. 
Freiesleben Hansen in the 1970’s (2) (3).
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4.1 Water/powder ratio of 0.36
The adiabatic heat development of concretes with a 
water/powder ratio of 0.36 is shown in Figure 7 and 
the corresponding property parameters are shown in 
Table 4.

At early hydration stages white concretes generated 
more heat, measured in kJ/kg powder, than the refe-
rence concrete. This can be seen from the fitted para-
meter τe, which for Ref. A was almost twice that of the 
white concretes.

Concretes mainly based on AW (Mix 1, Mix 2, Mix 3 and 
Mix 4) had significantly higher final heat levels than Ref. 
A, which was based on low-alkali, sulphate-resistant 
cement. The final heat developed by these AW-based 
concretes was approx. 50 kJ/kg powder higher than for 
Ref. A. It should be noticed that Ref. A containes less 
cement per m3 than Mix 1 - 4. 

Replacing 30% of the cement with blast furnace slag 
(Mix 5) reduced final heat by some 30 kJ/kg powder. 
The rate of heat development for Mix 5 decreased at 
early ages to a level between the white concretes and 
Ref. A. 

The addition of zinc stearate did not influence heat 
development.

Ref. A Mix 1 Mix 2 Mix 3 Mix  4 Mix 5
Q∞, (kJ/kg powder) 266.4 312.5 305 316 309.3 279.4

τe, (h) 26.5 13.9 15.6 13.5 13.4 17.3

α, (-) 1.39 1.49 1.63 1.45 1.58 1.29
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Figure 7: Adiabatic heat development of 
concretes with a water/powder ratio of 0.36.

Table 4: Property parameters describing adiabatic heat development.
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4.2 Water/powder ratio of 0.45
The adiabatic heat development of concretes with a 
water/powder ratio of 0.45 is shown in Figure 8 and 
the corresponding property parameters are shown in 
Table 5.

At early hydration stages, white concretes (Mix 6, Mix 
7, Mix 8 and Mix 9) generated more heat, measured in 
kJ/kg powder, than Ref. B and Ref. C. As found with 
a water/powder ratio of 0.36, heat development in a 
white concrete containing blast furnace slag (Mix 10) 
was reduced at early ages.

Similar final heat levels were found for Mix 6, Mix 7, Mix 
8, Mix 9, Ref. B and Ref. C. The final heat level for Mix 
10 was lower than for the other concretes. �
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Figure 8: Adiabatic heat development of 
concretes with a water/powder ratio of 0.45.

Table 5: Property parameters describing adiabatic heat development.

Ref. B Ref. C Mix 6 Mix 7 Mix 8 Mix 9 Mix 10
Q∞, (kJ/kg powder) 337.3 321.5 338.3 326.9 325.1 324.4 286.3

τe, (h) 20.4 25.2 10.9 11.3 11.3 13.3 15.1

α, (-) 0.95 0.9 1.09 1.05 1.12 1.21 0.95
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5
The freeze/thaw resistance of the concretes was inve-
stigated by measuring the degree of scaling of con-
crete samples in accordance with Swedish Standard 
SS137244 and by analysing thin sections and evaluating 
them in accordance with Danish Standard DS 481 and 
ASTM C 457-98. The experimental results are shown 
in Appendix E where the results of tests according to 
SS137244 are the average of measurements made on 
four samples, while the results of evaluations to DS 481 
and ASTM 457-98 are obtained from measurement on 
a single section. 

5.1 Evaluation according to SS137244
The method used to measure the freeze/thaw resistan-
ce of concrete according to SS137244 is shown below.

Freeze/thaw resistance Requirements
Very good VG Average scaling after 56 cycles < 0,1 kg/m2

Good G Average scaling after 56 cycles < 0,2 kg/m2 or
Average scaling (AS) after 56 days < 0,5 kg/m2      
and AS56/AS28 < 2

Acceptable A Average scaling (AS) after 56 cycles < 1,0 kg/m2 
and AS56/AS28 < 2

Unacceptable UA The above requirements are not met
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Evaluation of freeze/thaw resistance 
according to SS137244
In this method, concretes of 28 days’ maturity are 
subjected to 24-hour freeze-thaw cycles with tem-
peratures fluctuating between -20°C and +20°C. 
The concrete is cast as a 150 x 300 mm cylinder 
from which three 50 mm discs are cut. The discs are 
mounted in a rubber ring insulated with polystyrene 
(see illustration) and a 3% NaCl solution is poured 
onto the free concrete surface before subjecting the 
entire sample to freeze-thaw cycles. After a certain 
number of cycles (typically 7, 14, 28, 42 and 56), the 
amount of material scaled from the concrete surface 
is weighed before returning the sample to the freeze-
thaw environment until the next measurement date.

