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Preface

This study has been carried out within COIN - Concrete Innovation Centre - one of presently
14 Centres for Research based Innovation (CRI), which is an initiative by the Research
Council of Norway. The main objective for the CRIs is to enhance the capability of the
business sector to innovate by focusing on long-term research based on forging close
alliances between research-intensive enterprises and prominent research groups.

The vision of COIN is creation of more attractive concrete buildings and constructions.
Attractiveness implies aesthetics, functionality, sustainability, energy efficiency, indoor
climate, industrialized construction, improved work environment, and cost efficiency during
the whole service life. The primary goal is to fulfil this vision by bringing the development a
major leap forward by more fundamental understanding of the mechanisms in order to
develop advanced materials, efficient construction techniques and new design concepts
combined with more environmentally friendly material production.

The corporate partners are leading multinational companies in the cement and building
industry and the aim of COIN is to increase their value creation and strengthen their research
activities in Norway. Our over-all ambition is to establish COIN as the display window for
concrete innovation in Europe.

About 25 researchers from SINTEF (host), the Norwegian University of Science and
Technology - NTNU (research partner) and industry partners, 15 - 20 PhD-students, 5 - 10
MSc-students every year and a number of international guest researchers, work on presently
5 projects:

. Advanced cementing materials and admixtures

. Improved construction technigques

. Innovative construction concepts

. Operational service life design

. Energy efficiency and comfort of concrete structures

COIN has presently a budget of NOK 200 mill over 8 years (from 2007), and is financed by
the Research Council of Norway (approx. 40 %), industrial partners (approx 45 %) and by
SINTEF Building and Infrastructure and NTNU (in all approx 15 %).

For more information, see www.coinweb.no

Tor Arne Hammer
Centre Manager
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Summary

Introduction and scope

The Shore Approach structure is a landfall for gas pipelines on the exposed western coast of
Norway. The pipelines are placed inside a submerged concrete tunnel which acts as an
underwater protecting bridge over the rocky sea bed. The tunnel elements were produced and
installed during summer and fall 1982.

Due to a very tight construction schedule, no time was left for mix design tests, and a
concrete quality with ample margin for strength requirements was chosen. The structure is
exposed to very severe environment, both from a statically and durability point of view.

Durability performance for the structure was much higher than normal at that time, and very
close to the specifications in Norwegian Standards today for the same exposure conditions
(exposure class XS3). The structure has therefore been continuously inspected up to 26 years
in service.

The scope of the inspection is partly to document the condition of the structure and
especially to evaluate the requirements for concrete mix design and concrete cover in current
concrete standards in Norway for structures in exposure class XS3.

Structure

The structure is 590 m long, divided in five elements ranging from 90 to 150 m, starting at a
water depth of 30 m and ending up at water level. The cross sectional area varies from 30 to
45 m?. The elements were prefabricated in dry docks in Kristiansand and Stavanger and
towed to the installation site, water-ballasted, pulled down to the under water cast
foundations and then flooded. Element number 1 is in the splash zone at water level where
the inspections have been carried out.

Concrete mix design

Element 1 was produced in Kristiansand with a design concrete strength of C60
(characteristic cube strength, corresponding to approximately B50 today). The concrete
strength obtained was significantly higher than the necessary value used in the design. This
was done in order to be on the safe side since there was no time for mix design tests. A CEM
I cement from Norcem, called P30, was used. Silica fume was added corresponding to 8 %
of the cement weight for higher strength potential only, a more durable concrete was a
bonus. The mass ratio was around 0.36.

Test program and methods

Inspection and testing have been carried out in 1989, 1991, 1994 and 2008 by coring samples
from element 1 in the splash zone. In addition, results from a laboratory research project
where the mix design was very close to the mix design in element 1, has been included. The
test program has not been the same for each term. However, the most important properties
are tested at different times, using more or less the same methods.

e Chloride profiles on exposed surfaces have been tested at all terms. However, only
results from 1994, 2008 and the laboratory research program are included in the
report. For the other terms, the results are not included due to limited accuracy.
Chloride profiles are used for calculating the apparent chloride diffusion coefficient
(D), the chloride concentration on the exposed concrete surface (C) and the
chloride background content (C;). These parameters are needed for estimating
remaining service life of the structure.

e Chloride profiles on virgin surfaces from the inner part of the drilled concrete
samples, using a “bulk diffusion test”, were tested on samples from 1994, 2008 and
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from the laboratory research program. The chloride profiles after a bulk diffusion
test are used for calculating the potential chloride diffusion coefficient (D,), which
partly is used for calculating the aging factor.

e The aging factor is a number between 0 and 1, telling how the apparent diffusion
coefficient reduces with time. If the factor is equal to 0, there is no reduction of the
coefficient over time. If the factor is equal to 1, the concrete will be completely tight
over time and no further chloride ingress occurs. This effect is a result of continuous
curing and tightening due to sea water ingress. The effect seems to depend on
concrete quality, type of cement and type and quantity of additions, etc. It is
calculated from the apparent diffusion coefficients at different terms. It is an
important factor when estimating remaining service life of the structure.

o Electrical resistivity was tested in 2008 only. It is measured between parallel
surfaces after 7 days in water. Since this property was tested at one term only,
possible changes over time are not available. Resistivity is important for the
corrosion rate when / if the corrosion is initiated.

e Micro structural analysis is a collective term for different analysis carried out partly
in 1989 and 2008. It includes thin section analysis, back-scattering, X-ray diffraction
and scanning electron microscopy.

e Capillary absorption was tested in 1989 and 2008 on 20 mm thick disks from cores.
Both cast unmolded surfaces and sawn cut surfaces were tested. Based on the
measured weights, the capillary number and the resistance number were calculated.
Both these parameters characterize the concrete quality.

e Compressive strength was tested in 1989 and 2008 by standardized methods.
Density was tested in 2008 only. The results will reveal if strength development is
going on over long time.

Test results
The most important test results are summarized in the following:

e Chloride diffusion coefficients were calculated based on Fick’s second law of
diffusion. From 12 to 26 years of exposure, the coefficients were reduced from 0.420
to 0.375 - 10™ m?/s, respectively. When including the results from the laboratory
research program, the coefficient was 7.750 - 10™* m?/s after 35 days of exposure.
This diffusion coefficient is the co-called “apparent” or in situ coefficient, meaning
that it is a kind of an average value for the whole exposure period. The instantaneous
coefficient at the time of inspection will be significantly lower. A diffusion
coefficient lower than the values found after 12 and 26 years of exposure will result
in very low chloride ingress for the future.

e The calculated surface chloride concentration increased from 0.50 to 0.55 % by
weight of concrete from 12 to 26 years of exposure, respectively.

e The bulk diffusion coefficient was reduced from to 7.75 - 10™* m?/s at an age of 28
days (based on laboratory research program) to 2.82 - 10"*? m?/s at an age of 12
years. From 12 to 26 years, there is no significant difference. This indicate that the
effect of continuous curing have ceased sometimes before the age of 12 years.

e The aging factor was calculated based on different diffusion coefficients and at
different ages. Based on results from the laboratory research program, the aging
factor was found to be 0.47 between 7 and 665 days. Based on a combination of
results from the laboratory research program and the Shore Approach inspections, it
was found to be between 0.54 and 0.61 for exposure times from 35 days up to 26
years. Based on the Shore Approach results from 12 to 26 years of exposure, it was
found to be 0.13. This indicate that the aging factor is reduced when the age of the
concrete increases.

e Electrical resistivity was found to be around 200 Qm after 26 years of exposure.
This is a relatively low value and lower than expected for this concrete mix design.
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e The micro structural analysis after 7 years showed that a thin surface layer of 1 — 2
mm had become very tight. It was found that brucite had filled the pore system and
reduced the permeability significantly. This was also confirmed by the results from
the capillary absorption tests. However, after 26 years, this layer was found in one of
three samples only. The results of the capillary absorptions at 26 years, however,
still indicated that the surface layer was tighter that the inner part of the concrete.

e Capillary absorption was tested both after 7 and 26 years. At both terms, the results
indicate that the cast unmolded surfaces were much tighter than the sawn surfaces.
However, the effect was more pronounced at 7 years than at 26 years.

e The mean cube compressive strength from the production period was compared with
the results from drilled cores from the structure after 7 and 26 years. The results
indicate that there has been a continuous increase in strength all the time up to the
age of 26 years.

Analysis and discussion

The analysis and discussion concentrates on i) service life of structures in exposure class
XS3 with concrete specification used in the Shore Approach structure and with concrete
cover according to NS 3473 and NS-EN 1992-1-1, ii) strength development in the structure,
iii) electrical resistivity and iv) micro structure.

e The model for estimating service life is based on the philosophy in NS-EN 1990
according to FORM (First Order Reliability Method) where a reliability index is
calculated. A modified version of Fick’s second law of diffusion is employed. Input
parameters in the model are discussed and the values are chosen in order to reach a
limit state in the order of 10 % risk of depassivation of the steel. Some of the input
parameters are supposed to be more or less interrelated. Based on the input
parameters and the judgements, the estimated service lives are found to be 68 and
102 years, respectively for design service lives of 50 and 100 years.

o Compressive cube strengths at different ages were compared, taking into account a
compensation for possible lower compaction and less optimal curing in the structure,
compared to the cast cubes. Mean cube strengths after 28 days, 7 and 26 years are
calculated to be 77.5, 85.8 and 89.1 MPa respectively.

e Electrical resistivity was measured after 26 years only, and the results give no
information on possible development over many years. However, the test results
showed lower values than expected, in the range of 200 Qm. The electrical
resistivity has to be higher than 800 — 1000 Qm to obtain a neglect able corrosion
rate.

e The micro structural analysis showed generally that the concrete was in a very good
condition. However, the thin and tight surface layer of brucite, observed in 1989,
was not observed to the same degree in 2008. Results from the capillary absorption,
however, showed that the surface layer was much tighter than the inner part of the
concrete, even after 26 years of exposure. This indicates that brucite may have
replaced calcium in the C-S-H gel and formed M-S-H gel.

