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Summary

The first reinforced concrete structures were built at the end of the 19" century. These
structures were mostly sewers, floors, water tanks etc. In the early 20" century, when
the first concrete bridges were built, the general idea was that concrete made with suf-
ficient cement would prevent the reinforcement from corroding. In those days, it was
assumed that an everlasting protective layer would prevent the reinforcement from
corroding.

During the 1980s and 1990s, a strong increase of the need for maintenance for con-
crete bridges was observed in the United States and Great Britain. It was therefore not
surprising that in the U.S. approximately 150 — 200 bridges, out of 600,000 bridges,
suffer partial of full collapse each year. However, long before a bridge will collapse,
parts of concrete may come off due to spalling. These loose parts of concrete might
already endanger passing traffic. In this thesis failure is therefore defined as the unde-
sirable event of an intolerable amount of spalling. The scope of this thesis is limited to
deterioration that results in damage to concrete bridges due to cracks and concrete
spalling that are the result of corrosion of the steel reinforcement.

The main problem of estimating the future maintenance of bridge stocks is the hetero-
geneous composition of bridge stocks. A few examples of the heterogeneity are:
- during a number of years in the 1960s or 1970s a large number of bridges
has been built in most countries;
- over the years, in most European countries, the cover depth that is required
by the standard has increased from 15mm to 35mm;
- concrete quality, with respect to durability, has shown a considerable im-
provement over the last decades.
Because of the changes quoted above, each bridge will show a different pattern of
deterioration in time. Therefore, a simple extrapolation of present inspection data will
not lead to an accurate estimate of future deterioration.

So, the main question to be answered is: “What is the rate of deterioration of a con-
crete bridge stock, taking into account the history of bridge design and construction?”.

A large number of mechanisms, like sulphate attack, freeze-thaw action, alkali silica
reaction, chloride ingress or carbonation might lead to deterioration of concrete struc-
tures. Based on numerous publications, it was learned that chloride ingress and car-
bonation cause the majority of deterioration at concrete structures. The effect of the
increased use of chloride-based de-icing agents is dramatically illustrated by the fact
that surface spalls were quite rare in California until the late 1960s when the use of
chemical de-icers was introduced in this state.

vii



viii Summary

It is commonly accepted to model the ingress of chlorides as a diffusion process. The
ingress of chlorides is, however, affected by a number of phenomena, like absorption,
various exposure conditions etc. An extensive literature review showed that the draw-
backs are limited and can be overcome by assuming an effective chloride diffusion
coefficient.

Once the chloride concentration at the reinforcement reaches the critical chloride con-
centration, corrosion of the reinforcement is initiated. A universal well-defined
threshold value appears not to exist, because the lowest reported value is 0.2%
whereas the highest is 2.0% by mass of binder. By analyzing the definition, the test
set up, chloride binding and cation the reported values could be narrowed down to an
acceptable value with a small scatter.

At first it was assumed that the chloride diffusion coefficient would be a constant
value in time. However, on-site tests proved that the diffusion coefficient shows a
considerable reduction in time. Because of the reduced diffusion coefficient, the
amount of chlorides that can penetrate into the structure is considerably reduced. This
phenomenon is especially important for bridges that are constructed before salt (so-
dium chloride) was used to keep bridges free of ice. The use of common salt to keep
roads and bridges free of ice was carried out since the 1940s, in the U.S., and since the
1960s in Europe. The reduced coefficient of chloride diffusion in time and the subse-
quent reduced chloride ingress, explains the rather good condition of the pre World
War II bridges compared to the bridges that were constructed during the early 1970s.
In this thesis a model is proposed that is able to determine the chloride ingress, when a
structure is not exposed to chlorides shortly after casting.

The input parameters determine to a large extent the quality of the outcome of the
predictive model. Besides the critical chloride concentration and ageing coefficient,
an extensive research program was carried out to determine the chloride diffusion co-
efficient and surface chloride concentration of a representative set of Dutch concrete
bridges. From nine concrete bridges over 100 cores were taken to determine the resis-
tance to chloride ingress. The locations of the cores were chosen in such a way that
different structural elements and both concrete made of portland cement and blast fur-
nace slag cement was tested. The slag content could not be retrieved from the design
specification and was therefore determined by visual (microscopy) inspection of a
number of thin sections of the drilled cores. The results indicated that the cement used
could be classified as CEM III/A.

By analyzing the chloride ingress, a chloride diffusion coefficient and surface chloride
concentration was obtained for each core. Both parameters were derived by fitting
Fick’s second law of diffusion to the observed chloride profile. Every drilled core was
sliced into discs of which the chloride concentration was determined, this resulted in a
chloride profile for each core. Not all observed chloride profiles fitted nicely to Fick’s
law, the differences increased for blast furnace slag cement compared to portland ce-
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ment, and for structural elements in a relative dry environment (column) compared to
the bridge deck. The suggested outstanding resistance of concrete made of blast fur-
nace slag cement to chloride ingress was not observed at the analysed bridges. These
bridges were constructed during the 1940s and 1960s. Both portland cement and blast
furnace slag cement showed similar resistance to chloride ingress. The surface chlo-
ride concentration for blast furnace slag cement was somewhat higher than that of
portland cement.

Finally, the amount of spalling of a concrete bridge is determined from the selected
model and determined input parameters. The amount of spalling is determined by us-
ing the stochastic parameters combined with a first order reliability method. Besides
input parameters like diffusion coefficient, also the age distribution and the size of the
decks are taken into account when the amount of spalling is determined. To validate
the results of the predictive method the results are compared to the observed spalling
at 81 Dutch concrete highway bridges. A number of bridges were inspected twice,
which resulted in 91 inspection results of 81 bridges. The comparison between the
predicted and observed spalling showed that the predicted spalling closely matched
the observed spalling. When the predictive method was used to determine the need for
maintenance of the Dutch highway bridges, it showed that the amount of spalling will
double over the coming decades.
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Samenvatting

De eerste betonnen constructies zijn gebouwd aan het einde van de 19° eeuw. Deze
constructies waren voornamelijk riolen, vloeren, water reservoirs etc. In de vroege
jaren van de 20° eeuw, toen de eerste betonnen bruggen zijn gebouwd, was een breed
gedragen gedachte dat beton dat gemaakt is met voldoende cement, het corroderen
van de wapening zou voorkomen. In die dagen werd verondersteld dat een
beschermde laag de wapening eeuwigdurend zou vrijwaren van corrosie.

Tijdens de jaren 80 en 90 van de 20° eeuw, werd voor betonnen bruggen in de
Verenigde Staten en Groot-Brittanni€ een sterke toename van de onderhoudsbehoefte
gesignaleerd. Het was daarom niet verrassend dat, in de Verenigde Staten, jaarlijks
100 tot 200 bruggen, van de 600.000 bruggen, geheel of gedeeltelijk instorten. Echter
lang voordat een brug instort, zullen stukken beton van de constructie loskomen. De
stukken beton kunnen reeds gevaar opleveren voor het passerende verkeer. Daarom is
in dit proefschrift het falen van de constructie gedefiniecerd als een ontoelaatbare
hoeveelheid van de dekking die los komt van de constructie. Het kader van dit
proefschrift is beperkt tot schade dat het gevolg is van scheuren en afgedrukte dekking
ten gevolge van corrosie van de wapening.

Een groot probleem bij het bepalen van toekomstig onderhoud van een serie van
bruggen is de heterogene samenstelling van het bestand. Een paar voorbeelden van de
heterogeniteit is:
- gedurende een aantal jaren in de jaren 60 en 70 van de 20° eeuw, zijn een
groot aantal bruggen gebouwd;
- in de loop der jaren is de voorgeschreven dekking volgens de norm
toegenomen van 15mm tot 35mm;
- de betonkwaliteit, met betrekking tot duurzaamheid, heeft een aanzienlijke
verbetering vertoond tijdens de afgelopen decennia.

Wegens de hierboven beschreven veranderingen zal elke brug een verschillend
verloop van de veroudering in de tijd vertonen. Daarom zal een eenvoudige
extrapolatie van de huidige inspectiegegevens niet leiden tot een betrouwbare
voorspelling van toekomstige schade.

Uit het bovenstaande volgt de hoofdvraag van dit onderzoek: ‘Hoe is het verloop van
de veroudering van een bruggenbestand, waarbij de verandering in ontwerp en
bouwwijze wordt meegenomen?’.

Een groot aantal verouderingsprocessen zoals, sulfaataantasting, vorst-dooi schade,
alkali-silica reactie, chloriden-indringing en carbonatatie zou tot schade aan betonnen
constructies kunnen leiden. Op basis van een groot aantal literatuurbronnen is
geconcludeerd dat het grootste gedeelte van de schade wordt veroorzaakt door
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Xii Samenvatting

chloriden-indringing en carbonatatie. De desastreuze gevolgen van het toegenomen
gebruik van dooizouten wordt geillustreerd door het feit dat afgedrukte dekking
zeldzaam was in Californi€, tot het einde van de zestiger jaren, toen dooizouten voor
het eerst op grote schaal zijn gebruikt in deze staat.

Het is algemeen geaccepteerd om chloriden-indringing te modelleren als een diffusie
proces. Echter, diffusie wordt beinvloed door fenomenen als absorptie, expositie
omstandigheden etc. Het is algemeen geaccepteerd dat de beperking van de diffusie
hypothese overwonnen kan worden door uit te gaan van een effectieve diffusie
coéfficiént.

Corrosie van de wapening wordt geinitieerd als het gehalte aan chloriden bij de
wapening het kritisch chloriden-gehalte overschrijdt. Het lijkt er op dat een algemeen
geaccepteerde definitie van het kritische chloriden-gehalte niet bestaat, doordat het
laagste gerapporteerde gehalte 0.2% is, terwijl de hoogste waarde 2.0% chloriden op
basis van het cement gewicht is. Door het analyseren van de definitie, test methode,
binding van chloriden en het soort ingemengd zout, kon de spreiding van de
gerapporteerde waarden teruggebracht worden tot een acceptabel niveau.

Aanvankelijk werd verondersteld dat de chloriden diffusiecoéfficiént niet zou
veranderen in de tijd. Echter, praktijktests wezen uit dat de diffusiecoéfficiént
aanzienlijk afnam in de tijd. Wegens de reductic van de diffusiecoéfficiént zal de
indringing van chloriden afnemen. Dit verschijnsel is in het bijzonder van belang voor
constructies die gebouwd zijn voordat zout gebruikt werd om wegen vrij van ijs te
houden. Dooizouten om wegen en bruggen ijsvrij te houden worden toegepast sinds
de jaren ‘40 in de Verenigde Staten en sinds de jaren ‘60 in Europa. De reductie van
de diffusiecoéfficiént en daardoor de afname van de indringing van chloriden
verklaart de relatief goede conditie van de bruggen die gebouwd zijn voor de Tweede
Wereldoorlog in vergelijking tot de bruggen die gebouwd zijn in de jaren ‘70. In dit
proefschrift is een model voorgesteld om de indringing van chloriden te bepalen,
waarbij rekening wordt gehouden met de periode waarin de constructie niet is
blootgesteld aan dooizouten.