SS137244 stipulates that the freeze/thaw resist-
ance of concrete can be evaluated as »very good«, 
»good«, »acceptable« or »unacceptable« on the 
basis of the following criteria:
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5.1.1 Water/powder ratio of 0.36
The results of freeze/thaw resistance tests on con-
cretes with a water/powder ratio of 0.36 are shown in 
Figure 9.  All concretes with a water/powder ratio of 
0.36 could be classified as very good, and the results 
confirm, that freeze/thaw resistance is not a problem in 
concretes with a low water/powder ratio. Apparently, 
silica fume does not improve the freeze/thaw resistance 
of concrete with a low water/powder ratio.

The freeze/thaw resistance of all concretes with a 
water/powder ratio of 0.36 was therefore deemed 
comparable.
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Figure 9: The quantity of material scaled 
from concretes with a water/powder 
ratio of 0.36 in freeze/thaw resistance 
tests.

5.1.2 Water/powder ratio of 0.45
The results of freeze/thaw resistance tests on con-
cretes with a water/powder ratio of 0.45 are shown 
in Figure 10. Most concretes were frost resistant, 
and the amount of scaled material was generally 
very low. However, Mix 10, a concrete containing 
blast furnace slag, had low freeze/thaw resistance, 
suggesting that slag concretes can be susceptible 
to freeze/thaw damage when their water/powder 

ratio is high. Mix 7, a concrete based on 100% AW,
scaled more than Mix 9, a similar concrete with zinc 
stearate. This suggests that improved freeze/thaw re-
sistance can be achieved in concretes with high water/
powder ratios by the addition of hydrophobic admixtu-
res. Apparently, the addition of silica fume can improve 
the freeze/thaw resistance of concretes with a high 
water/powder ratio (compare Mix 6 and Mix 7). 
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Figure 10: The quantity of material 
scaled from concretes with a water/
powder ratio of 0.45 in freeze/thaw 
resistance tests.
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5.2 Evaluation according to DS 481 
 and ASTM 457-98
Concrete frost resistance was also investigated by asses-
sing thin sections according to DS 481 and ASTM C 457-
98 in relation to the requirements shown in Table 6. 

The results of the air void tests are shown in Appendix E. 

DS 481 ASTM C 457-98
Specific surface (mm-1) - > 24

Spacing factor (-) < 0.2 < 0.2

Paste air content (%) > 10 -

Total air content (%) - -

Table 6: Frost resistance requirements for cured 
concrete according to DS 481 and ASTM C 457-98.

5.2.1 Water/powder ratio of 0.36
The results are shown in Table 7. In relation to ASTM 
requirements, the specific surface of Ref. A, Mix 2 and 
Mix 5 was too low, while the spacing factor was too 
high for Mix 2 and Mix 5. All concretes had an accepta-
ble paste air content.

It is surprising that almost all concretes with a water/
powder ratio of 0.36 could not meet air void analysis 
requirements despite the fact that they achieved very 
good ratings for freeze/thaw resistance according to 
SS137244. The usefulness of the standard requirements 
listed in Table 6 must therefore be questioned. 

Parameter Ref. A Mix 1 Mix 2 Mix 3 Mix 4 Mix 5
Specific surface mm-1 23.7 25.7 15.4 32.1 29.0 19.3

Spacing factor mm 0.19 0.17 0.27 0.14 0.16 0.24

Paste air content % 17.0 18.3 20.5 16.9 17.5 15.7

Air content % 5.7 6.1 6.8 5.5 5.7 5.1

Table 7: Thin section analysis results for concretes with a water/powder ratio of 0.36.