Conclusions
The conclusions from this investigation are shortly summarized in the following:

e The structure was generally in a very good condition after 26 years of exposure to
marine environment. There was no visible indication of any deterioration of the
concrete nor any reinforcement corrosion.

e The compressive strength of the concrete in the structure has increased all the time
up to 26 years of exposure.

e The electrical resistivity was lower than expected for the current concrete quality,
indicating that is will not be limiting the corrosion rate.
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e Capillary absorption and micro structural analysis indicate that the surface layer of
the concrete is tighter than the inner part of the concrete. This is documented for
concrete in the splash zone. In the submerged part, it is supposed that the surface
skin is even tighter than in the splash zone.

e The chloride ingress was analysed and the philosophy in NS-EN 1990 for
probabilistic estimation of service life, was employed. A risk of 10 % for
depassivation of the reinforcement was used as the limit state. The results showed
that planned service lives of 50 and 100 years were exceeded when using
concrete mix design and concrete cover as required in Norwegian Standard
for exposure class XS3 today. The margin was highest for 50 years planned
service life.
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1 Introduction and Scope

A part of the Statpipe Development Project is a landfall for two gas pipelines on the exposed
western coast of Norway. The pipelines are placed inside a submerged concrete tunnel which
acts as an underwater protecting bridge over the rocky sea bed. The 590 m long tunnel was
produced in five separate elements in two different dry docks. The tunnel starts at a water
depth of 30 m and ends up at water level. The tunnel elements were produced and installed
during summer and fall of 1982.

Due to a very tight construction schedule, no time was left for mix design tests, and a
concrete quality with ample margin for strength requirement was chosen. The structure is
exposed to a very severe environment, both from a statically and durability point of view.
The structure has therefore been continuously inspected with more detailed inspections after
7 years (1989), 12 years (1994) and 26 years (2008) in service, especially with respect to
concrete technology, durability and remaining service life point of view.

The test results are used for evaluating the overall condition for the structure as well as
estimating the remaining service life.

Durability performance for the structure was much higher than normal at that time, and very
close to the specifications in Norwegian Standards today for the same exposure conditions.
The results up to 26 years in service are of great interest for evaluating the requirements
given in Norwegian Standards today.

The scope of the inspection is partly to document the condition of the structure and

especially to evaluate the requirements for concrete mix design and concrete cover in current
concrete standards in Norway.

2 Structure

A part of the Statpipe Development Project is a landfall for the gas pipelines coming from
the Statfjord Field. The two pipelines are part of the 650 km long Statpipe gas line system in
the North Sea.

In order to protect the pipelines at the shore approach on the rocky west coast of Karmgy, a
submerged concrete tunnel was planned and built. It had a total length of 590 m, starting at a
water depth of 30 m and ending up at water level. The tunnel consists of five elements
ranging from 90 to 150 m length. The cross sectional area varies from 30 to 45 m?, and the
largest element has a displacement of 7000 tons. The tunnel elements rest on six heavy
foundations, the lower part of which were cast under water, see Figure 1.

Due to a very tight construction schedule, the tunnel elements were produced in dry docks in
Stavanger and Kristiansand, while the foundation work progressed. The prefabricated tunnel
elements were towed to the installation site, water-ballasted, pulled down to the foundations,
and then flooded. After this, the pull-in of the pipelines could be performed.

During the design process, it was found that high strength concrete was favourable. The mix
design was based on experience from the constructions of oil platforms in the North Sea;
however, even higher strength than common at that time was required. Super plasticizers and
silica fume were available. The design concrete strength was C60 (characteristic cube

10
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strength, corresponding to approximately B50 today), which was the highest strength grade
covered by the Norwegian design Standard NS 3473 at that time.

Figure 1 Submerged concrete bridge (tunnel) at Karmgy

In general, the structure was heavily reinforced; on average there were 250 kg of
reinforcement and 80 kg of pre-stressing cables in each cubic meter of concrete. The
concrete mixes were tailored to these conditions and the concrete work was executed
perfectly.

The elements were all installed with an accuracy of a few centimetres. The whole project,
including design and construction was completed during nine months in 1982. The pull in of
the gas pipes was performed, as scheduled, in the spring of 1983. A more detailed
presentation of the structure is given in Annexes 1, 2 and 3.

3 Concrete mix design

Table 1 shows the most important information about the concrete mixtures. The strength
results from the total production period are also shown in Table 1. The concrete strength
obtained was significantly higher than the necessary values used in the design. The

proportions were, however, not changed during the construction period for two reasons:

e Arreserve in the concrete strength was appreciated in order to be in the position of
making small adjustments of the mix without causing concern for the strength.

o Due to the very short design and construction period, major changes in the mix
design might lead to delay.

The two cement types shown in Table 1 meet both the requirements for CEM | according to
EN 197-1. P30-4A was developed for the oil platforms. It has a higher strength potential than
P30 and lower C;A (approximately 5.5 %) content than in P30 (approximately 7 %). Silica
fume was used for higher strength potential only, a more durable concrete was a bonus.

Mix design, especially for the elements produced in Kristiansand, was very close to the
requirements in Norwegian Standards today for concrete exposed to marine environment. It
is therefore of great interest to study durability properties of this existing structure in the
actual exposure in order to evaluate the durability requirements in the current Norwegian

11
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standards. Tunnel element no 1 has been inspected continuously and more detailed quality
inspection have been performed in 1989 (7 years of exposure), 1994 (12 years of exposure)
and 2008 (26 years of exposure).

Table 1 Concrete for submerged tunnel elements at Shore Approach, Karmgy.
Production site
Property Kristiansand Stavanger
Cement type P30 400kgm* |
P304A | 420 kg/m®
Silica Fume 32.5 kg/m® 30 kg/m®
w/(c+si)-ratio 0.36 0.34
Slump 200-260 mm 200-260 mm
Element no 1 2 3 4 5
28 days cube strength, MPa
Mean value 775 79.7 82.9 85.4 84.7
Lowest value 69.9 68.7 76.0 73.9 73.6
Standard deviation 59 6.4 3.8 5.2 6.1
Characteristic value 68.9 70.4 76.8 77.7 75.1
Required characteristic value 60 60 65 65 65
Elastic modulus (mean), GPa 40 325

Cores from splash zone of element 1 are tested and reported in this report

4 Test program and methods

4.1 General

All test results from the structure in this report come from cores drilled in the splash zone of
the top slab of element no 1, which was produced in Kristiansand. The coring area has been
+ 8 m from the manhole closest to the shore.

Table 2 Test program at different exposure terms

Year of inspection
Property 1989 1991 1994 2008
Cl-profile X X X X
Cl-resistance X X
Electrical resistivity X
Thin section analysis X X
Microstructure analysis X X
Capillary absorption X X
Compressive strength X X
Density X
Annex no 4.5 6 7,8 9,10, 11

12
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The test program has not been the same for each term. However, the most important
properties are tested at different times, using more or less the same test methods.

In addition to results from the structure itself, some results from a research program are
included (1). The research program was on lightweight aggregate concrete, but for
comparison, a mix N, based on the Shore Approach mix, was included. The only difference
between the Shore Approach mix and the N-mix was the type of cement. Both cements were
CEM I, but slightly different. The cement certificates are included in Annex 12. It is
supposed that the different cements have no influence on the test results.

4.2 Chloride profile on exposed surface

The chloride profile on exposed surfaces has been tested at all terms. However, the number
of points on each profile and the test method has varied. The results at the different terms can
therefore not be compared directly.

1989: The results are based on one single cylinder drilled through the slab. The diameter was
69 mm. Chloride content was measured at six different depths from both ends, outer and
inner surfaces, by the Quantab method. However, the depth intervals were too few where
chloride had penetrated to calculate reliable diffusion coefficients, Annex 4.

1991: The results are based on six cylinders. The diameter was not reported, but most
probable in the range of 90 mm. Each profile consists of 3 — 4 measured points. The test
method is not found, but most probable the Quantab method was used. The number of
measuring points was too few to calculate reliable diffusion coefficients, Annex 6.

1994: The results are based on six cylinders with diameter 80 mm. Dust was ground in
intervals of 3 mm and the chloride content was measured according to a spectrophotometric
method given in SINTEFs procedure KS 70 108. Each chloride profile was based on 14
measuring points and diffusion coefficients could be calculated in a reliable way, Annex 7.

2008: The results are based on four cylinders, three with diameter 74 and one with 95 mm.
Dust was ground in intervals of 5 mm in the outer part and intervals of 10 — 14 mm further
in. The chloride content was measured according to a spectrophotometric method given in
SINTEFs procedure KS 14-05-04 128. Each chloride profile was based on 9 - 14 measuring
points and diffusion coefficients could be calculated in a reliable way, Annex 9.

4.3 Chloride resistance on virgin surface

The inner virgin surface of drilled cylinders was tested at the two latest terms (1994 and
2008) by a bulk diffusion method. In 1994, the APM 302 method and in 2008 the Nordtest
NT Build 443, respectively were used, Annex 8 (1994) and Annex 10 (2008). APM 302 was
the base for NT Build 443, and results from the two methods can be compared directly. The
virgin surface was exposed to an aqueous NaCl solution of 165 g NaCl per liter solution for
35 days. After the exposure, dust was ground at intervals of 1 mm and chloride content was
measured according to a spectrophotometric method. Each chloride profile was based on 14
measuring points and diffusion coefficients could be calculated in a reliable way.