De invoerparameters bepalen voor een groot gedeelte de kwaliteit van het resultaat
van de voorspelling. Naast het kritische chloridengehalte en de
verouderingcoéfficiént, is een uitgebreid onderzoek uitgevoerd naar de
diffusiecoéfficiént en het oppervlakte chloridengehalte door middel van onderzoek
aan een serie Nederlandse bruggen. Uit negen bruggen zijn meer dan 100 kernen
genomen voor het bepalen van de weerstand tegen het indringen van chloriden. De
locatie van de te boren kernen is zo gekozen dat diverse constructie onderdelen en
zowel portlandcement als hoogovencement is onderzocht. Het slakgehalte kon niet
bepaald worden uit de bestekken en is daarom werd het slakgehalte bepaald uit
microscopisch onderzoek aan slijpplaatjes van een aantal kernen. Deze resultaten
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wezen uit dat het cement dat gebruikt is in de geteste bruggen uit de jaren 40 en 60
tegenwoordig geclassificeerd zou worden als CEM III/A.

Door het analyseren van de chloridengehaltes in de kernen, kon de diffusiecoéfficiént
en oppervlakte-chloridengehalte worden bepaald voor iedere kern. Elk van de
geboorde keren is in schijfjes gezaagd waarvan het chloridengehalte werd bepaald,
waardoor voor elke kern een chloridenprofiel werd verkregen. De diffusiecoéfficiént
en het oppervlakte-chloridengehalte zijn verkregen door Fick’s tweede wet van
diffusie passend te maken aan de waargenomen chloridenconcentraties in de
boorkernen. Niet voor alle kernen sloot het chloridenprofiel aan bij Fick’s tweede wet
van diffusie. De verschillen waren groter voor hoogovencement dan voor
portlandcement, en voor droge constructieonderdelen zijn de verschillen groter dan
voor het brugdek. De vaak gesuggereerde uitstekende weerstand van hoogovencement
tegen indringing van chloriden is niet vastgesteld aan de onderzochte bruggen. Deze
bruggen zijn gebouw in de jaren ‘40 en ‘60 van de 20° eeuw. Zowel portlandcement
als hoogovencement vertoonden een gelijke weerstand tegen indringing van
chloriden. Het oppervlakte-chloridengehalte van hoogovencement heeft een enigszins
hogere waarde dan het oppervlakte-chloridengehalte van portland cement.

Tenslotte is de hoeveelheid afgedrukte dekking bepaald aan de hand van het gekozen
model en de bepaalde invoerparameters. De hoeveelheid afgedrukte dekking is
bepaald door het gebruikt van stochastische parameters gecombineerd met een first
order reliability method. Naast de invoerparameters zoals diffusiecoéfficiént, zijn ook
de leeftijdsverdeling en de afmetingen van het brugdek meegenomen bij het bepalen
van de hoeveelheid afgedrukte dekking. Ter controle van het voorspellingsmodel is
het resultaat vergeleken met de waargenomen afgedrukte dekking van 81 Nederlandse
betonnen bruggen. Een aantal van deze bruggen is tweemaal geinspecteerd waardoor
er in totaal 91 inspecties zijn verkregen. De vergelijking tussen de voorspelde en
waargenomen afgedrukte dekking gaf aan dat het model de waargenomen schade
nauwkeurig voorspelt. Bij het toepassen van het voorspellende model op betonnen
bruggen in Nederlandse snelwegen, bleek dat de hoeveelheid afgedrukte dekking zal
verdubbelen gedurende de komende decennia.
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1. Introduction

Since the first bridges had been built, their decay is a constant worry to their owners.
Over the years, many types of bridges have been built and all those types show a dif-
ferent pattern of deterioration. In this introduction the necessity of a sound under-
standing of the changes in bridge condition in time is emphasized. To explain why
today’s bridge owners are often confronted with decay of bridges, which have been
built since the late sixties, whereas older bridges are still in good condition, and the
history of bridge construction is described in this introduction. The last section of this
chapter gives an outline of this thesis.

1.1. The first bridges

The need for wide span bridges was not evident in the ancient Egyptian and Greek
civilization. The Egyptian Empire was confined to the Nile River, and the Greek Em-
pire consisted of a limited number of cities. In those days a fordable place was suffi-
cient to cross the river, because there was only little need for transport.
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e w

Figure 1: Bridge constructed by Mother Nature (Malta, photo by author)

However, this situation changed with the rise of the Roman Empire that included a
vast area comprising Europe, North Africa and parts of Asia. Only a modern army
that could be directed quickly to rebellious parts of the empire could control this gi-
gantic area. For common use a fordable place in the river or stone steps were suffi-
cient. However, a Roman legion comprising 5000 soldiers equipped with weapons
and other equipment needed a solid solution to cross a river. A temporary bridge
would never be ready in time; the solution to this problem was an extensive infra-
structure comprising roads and bridges.

The bridges on the outskirts of the Roman Empire were constructed in wood, which
allowed easy break down when the enemy was approaching. In contrast, the bridges in
the centre of the Roman Empire were constructed of natural stone.
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The Romans probably did not have any knowledge of the mechanical behaviour of a
bridge structure. It is most likely that they obtained the skill of erecting bridges by
trial and error. Most of the Roman stone bridges were built during the period of 50 BC
until 150 AC.

Eventually, the West Roman Empire collapsed 476 AC, when the last emperor was
forced to step down, after many decades of chaos. Subsequently during the Middle
Ages the skill to build bridges was lost. Illustrative of the quality of the bridges in
those days is that people preferred to use a fordable place in the river rather than
crossing a bridge with their horse wagon [de Jong 1983]. During the Middle Ages,
management including maintenance of bridges was usually charged to the closest vil-
lage or city. The maintenance works were executed using the toll people paid when
they passed the bridge. In those days it was common that bridges were in poor condi-
tion; probably because the toll was used for other goals or the maintenance tasks were
just too difficult to carry out. In the early 16™ century in many countries, the mainte-
nance of bridges was taken over by the Government to ensure proper bridge manage-
ment. After the Middle Ages the knowledge of bridge building gradually came back at
the level of the Romans (figure 2). Similar to what the Romans did, the experience of
bridge construction appears to be developed through trial and error.

Figure 2: Pont Neuf (Paris, photo by author)

Initially, bridges with smaller span were constructed in wood. Starting from the 13™
century wood was also used for bridges with wider spans. However, maintaining
wooden bridges proved to be costly because these bridges generally needed to be re-
placed after 20 years of service. Starting from the 16™ century most bridges were con-
structed of stone, even though the construction of stone-arch bridges was costly and
difficult.

The industrial revolution introduced the use of a new construction material: cast iron.
The main advantage of this material was that slender bridges could be designed. The
first cast-iron bridge was erected at Coalbrookedale (U.K.) across the Severn River in
1779. The bridge still exists today and was designated by UNESCO as a world heri-
tage site in 1986.
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The first reinforced concrete structures were built at the end of the 19" century. These
structures were mostly sewers, floors, water tanks etc. With the introduction of this
new combination of materials, the designers of bridges were no longer limited to arch
bridges. New bridge types like slab and beam bridges came within reach. After the
Second World War, the material mostly used for bridge design shifted from iron to
reinforced concrete because of shortage of iron and the presumed higher durability of
reinforced concrete. In the early 20" century, the general idea was that concrete made
with sufficient cement would prevent the reinforcement from corroding. It was as-
sumed that the concrete and steel would react to form iron silicate. This material
would form a layer around the reinforcement and prevent corrosion [Verhey 1912].
Based on these assumptions a small cover depth was supposed to be adequate to pre-
vent corrosion of the reinforcement.

Practice, however, has proven otherwise. During the corrosion process the reinforce-
ment reacts with oxygen and water. The volume of iron oxide is about 3 times larger
than that of the original iron. The corrosion and subsequent expansion due to the for-
mation of iron oxide causes a reduced effective bar diameter, cracks and delamination
of the cover. Due to the deterioration process described above, the structural charac-
teristics of the structure change, which might lead to an unsafe condition.

1.2. Bridge maintenance analysis

In the last decade of the 20™ century, the Departments of Transportation (DOTS) in
the United States observed a strong increase of the need for maintenance of concrete
bridges. At the end of the 20™ century, the backlog in maintenance was estimated to
be more than 90 billion USS$. An example of a seriously deteriorated bridge is given in
figure 3.

Figure 3: Deteriorated bridge, constructed in £1915 (Ann Arbor, MI, U.S., photo by author)

It is therefore not surprising that in the US, approximately 150-200 bridges, out of
600.000 bridges, suffer partial or full collapse each year [Dunker 1993]. In other
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countries the Ministries of Transport wondered what the future costs of maintenance
would be, to keep their bridge stock in a serviceable condition.
The main problem of estimating the future maintenance of bridge stocks is the hetero-
geneous composition of bridge stocks. A few examples of the heterogeneity are:
- during a number of years in the 1960s or 1970s a large number of bridges
has been built in most countries;
- over the years, in most European countries, the cover depth that is required
by the standard has increased from 15mm to 35mm;
- concrete quality, with respect to durability, has shown a considerable im-
provement over the last decades.
Because of the changes quoted above, each bridge will show a different pattern of
deterioration in time. Therefore, a simple extrapolation of present inspection data will
not lead to an accurate estimate of future deterioration.

So, the main question to be answered is: “What is the rate of deterioration of a con-
crete bridge stock, taking into account the history of bridge design and construction?”.

1.3. Scope of the thesis

In general, bridge failure is defined as the undesirable event of collapse of such a
structure. Therefore reliability studies have focused on loss of structural strength as
being the governing limit state for structural performance [e.g. Estes 1999, Mori
1994]. However, long before a bridge will collapse, parts of concrete may come off
due to spalling. These loose parts of concrete might already endanger passing traffic.

In a study in Japan, a deteriorated beam that showed severe spalling was taken from a
40 year old bridge. When this beam was tested in a laboratory the ultimate load bear-
ing capacity was still higher than the design strength [Oshiro 1985]. A first conclusion
is that spalling is a greater threat to the users than full collapse of the bridge, since
spalling normally occurs at an earlier age.

Although fewer than a dozen people die every year due to bridge collapses in the
U.S., another 1,000 are killed in accidents involving bridges that are deficient, obso-
lete or have inadequate traffic-control provisions [Dunker 1993]. It is therefore not
surprising that spalling of the concrete cover is a common problem in bridges, repre-
senting a hazard to passing vehicles and even to life safety [Stewart, 1998].