5.2.2 Water/powder ratio of 0.45
The results are shown in Table 8. All concretes with 
a water/powder ratio of 0.45 met the requirements 
for specific surface and spacing factor. Furthermore, 
all concretes had an acceptable paste air content. Mix

10 thus met the requirements of the air void analysis 
despite being unable to meet the scaling requirements 
of SS137244.

Parameter Ref. B Ref. C Mix 6 Mix 7 Mix 8 Mix 9 Mix 10
Specific surface mm-1 30.3 29.4 33.3 33.8 34.0 39.8 32.4

Spacing factor mm 0.13 0.13 0.13 0.13 0.15 0.11 0.14

Paste air content % 21.4 23.0 17.6 17.9 13.7 19.8 17.9

Air content % 7.0 7.8 5.6 5.7 4.2 5.8 5.7

Table 8: Thin section analysis results for concretes with a water/powder ratio of 0.45.



The chloride resistance of the concretes was tested ac-
cording to NT BUILD 492 and NT BUILD 443. 

6.1 NT BUILD 492
NT BUILD 492 (known as the CTH-method) describes a 
method for determining the chloride diffusion coefficient 
of concrete at a given maturity. Diffusion coefficients was 
measured by the CTH method on all concretes at 28 days’ 
maturity and for some concretes at 56 and 180 days’ 
maturity. The results are shown in Appendix F where the 
values presented are the average of results achieved for 
three discs cut from a single concrete cylinder.

The limits used, in this investigation, for evaluating the 
degree of chloride penetration resistance of concrete 
on the basis of results obtained from tests using the 
CTH method are shown in Table 9.

Diffusion coefficient Resistance to chloride penetration
< 2 x 10-12 m2/s Very good

2 - 8 x 10-12 m2/s Good

8 - 16 x 10-12 m2/s Acceptable

> 16 x 10-12 m2/s Unacceptable

Table 9: Limits used for evaluating the degree of chloride penetration resistance 
of concrete on the basis of results obtained from tests using the CTH method.

Measurement of chloride diffusion 
coefficient according to NT BUILD 492 
(CTH method)

A 100 x 200 mm concrete cylinder is used in the CTH 
method. It is divided into three sections, thus provid-
ing three results which are then averaged. Individual 
concrete discs are lined with rubber and placed in an 
experimental set-up (see illustration below) in which 
one end of the disc is in contact with an anolyte (0.3 
M Na/K(OH) solution) and the other is in contact with 
a catholyte (10% NaCl in 0.1 mol Na/K(OH) solution). 
A potential is then established between an anode im-

mersed in the anolyte and a cathode immersed in the 
catholyte. The potential is typically 30 V, and it is ap-
plied for approximately 24 hours. After exposure, the 
concrete disc is split longitudinally and the depth to 
which chloride has penetrated into the sample is de-
termined by the application of silver nitrate solution 
which colours areas containing chloride ions red. The 
chloride diffusion coefficient can then be calculated 
from the penetration depth, the exposure time and 
the applied potential as described in NT BUILD 492.
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6.1.1 Water/powder ratio of 0.36
The results of tests to determine chloride diffusion coef-
ficients of concretes with a water/powder ratio of 0.36 
are shown in Figure 11. 

Figure 11 shows that the diffusion coefficients of AW-
based concretes with 5% silica fume (Mix 1 and Mix 
3) were comparable with that of the reference con-
crete (Ref. A). Diffusion coefficients of Mix 2 and Mix 4, 
which were based solely on AW, were high in compari-
son with the diffusion coefficients of concretes contai-
ning silica fume. Diffusion coefficients of concretes with 
zinc stearate (Mix 3 and Mix 4) were comparable with 
those of corresponding AW-based concretes without 
zinc stearate (Mix 1 and Mix 2). 

Replacing 30% of the white cement with blast furnace 
slag (Mix 5) reduced the diffusion coefficient of the 
concrete in relation to 100% AW (Mix 2). The ability 
of the slag to bind chloride ions lies in its relatively high 
aluminium content. A more pronounced effect of blast 
furnace slag is expected in concrete of greater maturity 

given its relatively slow reaction in comparison with 
Portland cement. 