As a part of a research project on concrete with lightweight aggregates, a comparison mix
based on the Shore Approach mix was produced (1). The cement used in this research
project was slightly different from the cement used in the Shore Approach concrete. The
cement- and silica fume content were 400 and 32 kg/m? respectively. After 28 days curing in
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fresh water at 20 °C, the concrete was exposed to natural sea water for 7, 9, 35, 305 and 665
days and chloride ingress was measured. The method is equal to NT Build 443, except for
the chloride content in the water, additional ions in the sea water and the time of exposure.
The chloride content in the water has an important effect on the surface chloride
concentration, but not on the calculated diffusion coefficient. The results from this project
can therefore be regarded as initial chloride diffusion coefficient after 28 days curing.

4.4 Electrical resistivity

Electrical resistivity was tested in 2008 only. Disks with different heights from inner part of
cylinders were cut. After 7 days in water, the electrical resistivity was measured between
parallel surfaces by multimeter at 1 kHz and 20°C according to SINTEFs procedure KS 14-
05-04 128. The electrical resistivity p was calculated according to formula (1).

_R-A

3 M)

yo,

where
p = electrical resistivity (Qm)
R = measured electrical resistance (Q)
A = area of measurement (m?)
L = distance between parallel measured surfaces (m)

4.5 Micro structural analysis

This is a collective term for different analysis carried out partly in 1989, Annex 4, 5 and
2008, Annex 11. It includes thin section analysis, back-scattering, X-ray diffraction and
scanning electron microscopy (SEM). The objective of these analyses was to study any
changes in the concrete surface exposed to sea water, especially ion exchange between
cement paste and sea water.

4.6 Capillary absorption

Capillary absorption was tested in 1989, Annex 4, and 2008, Annex 9, according to
SINTEF’s procedure KS 14-05-04 110 on 20 mm thick disks from cores. The diameter of the
samples from 1989 and 2008, were 69 mm and 74 mm respectively. Both cast unmolded
surfaces and sawn cut surfaces of the concrete were tested. The main parts of the procedure
are that each sample was weighed after:

¢ Drying to constant weight at 105 °C (weight g;)

e Water absorption at 10 and 30 minutes, 1, 2, 3 and 4 hours, 1, 2, 3 and 4 days with
the disk surfaces 1 — 2 mm into the water (weights at each term)

e Submerged in water for 3 days after absorption (weighed in air g, and in water gs)

e At least 1 day submerged in water at 50 atmospheres pressure (weight g,) after
absorption and submerged in water

Based on the measured weights, the following parameters were calculated:

e Capillary number, k (kg/mzx/g), according to formula (2), see Figure 2 for
explanation.
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)

e Resistance number, m (s/m?), according to formula (3), see Figure 2 for explanation.

t
m= 2 ©)
where

h = height of sample (m), normally approximately 20 mm

Q (kg/m?) 4
Qcap
tcap \/t («/g)
Figure 2 Base for calculation of capillary number and resistance number

e Absorption porosity, ps, (%), according to formula (4):
ps :100 (92 _\g/l)/pw (4)

where
g =  weight in air after drying to constant weight at 105 °C (kg)
0= weightin air, surface dry after 4 days surface absorption and 3 days
totally submerged in water (kg)
pw=  density of water (1000 kg/m°)
= volume of the sample (m?)

o Total porosity, p; (%), according to formula (5):
p, =100- M (5)
\Y
where

0=  weightin air, surface dry after at least 1 day submerged in water at
50 atm pressure (kg)
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4.7 Compressive strength and density

Compressive strength was tested according to NS 3668 in 1989. In 2008, compressive
strength and density were tested according to NS-EN 12390. Tests were carried out on
samples with lengths equal to the diameter from the inner parts of cylinders. The diameter
varied from 69 to 74 mm. The results from the two methods and the different diameters can
be compared directly. The measured compressive strengths can be regarded as “cube”
strengths since the cylinder lengths were equal to the diameters.

5 Test results

5.1 Chloride diffusion coefficients and surface concentration on exposed
surfaces

All data are given in Annex 7 and 9 and in (1) for the N-mix. Chloride profiles after 26 years
of exposure (Annex 9) are shown in Figure 3. The mean curve is calculated based on the
mean diffusion coefficient for the four samples.

Based on the measured chloride profiles, all results are recalculated with the use of the same
Excel spreadsheet based on Fick’s second law of diffusion, equation 6.

C(x,t)=Cy —(C; —C,)-erf (

X
J4D, ) ©

where :
C (x,t) = chloride content at depth x at time t
C,= chloride content on the exposed surface
Ci= chloride background content
D,= apparent diffusion coefficient
X = depth
= exposure time
erf= error function

The results after 26 years of exposure are given in Table 3. The mean diffusion coefficient
D,, is 0.375 - 10"*? m%/s with a standard deviation of 0.111 - 10" m?/s. The mean surface
chloride concentration is 0.55 % of concrete mass with a standard deviation of 0.106 %.

Table 3 also include test results after 12 years of exposure, but none of the curves are
included in this report, reference is made to Annex 7. Results from the laboratory research
program (1) are included in Table 3 as well.

The diffusion coefficient D, is the so called “apparent” or in situ coefficient, meaning that it

is a kind of an average value for the whole exposure period. The instantaneous coefficient at
the time of inspection will be lower, how much lower is not known, but it will depend on the
aging factor o, see equation 7.
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Chloride profiles
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Figure 3 Chloride profiles after 26 years exposure, Annex 9.
Table 3 Diffusion coefficient D, and calculated surface chloride concentration C,
Annex 7, 9 and (1).
Year Exposure D, Cs Comments
time 102 m?/s % of concrete
28 days | 7 days 20.81 -- 0.31 -- From laboratory
curing in | 9 days 9.83 -- 0.36 -- cast concrete
fresh 35days | 7.23 Mean 0.41 Mean with mix design
water (Equal to | 8.24 7.75 0.53 0.48 equal to Shore
before | D), 7.77 St.dev. | 0.50 St. dev. | Approach
exposure | Table 4. 0.51 0.06 concrete. Mix N
305 days | 2.75 - 0.46 -- in (1).
665 days | 1.84 -- 0.48 --
0.34 0.48 Annex 7
0.45 Mean 0.64 Mean
1994 12 years | 0.32 0.420 0.72 0.497
0.50 0.34
0.50 St. dev 0.30 St. dev
0.41 0.078 0.50 0.164
0.51 Mean 0.57 Mean Annex 9
2008 26 years | 0.41 0.375 0.69 0.55
0.33 St. dev 0.45 St. dev
0.25 0.111 0.49 0.106
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5.2 Chloride diffusion coefficients on virgin surfaces and on laboratory cast
samples

The potential chloride diffusion coefficient D, is calculated based on chloride profiles after
bulk diffusion test at different ages of the concrete. It is called the potential chloride
diffusion coefficient. Results are shown in Table 4 for 12 and 26 years old samples drilled
from the structure. Table 4 also includes results from laboratory produced and tested
concrete with the same mix design as the concrete in element 1 at Shore Approach (1). In
principle the same bulk diffusion test method was used in all tests. However, the laboratory
samples were exposed to natural sea water, not a NaCl solution. Based on experience, this
has no significant influence on the calculated D,, only the surface chloride concentration, Cs,
will be influenced (1).

Table 4 Diffusion coefficient D, based on bulk diffusion method. Annex 8 and 10,
ref (1).
Year | Age when Exposur Dy Comment
tested e time 102 m?/s
7.23 Mean From laboratory cast concrete
28 days 35days | 8.24 7.75 with mix design equal to Shore
7.77 St. dev. | Approach concrete, mix N in (1).
0.51 Exposed to sea water for 35 days.
3.34 Based on six samples drilled from
2.38 Mean the structure, Annex 8. Exposed to
1994 | 12 years 35days | 2.86 2.82 NaCl-solution (165 g per litre
2.97 St. dev. | solution) for 35 days.
2.51 0.34
2.84
2.15 Mean Based on three samples drilled
2008 | 26 years 35days | 2.23 291 from structure, Annex 10.
4.36 St. dev. | Exposed to NaCl-solution (165 g
1.25 per litre solution) for 35 days.

5.3 Aging factor a

The aging factor o can be calculated from equation 7 when results for two or more exposure
periods are available.

D, ~D,(2)" %

In this situation we have results for D, after 12 and 26 years exposure, see Table 3. In
addition we have results for D, for the same mix design produced in laboratory and tested
according to a bulk diffusion method, as described in section 4.3. The results are given in
Table 3 and 4, and can be used as the diffusion coefficient D, after 35 days exposure.
Additionally, the results from the laboratory mix N from 7 to 665 days of exposure, as given
in Table 3, can be used for calculating the aging factor by regression analysis.

Based on this, the aging factor can be calculated as given in Table 5. The scatter of the
diffusion coefficients used in the calculations are relatively high, meaning that the scatter of
the aging factors are high as well. The aging factor seems to be reduced with time. However,
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both after 12 and 26 years exposure, the apparent diffusion coefficients are so low that
further chloride ingress will be very low independent of the aging factor. The instantaneous
coefficient at the time of inspection and in the future, will be even lower and the further
chloride ingress will be very low.