In this thesis failure is therefore defined as the undesirable event of an intolerable
amount of spalling. The scope of this thesis is limited to deterioration that results in
damage to concrete bridges due to cracks and concrete spalling that are the result of
corrosion of the steel reinforcement.

This thesis intends to define the need for maintenance for a given stock of concrete
bridges because of spalling. The results will be displayed in graphs that give the abso-
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lute and relative quantity of spalling as a function of the year of construction. With
this thesis a bridge owner can allocate funds that are needed to carry out maintenance
with respect to spalling for the coming decades.

1.4. Outline of the thesis

Deterioration of concrete structures consists of numerous aspects; this thesis deals
with damage due to corrosion of the reinforcement as a result of chloride ingress and
carbonation.

Chapter two describes the processes that could cause deterioration of concrete struc-
tures. Based on numerous publications this chapter draws the conclusion that deterio-
ration of concrete bridges is mainly caused by chloride ingress and carbonation.

Chapter three gives a qualitative description of chloride ingress, carbonation and
eventually corrosion of reinforcement. The third chapter also provides equations to
determine both the ingress of chlorides and carbon dioxide, and corrosion of the rein-
forcement that results in spalling. The models that are available to model chloride in-
gress and carbonation are introduced and adjusted in this chapter. The models are ad-
justed by introducing ageing and limited exposure to chlorides in time.

In Europe, little experience is available with corroding reinforcement at structures.
However, the output of predictive models is as good as the input. Therefore, chapter
four describes on-site tests that are carried out to determine the resistance of concrete
to chloride ingress. In chapter five parameters like cover depth and age distribution
are obtained from an extensive literature search.

Finally, in chapter six a concept is suggested to determine the deterioration of con-
crete bridges. The observed spalling of nearly 100 inspections at Dutch bridges is
used to calibrate the suggested concept. Eventually the calibrated parameters are used
to predict the amount of spalling that will evolve over the coming decades. Since the
predicted spalling is derived from physical models, the models will be used to per-
form a parameter study.

A thesaurus of the most frequently used deterioration terms is given in appendix B.



Chapter 1



2. Deterioration of concrete

2.1. Introduction

A sound understanding of deterioration processes is necessary before one can predict
development of deterioration. This chapter provides a selection of frequently observed
deterioration mechanisms for concrete structures. For each mechanism the cause and
consequences will be described.

The first steel reinforced concrete bridges have been built in the early 20™ century.
During the first decades when reinforced concrete was used, it was assumed that iron
and concrete would react and form iron silicate. As a result this material would de-
velop a layer around the reinforcement, which effectively prevents corrosion of the
reinforcement [Verhey 1912]. Nowadays, it is generally accepted that this was an er-
roneous assumption due to obvious signs of lack of passivity of the reinforcement. An
example of the lack of a passive state after several decades of exposure to a severe
winter climate is given in figure 4. The processes that take place when reinforcement
is corroding are described later in this chapter.

Figure 4: Severe spalling at bridge pier (Ann Arbor, M1, U.S., photo by author)

There are many processes that lead to damage of concrete structures. These mecha-
nisms of deterioration can be ordered in many different ways. This chapter will order
the mechanisms by direct and indirect deterioration of concrete.

Direct deterioration is defined as the deterioration of cement and aggregate phase of
the concrete itself due to exposure to harmful substances. These substances weaken
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the cement matrix, which is followed by abrasion. Indirect deterioration is defined to
occur if the concrete shows cracks and spalling due to the volume increase that arises
from the corroding steel reinforcement. In the case of indirect deterioration the cement
matrix itself is not affected by the harmful substances that penetrate the concrete.

2.2. Mechanisms of direct deterioration

Direct deterioration of concrete due to sulphate attack, freeze-thaw action, exposure to
acids, alkali silica reaction and direct deterioration by salts is described in this section.

2.21. Sulphate attack

The presence of sulphates in the cement matrix can cause an expansive reaction that
leads to cracks in the affected concrete. The sulphates usually originate from aggre-
gate that contains sulphate or from exposure to contaminated groundwater, soils, sea-
water, decaying organic substance or industrial effluent. Another source of sulphates
is recycled concrete that is used as aggregate. During the demolition of old concrete
structures, gypsum (CaSQy) that is used as plaster or wallboard could end up in the
demolished concrete or masonry rubble that is reused as aggregate in new concrete.

The development of ettringite is preceded by the reaction that supplies gypsum. The
chemical reaction is represented by equation 1. The combination of sulphate ions,
aluminate phases in cement and water may result in the formation of ettringite (equa-
tion 2) [Bijen 1996].

Ca* + 50, +2H,0 — CaSO, - 2H,0 (1)

The poor formation of (crystalline) ettringite from gypsum and aluminate and a low
amount of water results in highly voluminous solids [Mehta 1992]. If sufficient pres-
sure inside the concrete matrix is generated, the concrete will crack.

3(CaSO, -2H,0) +3Ca0- AL, +26H,0 — 3Ca0 - Al,0, -3CaSO, -32H,0

gypsum calciumaluminate ~ water ettringite

)

The formation of ettringite can be prevented with blast furnace slag cement if the slag
content is at least 65%. The high slag content results in less calcium oxide and cal-
cium aluminate (3Ca0-AlyO3). Due to the higher density of concrete made of blast
furnace slag cement than ordinary portland cement, the sulphate ingress will be re-
tarded [Mehta 1992].

A special case of sulphate attack is delayed ettringite formation. During hardening of
concrete, ettringite is formed around each cement particle to retard or slow down set-
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ting of concrete. The ettringite that is formed during the plastic stage does not result in
cracks. This type of ettringite is commonly referred to as primary ettringite.

If the temperature during steam curing is over 70°C, primary ettringite is thermally
decomposed to mono-sulphate aluminate. If, in a later stage, these sulphates react to
form ettringite, concrete will crack due to the expansion that accompanies the forma-
tion of ettringite and the absorption of water. This process is called ‘Delayed Ettring-
ite Formation’, or secondary ettringite [Collepardi 2003]. Correctly speaking the term
delayed ettringite formation should include both internal sulphate attack, as is de-
scribed in this paragraph, and external sulphate attack.

2.2.2. Freeze-thaw action

Freeze-thaw deterioration of concrete is caused by the expansion of pore water due to
freezing. Concrete structures freeze from the outside inwards. If the pores in the outer
layer of concrete are blocked by frozen pore water, expansion of the pore water un-
derneath the frozen shell is prevented. If the pressure builds up, the outer concrete
layer is damaged which often results in scaling. An example of damage due to freeze
thaw is presented in figure 5.

Figure 5: Freeze-thaw deterioration (Owen Sound, ON, Ca, photo by author)

Not in all instances freezing of the pore water will lead to damage to the concrete
structure. If sufficient space is available to enable the expansion, no damage will oc-
cur. An indication of possible damage is the amount of pores that are filled with wa-
ter. If the pores are filled for more than approximately 92%, critical saturation, dam-
age is likely to occur during the winter season [Powers 1975].
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2.2.3. Chemical deterioration by acids

Hydrated cement shows a poor resistance to acids. Nearly all types of strong acids,
like sulphuric acid, will affect these cement hydrates. At badly maintained structures,
decaying organic materials can release sulphuric acid. Acid attack involves conver-
sion of calcium compound to calcium salts after attacking acid. The chemical process
of the effect of acids on cement hydrates is presented in equation 3.

2H" +80,” +Ca0-Si0, -nH,0 — SiO, + CaSO, -(n+1)H,0

sulphuric acid cement hydrates silica gypsum

G

The newly formed material silica, which replaces the cement hydrates, shows less
strength than the original material. As a consequence the concrete structure will easily
deteriorate due to abrasion or any other mechanical load [Roskam 1994].

2.2.4. Chemical deterioration by salts

The decay of concrete by salts is similar to the decay due to acids; the cement matrix
is affected by salts to which it is exposed. An example of the salts that reduces the
strength of concrete is ammonium chloride. Ammonium chloride is one of the chemi-
cal components of artificial fertilizers. The chemical process of the damaging effect of
ammonium chloride to cement hydrates is presented in equation 4 [Roskam 1994].

2NH," +2CI" +Ca0-Si0, - H,0 — NH, + CaCl, + SiO, + 2H,0
ammoniumchloride cement hydrates ammonia  calcium  silica  water 4

chloride

The newly formed material silica, which replaces the cement hydrates, shows a
smaller strength than the original cement hydrates. Therefore, the concrete structure
will easily deteriorate due to abrasion.

2.2.5. Alkali-Aggregate Reaction

The presence of certain aggregates and alkali in the cement can lead to an expansive
reaction that is called alkali aggregate reaction (AAR). The alkali silica reaction
(ASR) is by far the most common of the alkali-aggregate reactions. Alkali and silica
react at the surface of aggregate particles to form a non-expansive reaction product.
Although the reaction itself results in a chemical shrinkage, the gel product has a great
capacity to swell upon absorption of moisture. Because of the water absorption and
subsequent volume increase of the silica gel, pressure builds up in the cement matrix
and eventually cracks will develop.

In addition to the crack pattern, the Alkali Silica Reaction can also be recognized by
the characteristic gel reaction product. This gel has been recognized as a glassy-clear
or white powder deposit. However, the white reaction product, as shown in figure 6,
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could also indicate other deterioration processes, like sulphate attack [Helmuth 1992,
Stark 1993] or harmless calcium carbonate deposits.

The chemical process of the alkali silica reaction is presented in equation 5 [West

1996].

2NaOH + Si0, + H,0 — Na,SiO, -2H,0

alkali

)

silica  water alkali - silica gel

Figure 6: Damaging cracking and exudation of gel (Sherbrooke, OQC, Ca, photo by author)

Not all concrete structures are prone to alkali aggregate reaction. This reaction will
only occur under certain conditions. These conditions are [CUR 1998]:

Poorly crystallized silica (SiO,) will more easily take part in the ASR reac-
tion.

Sufficient water has to be available to cause expansion.

Sufficient alkali ions have to be available to cause gel formation (cement
type).

The transport rate of sodium and potassium ions needs to have a relatively
high value to ensure that a sufficient amount of reaction products are avail-
able for reaction.