In relation to the limits described in Table 9, Ref. A, Mix 
1, Mix 3 and Mix 5 had good resistance to chloride pe-
netration at 28 days’ maturity. At the same age, the ch-
loride penetration resistance of Mix 2 and Mix 4 can be 
described as acceptable. As expected, Figure 11 shows 
that diffusion coefficients are lower (i.e. resistance to 
penetration is higher) in more mature concretes. This 
is because the concrete densifies in the binder phase 
as hydration progresses. At 56 days’ maturity, diffusion 
coefficients of Ref. A and Mix 1 were halved in relation 
to that at 28 days’ maturity, and were thus close to 
being classified as having very good chloride penetra-
tion resistance. The resistance of Mix 2 was improved to 
good at 56 days’ maturity, and the same tendency was 
found for Mix 3 at 180 days’ maturity. 
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Figure 11: Chloride diffusion coef-
ficients of concretes with a water/
powder ratio of 0.36 measured 
using the CTH method.



6.1.2 Water/powder ratio of 0.45
The results of tests to determine chloride diffusion coef-
ficients of concretes with a water/powder ratio of 0.45 
are shown in Figure 12. 

The diffusion coefficients of AW-based concretes with 
5% silica fume (Mix 6 and Mix 8) were lower than that 
of Ref. B, supporting the theory that acceptable resi-
stance to chloride penetration can be achieved by the 
addition of silica fume to AW-based concretes. In con-
cretes without silica fume (Mix 7 and Mix 9) diffusion 
coefficients were higher than that of Ref. B. 

The addition of zinc stearate (Mix 8 and Mix 9) appa-
rently resulted in slightly higher diffusion coefficients 
than in the corresponding concretes without zinc stea-
rate (Mix 6 and Mix 7). It should be noted that the ef-
fect of zinc stearate was the opposite in concretes with 
a water/powder ratio of 0.36. 

The diffusion coefficient of Ref. B was comparable to 
that of Ref. C, which is identical to Ref. A, except for a 
higher water/powder ratio. 

Substituting 30% of the cement with blast furnace slag 
(Mix 10) slightly reduced the diffusion coefficient in 
relation to pure AW (Mix 7). 

In relation to the limits described in Table 9, white con-
cretes with silica fume showed good resistance to ch-
loride penetration at 28 days’ maturity. The resistance 
to chloride penetration for all other concretes, with the 
exception of Mix 9, could be characterised as accepta-
ble. As found for concretes with a water/powder ratio 
of 0.36, resistance was improved at increased maturity. 
For Mix 6 and Mix 10, diffusion coefficients were sig-
nificantly reduced at increased maturity, while the dif-
fusion coefficient of Mix 7 was only marginally lower at 
day 56 than at day 28.
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Figure 12: Chloride diffusion 
coefficients of concretes with a 
water/powder ratio of 0.45 mea-
sured using the CTH method.
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6.2 NT BUILD 443
NT BUILD 443 describes a method for determining chlo-
ride profiles in concretes with a given maturity. Chloride 
diffusion coefficients and surface chloride concentrati-
ons can be determined from these profiles. Concretes 
to be tested are cast in 200 x 200 x 200 mm blocks 
and allowed to cure for 28 days at 20°C. The blocks are 
then cut in two and immersed in a 16.5% NaCl solution 
for 35 and 180 days. Fitted diffusion coefficients and 
surface chloride concentrations according to NT BUILD 
443 for the concretes tested are shown in Appendix G 
where diffusion coefficient values are the average of 
two measurements on a single concrete sample.

The chloride profiles are shown in Appendix I; there 
was only a slight variation in the CaO concentration 
through the sections. Conclusions can therefore be 
based exclusively on diffusion coefficients and surface 
concentrations. 