Table 5 Aging factors

From To Aging factor a
Da7days = Da665days =

20.81 * 10 m%/sec 1.84 « 10" m?/sec 0.47

Dp35days = Da12 years =

7.7 + 107 m?/sec 0.42 + 10 m?/sec 0.61

Dp35days = Da26 years —

7.7 « 102 m?/sec 0.375 * 102 m?/sec 0.54

Da12 years = Da26 years =

0.42 « 10" m?/sec 0.375 ¢ 102 m?/sec 0.13

5.4 Electrical resistivity

Electrical resistivity was measured after 26 years of exposure only. The results are given in
Annex 9. Table 6 shows the results.

Table 6 Electrical resistivity, Qm

Core no 4 5 7 8 9 10 Mean | St. div.
Height mm 29 64 66 34 34 65

Electrical

resistivity 262 230 199 195 171 139 199 43

5.5 Micro structural analysis

The examination after 7 and 26 years of exposure showed generally that the concrete was in
a very good condition. The aggregate was homogeneously distributed in the concrete, but
some differences in air bubble distribution and cement paste quality were observed. The
concentration of micro cracks (cracks < 0.01 mm) seems to have increased somewhat in the
period from 7 to 26 years. Some fine cracks (0.01 < cracks < 0.1 mm) were observed, but the
concentration does not seem to have increased. Coarse cracks (cracks > 0.1 mm) were not
observed in any sample. The carbonation depth was negligible.

The 1989 examination concluded that the surface layer (1 — 2 mm) of the concrete was much
denser compared with the inner concrete. Results from the SEM back-scattering method
showed two distinct zones; a dark surface layer and a lighter inner part, indicating a
concentration of elements with lower molecular weights in the surface layer compared with
the inner part. Profiles of calcium (Ca) and magnesium (Mg) were examined from the
concrete surface and inward. Figure 4 shows the concentration of magnesium and calcium.
The concentration of magnesium was higher in the surface layer, whilst calcium was more
concentrated in the inner part compared with the surface layer. Point analysis from the two
zones confirmed this. This means that calcium had been leached out and magnesium had
replaced it in the outer zone. Such an ion exchange with the sea water has been observed by
others (2), (3), (4) and (5). The SEM back scattering method did not give any information of
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what chemical composition the magnesium had formed. When using crossed polarizers and
lambda plate in the thin section analysis, turquoise coloured crystals were observed, which
indicate brucite (Mg(OH),). It is therefore most probable that magnesium was present as
brucite, which results in a tighter surface layer than further into the concrete.

Figure 4 Concentration (white dots) of magnesium (left) and calcium (right). Surface
of sample is up (Annex 5)

The 2008 examination did not confirm the conclusions from 1989 at all points. The main
conclusion was still, however, that the concrete was in a very good physical condition. An
approximately 1 mm thick surface layer was more porous than further into the concrete. A
higher concentration of magnesium in the surface layer (approximately 0.4 mm) and lower
concentration of calcium was observed in only one of three samples. The two other samples
showed no concentration of magnesium in the surface zone. Both magnesium and calcium
were evenly distributed from the surface until approximately 4.5 mm from the surface. The
concentration of sulphur was higher in the surface zone than further into the concrete, most
probable due to sea water ingress.

5.6 Capillary absorption

Capillary absorption was tested both in 1989 and 2008.

Samples from three cylinders with diameter 69 mm were tested in 1989. Results for
absorption on sawn cut surfaces were based on four disks from each cylinder. Scatter of the
results from a single cylinder was very low. Results for absorption on cast unmolded
surfaces were based on one disk from three cylinders. A separate test was carried out to
document the effect of drying at 105 °C, which showed that the effect of such drying was
marginal. The results of the tests carried out in 1989 are given in Table 7. Since the effect of
drying at 105 °C was marginal, the results are separated into type of absorption surface only.

Samples from three cylinders with diameter 74 mm were tested in 2008 as well. For each
cylinder, four disks from the cast unmolded surface and inwards were produced. Absorption
was measured on three disks on sawn surfaces and on one cast unmolded surface from each
cylinder. The results of the tests carried out in 2008 are given in Table 7.
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The results from absorption on cast unmolded surfaces are used for calculation of capillary
number and resistance number only since the effect of the surface skin is primarily seen on

these two properties.

Table 7 Results for capillary absorption

1989 2008

Property Sawn Cast Sawn Cast
surfaces unmolded surfaces unmolded
surfaces surfaces

Capillary number k 1.41 0.70 1.37 0.92
(kg/m*~s )
Resistance number m (s/m?) 6.6 28.6 7.10 15.90
Absorption porosity ps (%) 12.87 -- 12.20 --
Total porosity p; (%) 15.56 -- 15.20 --

5.7 Compressive strength

Compressive strength was tested in 1989 and 2008 on cylinders drilled from the structure.

At both terms the lengths of the cylinders were equal to the diameters, 69 mm in 1989 and 74
mm in 2008. The end surfaces were ground before testing. The individual measured
compressive strengths were considered to be comparable to cubes. If the results should be
converted to cylinders with length equal to twice the diameter, the cube results have to be
multiplied by a factor of 0.87. The number of test results is too low to calculate a reliable
standard deviation and a characteristic strength. However, the standard deviation shown in
Table 8 is calculated based on the individual results. The results are shown in Table 8.

Table 8 Results for compressive “cube” strength
1989 2008

Individual results (MPa) 82.6 83.1

76.0 75.5

74.3 82.1

74.6

78.6
Mean (MPa) 77.2 80.2
St. div. (MPa) — Based on individual results 3.45 4.13
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6 Analysis and discussion

6.1 General

The analysis and discussion will concentrate on:

e Service life of structures in exposure class XS3 with the concrete specification used
in the Shore Approach structure and with concrete cover according to the design
standards NS 3473 and NS-EN 1992-1-1, see section 6.2.

e Long time strength development in the structure, see section 6.3

e Electrical resistivity, micro structural analysis and capillary absorption are connected
and discussed as a whole, see section 6.4.

6.2 Chloride ingress and service life estimation

6.2.1 General

The general question when, looking at service life, is how data from an existing structure can
be used in estimating the future development, remaining service life and safety against
depassivation (failure). Mathematical models based on probabilistic principles exist and may
be used. Such models are developed for estimating service life of new structures where all
input parameters are more or less unknown. When the future development is based on test
results from the structure itself after many years of exposure, many of the input parameters
are known. Simpler and more reliable methods may then be used. Some of the input
parameters are additionally interconnected in some ways, e.g. surface chloride concentration,
diffusion coefficient and critical chloride content (6). Some other researchers are not so sure
about this. The analysis in this paper is based on the philosophy in EN 1990 (7) according to
FORM (First Order Reliability Method) in its simplest form, the so called "mean value
method”, presented in (7). The method is briefly presented with focus on the current
situation.

6.2.2 Model for estimating service life

The philosophy is based on the European standards EN 1990 (7), where the following
definitions are important:

o Failure — meaning that a defined event (limit state) occurs, in this study meaning that
the chloride concentration at the depth of the reinforcement results in a risk of
depassivation equal to 10-15 %. This chloride content is called the threshold chloride
concentration.

e Environmental action — meaning the action or “load” that the concrete is exposed to,
in this study the depth where the chloride concentration is equal to the threshold
chloride concentration.

¢ Resistance — meaning the resistance of the concrete or margin against the action and
thereby failure, in this study defined as the concrete cover.

The performance function, Z, is expressed as the difference between a resistance against
failure, R, (concrete cover independent of time), and an environmental action, F, (depth
where the chloride concentration is equal to the threshold chloride concentration, increasing
with time). Both resistance and action are expressed in a statistical way by values for mean
and standard deviation. Probability of failure (exceeding a defined limit state), ps, should be
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less than a maximum acceptable probability, pmax, depending on safety philosophy. This may
be expressed as:

pf = p{z = R_ F}< pmax (8)

When the functions R and F are normal distributed, also Z will be normal distributed. Results
show that normal distribution is accurate enough to make reliable calculations despite that
other statistical distributions may fit a bit better to the measurements than the normal
distribution (8).

When the resistance R (concrete cover) is normal distributed, the mean is equal to pr and the
standard deviation is equal to og, both constant with time.

When the action F (depth where the chloride concentration is equal to the threshold chloride
concentration) is normal distributed, the mean is equal to pr and the standard deviation is
equal to o, both increasing with time.

The performance function, Z, is given by:

Z=R-F 9)
When Z is normal distributed, the mean is uz and given by:

Hy = Hg — e (10)

and the standard deviation is oz and given by:
2 2
o, =4(og +0%) (11)

The mean pz decreases with time and the standard deviation o increases with time since of
increases with time. This means that the probability for failure increases with time. When Z
is normal distributed, the probability of failure may be expressed as:

p; = D(-£2) = (-p) (12)
GZ
Where 3 is the so called “reliability index”. When designing, 3 shall be greater than a 3o

required to fulfil the safety level in a given situation.

The relationship between the functions for failure Z, resistance R and action F, is shown in
Figure 5 (9).

The relationship between the reliability index 3 and probability of failure ps is shown in
Table 9 when Z is normal distributed.

The higher values of B (lowest probability of failure) shall be used when the consequence of
failure is high and the reference period for the action is short. Typical examples are
accidental situations with many people present, ultimate limit state (ULS).
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Table 9 Relationship between reliability index, 3, and probability of failure, ps.
Ps 10" 0.668 10" | 0.359 10™ | 0.227 10 10 10 107
B 1.28 1.50 1.80 2.00 2.32 3.09 5.20

Serviceability limit state (SLS) is used when failure lead to economical consequences only.
This is typical for durability situations where the deterioration will be visible long before a
risk of collapse is reached.

d
. Poz |
by
r,f,z
Figure 5 Relationship betweenthe distribution functions for failure Z, resistance R and
action F (9).

