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ABSTRACT

Field exposure stations have been used in Nmway for almost fifty
years to gain experience about concrete durability under various
exposure conditions. Eighteen different projects from 1950 and
onwards arc reviewed, where specimens of well-known composition
are exposed to natural aggressive environment. Exposure conditions
include aggressive ground water, marine environment (submerged,
splash zone and zone above seawater), and outdoor exposure in air.
Most of the recent projects aim to improve resistance to chlorideinduced reinforcement corrosion in the marine environment. Test
objects include small specimens (cubes, cylinders, and beams) as well
as larger members with or without reinforcement. The variables
include type of binder (cements, pozzolans and other additives),
water/binder ratios, aggregates (normal density or light-weight),
cracks, reinforcement and fmmwork. Some of the projects have now
been terminated, whereas other projects continue or have started
recently and represent a valuable source for the further collection of
knowledge.
Key words: Cement, concrete, durability, field station, natural
exposure, marine environment.

- 35 -

1

INTRODUCTION

1.1

General

Durability is still the most impmiant factor for the service life of most concrete structures, both
in terms of economy and safety. Of the various types of deteriorating mechanisms,
reinforcement corrosion is at present considered the main cause of premature deterioration in
most countries. Other common deteriorating mechanisms are freeze/thaw action, chemical
attack and alkali aggregate reactions.
The most reliable way of assessing the durability of a concrete structure is to study the
performance following exposure under natural conditions. This of course may not be applicable
for most design situations since it requires in principle the same time as the planned service life
of the structure in question. As an example: hundred years of service life is now being required
for some reinforced structures exposed to severe conditions. However, by varying for example
the main parameters affecting durability against reinforcement corrosion (production, material
quality, cover thickness and environment), more valuable information can be obtained within
the order of a decade than in accelerated laboratory tests. In addition, accelerated tests on
specimens of the same material can be used to give a correlation between real exposure and
accelerated laboratory tests. Also detailed studies of for example effects of environment,
material ageing and self healing of cracks on the rate of deterioration can be performed.
Field exposure stations have been used all over the world for the purpose of producing durable
concrete structures under various severe conditions for at least a century. One of the most
known field exposure stations internationally is probably Treat Island, Maine, USA.

1.2

Field exposure stations in Norway

The purpose of this paper is to give an overview of the situation in Norway, where field
exposure stations have been used for fifty years to gain practical knowledge on how to produce
durable concrete under various exposure conditions. Eighteen different projects from 1950 and
onwards are reviewed, where specimens of well known composition are exposed to natural
aggressive environment. Exposure conditions include aggressive ground-water, marine
environment (submerged, splash zone and zone above sea water), and outdoor exposure in air.
Most of the recent projects aim to improve resistance to chloride-induced reinforcement
corrosion in the marine environment.

1.3

Research significance

An overview of the different field exposure projects is a tool both for practical recommendations
concerning durability under various exposure conditions, and for the benefit of future research.
Continuing the research on existing exposure stations is an efficient entrance ticket to reliable
documentation of long time durability of reinforced concrete structur~&.
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2

AGGRESSIVE GROUND-WATER (OSLO 1951)

An alum shale in the underground of central parts of Oslo makes the ground water in certain
locations severely aggressive and causes heavy attacks on concrete. Because of the need to build
railway, subway and highway tunnels, an initiative was taken in 1947 to have the issue
thoroughly studied. In the winter 1950-51 concrete specimens were placed in an empty adit
connected to the main sewer system. The specimens were located in a place where the water
surface varied in such a way that the specimens were partly or completely submerged most of
the time, but were also completely dry, in pc1iods. The pH value in the water varied between 5
and 6, but the water may have been more acidic at times. The investigation group assumed that
the binder would have a dominating influence and chose the binder as their main parameter. In
addition to Standard Portland cement, an American sulphate resistant cement, and a Standard
Portland cement with addition of 15 % silica fume, were used. The water/binder ratio was 0.5,
except for the mixture with silica fume, where it was 0.62 (with silica included in the amount of
binder). The slump varied between 30 and 100 mm, with 70-80 mm as the dominating value.
The compressive strengths varied between 20 and 55 MPa. 16 series of test specimen
3
l OOx 100x400 mm were cast. Additional specimens were cast for laboratory studies [ l] [2].
The conclusions from the study were:
• Concrete with standard Portland cement is heavily attacked by the alunite water
• A porous structure with high permeability increases the attack
• The addition of limestone filler in the fine aggregate proved to be harmful
• The addition of silica fume to Standard P01tland cement may have a very favourable effect
• Special cements, in particular sulphate resistant cements, resist water from alum shale very
well
The investigation is particularly interesting as a first field study of the favourable effects of
silica fume.