The Alkali-Aggregate reaction can, in general, be prevented by the use of blast fur-
nace slag cement instead of portland cement. Because of the low diffusion coefficient
(high resistance to transport), the expansive reaction is most likely postponed past the
end of the design lifetime [CUR 2002].
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2.3. Mechanisms of indirect deterioration

The most important cause of indirect deterioration is corrosion of reinforcement. In
case of indirect deterioration, cracks and spalling arise from the volume increase when
iron reacts with oxygen. There are eleven minerals known to date that are composed
essentially of the elements: iron, oxygen and hydrogen. The type of rust that is formed
depends on the temperature, pressure, moisture, pH-value and availability of oxygen.
For the most commonly observed corrosion products, the volume increase for iron
oxides ranges from 100% for iron(II) oxide, to 300% for iron(IIl) hydroxide [Liu
1998]. Firstly, a general description of the corrosion process is given; a comprehen-
sive description of corrosion of reinforcement is available elsewhere [e.g. SchieB3l
1988]. In this thesis, corrosion is restricted to carbon steel reinforcement excluding
stainless steel and coated carbon steel.

2.31. Corrosion of reinforcement

Corrosion of reinforcement is an electrochemical process involving anodic and ca-
thodic reactions. The reaction site where the metal dissolution takes place is called the
anode. In the anodic reaction iron atoms lose electrons and enter the electrolyte (pore
water). The chemical formulation of this process is:

2Fe — 2Fe™ +4e” (6)

Pore water is not only needed to form the electrolyte, it is also takes part in the oxy-
gen reduction. At the cathode, the free electrons released at the anode react with oxy-
gen and water to form hydroxyl ions according to:

de” +2H,0+0, - 40H" )

The net reaction of the processes at the cathode and anode is the formation of iron
hydroxide:

2Fe* +40H ™ — 2Fe(OH), (8)

This newly formed iron hydroxide has a low solubility and will precipitate near the
reinforcement. If sufficient oxygen is available, the iron(II)hydroxide will react to
iron(IIT) (hydr)oxides, such as hematite as presented in equation 9.

4Fe(OH), + O, = 2Fe,0, + 4H,0

hematite

©)

If a limited amount of oxygen is present at the steel, magnetite (Fe;0,) is formed. The
reaction products like hematite and magnetite are commonly known as more or less
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porous and hydrated forms of rust. The process of corrosion is schematized in fig-
ure 7.

4H,0
é—» 8OH"

207

8e” 2Fey03 ~@=————4F¢(OH), @0

4Fe /_> 4Fe2+
iron electrolyte
Figure 7: Corrosion process

In recently cast concrete pore water has a pH-value of about 13.5 [Fraay 1990]. In this
alkaline condition, the ferrous oxides hematite and magnetite are in a stable condition,
which prevents corrosion. This stable layer of ferrous oxides has a thickness of only a
few nanometres and should not be confused with ordinary rust layers [Berke 1992,
SchieBl 1988].

If chlorides are present at the reinforcement, the dissolved iron atoms not only react
with hydroxyl ions, the chlorides also react with iron to form iron chloride.

Fe* +2CI~ — FeCl, (10)

This compound is colourless or has a greenish colour and is highly soluble. It may
migrate far away from the reinforcement, for instance to the surface of the concrete,
where it is oxidized to iron(IlI)(hydr)oxides, which have a red/brown colour. These
brown stains at the concrete surface indicate chloride-initiated corrosion [CUR 1998].
In figure 8 different stages of corrosion damage: like brown stains, cracks and eventu-
ally spalling can be observed. In particular inside corrosion pits, iron chloride reacts
partially with water to form hydrochloric acid and iron hydroxide. Hydrochloric acid
causes a further drop of the pH-value, accelerating the local dissolution of iron.

FeCl, +2H,0 — 2HCI + Fe(OH ), (11)

The passive state of the reinforcement depends on the pH-value and the chloride con-
centration. The pH-value of the pore water is reduced by carbonation. If the pH-value
drops below 10, more and more iron atoms dissolve from the passive oxide layer and
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corrosion propagates. The reduction in alkalinity by carbon dioxide is called carbona-
tion. If the chloride concentration in the pore water near the reinforcement exceeds the
critical chloride conconcentration the passive state is lost, which is called chloride-
induced corrosion. Both processes of carbonation and chloride-initiated corrosion are
discussed in the next sections.

Figure 8: Corrosion process (Ann Arbor, M1, US, photo by author)

2.3.2. Chloride ingress

The ingress of chlorides can lead to chloride-initiated corrosion of the reinforcement.
The chloride ions originate from the sodium chloride which is the most important salt
in seawater and of de-icing agents. Once the chloride concentration at the reinforce-
ment exceeds the critical chloride concentration, corrosion of the reinforcement is
initiated (figure 9). The critical chloride concentration is discussed in detail in sec-
tion 3.2.2.

The time until initiation of corrosion is determined by the concrete quality, the dis-
tance between the concrete surface and the reinforcement and the amount of chlorides
to which the structure is exposed. These structural properties are discussed in detail in
the chapters 4 and 5. Transport of chloride ions is discussed in chapter 3.
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Figure 9: Corroded railway bridge column (Sherbrooke, QC, Ca, photo by author)

2.3.3. Carbonation

The alkaline environment of concrete is the result of hydroxyl ions that arise from the
cement hydration. Carbonation is the process in which carbon dioxide, from the at-
mosphere, enters the concrete and reacts with the hydroxyl ions, which leads to a re-
duction of the pH-value below 9.0. The depth over which the pH-value has dropped is
called the carbonation depth. In this zone the passive state of the reinforcement is lost
and corrosion develops if sufficient oxygen and moisture are present. Carbonation is
further discussed in chapter 3. An example of deterioration due to carbonation in-
duced corrosion is the roof slab shown in figure 10.

Figure 10: Corrosion due to carbonation (Bloemendaal, the Netherlands, photo by author)

Corrosion damage due to carbonation in reinforced concrete can, in general, be pre-
vented by sufficient cover depth, low to moderately low water to binder ratios and a
dry environment.
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2.4. Observed mechanisms of deterioration

In this chapter a number of mechanisms of deterioration are listed. To predict future
deterioration for a whole bridge stock, it is not feasible to model all the listed mecha-
nisms. Based on published results of practical experience, the dominating mechanisms
of deterioration of concrete bridges appear to be corrosion of the reinforcement due to
chloride ingress and carbonation. This hypothesis has been confirmed by observations
in many countries in North America, Europe and Asia. In table 1, a number of articles
are listed which describe chloride initiated corrosion. The effect of the increased use
of chloride-based de-icing agents is dramatically illustrated by the fact that surface
spalls were quite rare in California until the late 1960s when the use of chemical de-
icers was introduced in this state [Cady 1977].

Table 1: Authors that observed chloride-initiated corrosion in listed countries

Country Author

Finland Séderqvist 2000

Great Britain Bamforth 1994, Roberts 2000, Vassie 1986, Hobbs 1998
Japan Mutsuyoshi 2001

the Netherlands | Roskam 1996
Switzerland Roelfstra 2000
US.A. Hyman 1983, Kilareski 1980, Kirkpatrick 2002, Cady 1977

From the information that is gathered in Japan, a detailed description of the mecha-
nisms is given in figure 11.

bad construction
18%

S

fatigue
3%

freeze - thaw
5%

insufficient grout
3%

carbonation

5% chloride ingress

66%
Figure 11: Number of observed deterioration in Japan [data: Mutsuyoshi 2001]

As a basis for this study it is assumed that the most relevant mechanisms for deteriora-
tion are corrosion due to chloride ingress and carbonation. Carbonation is also as-
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sumed as one of the leading mechanisms of deterioration because it might affect
bridges that have been built before World War II, which have a small cover depth.

2.5. Discussion

This chapter discussed a number of well-known mechanisms of deterioration. Adopt-
ing all these mechanisms of deterioration to model future decay would be unfeasible.
Therefore it is assumed in this thesis that corrosion due to chloride ingress and car-
bonation are the leading mechanisms of deterioration. This choice is inspired by the
numerous studies that analysed decay of concrete structures in many countries.

Chloride ingress and carbonation will be described in detail in the next chapters and
used to predict future deterioration of a bridge stock.



Chapter 3



3. Chloride ingress and carbonation; theory and mod-
elling

3.1. Introduction

Numerous mechanisms of deterioration can occur in concrete structures. Of all the
mechanisms of deterioration, it appears that chloride ingress and carbonation are the
dominating mechanisms of deterioration, as is described in the previous chapter.

The next two sections will subsequently describe the mechanisms of chloride ingress
and carbonation that are selected as the leading mechanisms of deterioration. Each
section makes a distinction between the process, the accompanying material or envi-
ronmental parameters that predominantly control deterioration, and the mathematical
models that are used to calculate the rate of deterioration. In this chapter the material
parameters are described both qualitatively and quantitatively. Finally, section 3.4
describes in what way the models are used to predict deterioration.

3.2. Chloride ingress

3.2.1. Chloride diffusion

Chloride ingress into concrete is usually modelled as a diffusion process'. However,
other transport mechanisms like convection and absorption may contribute to the in-
gress of chloride ions. This section lists the reasons why diffusion is selected as the
predominant transport process in the concrete cover. Fick’s first and second law of
diffusion, treated in section 3.2.3, describe the process of diffusion in a mathematical
way. The mathematical formulation assumes a constant load of chlorides, which leads
to a uniaxial permeation into a homogeneous semi-infinite medium.

There are a number of objections to modelling chloride ingress into concrete as a
process of diffusion. These objections concern:

- convection / capillary flow;

- the heterogeneity of concrete;

- the various exposure conditions;

- the role of cracks;

- the influence of temperature differences;

- partially saturated pores;

- limited exposure to de-icing agents.
The next sections elaborate on the objections with respect to the simplification of only
considering diffusion.

' A detailed description of diffusion is given in appendix A.
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3.21.1. Convection / capillary flow

Chlorides may also penetrate by absorption (capillary forces) and convection. While
the larger part of a concrete structure tenaciously retains capillary moisture, even in
arid environments, the partially saturated surface zone is prone to accelerated chloride
ingress due to capillary forces. However, the harsh winter season, where de-icing
agents are used, is preceded by the fall where structures are exposed to moisture with-
out chlorides. Even in relatively dry concrete, exposure to moisture results in rapid
filling of the accessible pore space, after which bulk moisture movement virtually
ceases because of the loss of driving potential (capillary attraction). Therefore, the
primary mode of transport of chloride ions to the level of the reinforcement is diffu-
sion [Cady 1983].

The convective zone is likely to be caused by the high cement content in the near sur-
face layer, carbonation and the presence of micro cracks. The influence of cracks on
the ingress of chlorides is discussed in section 3.2.1.3. In general, the near surface
zone is poorly cured compared to the inner concrete and shows micro cracks due to
drying shrinkage. The thickness of the zone where convection is the leading transport
mechanism is not clearly defined. The thickness of the convective zone is determined
from chloride profiles. The suggested thickness in literature is between 5 and 15 mil-
limetres [Paulsson-Tralla 2002]. Other authors suggest the thickness of the convective
zone to be 7-8 millimetres for concrete structures of two years old, and 10 millimetres
for concrete of 8 years old. The study did not show a further increase of the thickness
of the convective zone at older structures [Nilsson 2000, Paulsson-Tralla 2002].