Chloride penetration represents a typical situation where the serviceability limit state is
defined as depassivation of the reinforcement. The risk of failure should be reduced to an
acceptable value. After depassivation of the reinforcement, initiation of corrosion may occur.
However, it may take many years before potential corrosion reduces the serviceability or the
safety of the structure to such a degree that danger situations develop. Additionally, the
reference period for the action is equal to the design service life (increasing chloride
content). The consequence of both these factors is that the limiting value B, may be chosen
relatively low, i.e. a relatively high probability for failure.

Based on the philosophy in (7), the probability of depassivation of the reinforcement, due to
chloride ingress, is set equal to 10 % (10™), corresponding to a reliability index B, equal to
approximately 1.30, see Table 9.

The reliability index B may be calculated in different ways according to (7). In this
presentation, FORM (First Order Reliability Method) in its simplest form, the so called
”mean value method” is used.
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The reliability index f is calculated from:

Hz

B=5= (13)

At time to, the structure is inspected and chloride profiles are determined. Based on Fick’s
second law of diffusion, Cs, D, and C; are calculated for each curve according to equation 6.

D, was in the original application of Fick’s second law of diffusion considered to be a
constant over time. That was not correct (10), and it has to be allowed for when calculating
future chloride penetration based on measured chloride profiles and D,-values. The
development of the diffusion coefficient is in (10) found to be:

Dy = Do ® (%)a (14)

where
D4 is apparent diffusion coefficient at time t;
D2y Is measured apparent diffusion coefficient at time t,
o is an aging parameter between 0 and 1, depending on concrete and environment

Threshold chloride content for possible start of corrosion is set equal to C; and the time
period t; it takes C, to reach a given depth F may be calculated by equation 15 when
equation 14 is included in equation 6 (10).

F 2
S y
b E(ty o Dato)Q5 =
where
£=2. erfc'l(% (16)

erfc? is the inverse error function

The resistance R is defined as the concrete cover, with mean value pg and standard deviation
or. When this method is used to estimate the risk of failure, or the remaining service life for
an existing structure, it is not necessary to include the scattering of all the input parameters
into the calculations, i.e. the chloride concentration at the concrete surface Cs, the diffusion
coefficient D,, the threshold chloride concentration C,,, the aging factor o, nor the original
chloride content in the concrete, they are all more or less included in the standard deviation
or. From a theoretical mathematical point of view, this is not quite correct, but accurate
enough for such calculations.

The action F is defined as the depth where the chloride content is equal to the threshold
chloride content, depending on wi/c-ratio and time. At time t,, chloride profiles are
determined, giving data for calculating the mean value of Fy equal to ugyo and with standard
deviation equal to ory, as well as diffusion coefficient D,y at this time. To find the mean
value, prg, at a later time t;, a transformed version of equation 15 is used:

Hei = f(\] t Dato) b (:_I)l_za (7)
0
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The standard deviation is supposed to be proportional with the mean value (constant
coefficient of variation). It may be discussed if this is correct, but it is considered accurate
enough for estimations.

When using this probability model, the main parameters for resistance R (concrete cover)
and action F (depth where the chloride content is equal to the threshold chloride content) are
included with their mean values and standard deviations. Each of the other parameters is
included in the model with a constant number, ranging from a characteristic value
corresponding to a 5 % quartile to the mean value. If each of the parameters were included
with their characteristic values corresponding to a 5 % quartile, the calculations would result
in unrealistic short service lives. On the other hand, if mean values were applied; the
calculations would result in unrealistic long service lives.

The choice of values for each parameter have to be based on judgement in each situation,
including e.g. the age of the structure when it is inspected, the degree of interconnection
between different parameters etc (see section 6.1). Strong interconnection between
parameters favour input values closer to the mean values. The values of the input parameters
in the calculations are discussed in section 6.2.3.

When employing this philosophy, it means that the number of equations may be reduced to:

Mean value for Z at time t; is given by equation 18:

Hai = Hp — M (18)
The standard deviation for Z at time t; is given by equation 19:

O = Oq +Ogy (19)

When p; and o are calculated, B is calculated by equation 13. When f is calculated for an
age equal to the design service life, it’s value shows if it is higher or lower than the limiting
value Bo. When B is calculated for different ages t;, giving p-values on both sides of o, the
time giving B equal to the limiting value B, can be found by interpolation and this is equal to
the service life.

6.2.3 Input parameters in calculations

The main purpose with the following calculations are to find if the requirements in
Norwegian Standard for concrete cover is sufficient for 50 and 100 years of exposure when
the concrete mix design is equal to the Shore Approach mix design, which is very close to
the mix design requirements in the standards today for exposure class XS3. Some of the
parameters are given by statistical values and some are supposed to be on the safe side.

Concrete cover

Requirements in the standard for nominal values are used as mean values and standard
deviation giving a minimum cover 10 mm lower than the nominal with a 10 % risk of
failure.

e 50 years service life: ur = 60 mm and ogr = 6.1 mm
e 100 years service life: ur =70 mm and ogr = 6.1 mm
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Threshold value and depth where chloride concentration is equal to threshold value

A threshold value of 0.4 % by weight of cement is regarded to result in 0 - 10 % risk of
depassivation (11, 12, 15, 16). A mean threshold value in the range 0.7 — 0.8 % by weight of
cement is reported in (11) based on *all chloride threshold values reported in the literature”.
This is confirmed in (15). The chloride threshold value is, according to (6) interconnected
with other important parameters, meaning that a value closer to the mean value can be used
as long as the risk of depassivation is taken care of by other important parameters. A chloride
threshold value of 0.6 % by weight of cement is therefore used in this situation. For the
actual concrete at Shore Approach, this number has to be divided by 5 to be comparable with
concrete weight (0.6 / 5 = 0.12 % of concrete weight, see Table 1). The chloride curves, see
Figure 3, crosses the 0.12 %-level of chloride content at different depths. This is used for
finding mean and standard deviation for depth where chloride content is equal to the
threshold value of 0.6 % by weight of cement.

e Threshold value C,, = 0.6 % by weight of cement (0.12 % by weight of concrete)
o Mean pr = 31.9 mm and standard deviation og = 5.1 mm

Apparent diffusion coefficient

The apparent diffusion coefficient after 26 years is found to be 0.375 - 10™ m?/s. This is a
kind of an average coefficient during the 26 years. The instantaneous diffusion coefficient at
26 years has to be lower, however it is not known how much lower it is. Young concrete of
the current quality, cured for 28 days and exposed to sea water for 35 days, has a diffusion
coefficient in the range of 7 - 8 - 10™2 m%s (see table 4). This means that the instantaneous
diffusion coefficient at 26 years has to be much lower that the measured “average”.
Additionally, the diffusion coefficient is, according to (6) interconnected with other
important parameters. In a comprehensive judgement, the measured apparent coefficient is
therefore regarded as a “characteristic” value on the safe side and included in the calculation
as a constant number.

o Dy =0.375* 10" m?/s (Equal to 11.83 * mm®/year)

Surface chloride concentration and chloride background content

Both theoretical surface chloride concentration, Cs, and chloride background content, C;, are
found from the chloride curves. Especially for C, there is some scatter. Additionally, the
surface chloride concentration is, according to (6) interconnected with other important
parametres. In a total judgement, both values are therefore included with constant numbers
in the calculations equal to the mean values found in figure 3.

e Theoretical surface chloride content, C, =0.55 % by weight of concrete
e Background chloride content, C; = 0.01 % by weight of concrete

Aging factor a

The aging factor is found to decrease over time, see table 5. The scatter in the results are
relatively high. The aging factor is important for the service life estimation and its value in
the future is uncertain. A realistic value has to be choosen based on calculated values and on
other parameters, especially the theoretical surface chloride content, C,, which may be
regarded at the “driving force” for the chloride ingress. When employing the driving force at
the concrete surface, the history has to be included in the judgements to some extent. If the
time of inspection of a structure is looked upon as “a new start”, both the driving force and
the aging factor should be given lower values compared to the situation where the whole
history is included. In a total judgement, the aging factor is set equal to 0.15 without any
scatter. This is regarder to be on the safe side.

e Aging factor a =0.15
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6.2.4 Estimation of reliability index and service life

Based on equations given in section 6.2.2 and input parameters given in section 6.2.3, the
reliability index B can be calculated by equation 13. The choice of parameters is regarded to
be conservative, resulting in conservative calculation results as well.

When f is calculated for an age equal to the design service life, it’s value shows if it is
higher or lower than the limiting value Bo. When B is calculated for different ages t;, giving
B-values on both sides of By, the time giving B equal to the limiting value Bo can be found by
interpolation and this is equal to the estimated service life og the structure.

When B is calculated for an age equal to the design service life, the following numbers are
found:

e 50 years service life: B=2.03>1.3(Bo)
e 100 years service life: B=132>1.3(Bo)

When B is calculated for different ages t;, giving B-values on both sides of B, the time giving
[ equal to the limiting value B, is found be:

e 50 years service life: Estimated service life: 68 years
e 100 years service life: Estimated service life: 102 years

The reliability index, both for 50 and 100 years service life is higher than the limiting value
1.3, especially for 50 years service life. This means that requirements given in the present
Norwegian Standards for concrete mix design and concrete cover, exposed to exposure class
XS3, fulfil the design service lives.

6.3 Compressive strength in the structure

Compressive strength was tested on cast cubes during the production of the elements. The
results are shown in Table 1. In 1989 and 2008, compressive strength was tested on drilled
cores from element 1. Table 8 shows the results from the drilled cores. The numbers are
comparable to the results for the cubes given in Table 1. However, when comparing the
results from the cast cubes with the results from drilled cores, a correction factor in the range
of 0.80 - 0,85 is often used to compensate for possible lower compaction and less optimal
curing in the structure compared to the cast cubes. In order not to overestimate the long term
compressive strength in the structure, a correction factor of 0.9 is applied in this study.