Determination of chloride profiles 
according to NT BUILD 443

In order to determine the chloride profile of a con-
crete at a specific maturity, a 200 x 200 x 200 mm 
block is cast. At 28 days’ maturity, the block is halved 
and placed in a 16.5% NaCl solution. After a certain 
exposure time, the block is removed from the salt 
solution and a 75 mm diameter hole is ground into it 
to a depth of about 14 mm from the cut surface. The 
hole is ground in steps of 1-2 mm, see the illustration 
below. For each layer, ground material is vacuumed 

from the hole and stored in a plastic bag. The mate-
rial is subsequently analysed for Cl and CaO contents. 
It is thus possible to construct a chloride profile for 
the concrete over the depth to which the hole was 
ground. The CaO concentration at specific depths 
shows the variation in paste concentration. The chlo-
ride diffusion coefficient can then be calculated from 
the measured chloride profiles (see NT BUILD 443).
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6.2.1 Water/powder ratio of 0.36
Chloride diffusion coefficients determined from measu-
red chloride profiles for concretes with a water/powder 
ratio of 0.36 are shown in Figure 13. The diffusion 
coefficients show the same tendencies as found with 
the CTH method. However, diffusion coefficients were 
generally slightly lower.

The diffusion coefficients for concretes containing 
silica fume (Mix 1 and Mix 3) were comparable with 
that of Ref. A. The diffusion coefficients of white 
concretes containing no silica fume (Mix 2 and Mix 4)
were considerably higher than that of Ref. A, and thus 
also than those of white concretes containing silica 

fume. These concretes had flat Cl profiles, low surface 
concentrations and deep penetration, see Appendix I. 

The addition of zinc stearate (Mix 3 and Mix 4) had little 
effect in comparison with corresponding concretes wit-
hout zinc stearate (Mix 1 and Mix 2).

The diffusion coefficient of the concrete in which 30% 
of the AW cement was replaced by blast furnace slag 
(Mix 5) was lower than that of the pure AW concrete 
(Mix 2) but higher than that of Ref. A. As previously 
mentioned, blast furnace slag increases the binding of 
chloride ions in the binder phase.
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Figure 13: Chloride diffusion 
coefficients of concretes with a 
water/powder ratio of 0.36 as 
determined from chloride profiles 
measured using the NT Build 443.
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6.2.2 Water/powder ratio of 0.45
Chloride diffusion coefficients determined from measu-
red chloride profiles for concretes with a water/powder 
ratio of 0.45 are shown in Figure 14. 

The diffusion coefficients of white concretes containing 
silica fume (Mix 6 and Mix 8) were comparable to that 
of Ref. B. As with a water/powder ratio of 0.36, the 
diffusion coefficients of concretes containing no silica 
fume (Mix 7 and Mix 9) were relatively high in compa-
rison with the corresponding concretes containing silica 
fume (Mix 6 and Mix 8).

The diffusion coefficient of Ref. C was slightly lower 
than that of Ref. B. This indicates that the fly ash inclu-
ded in Ref. C only has limited effect on the binding of 
chloride ions in comparison with the densifying effect 
of silica fume.

The diffusion coefficient of Mix 10 was comparable to 
those of Ref. B and Mix 6. 
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Figure 14: Chloride diffusion 
coefficients of concretes with a 
water/powder ratio of 0.45 as 
determined from chloride profiles 
measured using NT Build 443.



6.3 General discussion 
 of chloride diffusion 
 coefficient measurements

In conclusion, white concretes with 5% silica fume 
achieve chloride diffusion coefficients that are com-
parable to the reference concretes. Silica fume helps 
densify the concrete and thus contributes to a lower 
diffusion coefficient. Similar effects of silica fume on 
the chloride diffusion coefficient of concrete paste have 
previously been reported (1).

Chloride testing

22



1.  The ultimate strength of white concretes was similar 
to that of the reference concretes at both investi-
gated water/powder ratios.

2.  The initial strength of white concretes was higher 
than that of the reference concretes.

3.  The initial heat development in white concretes wit-
hout blast furnace slag was higher than that of the 
reference concretes. 

4.  Replacing 30% of Aalborg White cement with blast 
furnace slag reduced heat development in relation 
to concretes based mainly on pure Aalborg White 
cement.

5.  Chloride diffusion coefficients similar to those of 
reference concretes were achieved by the addition 
of 5% silica fume. 

6.  The addition of zinc stearate did not affect the mea-
sured properties significantly.

7.  All concretes were frost resistant, with the exception 
of Mix 10, containing 30% blast furnace slag and 
having a water/powder ratio of 0.45.

The overall conclusion of the examination is:

Concrete based on AALBORG WHITE® cement and 
silica fume has at least as good properties in respect 
to strength and durability as concrete normally used in 
constructions placed in an aggressive environment.

Conclusions
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