3

CORROSION OF REINFORCEMENT

3.1

Galvanized reinforcement (Slemmestad 1967)

Corrosion tests for galvanized reinforcement were initiated at a location in the Oslo fjord. In a
concrete quay, part of the concrete slab was produced with galvanized deformed steel. 36
3
corresponding reinforced concrete beams with dimensions 0.1 x0.3x 1.26 m. were produced. The
concrete used was a C30 (referred to cubes) with water to binder ratio w/b = 0.45 [3] [4].
Surface potentials were recorded in the lower surface of the test slab and in a reference location
on several occasions in the 1970s. The change of potential was very slow, and no recordings
have been made since 1980. The test site is thus mature for repeated investigations.

3.2

Reinforced beams submerged in sea water (Bergen 1976)
3

Totally 70 reinforced beams with dimensions 0.15x0,25xl.O m were submerged in sea water
outside Bergen. The concrete grade was C45. All specimens were monitored by electrochemical
methods. The beams were removed and investigated in the laboratory after 1½, 3, 5 and l O years
[5].
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The results clearly indicated that the following anticipated problems in the long run are of no
importance for submerged reinforced concrete:
• corrosion in cracks in the cover
• galvanic corrosion of exposed steel coupled to covered steel
• large current consumption in cathodic protection systems
• pitting due to chloride intrusion

3.3

Reinforced columns: submerged, in the splash zone or above water (Bergen 1985)

Although the results described in Section 2.2 demonstrated that corrosion was not probable in
completely submerged structures, the question about corrosion in the splash zone was still open.
To study this issue further, 8 reinforced columns were placed in the Veritas test rig in Bergen.
The columns were 0.6 m in diameter and had a length of 5 m. Two of them were hollow with a
wall thickness of 225 mm. The columns were placed ve1iically with the lower part permanently
submerged, the middle part in the splash zone and the upper part in atmospheric air. Lightweight
aggregate concrete was used in two columns, with nominal w/b ratios of 0.33 and 0.40. The
remaining columns were in normal density concrete with w/b ratios from 0.33 to 0.45. Using
hydraulic jacks the columns were subjected to dynamic bending with a frequency of 0.12 Hz
[11] [12] [13].
Final results will be available in 1998, but the following conclusions are worth mentioning:
• The supply of oxygen in the different environmental zones is assumed to be caused mainly
by transport of the pore water as a result of capillary suction. In addition, diffusion of oxygen
from the atmosphere can increase the dissolved oxygen content in the pore water.
• An air-filled space in one column increases the water transport and oxygen flux to the
reinforcement in the splash zone and when submerged. This is a result of evaporation from
the air exposed side of the concrete wall. There arc indications that the transport of chlorides
is also more efficient in this column.
• There are indications that the capillaiy suction is weaker in light-weight aggregate concrete
than in normal density concrete.
• The fatigue lifetime of the columns is longer than expected from present regulations.
• Apa1i from cracking in the tensile zones, no signs of dete1ioration were observed.
• After a load increment, cracks appear to propagate rapidly to an increased depth, and then
remain stable until a possible new load increment is imposed.
• Observed damage on bridges may generally be attributed to chloride-induced corrosion, quite
frequently in an accelerating combination with freezing. It is not possible, however, to
~onclude that a high chloride content alone is definite proof that c01Tosion damage is
probably imminent.