When correcting the mean strengths according to the mentioned principle, the following
strengths should be compared at the different terms:

e Mean cube strength after 28 days: 77.5 MPa (Table 1)
e Mean cube strength after 7 years: 85.8 MPa (Table 8)
e Mean cube strength after 26 years: 89.1 MPa (Table 8)

This shows that there has been a strength gain from 28 days to 12 and 26 years of
approximately 11 % and 15 % respectively. The strength gain seems reasonable for the
current materials. However, the numbers should be looked upon as indicative for the
strength, not as accurate numbers. The important finding is, however, that there has been a
strength gain all the time up to 26 years compared to the strength at 28 days.
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6.4 Electrical resistivity, micro structure and capillary absorption

Electrical resistivity was measured after 26 years of exposure only, and the results give no
information on possible development over many years. The test results showed lower values
than expected. Electrical resistivity is important for corrosion rate after possible
depassivation. The corrosion rate is reduced when the resistivity is increased in a continuous
manner. When the resistivity is higher than 800 — 1000 Qm, the corrosion rate is so low that
it can be neglected (17).

The micro structural analysis showed generally that the concrete was in a very good
condition. However, the thin and tight surface layer with brucite, observed in 1989, was not
observed to the same degree in 2008. Results from the capillary absorption, however,
showed that the surface layer was much tighter than the inner part of the concrete, even after
26 years of exposure. This indicate that brucite may have replaced calcium in the C-S-H gel
and formed M-S-H gel.

The reason for the changes in results from 1989 until 2008 is not quite clear. It is pointed out
in (13) that aragonite (CaCOy), brucite (Mg(OH),) and ettringite (complex calcium sulphate
aluminate) deposit in pores and cracks of the cement paste. All three materials are practically
insoluble and are able to seal the pores and micro cracks, which effectively stops further
ingress of seawater into the concrete. Aragonite and brucite deposit on or very close to the
surface while ettringite may penetrate a bit further into the concrete. It should be noted,
according to (13), that this kind of protective action would not be available in the splash
zone, where the products of chemical reaction are washed away as soon as they are formed.
In (14), it is mentioned that brucite was expected to be present in concrete in contact with
seawater, but it was not identified. However, it was found that magnesium had entered the
C-S-H gel, replacing Ca, to form a magnesium silicate hydrate (M-S-H). The absence of
brucite was possibly due to old specimens in which a reaction between brucite and C-S-H gel
had been completed (14).

Some brucite was still found after 26 years, and the capillary absorption results indicate that
the surface layer was tighter than the inner part of the concrete. The reason may be that
formation of M-S-H had taken place over long time and that brucite and aragonite partly are
washed out of the concrete in the splash zone.

7 Conclutions

The conclusions from this investigation are shortly summarized in the following:

e The structure was generally in a very good condition after 26 years of exposure to
marine environment. There was no visible indication of any deterioration of the
concrete or any reinforcement corrosion.

e The compressive strength of the concrete in the structure has increased all the time
up to 26 years of exposure.

o The electrical resistivity was lower than expected for the current concrete quality,
indicating that it will not be limiting the corrosion rate.

e Capillary absorption and micro structural analysis indicate that the surface layer of
the concrete is tighter than the inner part of the concrete. This is documented for
concrete in the splash zone. In the submerged part, it is supposed that the surface
skin is even tighter than in the splash zone.

e The chloride ingress was analysed and the philosophy in NS-EN 1990 for
probabilistic estimation of service life, was employed. A risk of 10 % for
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depassivation of the reinforcement was used as the limit state. The results showed
that planned service lives of 50 and 100 years were exceeded when using
concrete mix design and concrete cover as required in Norwegian Standard
for exposure class XS3 today. The margin was highest for 50 years planned
service life.
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1. INNLEDNING

I forbindelse med Statpipe-anlegget produserte Ing F Selmer bl a ilandfsrings-
tunnelen for reorledningen fra Statfjordfeltet. Tunnelen ble prefabrikert
seksjonsvis 1 dokk i Stavanger og Kristiansand og montert in situ ved Kalsts
P4 Rarmey. Elementene som var produsert i Kristiansand ble prosjektert i
fasthetsklasse €60, med v/(c+s)~forheld 0,36, bruk av P30 sement og 7,5 %

silikastev (% av bindemiddeélmengden).

Etter fem drs eksponering ble det i 1989 tatt ut prever for tilstandskontroll

av betongen i element nr 1, Resultatene fra denne tilstandskontrollen er
gjengitt i denne rapporten.
2. PROGRAM

Programmet for tilstandskontrollen er gjengitt i tabell 1.

Tabell 1. Preveprogram

Sylinder
Provemetoder A
Vest|Vest|Vest] @st| @st| Ost
I I1 IIT I IT III
Trykkfasthet X X
Kapillar absorpsjon X X X
Klorid analyse X
Tynnslipsanalyse X X X
Reontgendiff.analyse | X X
3. PROVEMETODER
3.1 Trykkfasthet

Trykkfasthet ble madlt i felge NS 3668 pa utborede kjerneprover 0 = 69 mm,
sagd til heoyde = diameter og slipt planparallelle. :




3,2 Kapillerabsorpsion

Kaplllarabsorpsjon ble malt pa utborede kjerneprever @ = 69 mm, sagd til 20
mm skiver; Metoden er narmere beskrevet i /1/. Rapporterte resultater er
basert pa middelverdier for 4 skiver. Spredningen av resultatene er svart lav

for skiver fra samme sylinder.

3.3 Kloridanalyse

Malingene er basert pa skiver sagd ut fra gjennomgiende utborede sylindere,
® = 69 mm, i dybdene 5, 20, 30, 45, 55 og 150 mm, Skivene er sagd ut fra bade
ytre og indre overflate av elementet. Hele skiven, inklusive grovt tilslag,

ble malt ned til pulver og kloridinnholdet bestemt ved hjelp av Quantab-

metoden /2/.

3.4 Strukturanalyse

3.4.1 Tynnslipsanalyse
Tynnslipsanalyse ble brukt for underseokelse av materialstrukturen. Betong-

provene ble impregnert med fluoriserende epoksy, sagd og slipt ned til en

tykkelse pa 20-25 pm. Prevene er vurdert under lysmikroskop.

3:4:2 Mineralsammensetning
Undersekelse av mineralsammensetning ble foretatt ved hjelp av rentgen-

diffraksjonsanalyse (XRD). Ved provepreparering ble det forsskt & ta ut ren

pasta, dvs sa fri for tilslag som mulig, for nedmaling og analyse.

4 PROVEUTTAK

Fra innerste prefabrikkerte elementet av ilandferingstunellen Kalste; Karmey,

ble det boret ut seks sylindere, ©® = 69 mn, som vist 1 fig 1.




Innersta mannhull

l! fndre ende
Element 1

6 Kabler

— M

ST SICI

Fig 1. Skisse av proveuttak.

4,1 Tryklkkfasthet

Provene til trykkfasthetsmdlingene er tatt fra to sylindere, en pa hver side
av mannhullet (Se fig 1.), merket hhv Vest I og Ost IL, Fra hver sylinder er

‘det sagd ut tre prover.

4.2 Kapillarabsorpsjon

Provene til maling av kapillarabsorpsjon er sagd fra tre sylindere, hhv

Vest II, Vest III og @st III, De ytterste skivene fra disse sylinderne, dvs
tre skiver med stgpehud, danmer basis for resultatene gjengitt under kolonnen
"Ytre hud" i kapittel 5.2. Disse skivene ble forst cksponert med sagflaten i
kontakt med vann., Etter utterking ble de samme skivene eksponert med stgpe-
huden mot vammspeilet for 4 se pa tetningseffekten det ytre sjiktet. De svrige
resultatene er basert pa middelverdien av absorpsjonsdata fra fire skiver fra
samme sylinder, Spredningen av resultatene fra skiver fra samme sylinder er

svart lav.




r

4.3 Kloridanalyse

Prpver til kloridanalyse'ble sagd ut i flere dybdeniva fra sylinderen

Vest ITI.

4.4 Striktiranalyse

4.4.1 Tynnslipsanalyse

Det ble foretatt tynnslipsanalyse av tre prever. Provene hadde dimensjon @ =

69 mm og tykkelse ca 10 mm. Provene var merket hhv

Vest I Prove for tymnslip ble tatt fra yttersjiktet etter at stope-

flaten wvar fjernet
Bst I Prove for tynnslip ble tatt 15 cm inne i betongkjernen

@st II1 0 Prove for tynnslip ble tatt fra yttersjiktet uten at stepe-

flaten var fjernet
Fra Vest I og @st'I ble prevene tatt ut normalt pa steperetningen. For en best

mulig vurdering av materialstrukturen, ble det preparert to tymnslip fra hver

preve. Fra @st TIT 0 ble prevene tatt ut parallelt med steperetningen.

4.:4,2 Mineralsamﬁensetning

Provene til rentgendiffraksjonsanalyse ble tatt fra sylinderene Vest I og
gst L.

5 RESULTATER

5.1 Trykkfasthet

Trykkfasthetene malt pa utborede sylindere er gjengitt i tabell 2.