The higher porosity in the wall effect zone might indicate that the leading transport
mechanism in this zone is convection instead of diffusion. Due to the higher porosity
of the cover concrete, chloride ions move with the free water. As a result chloride eas-
ily penetrates into concrete. A portion of the chloride, however, is ‘washed out’ of the
convective zone during periods of rain. During periods without applying de-icing
salts, chlorides continue to move inwards by diffusion. Once a concentration is estab-
lished in the convective zone it will act as a buffer stock of chlorides. In that case,
diffusion will be the dominating transport mechanism for the pores at greater depths.

Even though the convective zone is reported in literature, there is no solid evidence
about the depth of the convective zone. For now, it is assumed that diffusion is the
leading transport mechanism over the cover depth.

3.21.2. The heterogeneity of concrete

Chloride ions are carried by moisture through pores in the cement hydrates. However,
concrete is far from homogeneous as it mainly contains impervious aggregates, and
porous cement hydrates. If the water to binder ratio of the concrete mixture is re-
duced, the pores are reduced in size and number, subsequently the diffusion coeffi-
cient is reduced [Bamforth 1994]. The outer layer of a concrete structure contains less
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aggregate and more cement than the bulk of the structure. This so-called wall effect
results in a higher porosity in the near surface zone than in the bulk of the structure. In
case of a monodisperse mix, where all grains have the same diameter, the wall effect
layer has a thickness of half this diameter. The packing density in the wall effect zone
is reduced by 12% for round grains and 27% for crushed grains [Sedran 1994]. In
structures with a non-monodisperse mixture, small grains and a relatively large
amount of cement hydrates are observed near the wall (figure 12).
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Figure 12: Smaller grains near surface (left side) i.e. higher cement content (photo by author)

3.2.1.3. The role of cracks

Cracks do accelerate ingress of chlorides into concrete. The question is, whether or
not, the diffusion hypothesis is still valid in a structure that shows cracks. Chloride
ingress into cracked concrete is not well understood; for now the crack width is sug-
gested as a criterion for the durability of concrete. It is assumed that the additional
chloride ingress, because of the cracks, is negligible in case of small crack widths.
Laboratory studies showed that the chloride ingress rate, associated with water ab-
sorption into cracks with a width of 0.05mm to 0.50mm, could be considered to be
similar to the ingress rate in sound concrete (table 2).

Table 2: Limiting crack widths for regular diffusion

author crack width

[mm]
Paulsson-Tralla 2002 0.05
Li 2002 0.10
Rehm 1964 0.15
Mangat 1987a / 1987b 0.20
Boulfiza 2003 0.20
Schief3l 1986 0.25
Frangois 1999 0.50
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The crack width criterion, however, disregards the depth and the number of cracks.
Since the chlorides penetrate into the concrete through the concrete crack surface area,
a better understanding of the vulnerability of concrete to accelerated chloride ingress
could be obtained by using the specific crack surface area [e.g. Locoge1992].

3.21.4. The influence of temperature differences

At high concrete temperatures the ingress of chlorides is faster than at low tempera-
tures. Usually the increased movement of ions is considered with an increased diffu-
sion coefficient. Many literature studies have been carried out, however, the results
differ considerably, from a 100% increase at 50°C temperature difference [Andrade
2003] to a 20% increase at a 60°C temperature difference [Jooss 2002]. In these stud-
ies the specimens were heated up to a temperature of 80°C, whereas most structures
never experience these temperatures. Because of the limited temperature variations in
Dutch bridges, the temperature dependency in the rate of chloride ingress is overcome
by assuming an effective diffusion coefficient as is discussed in section 3.2.1.7

3.2.1.5. Partially saturated pores

The presence of a pore solution is indispensable to facilitate the diffusion of chlorides
to greater depths. It is clear that the moisture content in the pores determines to what
extent diffusion will occur. Even though the concrete is not saturated, as in laboratory
tests, it is clear that sufficient moisture is present in the concrete to facilitate diffusion
of chloride towards the reinforcement [Nilsson 2000]. However, the degree of satura-
tion will influence the chloride ingress rate and this relationship between the moisture
content and diffusion coefficient cannot accurately be defined. The somewhat reduced
rate of ingress of chlorides is overcome by adopting an effective diffusion coefficient.

3.2.1.6. Limited exposure to de-icing agents

Most concrete bridges are, in contrast to laboratory specimens, only exposed to chlo-
rides during several months each year. However, the cumulative duration of salt ap-
plication to the highway bridges is unknown. Therefore it is assumed that highway
bridges are exposed to chlorides all year long.

3.21.7. Concluding remarks

It is generally accepted that the concept of diffusion gives a sufficiently accurate de-
scription of the of ingress chlorides. Near the concrete surface the observed chloride
concentrations deviate from the diffusion model. The drawbacks like cracks, hetero-
geneity, cyclic nature of exposure to de-icing agents, partial saturation and wash-off
are only observed in the near surface zone, while diffusion complies with the ob-
served chloride ingress at greater depths [Cady 1984, Takewaka 1988]. From a practi-
cal point of view, utilization of the above-mentioned phenomena is often difficult be-
cause there are in general too many unknown parameters [Maage 1996]. Therefore the
surface chloride concentration and diffusion coefficient are usually referred to as ef-
fective surface chloride concentration and effective diffusion coefficient. The term
effective emphasizes that the coefficient is not in exact agreement with the definition
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of Fick’s laws. However, all the known and unknown environmental and exposure
conditions, which in reality act upon structures, are included in this effective surface
chloride concentration and effective diffusion coefficient. Because of the reasons out-
lined above it is assumed that, in a de-icing salt environment, diffusion is the leading
transport mechanism in concrete once the chloride has passed the surface zone. Other
phenomena that might contribute to the movement of chlorides are included in the
effective diffusion coefficient and effective surface chloride concentration.

3.2.2. Critical chloride concentration

Steel reinforcement is protected against corrosion by a passive oxide layer. The pas-
sive layer is only a few monolayers thick and is formed in the alkaline environment of
concrete. However, chloride ions are able to form a complex with iron(II); these com-
plexes can migrate from the steel surface and subsequently convert into an expansive
corrosion product. The probability of chloride ions complexing iron(Il) ions is in-
creased with an increased chloride over hydroxyl ion ratio [Berke 1992]. To model
the phenomena of initiation of corrosion, it is assumed that chloride ions present in
concentrations in excess of a so called threshold level destroy passivation and pro-
mote the dissolution of iron [SchieBl 1988], if sufficient oxygen and moisture is avail-
able at the reinforcement. Depassivation is a stochastic process due to the influence of
many chemical and physical phenomena at the steel/concrete surface. Consequently,
the threshold level is not a deterministic value, but is usually expressed as a mean
value, which indicates a gradual increased probability of corrosion for increasing
chloride concentrations at the reinforcement.

A universal well-defined chloride threshold value for corrosion initiation appears not
to exist. The lowest reported threshold is 0.2% whereas the highest is 2.0% by mass of
binder [Glass 1997, Petterson 1994]. This huge gap between the reported values ques-
tions the reliability of the critical chloride concentration. The used definition of the
threshold value, the material studied and the ways the tests are carried out will most
likely influence the final judgment about the critical chloride concentration. Based on
published critical chloride concentration values, a most likely value of the critical
concentration is suggested in this section.

The amount of chloride ions and the pH-value of the concrete pore solution determine
the threshold value. A frequently used criterion of corrosion is the chloride-to-
hydroxyl ion ratio of the pore water. It is suggested that the probability of corrosion is
mainly dependent on the mass ratio of chloride to hydroxyl ions, which is about 0.6
[Hausmann 1967, Saremi 2002]. However, retrieving pore water from concrete is la-
borious and is mainly used in laboratory studies. Since the pH-value of the concrete is
roughly related to the cement content, it is generally accepted to relate the probability
of corrosion to the total chloride-to-binder (mass) ratio. Thus, in terms of currently
used representations, chloride threshold levels are best presented as total chloride
concentrations expressed relative to the mass of cement. In addition, it is found that
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the smallest range of threshold levels is achieved when they are presented as total
(free and bound) chloride concentration [Glass 1997].

The next sections successively discuss possible causes of the scatter in the threshold
values that are reported in literature and give an overview of reported values subdi-
vided by the causes discussed.

3.2.2.1. Definitions of threshold value

Before the values of the threshold values are discussed, the definitions that are used in

the numerous studies should be clear. The three, mostly used, definitions of the criti-

cal chloride concentration are [CUR 1992, CUR 2000b]:

1. The chloride level at the depth of the steel, which initiates corrosion, inde-
pendent from any damage to the structure.

2. The chloride level at the depth of the steel that results in developing damage
(cracking, spalling) due to corroding reinforcement.

3. The chloride level at the depth of the steel that, within the intended life span of
the structure, results in corrosion that causes spalling and cracking which re-
sults in a need for repair.

The differences between the definitions are considerable. The second and third defini-
tions describe the initiation and propagation phase of the deterioration, whereas the
first definition describes the end of the initiation phase. With regard to the third defi-
nition, initiation of corrosion can be indicated by the corrosion potential (<—350 mV
Cu/CuSO4 [ASTM 1999, van Daveer 1975]) or corrosion current density (>2 mA/m?
[Alonso 2000, Glass 1997]) or by visual inspection of the reinforcement after the
cover has been removed.

3.2.2.2. Laboratory test versus field construction

Many studies have been carried out in laboratories to investigate the critical chloride
concentration. The aim of these studies generally was to assess the critical chloride
value in real structures. It is important to recognize the differences between a labora-
tory test and a real structure operating under field conditions. The most important dif-
ferences are:

- chloride source (added to mixing water versus permeation from the envi-

ronment);

- cation of chloride salt (sodium chloride versus calcium chloride);

- preparation of reinforcement (clean versus rusted bars)

- compaction (air voids)

Preparation of reinforcement

The degree of surface preparation of the reinforcement has a strong influence on the
outcome of the critical chloride concentration. In many laboratory studies, the mill
scale of the bars was removed or the bars were polished to a mirror-like finish. The
type of preparation of the reinforcement is sometimes not reported which makes it
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difficult to compare the outcome of the tests. If the mill scale is removed the critical
chloride concentration may be a factor of two higher than the as-received mill scale
covered rebar (often called black bar) [Glass 2002, Sagiiés 2001]. If the reinforcement
is polished to a mirror like finish, no corrosion may be observed in a simulated pore
solution even at high chloride concentrations [Mammoliti 1996].

The sensitivity of the critical chloride concentration to the compaction, as indicated by
other authors, is not discussed in this thesis [e.g. Glass 2002]. The influence of the
source of chloride and the cation are discussed in the next section in association with
chloride binding.