3.4

Instrumentation of a bridge pontoon (Bergs0ysundet 1993)

The Bergseysundet bridge is located in a sound on the north-western coast of Norway where
unpolluted North Sea water flows freely through with each turn of the tide. Corrosion data will
therefore be directly transferable to light-weight aggregate concrete structures offshore. The
bridge is a steel truss, shaped as a horizontal arch resting on 7 pontoons built in prestressed
light-weight aggregate concrete of grade LC55 with effective w/b = 0.35. Instrumentation
installed by the Public Roads Administration in one pontoon is used by Det Norske Veritas
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Industry AS to record corrosion parameters that are relevant for bridges along the coast of
Norway, and offshore structures in the North Sea as well [33] [34] [35].
The objective is to:
• obtain reliable and relevant information on the durability pe1formance of light-weight
aggregate concrete structures in a typical marine environment
• record the current density demand of a full scale light-weight aggregate concrete structure
• record the current distribution or efficiency of a sacrificial anode system on a light-weight
aggregate concrete structure exposed to several environmental zones
• record the current density demand of a light-weight aggregate concrete structure as function
of the exposure time
The data recordings started in Januaiy 1993. Conclusions have so far been drawn regarding
instrumentation. It is too early to draw conclusions regarding a structure in these environments.

3.5

Reinforced bent beams (Orkanger 1985)

The major specimens in an investigation that started in 1985 were 20 beams with dimensions
3
O.lx0.3xl.O m • The beams were reinforced and bent two and two against each other with a
constant bending moment on 0.3 m in the middle part of the beams. The magnitude of the
bending moment was chosen such that the beams cracked with maximum crack widths of 0.8
mm. The beams were placed in the tide water zone in 1988 in a location so that they were
completely submerged at high tide and completely above sea water at low tide. In addition, 165
cubes and 37 cylinders were cast and placed in the same manner [14].
Main test parameters were:
• amount of cement (370-450 kg/m)
• water to binder ratios (0.23, 0.36, 0.50)
• type of plasticizer
3
• EE-fibres (0-74 kg/m )
• type of fine aggregate
Crack widths have been recorded immediately after prestressing, and electrical potentials in
1988 before placing the beams in the tidal zone. The beams are being investigated for the first
time after exposure in 1997-98 as part of the "Durable Concrete Structures" project.

4

CARBONATION

4.1

Modified Portland cement study (NTH 1982)

When the traditional Portland cement in Norway (P30) was planned to be supplemented by a
new one (MP30), modified by the addition of fly ash, the question was raised how this
modification would influence the properties of the concrete, including carbonation. Concretes in
three strength classes were investigated, with four types of cement, with and without silica fume.
Investigation of carbonation by outdoor exposure was part of the project. Strength classes
planned were C15, C25 and C45 with w/b = 0.55 - 1.32 [6] [7].
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The conclusions from the investigation were:
• P30 and MP30 with l O % fly ash gave about the same resistance to carbonation.
• When the percentage of fly ash is increased to 30, the resistance to carbonation is
significantly reduced.
• MP30 with 15 % slag had about the same resistance to carbonation as MP30 with 25 % fly
ash.
• MP30 with 20 % fly ash, which has been marketed in Norway since 1983, but more finely
ground than the one investigated, must be assumed to have the same carbonation properties
as P30 concrete with the same water/binder ratio.
• Addition of 10 % silica fume reduced the resistance to carbonation for all cements
investigated.
• Water storing of the concrete for one month before exposure improved the carbonation
resistance. Water stming for one year before exposure showed that favourable hardening
conditions are also important after the first month.
• An increase in the w/c ratio from 0.6 to 1.0 caused a doubling of the carbonation depth for
the concretes without silica fume.