Under produksjonen ble det stept ut terningprever til 28 degns trykkfasthets-
maling. Fra element nr 1 ble det pa et utvalg pa 10 terninger malt en gjennom-

snitlig trykkfasthet pa 79,8 MPa, med standardavvik s = 5,2,

Tabell 2, Trykkfastheter

Sylinder | Provestykke | Trykkfasthet | Middelverdi
nr (MPa) (MPa)
Vest 1 1 82,6
2 76,0
3 74,3 77,6
@st II 1 74,6
2 78,6 76,6

Fasthetsnivdet i de utborede kjernene er det samme eller noe lavere enn lab-
oratoriestepte prevestykker etter 28 degn. Dette antas & gjenspeile en viss
fasthetsutvikling i konstruksjonen, fordi konstruksjonsfastheten normalt er
lavere enn terningfastheten (anslagsvis 10-20 % lavere). Videre vil utborede
kjerrner ikke kunmne gjenspeile konstruksjonsfastheten fullt ut pga faren for

mekanisk skade pa prevestykkene ved utboring og preparering.

Element 1 i ilandfsringstunnelen pa Kalste ble prosjektert i fasthetsklasse

C60. Tabell 2 viser at prosjektert trykkfasthet er oppfylt.

5.2 Kapillerabéorvsion

Resultatene fra kapillzrabsorpsjonsmidlingene er gjengitt i tabell 3, Absorp-

sjonskurvene er gjengitt i VEDLEGG 1,

Det gjentatte forseket med skivene fra sylinder @st III er utfert for 4 doku-
mentere effekten utterking ved 105°C har pa motstands- og kapillaritetstallet,
Tabell 3 wiser at motstandstallet kun far en svak ekning og kapillaritets-

tallet far en svak reduksjon etter uttsrkingsforlepet.




Tabell 3 Kapillarabsorpsjonsdata

. Sylinder
Parametere
Vest 11 | ost IIT |Ytre hudl| @st111? |vtre hud’

Motst.tall, m (s/m?%107) 6,1 6,5 7,2 8,2 28,6
Rap.tall, k(kg/m2/s¥10 2)| 1,48 1,43 1.33 1,28 0,70
Kap.metiiing (vekt-%) 5,55 5,39 5,84 B “
Trykkmetning (vekt-%) 6,81 6,42 7,07 - -
Kap.poresitet Py (vol-%) 12,77 12,40 13,43 - -
Tot.porssitet Py (vol-%) 15,66 14,77 16,26 . -
v/c estimat basert pa m 0,50 0,49 0,47 0,44 0,24
v/c estimat basert pa P 0,50 0,48 0,54 - -

1) Skiver fra sylinder Vest II, @st III og Vest III, alle med ytre stepehud.
Skivene ble prevd med sagflaten som eksponerigsflate.
2) Gjentatt forsek med prevene fra Ost III for 4 se pa effekt av utterking ved

105°G,

) Gjentatt eksponering av prevene med ytre stepehud for & se pid tettings-
effekt av yttersjiktet. Skivene ble prevd med stepehuden som ékspo-

neringsflate. For proving ble skivene terket ved 105°C,

Forssket med ytre stspehud ble pi samme mite gjentatt etter utterking ved

105°C. I det dette forssket ble i tillegg sylinderskivene snudd slik at

effekten av yttersjiktet ble undersegkt. Resultatet viser at det ytterste laget

av betongen gir en svert god tetning. Ckningen av motstandstallet fra 7,17 til

28,6 (s/m2*107) og reduksjon av kapillaritetstallet fra 1,33 til 0,70

(k /m2J3*10u2) kan i all hovedsak tilskrives demne tetningen. Prevetekniske
g

forhold som utterking og oppvarming av provestykkene gir marginal effekt i

forhold effekten av et tettere yttersjikt. Dette er vist ved gjentatt forsek

av sylinderene fra @st III.




5,3 Kloridanalvse

Resultatene av kloridanalysen er vist i fig 2.
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Fig 2. Kloridprofiler

Figur 2 viser at kloridene har trengt inn fra overflateén, Fra et nivad pid ca
0,15 % klorider (av betongvekten) i yttersjiktet, faller kloridkonsentrasjonen
raskt til bakgrunnsnivéet (ca 0,02 %) i en dybde pa 20-30 mm. Bakgrunnsniviet

skyldes kloridinnholdet i sement og tilslag.

Basert pa 400 kg sement pr m3 betong og en densitet pa 2500 kg/m3 tilsvarer

bakgrumnsnivaet 0,13 % av sement vekten, og nivaet i yttersjiktet tilsvarer

0,9 % av sementvekten;

Det rader stor usikkerhet mtp hvor heyt kloridinnholdet i betongen kan vare
for for armeringsstalet begynner & korrodere., Spredningen i rapporterte
yerdier er stor. Dette skyldes i ferste rekke variasjon i sementinnhold,
fuktighet, elektrisk ledningsevne og oksygentilgang. For en fuktig betong.
(ikke neddykket) med Standard Portland Sement er det foreglatt grenser for
korrosjonsrisiko som wvist i tabell 4 /2/. Erfaringen tilsier imidlertid at

under spesielt ugunstige forhold kan armeringen korrodere ved kloridinnhold

lavere enn angitt i tabell 4,




Tabell 4. Sammenheng mellom kloridinnhold
og korrosjonsrisiko /2/

Kloridinnhold Sannsynlighet for
(% av sementvekt) korrosjon
< 0,4 Neglisjerbar
0,4 - 1,0 Mulig '
1,0 - 2,0 Sanmsynlig
> 2,0 Sikker

I en neddykket konstruksjon er korrosjonsrisikoen for betong av relativt hey
kvalitet (> G35) lavere enn vist i tabell 4 pga liten tilgang pia oksygen til
armeringsstalet, Erfaringer viser at neddykket betong i fasthetsklasse C35

eller bedre sjelden er utsatt for korrosjon.

Inntrengning av klorider i urisset betong er en diffusjonsprosess, og den kan
beskrives ved hjelp av Ficks 2, lov. PA basis av de malte kloridkonsentrasjo-
nene (Fig 2.), og lesningen av Fics 2. lov (1), er det estimert en diffusjons-

koeffisient for betongen.

G(x,t) = Co*(l - erf(x/2 * VtiD)) (1)

konsentrasjon
kloridbelastning .
effektiv diffusjonskoeffisient
tid

avstand fra betongoverflaten

1

I

o ooano
I

1

Basert pa demme diffusjonskoeffisienten og kloridbelastningen, ble kloridinn-
trengning etter 5, 10, 50 og 100 Ar estimert. Disse kurvene er gjengitt i

fig 3,

Antar vi overdekningsdybde 40 mm, vil armeringsstélet, ut fra estimatet i fig
3, etter 10, 50 og 100 &rs eksponering ligge i betong med et kloridiﬁnhold pa
hhv 0,03, 0,09 og 0,12 % av betongvekten (0,19, 0,56 og 0,75 % av sement-
vekten). P4 bakgrunn av det lave vann—bindemiddel tallet (0,36) og silikainn-
holdet (7,5 %), kan det kritiske kloridinnholdet anslas noe heyere enn vist 1
tabell &, Basert pa overnevnte forhold vurderes korrosjonsrisikoen som liten i

elemeritenes forveéentede levetid.
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Fig 3. Estimert kloridinntrengning etter 5, 10, 50 og 100 &r.

5.4 Strukturanalyser
5.4.1 Rontgendiffraksjonsanalyse

Ingen av de undersekte prevene immeholdt paviselige mengder med magnesitt

eller brusitt.

5.4.,2 Tynnslipsanalyse

Proverie Vest I og Bst 1

Begge provene viste en jevn fordeling av tilslag i pastafasen. Tilslaget i

proven Vest I syntes & ha en finere gradering enn tilslaget 1 preven st I,

Begge provene viste et lavt vann-sement tall (< 0,4) og jevn hydratasjon av
pastafasen. Proven @st I hadde flere og sterre luftporer emn Vest I, og ut fra
s det som pastafasen umiddelbart rundt porene iostl

fluorescensopptakene syne
astafasen. Noe liknende

har et litt heyere vann-sement forhold enn den evrige p

kunne ikke observeres rundt porene 1 Vest 1.
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Begge provene viste smi sprekker i pastafasen, I prove Vest I kunne det sted-

vis observeres utfellinger i noen av sprekkene.

Pastafasen i Vest 1 inneholder karbonatiserte omriader, og det ble observert

karbonatisering langs enkelte sprekker i pastafasen,

Prove @st 111 0

.

Tilslaget, som hadde en fin gradering, la jevnt fordelt i pastafasen, Pasta-

fasen viste et jevnt vann-sement tall som kan anslds til ca 0,6. Demme preven,
hvor stepeflaten ikke var fjernet, viste at de ytre 1-2 mm av yttersjiktet var
karbonatisert. karbonatiséringen.kunne ogsa felges langs noen av de smd sprek-

kene fra overflaten og innover i betongen.

Et fluorescensopptak viste at karbonatiseringen har gitt et overflatesjikt som

er tettere enn betongen inmenfor.
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Fig 4. Vest I. Jevn fordeling av tilslaget i pastafasen. Tilslaget har en fin
gradering, S = stein, P = pasta, Forsterrelse = 32X

Fig 5. Vest 1. Fluorescensopptak. Pasta med luftpore og smi sprekker {gul
farge). Den merke fargen pa pastafasen betyr lavt v/c-tall (< 0,4)
Grenne partier er tllslag. Forsterrelse = 32X,
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Fig 6. Vest I, Karbonatiseringssone i pastafasen. Forsterrelse = 32X,

Fig 7. Vest I, Sprekk med avleiringer. Forsterrelse = 32X.
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Fig 8, WVest I. Som flg 7, Forsterrelse = 215X.