3.2.23. Chloride binding

The chloride ions that are present in the hardened cement paste can be subdivided in
free and bound chlorides. Only the free chlorides will move towards the reinforcement
and may cause initiation of corrosion. The binding of chlorides is either physical or
chemical. It was found that the proportion of bound chloride remained approximately
constant regardless of the water-cement ratio [Mohammed 2003, Tang 1993, Tuutti
1982].

Chemically bound chlorides

One of the dominating parameters of chemical chloride binding is the tricalcium alu-
minate (C3A?) content of the cement. The chlorides are partially bound by C3A and
form Friedel’s salt (chloro aluminate®). Depending on the tricalcium aluminate con-
tent, 50 to 80% of chloride ions, which are added to the mix, may be bound by alumi-
nate phases [Justnes 1983, Polder 2002a]. The bound chlorides are ‘released’ if the
concrete is carbonated or if the concrete is exposed to sulphates [Hussain 1994]. It is
found that if the pH value drops below 11.0, due to carbonation, most of the bound
chlorides are released [Reddy 2002]. The release of the bound chlorides most likely
accelerates the corrosion of the reinforcement. This phenomenon of increased corro-
sion when both chloride ingress and carbonation occur is called carbonation acceler-
ated chloride initiated corrosion.

Physically bound chloride

Physical binding takes place when the amorphous calcium silicate hydrate (CSH) gel
adsorbs the chlorides. The CSH-gel is formed during the cement hydration. The
physically bound chlorides will move towards lower concentrations on the gel surface
at a much slower rate than the free chlorides in the pore water. This indicates that the
free chlorides will dominate the diffusion [Justnes 1983].

The chloride ions present in concrete can originate from exposure to a chloride-laden
environment or from adding them to the fresh concrete mixture. The origin of the

23Ca0-ALO;
33Ca0-ALO5CaCly 10H,0
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chloride determines the ratio of free to bound chlorides. The degree of binding of
chlorides, which are admixed, is also strongly influenced by the binder type. Blast
furnace slag cement shows more binding during the first month than ordinary portland
cement (table 3).

Table 3: Binding of chlorides added (sodium chloride or calcium chloride) to cement paste as
a function of cement type for concrete samples with an age of 28 days at testing; w/b-ratio:
0.5, the content of C3A in both ordinary portland cement (OPC1) and high alkali portland
cement (OPC2) being 9% [Arya 1990]

Cement |replacement | total CI added bound CI'| bound/total
type [% by mass of | [% by mass of (%)
binder] binder]
OPCl1 - 1.0 0.385 39
OPC2 - 1.0 0.523 52
OPC1 15% PFA 1.0 0.532 53
OPC1 35% PFA 1.0 0.605 61
OPC1 70% GGBS 1.0 0.711 71
OPC1 15% CSF 1.0 0.322 32
SRPC1 |- 1.0 0.283 28

Note: SRPC1: sulphate resisting portland cement (C;A: 0% by weight); CSF: condensed silica fume;
PFA: pulverized fuel ash; GGBS: ground granulated blast furnace slag

If concrete is exposed to permeation of chlorides from the environment, the binding is
hardly influenced by the binder type (table 4).

Table 4. Binding of chlorides as a function of cement type for samples submerged in sodium
chloride-solution (20g CI/l) during 28 days (same cements as table 1) [Arya 1990]

Cement |replacement | total CI added free CI' bound CI' | Bound/total
type [% by mass of | [% by mass of | [% by mass of [%]
binder] binder] binder]
OPC1 - 1.635 0.831 0.804 50
OPC2 - 1.779 0.811 0.968 54
OPCl1 30% PFA 1.887 0.818 1.069 57
OPC1 70% GGBS 1.750 0.830 0.920 53
OPCl1 10% CSF 1.265 0.684 0.581 46
SRPC1 |- 1.659 0.885 0.774 47

In Japan, similar results were found for concrete specimens that are exposed to sea-
water for 10 to 30 years (table 5).
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Table 5: Binding of chlorides from exposure to seawater [Mohammed 2003]

binder type bound/total

chloride [%]
OPC 58
high early strength PC 57
moderate heat PC 56
aluminate cement 74
BFSC (5 - 30% slag) 56
BFSC (30 - 60% slag) 58
PFA (5 -10% FA) 61

It is suggested by Mohammed [2003] that not only tricalcium aluminate chemically
binds chlorides but that all aluminate phases bind chlorides.

3.2.2.4. Cation of chloride salts

The de-icing agent that is used on the Dutch highways or the salt in seawater is
mainly made up of sodium chloride. Another salt is calcium chloride that was used as
an admixture until 1974, to accelerate hardening. Even though sodium chloride and
calcium chloride show a different binding behaviour, both salts have been used in
laboratory tests to determine the critical chloride concentration.

The cation causes a significant difference in binding. Chloride from calcium chloride
is bound more strongly than from sodium chloride because calcium ions reduce the
pH of the pore water by consuming hydroxyl ions due to precipitation of calcium hy-
droxide. The reduced pH value leads to an increased amount of bound chloride [Rash-
eeduzzafar 1991]. The difference of binding of chlorides that originate from different
salts is listed in table 6.

Table 6: Binding of penetrated chlorides as a function of salt type [Arya 1990] for concrete
samples having an age of two days at start of exposure; w/b-ratio: 0.5, cement type: OPC

Samples submerged in salt-solution (20gram CI/1) during 28 days
CI concentration NaCl| Sea-water CaCl, MgCl,
(% by mass of

binder)

Free 0.831 0.776 0.765 1.480
Bound 0.804 0.577 1.408 2.347
Total 1.635 1.353 2.173 3.827
Bound/total (%) 50 43 65 61

Note: Seawater has a chloride concentration of 18.5 gram CI/I. The chloride in seawater originates
from sodium chloride for 90%; the other salts are magnesium chloride (MgCl,), magnesium sulphate
(MgS0,), calcium sulphate (CaSO,) and potassium sulphate (K,SOy)
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The relatively low binding of chloride that originates from seawater is caused by the
presence of sulphates in seawater that show a stronger binding with C;A than chlo-
rides [Hussain 1994].

3.2.2.5. Literature review

This section lists the critical chloride concentrations given by various sources. The
results are subdivided by those given in standards and other publications. Standards
may be supposed to give a conservative value of the chloride corrosion threshold, be-
cause they most likely give an ‘allowed’ value that contains a certain amount of re-
serve. The other publications may be supposed to give an average value for the critical
chloride concentration. These publications are subdivided by threshold definition, salt
type and chloride permeation into hardened concrete or addition to fresh concrete,
since all these variables influence the critical chloride concentration.

The critical chloride concentration is used in many service life prediction models to
determine the time to initiation of corrosion. Since most models do not include the
propagation phase, it is preferable to use the first definition that is listed in sec-
tion 3.2.2.1. Thus, the adopted definition of the critical chloride concentration is: ‘The
concentration at which corrosion is initiated, independent from any damage to the
structure’.

The results from various sources in the literature are classified by the previously men-
tioned differences in table 7. The values apply to concrete structures where oxygen
can reach the reinforcement since oxygen is needed to form the passive layer [Buist
1982]. The results from table 7 indicate that the most likely critical chloride concen-
tration that is associated with initiation of corrosion is on average 0.5% by mass of
binder (cement). This conclusion agrees with two studies where corrosion was ob-
served at structures with a chloride concentration of about 0.5% by mass of cement
[Gaal 2001a, Polder 2002b].

The common perception is that blended cements like blast furnace slag cement or
portland fly ash cement give a higher threshold level than ordinary portland cement
[CUR 1997]. This perception probably originates from the fact that reinforcement in
concrete, made of blended cements, is less likely to corrode. Blended cements show
more binding of inter mixed chlorides and a reduced coefficient of diffusion in labora-
tory conditions. Concrete made of blended cements, however, show a lower concen-
tration of hydroxyl ions in the pore water than portland cement because of the re-
placement of clinker by slag or fly ash [e.g. Glass 2002]. This indicates that blended
cements will show a reduced threshold level compared to non-blended cements. Stud-
ies on fly ash blended cements showed an increase in chloride over hydroxyl ion ratio
compared to portland cement, which indicates a higher probability of corrosion [Ka-
wamura 1988, Thomas 1996].
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Table 7: Review of critical corrosion threshold for atmospherically exposed structures [Gaal

2003c]

author / reference condition salt |definition* salt |value
added

Literature
Stuvo, 1989 - - - - 0.40%
Fluge, 2001 OPC, sea exp. NaCl |[initiation (1) no 0.47%
Breit, 1997 OPC - initiation (1) - 0.48%
Li, 2002 PFA NaCl |[initiation (1) no 0.49%
Gaal, 2001a OPC NaCl |[initiation (1) no 0.50%
Polder, 2002a OPC NaCl |[initiation (1) no 0.50%
Polder, 2002b OPC, sea exp. NaCl |[initiation (1) no 0.50%
Mohammed, 2001 OPC NaCl |[initiation (1) yes'  [0.50%
Thomas, 1990 PFA, sea exp. NaCl |[initiation (1) no 0.50%
Li, 2002 OPC NaCl |initiation (1) no 0.53%
CUR 1997 OPC, w/b=0.65 |NaCl |initiation (1) yes 1.25%°
CUR 1997 BFSC, w/b=0.65 |NaCl |initiation (1) yes 1.60%"
CUR 1997 BFSC, w/b=0.45 |NaCl |initiation (1) yes 2.00%"
CUR 2000a (DuraCrete) OPC, w/b=0.5 - initiation (2)°  [no 0.50%
CUR 2000a (DuraCrete) OPC, w/b=0.4 - initiation (2)°  |no 0.80%
CUR 2000a (DuraCrete) OPC, w/b=0.3 - initiation (2)°  |no 0.90%
Fluge, 2001 OPC, sea exp. NaCl |initiation (2) no 0.80%
CUR 1992 OPC CaCl, |propagation (3) |yes 1.00%
CUR 1992 BFSC CaCl, |propagation (3) |yes 1.00%
Fluge, 2001 OPC, sea exp. NaCl |propagation (3) |no 1.20%
National Standards
ACI Building Code 318, 1999 | free chlorides - - - 0.15%
SAA 1990 (Austr, AS 3600) |total chlorides - - - 0.22%
BSI 1972 (UK, CP 119) total chlorides - - - 0.35%
NNI 2001 (NEN-EN 206-1) |total chlorides - - - 0.40%
NSF 1999 (Norway NS 3474) |total chlorides - - - 0.60%

*The number refers to the definition of the critical corrosion threshold:

1 initiation without visible damage
2 initiation + propagation until visible damage
3 initiation + propagation until repair needed

* Critical chloride content refers to free chlorides.
5 The critical chloride content is not adjusted because of chloride binding.
® Chloride level that leads to detectable levels of corrosion; in general this will be much earlier than the
occurrence of wide cracks or spalling of concrete.
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3.2.3. Chloride ingress model

Enough indications suggest that ingress of chlorides can be best modelled by a diffu-
sion process (section 3.2.1.7). The next sections give the partial differential equation
for diffusion and a number of solutions of this equation for specific conditions.