4.2

Concrete service performance study (SINTEF 1987)

The objective of the project was to study the rate of carbonation for different types of cement
related to the requirements in Norwegian Standard NS 3420 for different exposure classes
(water/binder ratios 0.60 and 0.90). The tests included accelerated tests in high carbondioxide
concentrations and long term tests for specimens under different environmental exposure. The
field tests include the following exposures [15, 16]:
• Outdoor in city atmosphere and protected
• Outdoor in city atmosphere and unprotected against precipitation and wind
• Outdoor in sea atmosphere
The results from the accelerated tests have been reported. The results show that the water/binder
ratio and the curing conditions are the most important factors for the carbonation performance of
concrete.
The field test specimens have so far not been investigated, but are still available for testing.

5

CHLORIDE INSTRUSION AND CORROSION

5.1

Large concrete specimens in the tidal zone (0stmarknes et (1983)

Ten large concrete specimens with the following dimensions: length 1,5m, width 0.5m and
height 1.5m were placed in the tidal zone close to Trondheim. Half (measured in the length
direction) of each specimen was reinforced with a 150 mm quadratic mesh of 8 mm bars placed
with a cover of 30 mm on one side and 50 mm on ·the other. After five months the specimens
were placed in the tidal zone, completely submerged at high tide, and above water at low tide.
Concrete grades were C 35 and C 65 . Five different recipes were used, one with O%, two with
10 % and two with 20 % silica fume. Water/binder ratios were: C35 without silica: 0.54; C35
with 10% silica: 0.63; C35 with 20% silica: 0.69; C35 with 20% silica: 0.69; C65 with 10%
silica: 0.49; C65 with 20% silica: 0.46 [8] [9] [l O].
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Corrosion of reinforcement was investigated after 9 years by visual inspection and registrations
of electrical potential and chloride profile. The results show that:
• raising the water/binder ratio increases the chloride intrusion.
• the effect of silica fume with respect to chloride ingress is not apparent. However, the
addition of silica fume seems to postpone the initiation phase despite a very high chloride
content.
• even if the chloride content is high at the reinforcement, in particular for the C35 concretes
(up to 2 % of the cement weight), no significant corrosion was observed after 9 years of
exposure.

5.2

Studies in field station (Trondheim harbour 1988)

Light-weight aggregate concretes LC50 - LCIOO with nominal w/b ratios 0.44 - 0.28 were used.
100 mm x 200 mm cylinders without reinforcement were cast for investigation of chloride
diffusivity. The specimens were stored in water with a temperature of 20 ± 3° C for 28 days.
After a light drying of the surface, the specimens were covered with a 5 mm thick epoxy mortar.
After a further two months storage at room temperature, the top surface of each cylinder was cut
off, leaving a concrete surface for free exposure. After an additional five days in plastic bags,
the specimens were exposed to freely circulating sea water in a test station in Trondheim
harbour. Variables in the tests were [17] [18] [19]:
• amounts of cement
• amounts of silica
• normal or light-weight aggregates (fine and coarse)
• German, British or Norwegian light-weight aggregates
(The project was one of a series of projects that have used long-term testing in Trondheim
harbour).
The experimental investigation was of limited scope with a rest1icted number of variables. The
conclusions from the tests (to be assessed in the light of this fact) are:
• The chloride diffusivity in high strength lightweight aggregate concrete with silica fume is
2
13
very low, with effective diffusion coefficients from 2 to 8 x l 0- m /s after 7 years of
exposure.
• Among the various material parameters in the test programme the silica fume had the largest
positive influence on the chloride diffusivity.
• For mixtures with silica fume the estimated lifetimes for prestressed concrete varied from 30
to 60 years, and for concrete with ordinary reinforcement from 60 to 130 years. For concrete
without silica fume the corresponding estimated life times are 13 and 23 years. In both cases
a cover of 75 mm is supposed, and the threshold values for chloride content in percent of
cement weight is chosen as 0.1 for prestressed concrete and 0.4 for concrete with ordinary
reinforcement.
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5.3

Large concrete specimens in the tidal zone (0stmarkneset 1991)