Fig 9, Vest I, Som fig 7. Fluorescensopptak. Sma sprekker i pasta og langs
enkelte tilslagskorn, Forstsrrelse = 32X,
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Fig 10. @st 1. Fluorescensopptak. Pastafase med luftporer og smad sprekker (gul
farge). Pastaen hatr lavt v/c-tall og viser jevn hydratisering. Grenne
partier er tilslag. Forsterrelse = 32X.

Fig 11. ®st I. TFluorecsensopptak. Pastafasen umiddelbart rundt sterre luft-
porer viser et v/c-tall som er litt sterre enn ellers i pastafasen.

Forsterrelse = 32X,




Fig 12,

15

pst I, Fluorecsensopptak, Pastafase runmdt luftpore. Pastafasen rundt
poren har smd sprekker og et v/ec-tall som er litt heyere enn pastaen
forevrig. Forsterrelse = 32X.

Fig 13.

Gst 11T O, Fluorescensopptak. Tilslagskornere (metrk grenn) lipgger
godt fordelt i pastafasen. Den lyse fargen (gul-grenn) pa pastaen
tilsier et w/c~tall pa ca 0,6. Forsterrelse = 65X,




Fig 14,

Fig 15.

st 111 O, Karbonatisert stepeoverflate. Til wvenstre pad fig kan
karbonatiseringssonen felges innover i betongen. Forsterrelse =

pastafasen.

Pst 111 O. Stepeoverflate. Sprekk kan felges imnover i

Forsterrelse = 65X.

16

65X%.
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Fig 16. @st III O. som fig 14. Karbonatisert stepeflate. Karbonatiserings-
sonen folper sprekken innover 1 pastafasen. Forsterrelse = 65X,

Fig 17. @st III 0, Som fig 14 og 15. Fluorescensopptak. Pastaen i stepeflaten
har en merkere farge enn pastaen lenger inn i preven. Karbonatisering
har gitt en tettere pasta. Forsterrelse = 65X.




Lok
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6 KONKTUSJONER

Trykkfasthetene 14 pa et heyt, jevnt nivd og oppfylte den prosjekterte fast-
hetsklasse

Prevning av kapillar absorpsjon viste at betongen hadde et motstandstall i

“omradet 6,13 til 7,17. Dette tilsvarer et estimert vann-sement-forhold i

omradet 0,47 til 0,50,

Absorpsjonsplavingén viste ogsd at yttersjiktet gav en tettningseffekt til-
svarende eén reduksjon av vani-gement-forholdet fra 0 47 til 0,29 (korrlgert
for effekt av utterking ved 105°C).

Kloridanalysen viste at kloridinnholdet 14 fra 0,15 til 0,02 % av betong-
vekten. Basert pia et sementinnhold pa 400 kg/m3 og en densitet pa 2500 kg/m3
tilsvarer dette et kloridinnhold pa 0,13 til 0,94 % av sementvekten,

Det antas at overdekningen er s& hey, at armeringen pr idag ligger i betong
med kloridinnhold likt bakgrunnsnivaet,

Pga den heye betongkyaiiteten'(060 og v/c+s = 0,36) og dermed hemmet oksygen-
tilgang, samt estimerte kloridprofiler for 10, 50 og 100 Ars eksponering,

" vurderes korrosjonsrisikeoen 1 elementenes forventede levetid som lav,

Tyanslipsanalysen viste at karbonatisering av betongen i stepeoverflaten har
gitt en tett struktur i de ferste 1-2 mm av yttersjiktet.Det er & anta at
dette er arsaken til forskjellen i vanngjennomgang mellom yttersjiktet og
sjikt lenger inme i betongen,
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MILL CERTIFICATES ORDINARY PORTLAND CEMENT SF 30

Opdinary Portland Cement SP 30 used in the productlon
of turnel elements in Kristiansand, are supplied by
NORCEM/Dalen.

A certificate showlng representative values for the
SP 30 cement and a summary certiflcate which covers
all SP 30 cement delivered from NORCEM/Dalen within
the period 1. March to 31. October 1982 are enclosed.

for Ingenigr F. SELMER A/S

Finn Fluge
@A-Manager




NORCEM 21

) CLIMENTIDIVISJONEN - AVD, DALEN

Jelelon Q35770111 I
Telax: Oulo 13410 Telepeadi: Dalen, Brevis, i |
Postgito: 55603 07, Bantgiro: 7001001508 ¢ [ £

CERTIFICATE
Ve give the following values as representative for our -
‘NS SP 30-cement . = - tested according to RS 3040.
FINENESS & e : ' o N
Specific surface Blaine 320 sg.m./kg
SETTING TINME | ;
) Initial 2 + 22 . hrs. min
Final 2 = 57 hrs. min
. SOUNDNESS :
s Le Chatelier expansion 1 mm
BENDING STRENGTH 1 day 3.5 °  MPa (N/mm<)
3 days 5.5 " LT
7 days 6.5 # n
2B days 7.5 1 n
CONPRESSIVE STRENGTH 1 day. 16,0  MPa (N/mm?)
3 days 30,0 " Lo
7 -days, 37.0 " "
_ 28 days 46,0 " "
CHEMICAL ARATYSIS |
JLoss on ignition - ' 0.7 %
5ilica (SiO‘.2 ) 20.6 = %
. Alumipa ‘ ' (41205) 4.7 of
(. Ferric Oxide (]“e203) 3,1 %
Lime . (cao ) - 63.6 9
Magnesia - . (g0 ) 2.5 %
Sulphurit Anhydride (so3 ) 3.3 ol
- Insoluble Residue o — 96_0
Undetermined : ' - 1.5 %
Total ’ 100,00 %
Mineral Comwposition: C,S 16.1 %
: ‘ o CS . 56.9 9%
i d g ¢ %
(2 “{:"4‘1&? - 3" 2 ’
. AR L n ’
la 45 s, C,AF 9.4 %
\Q‘ .
g '
ot
Brevik, 25rd June 1981
. B.B.Knutsson
- Production Manager




g

/"/}'\

IORf‘E\] i\ ORC

I CENMENT

Postioks 38, 3951 Brevik
Telefon: {035) 70 111
Telex: 21410 dacewm n

< 5.7 Dalen Fabnaker

Telegram: Dalen, Brevik
Poslgiro: 556 0t 07
Bankgiro: 7147.05.26550

Avevaﬁe 1982.0%.01

’ 1982.10G,31
: Samples n= 37 Chenical
CERT ; FICAT B 11 Pnye;cal

We give the following val

SP 30 ~cement (Ordinary)

t n=

ues as representative for our -
- tested according to NS 3049.

' FINENESS :
: Speclfic surface Blaine 326 5q.0./Xg
SERTING TIME : | .
" Initial 221 . hrs, min
Final 2 1 57 hrs, min
o SOUNDVESS : -
e Le Chatelier expansion 0.4  mm
BENDING STRENGTH 1 day 5.5  Mpa (N/mn?)
3 days 2.5 - B
"7 days 6.4 " "
8 days 7.6 u "
COMPRESSIVE STRENGTH 1. day 16,4  Mpa (N/mm
I 3 days 30.5 H N
- 7 days 37.2 " L
_ 8 days 46.3 u "
CHEMICAL ANALYSIS
Loss on ignition 0.67 %
Silica (510, ) 20.39 %
) _ Alvmina (A1203) ‘ 4,95 %
@ Ferric Oxide (Fe203) 3.26 %
- Lime (Ca0 ) 63.26 %
Mapnesiza - (Mgo ) 2.36" % . ;
Sulphuric Anhydride (SOz ). 3,37 % %0 =1.16%
+e . .
Insoluble Residue - e % Nago 0.37 %
Undetermined 1.81 %
Total 100,00 %
Mingral Composition: CZS 16.8 %
€4S 55,2 %
C.A .0 3
R nuartned B ‘Y

Brevik, 22nd December 1982

Soil Q). ool asa

Laﬁbratory Hanager




e

s
%
[
¥

fi

Yo P,
.

P

|
!
:
i
]
]
S
: -
|' .

AT .
R R

.

-

RS

1 N
M7

Baad

i

P

%

lillahy Smelizver

\sn.n.l |

l&ﬂ

.o

iz 8
Box 493, 7001 Tlandhoh"n,.Hunway . ]
- Tal, {075} 28120 - Telagr.adr, Farra « Telox 55044 n .

A N A L b4 S E 5 E R e I F I R A T
: s I L I c ‘A - STEV :
.Bestanddel’ . . - *' .  rypisk analyse

89 - 93% .

K;0-~

Nazo

‘Glpdetap (1000°¢)

Bulktetthets
Egenvekt
sPesifik overflateareal.

- Partikkelstgrrelse: -

. 0,10

150

.. 60%

§10, ¢ - v, ,
Al,04 Ce ._‘_;~ .o, 10 - 0,430%
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SINTEF Building and Infrastructure is the third largest building research institute in Europe. Our objective is to promote environmentslly
friendly, cost-effective products and solutions within the built enviranment. SINTEF Building and Infrastructure is Norway's leading
provider of research-based knowledge to the construction sectar. Through our activity inresearch and development, we have established
8 unique platform for disseminating knowledge throughout a large part of the construction industry.

COIN - Concrete Innovation Center is 5 Center for Research based Innovation (CRI) initiated by the Research Council of Norway. The
vision of COIN is creation of more attractive concrete buildings and constructions. The primary goal is to fulfill this vision by bringing
the development a major leap forward by long-term research in close sllisnces with the industry regarding advanced materials, effi-
clent construction technigues and new design cancepts combined with more environmentslly friendly material production.

Technology for a better saciety www.sintef.no
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