3.2.3.1. General model

Chloride permeation into concrete is commonly described as a one-dimensional diffu-
sion process. Diffusion is mathematically represented by the partial differential equa-
tion that is called Fick’s second law of diffusion [Crank 1975]. Fick’s second law of
diffusion is given in equation 12.

2
0C(x,1) _ po C(;c,t) 12
ot Ox
Where: C(x,t) = concentration of diffusing substance at depth x and time t, t = time,
D = diffusion coefficient, x = depth coordinate from the concrete surface into the con-

crete.

3.2.3.2. Solution — Collepardi

Collepardi was the first to apply Fick’s 2™ law of diffusion to chloride ingress into
concrete. Collepardi described the analytical solution to Fick’s second law of diffu-
sion on the condition that the diffusion coefficient and the surface chloride concentra-
tion are constant. The mathematical formulation for uniaxial permeation into a semi-
infinite medium is represented by equation 13 [Collepardi 1972].

Colx0)=Cyy +(C - Cc,.i)erfc[x] (13)
| | | 4Dt

Where: C(x,t) = concentration of chloride ions at depth x and time t, Cg; = initial
uniform chloride concentration in the concrete, C..s = concentration of chlorides at the
surface, x = depth co-ordinate from the concrete surface into the concrete, D = chlo-
ride diffusion coefficient, t = time. The initial chloride concentration represents the
chloride that is present in the fresh concrete, which originates from tap water, binder
and aggregate. The error function (erf) and complementary error function (erfc) are
special cases of the incomplete gamma function (the error function is discussed in
appendix A).

The analytical solution given by Collepardi assumes a uniaxial permeation into a
semi-infinite medium. However, this assumption disregards the existence of for in-
stance the beam edges. The analytical solution to calculate chloride ingress into con-
crete in a two dimensional situation is given by [Suryavanshi 2002]:
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— . — al 2
C,(x,y,1)=C,, [1 erf( \/4Dc,t Jerf[ \/4D511 ]J (14)

Two-dimensional ingress of chlorides is calculated for a fictitious beam. The results
of this analysis are plotted in figure 13. The two-dimensional chloride ingress leads to
increased chloride ingress. However, the chloride profile seems to follow the curva-
ture of the stirrup as is shown in figure 13. According to the Dutch Standard, the ra-
dius of the stirrups should be at least two and a half times the diameter of the stirrup
[NNI 1995b]. Therefore, chloride ingress is limited in the rest of this thesis to uniaxial
permeation.
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Figure 13: Cross section of two-dimensional chloride ingress
De-icing agents are only applied during the winter season, and this process is repeated
every winter. Under these conditions an alternative solution to Fick’s 2™ law of diffu-
sion has been suggested by Crank (equation 15) [Crank 1975]. The solution given in

equation 15 satisfies the condition that the total amount of chlorides (M) remains con-
stant.

C,(x,t)=

M exp[ — J (15)
N 7Dt 4Dt

Where: Cg(x,t) = concentration of chloride ions at depth x and time t, x = depth co-
ordinate from the concrete surface into the concrete, D, = chloride diffusion coeffi-
cient, t = time, M = total amount of diffusing chlorides. However, the total amount of
chlorides is deposited at time t=0, therefore equation 15 is not suitable for the repeated
chloride loads during successive winters.

The boundary conditions under which the solutions of equation 13 and 15 are derived
from Fick’s second law of diffusion (equation 12) are listed in appendix A.
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3.2.3.3. Solution — time dependent diffusion coefficient

One of the boundary conditions that is used by Collepardi is a constant diffusion coef-
ficient and surface chloride concentration. Until the mid 1990s, it was commonly ac-
cepted practice to model the diffusion coefficient as a constant value over time [e.g.
Brodersen 1982, Collepardi 1972]. However, observations at structures suggested
otherwise. The resistance to chloride ingress appears to increases over time, because
the pores are blocked or reduced in width due to:

- A gradually increasing degree of hydration, in particular for hydration of
slag and fly ash.

- A possible interaction between seawater (if present) and concrete, where
precipitation of CaCOs and brucite may block some of the smallest pores in
the surface layer of the concrete. Brucite (Mg(OH),) forms due to the per-
meation of sea salts (MgCly) that react with calcium hydroxide
(equation 16). It is rather insoluble and clogs the pores of concrete.
[Buenfeld 1986,Tong 2001].

MgCL, + Ca(OH ), — Mg(OH ), { +CaCl, (16)

Consideration must be given to the ability of the cementitious system to refine its pore
structure as it matures, thereby decreasing transport rates. Due to continued hydration
of cement (i.e. ageing), the porosity is reduced, which results in a reduced diffusion
coefficient. The diffusion coefficient and the surface chloride concentration are de-
termined from a measured chloride profile; this is the so-called chloride profile
method. However, by applying equation 13 to field data, it was found that the effec-
tive diffusion coefficient changed with exposure time [Bamforth 1999, Sandberg
1998, Thomas 1999]. In the past, the changing diffusion coefficient in time was over-
come by changing the value of the diffusion coefficient. However, this approach leads
to an underestimation of the chloride ingress at young ages or to an overestimate at
higher ages. As a consequence the use of a time-dependent diffusion coefficient in
predictive models is necessary to accurately predict the actual deterioration in con-
crete structures [Gaal 2001b, Thomas 1999].

A first attempt to include the effect of ageing of concrete on the diffusion coefficient
is given in equation 17 [Takewaka 1988, Mangat 1994a]:

Dcl (t) = Dcl;itin (] 7)

Where: Dg(t) = time-dependent chloride diffusion coefficient, D.,; = initial chloride
diffusion coefficient, t = time (year), n = ageing parameter.

Based on eight years of research at concrete exposed to an outdoor climate in Folke-
stone (U.K.), Bamforth derived input parameters for equation 17 [Bamforth 1999].
Deduced from field data a reference diffusion coefficient was introduced that could be
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transformed to a time dependent diffusion coefficient by equation 17 or 18. The trend
of the coefficient of diffusion over time is presented in figure 14. For blast furnace
slag cement and portland fly ash cement, it seems that the water-binder ratio has an
influence on the initial chloride diffusivity, while the level of replacement influences
the slope, i.e. the development of chloride diffusivity in time [Maage 1996].
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Figure 14: Time dependent diffusion coefficient of BFSC (70% slag), PFA and PC,
Ny =0.621, 1,,=0.699, n,.=0.264 [after: Bamforth 1999]

The disadvantage of equation 17 is that the units at both sides of the equality sign are
dissimilar and the initial diffusion coefficient represents a diffusion coefficient at a
certain age. A further developed time dependent model to predict the coefficient of
diffusion at a given age is equation 18 [Maage 1996]. This model has the advantage
that the initial reference diffusion coefficient can be taken at any point in time, usually
a reference period of 28 days is chosen. In this thesis, equation 18 is used to model the
ageing of the diffusion coefficient.

DCI (t) = DcI;O (l;)j (18)

Where: D (t) = time-dependent diffusion coefficient, D, = reference chloride diffu-
sion coefficient (associated with ty), to = reference period, t = time of exposure, n =
ageing coefficient (0<n<1).

To determine chloride ingress with the time-dependent diffusion coefficient of equa-
tion 18, this equation is substituted in equation 13 to obtain a relationship for the time
dependent prediction of the chloride profile (equation 19).



34 Chapter 3

- x
n 19
4.Dd;0(tt0) ¢ (19)

However, this substitution is mathematically inconsistent, because one of the precon-

C,(x,0)= Coit (c

clis

~C,)-erfe

ditions of the solution of Fick’s second law is the constant coefficient of diffusion in
time. The total history of the changing diffusion coefficient is only included correctly
by solving Fick’s second law anew. It results in a time-history of the diffusion coeffi-
cient given by integrating equation 18 [Visser 2002]:

t n

IDC,(t)dszvW[%) y (20)
0 I-n{t

The factor 1/(1-n) is missing in most models, as noted earlier [Mangat 1994a]. Due to

the integration it is now valid to substitute equation 20 into equation 13 resulting in

equation 21. The complete derivation of equation 21 from Fick’s second law of diffu-

sion is given in Appendix A.

C(I (‘x’t) = Ccl;i + (C(I;s - Ccl;i) : erfc; (O <n< 1)
4 . Dcl;O tf() .t (21)
I-n\t

This section discussed three types of diffusion coefficients, i.e. a constant diffusion
coefficient (equation 13), a semi time-dependent diffusion coefficient (equation 19)
and a full time-dependent diffusion coefficient (equation 21). The differences between
the three types of diffusion coefficient are displayed in figure 15. The diffusion coef-
ficient of equation 19 is usually referred to as time-dependent diffusion coefficient.
However, the preposition of equation 19 is that the diffusion coefficient is constant in
time. As a consequence the diffusion coefficient is not time-dependent, but it assumes
that the diffusion coefficient at the end of the evaluated period is applicable to the
whole lifetime, as is presented in figure 15. In this thesis, the time-dependent diffu-
sion coefficient of equation 19 is referred to as semi time-dependent. Only the full
time dependent diffusion coefficient (equation 20) gives an accurate description of the
history of the diffusion coefficient.
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Figure 15: Time-dependent diffusion coefficients

3.2.34. Solution — limited exposure to chlorides

Bridges are exposed to chlorides as a result of the application of de-icing agents. A
second source of chlorides could be seawater spray. In this thesis it is assumed that
chlorides originate from de-icing agents and not seawater spray, since marine struc-
tures are not considered.

In the United States and Canada highways have been constructed since the 1920s.
During the winter season, sleigh traffic was a common means of transportation be-
cause driving on icy roads was difficult for the early generation of cars. To accommo-
date the rapidly growing number of vehicles, the major highways were kept open to
traffic by snowploughs and the use of abrasives like sand, during the winter season.
By the mid 1930s, these materials were no longer sufficient because of an increased
public demand for ice and snow free roads and bridges.

At first, this problem was overcome by adding common salt (sodium chloride) to the
abrasives. However, over the years, the increased usage of abrasives mixed with salt
led to costs associated with the clean up of roads and drainage facilities. The use of
straight granular sodium chloride was pioneered by the New Hampshire State High-
way Department on an experimental basis in 1938 [Hogan 2001]. By the mid 1950s
many states in the United States used salt without abrasives to keep the roads free of
ice. In Europe, the wide scale use of salt with abrasives started in the early 1960s and
subsequently the use of salt without abrasives started in the late 1960s [Goltermann
2003, Vassie 1984, Vulpen 2000].