Six large concrete specimens with the same dimensions as used in the project described under
Section 4.1 were cast with light-weight aggregate concrete. Intended concrete quality is LC40,
the efficient water/binder ratio was 0.34 and the density of fresh concrete was 1450 to 1500
3
kg/m • The specimens were instmmented for recording internal potentials and surface potentials,
electric resistance and rate of corrosion. Two specimens were placed submerged in sea water,
two in the splash zone and two just above the surface of the sea on the shore [22].
Results so far are:
• Potential recordings generally showed no indications of corrosion for the specimens placed
above the sea surface.
• Submerged specimens only showed minor development of potentials.
• Specimens in the tidal zone showed development of potentials in a negative direction, in
particular for the sides with 25 mm cover. Based on the high moisture level in the concrete
and the potentials observed, the risk of corrosion is estimated to be low.
• No corrosion activity was observed in the specimens placed onshore.
• Observed chloride profiles and computed diffusion coefficients indicate normal to dense
concrete in all specimens, and a concrete that is better than normal density concrete in this
respect.
• A few corners had spalled off from the specimens in the splash zone. The reason is supposed
to be freezing and thawing.

5.4

Large specimens exposed to rain and sea water (Spjelkavik 1992)

3
Seven large specimens with dimensions 1.5x0. 75x0.3 m were produced, four of which with
normal density concrete (C45 with w/b = 0.40) and three with light-weight aggregate concrete
(LC55 with effective w/b = 0.35). The specimens were reinforced with 12 mm deformed bars in
a quadratic 200 mm mesh. The specimens were placed with maximum rain exposure against the
largest side surfaces and submerged about 0.5 mat high tide and above water at low tide [23].

The objective is to study the influence of the following parameters on corrosion development:
• Type of formwork (plating or traditional boards)
• Coating to reduce chl01ide intmsion
• Leeward or windward side
Potentials and chloride profiles will be studied. No results are available so far.

5.5

Strategic technology programme (Narvik 1992)

A broad study was started in Narvik in 1992. Totally 740 small specimens (cubes, cylinders and
beams) were produced with 13 different recipes. The concrete grades were in the range C65 C75 with w/b = 0.45 - 0.40. The parameters in the recipes were mainly additions of pozzolans
and fibres. The objective is to study chloride intrusion in different concretes. Results after five
years exposure should be available in 1997 [24] [25].
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5.6

Bridge in northern Norway (Stovset bru 1993)

3
Two reinforced specimens with dimensions 2.0x l .5x0.4 m were produced in light-weight
aggregate concrete (LC55 with nominal w/b = 0.37). The reinforcement was 16 mm deformed
bars with a cover of 50 mm. The specimens were placed in such a way that they are exposed to
3
sea water in the splash zone. At the same time 26 smaller specimens (0.6x0.6x0.2 m ) were cast
in plain concrete. These specimens were placed submerged or in the splash zone. At three
months age and before exposure, properties like chloride permeability, capillary absorption and
electric resistance were registered. Further studies from the field exposure will be available later
[26] [27] [28].

5. 7

Bridge in western Norway (Nordhordlandsbrua 1993)

3
Twenty specimens (0.6x0.6x0.2 m ) were produced in plain light-weight aggregate concrete
(LC55 with w/b = 0.31 ). Ten of these were placed submerged in 4 m depth, the remaining ten in
3
the splash zone. At the same time a large reinforced specimen 3.0xl.Ox0.5 m was produced in
the same light-weight aggregate concrete. The reinforcement was 16 mm deformed bars with a
cover of 15 mm. This specimen was placed in the tidal zone in such a way that it is completely
submerged at high tide. Results will be available later [29].

5.8

Chloride resistant concrete (Sandnessjoen 1993)

The objective of the project is ambitious: to develop a concrete that is robust and production
friendly and has significantly better ability to protect reinforcement against chloride-initiated
corrosion than the concrete usually used in bridges today.
Concrete with 17 different recipes was produced, with variations in:
• type of cement
• amount of silica
• type of additives
• water/binder ratios (effective 0.34 - 0.51)
For each recipe different types of elements were produced, namely:
3
• 5 wall elements (1.5x0.75x0.2 m )
• 4 beam elements(3.0x0.3x0.15 m3, some pre-cracked)
• 2 column elements(0.3x0.3x 1.0 m')
• 2 slabs on ground
The cover was 25 respectively 50 mm in all elements (one side of the wall elements is not
reinforced). Various specimens for laborato1y testing were cast in addition. The specimens are
exposed to the marine environment and de-icer salt-spray in different manners:
• columns half submerged on a floating bridge
• beam elements in the splash zone
• wall elements in va1ious places subjected to ma1ine environment or de-icer salt-spray
The elements are to remain in place for l O years, and durability parameters (chloride intrusion,
permeability, reinforcement corrosion) will be studied with specified intervals [30] [31] [32].
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5.9

Cracked beams (Kristiansand 1994)

3
Totally 25 specimens (0.8x0.3xl.0 m ) were produced in 5 different concrete qualities with
effective w/b = 0.30 - 0.40. The main parameter that varied in the recipes was the amount of
silica, varying from O to 15 percent of the cement weight. In each specimen two 12 mm
reinforcement bars were placed with respectively 15 and 30 mm cover. The specimens were
loaded until cracking by means of 4 point loading. More cracks occurred in the constant moment
zone for each specimen. The field specimens were placed on floating platforms in the sea. The
lower part is submerged, while the upper part is exposed in the splash zone.

Conclusions from the field tests so far are:
• The rate of corrosion decreases with time
• Increased cover reduces the corrosion rate
• Silica reduces the corrosion rate
• Results indicate high resistance against corrosion in sea water, even if the concrete is cracked
The project is part of a Swedish research programme, that will be concluded in June 1997. Most
probably, however, the recordings will continue [36}.

6

SCALING CAUSED BY FREEZING AND THAWING (SJ0LYST 1990)

Scaling caused by freezing and thawing in combination with application of de-icer salts has
been a problem for concrete guard rails of New Jersey elements along Norwegian roads. The
objective of the investigation was to build up systematic knowledge of production of concrete
elements that arc resistant to freezing and thawing using zero slump concrete.
Two types of elements were produced in 1990 with water to binder ratios of 0.40 - 0.45 with or
without 4 % silica fume and with or without air entrainment [20] (21 ]:
• Large model (2.2 tonnes) in Oslo
• Small model ( 1. l tonnes) in Bergen
The concrete elements were placed along a highway (El8) outside Oslo.
Conclusions from initial testing arc:
• A protective air-void system may be entrained in zero slump concrete provided that very high
dosages of air-entraining agents are used.
• Specimens with air entraining agents perform better than specimens without.
• Specimens with the largest amount of binder pe1form best.
The elements are mature for studying ageing effects on test results, relations between natural
exposure and laboratory tests and chlmide penetration due to heavy exposure to de-icer salts.
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7

CONCLUSIONS

The review of 18 different Notwegian field exposure stations show that 16 of the 18 reviewed
projects are dedicated to the problem of reinforcement corrosion due to chlorides and
carbonation. Most of the 18 stations still have specimens available for research. The results
cover both production, material, structural (mainly cover thickness) and environmental
parameters. The detailed conclusions for the various stations are summarized in the paper for
each station.
As a general conclusion it can be said that data on environmental effects (submerged, tidal zone,
spray zone, carbonation, aggressive ground water, deicer salt) arc the most important
contributions from the field exposure stations. These cannot be studied as reliably in the
laboratory as in field, but of course very long time is needed compared to in accelerated
laboratmy tests.
The numerous details on production, material and constructive parameters that have been
studied also give reliable information on durability. In addition to the ranking of various
qualities they can be used for direct service life predictions. The accuracy of predictions beyond
the age of the actual field exposure station is of course limited by the reliability of the existing
models for extrapolation.

8
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