The age of the structure when the application of de-icing agents started has a signifi-
cant influence on the chloride ingress, because of the reduction of the coefficient of
diffusion in time. A graphical representation of the development is given in figure 16.
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Figure 16: Ageing vs. exposure to de-icing’

Due to the reduction of the diffusion coefficient over time combined with the post-
poned exposure to chloride, the total amount of chlorides that will penetrate into the
structure is reduced. The total history of the changing diffusion coefficient and the age
at which the structure was first exposed to chlorides is only included when Fick’s sec-
ond law of diffusion is solved with the right prepositions of the time-dependent diffu-
sion coefficient and the exposure to chlorides at a certain point in time (equation 22).

Lty

[ Dt =

lv

1-n

éﬁﬁh+%f”ﬁ (t+ 10y =1) 2

1

Where: t; = age at which the exposure to de-icing agent starts, t.x, = duration of the
exposure to the de-icing agent, t = time (age of the structure).

Due to the integration it is now possible again to substitute equation 22 into equation
13, resulting in [Gaal 2003a]:

7 t, = age at which exposure to deicing started
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CL'] (X, t) = CL-l;i + (Ccl;.v - CL-l;i k’fc al (t > t.\')
\/4 Dcl;O ¢ n I:tlfn —¢ l—n] (23)
1-n"° :
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Figure 17: Influence of the start of application of de-icing salt

If the structure is exposed to de-icing agents several years after completion, the con-
crete shows a lower diffusion coefficient and consequently a decreased ingress of
chloride. This effect is presented in figure 17 where the chloride concentration is de-
termined at a depth of 0.04m for different scenarios of first exposure to de-icing salts,
respectively 0, 1, 2, 3 years after completion. The reduced levels of the chloride in-
gress in figure 17 express the ageing of the concrete before the de-icing salt is first
applied. The initial chloride concentration, of 0.03% of the mass of binder, is caused
by the chlorides that are present in the mixing water and binder.

3.24. Evaluation of chloride ingress models

It has been suggested that only finite element models are capable of predicting chlo-
ride ingress with sufficient accuracy [Reinhardt 1985]. However the knowledge of
finite element models by far exceeds the knowledge of the input values for the finite
element calculations. Therefore in this thesis the main processes, like ageing and chlo-
ride ingress are modelled with Fick’s second law of diffusion.

It is observed from structures exposed to de-icing agents, that old bridge structures
contain lower chloride concentrations than more recently constructed bridges
[Goltermann 2003]. Only by using equation 23, where both the start of application of
de-icing salts to concrete structures and the change in diffusion coefficient in time is
taken into account, chloride ingress is modelled correctly.
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3.3. Carbonation

The alkaline environment in concrete is the result of calcium, sodium and potassium
hydroxides that arise from cement hydration. Especially sodium and potassium hy-
droxides give the high pH-value to the pore water in concrete [Fraay 1990]. Carbona-
tion is the process where carbon dioxide, from the atmosphere, enters concrete and
reacts with the hydroxides to form carbonates and water (equation 24, 25 and 26).
Due to the consumption of these hydroxides the pH-value is reduced below 9.0.

Ca(OH), +CO, - CaCO, + H,0 (24)
2NaOH +CO, = Na,CO, + H,0 (25)
2KOH +CO, - K,CO, + H,0 (26)

The depth over which the pH-value has dropped below 9.0 is called the depth of car-
bonation. In general, this depth is 1-2mm for portland cement after 2 years of expo-
sure [Jones 2001]. To facilitate the ingress of carbon dioxide the pores should not be
blocked by pore water. The reasons outlined before make clear that corrosion due to
carbonation can only arise in a situation where there is a small cover depth and a rela-
tively dry environment. However, sufficient moisture is necessary to facilitate corro-
sion.

The rate of carbonation depends on: type of cement, cement content, grain size of ag-
gregate, water/cement-ratio, temperature, moisture conditions and concentration of
carbon dioxide of the ambient air. Corrosion damage due to carbonation in reinforced
concrete can, in general, be prevented by sufficient cover depth and low to moderately
low water to binder ratios.

3.3.1. Carbon dioxide diffusion

The resistance of concrete structures to carbonation can be determined indirectly by
means of material tests (natural or accelerated carbonation test). In these types of tests
concrete specimens are subjected to environmental conditions that accelerate carbona-
tion, viz. increased carbon dioxide concentration, intermediate relative humidity and
moderate temperatures. After a defined exposure time, the specimens are broken and
the carbonation front is detected by the application of a suitable indicator solution
(phenolphthalein). The result of such a direct measurement is a recorded carbonation
depth, which represents both diffusion characteristics and carbon dioxide binding ca-
pacity of the material; the carbonation resistance® is hereby derived.

8 Literature about the coefficient of carbonation be should read with great care, because three different
variables are in use (D, R’ s accelerated carbonation test, R, '; natural carbonation test).
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It is well known that the cement type can have a significant influence on the rate of
carbonation of concrete. In this respect a particularly strong influence on carbonation
is noted for blast furnace slag cement. Various authors have shown that concrete made
of blast furnace slag cement shows greater carbonation depths than those made of
portland cements [Jones 2001, Parrott 1996]. The rate of carbonation is proportional
to the replacement of portland cement with blast furnace slag. For concrete made of
blast furnace slag cement with a replacement of 75%, the depth of carbonation is
about three times larger than that of portland cement in an artificial climate (constant
humidity) [CUR 1999]. The main cause of this higher rate is the lower lime content of
the hydrated cement, which will be depleted more easily [Bijen 1998].

3.3.2. Carbonation model

This chapter gives the most often used models to predict the depth of carbonation that
are available from literature.

3.3.21. General model

It is generally accepted that Fick’s first law of diffusion (equation 27) describes the
depth of carbonation as a function of time. If Fick’s first law is adapted for carbon
dioxide diffusion it results in equation 28 [Meyer 1967].

F=-p% 27)
ox

Where: F = rate of transfer per unit area of cross section, C = concentration of diffus-
ing substance, x = space coordinate measured normal to the section, D = diffusion
coefficient.

AC,
X

dQ=D, A

dt (28)

Where: Q = amount of diffusing carbon dioxide, A = penetrated area, ACy, = differ-
ence between carbon dioxide concentration in the atmosphere and at the carbonation
front, x = distance between carbonation front and concrete surface, t = time, D, car-
bon dioxide diffusion coefficient.

The diffusing carbon dioxide reacts with calcium, potassium and sodium hydroxides
at the carbonation front. In a simplified form, this process is modelled by equation 29,
where an amount of carbon dioxide (dQ) in a volume (dV) reacts with hydroxide. This
equation is rewritten to equation 30.

dQ=a-dv (29)

dQ=a-A-dx (30)

Where: Q = amount of diffusing carbon dioxide, a = carbon dioxide binding capacity
of concrete, V = concrete volume.
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The next equation is obtained if equation 30 is substituted in equation 28.

a~A~dx=chA&dt (31
X

X-dx= Dy AC,dt (32)
a

Integration of equation 32 yields:

X, = /% i (33)

Where: xo = carbonation depth, D¢, = carbon dioxide diffusion coefficient, ACy =
difference between carbon dioxide concentration in the air and at the carbonation
front, a = carbon dioxide binding capacity of concrete, t = time.

The binding capacity of carbon dioxide of concrete, which is a parameter in equa-
tion 33, is determined by equation 34.

Mco,
a=0.75-C.p-C.-a) - —= (34)
mCaO
Where: a = carbon dioxide binding capacity of cement, Ccao = content of calcium ox-
ide in cement (table 8), C. = cement content in concrete, o, = degree of hydration,

mco = molar mass of carbon dioxide, mcao = molar mass of calcium oxide.

Table 8: Calcium oxide content (CaO) [CUR 1999]

type of cement content of CaO [%]
CEM I portland cement 63.9
CEM I-SR portland cement 64.0
CEM 1I1I/B-LH/SR blast furnace slag cement 48.0

The content of calcium oxide in the cement should be known to determine the carbon
dioxide binding capacity of the concrete. During cement hydration, calcium oxide
reacts to calcium hydroxide, which subsequently reacts with carbon dioxide (equa-
tion 24, 25 and 26). An average content of calcium oxide is given in table 8.

The degree of hydration during the service life of the concrete is assumed to be con-
stant (when carbonation is determined) and is proportional to the water to binder ratio
(table 9). The assumption of a constant degree of hydration is not in line with the as-
sumption of the time-dependent diffusion coefficient that is used to determine chlo-
ride ingress.

A number of researchers have tried to calibrate equation 33 as will be discussed in the
next sections.
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Table 9: Degree of hydration [CEB 1997]

w/b-ratio | degree of hydration

0.63 0.82

0.57 0.79

0.55 0.75

0.54 0.74
3.3.2.2. Model of CEB

The CEB-model [CEB 1997] takes into account that carbonation depends on wetting
and drying of the cover. In wet concrete, the pores are filled with water and the carbon
dioxide cannot penetrate into the concrete, where in relative dry concrete carbon diox-
ide can easily penetrate. The carbonation depth for specific environmental conditions
can be determined with equation 35 and the parameters from table 10. The parameters
from table 10 are calibrated at observed depths of carbonations in the accompanying
environments.

[D Y
xcb:\/z’V/1'V/z'l//3'C(;b;s' a“”t(:} (35)

Where: xq, = carbonation depth, y; = parameter for micro climatic conditions, de-

scribing the mean moisture content of concrete, (table 10), y, = parameter to describe
the curing conditions, y3; = parameter to describe the effect of water separation (local
water to binder ratio), Ce.s = carbon dioxide content in the atmosphere’, Dy, = effec-
tive carbon dioxide diffusion coefficient of dry carbonated concrete, which is the dif-
fusion coefficient of dry concrete for carbon dioxide in a defined environment
(T=20°C RH=65%), a = amount of carbon dioxide for complete carbonation, (binding
capacity for carbon dioxide) (equation 34), t, = reference period, t = time in service, y
= parameter for micro climatic conditions, describing wetting and drying.

Table 10: Parameters CEB Carbonation model [CEB 1997]

class I I I v \%
curing bad good good good good
¥, 0.3 0.3 0.4 0.5 0.6
Y, 2.0 1.0 1.0 1.0 1.0
v, 1.5 1.2 1.2 1.0 1.0
b 0.3 0.3 0.2 0.1 0.05
I, II: wet at any occasion

III: wet when driving rain

1V, V: sheltered parts

% In general, the carbon dioxide content in the atmosphere is used in stead of the concentration differ-
ence between the carbon dioxide concentration at the carbonation front and in the air as is used in equa-
tion 33. This implicitly assumes a negligible carbon dioxide concentration at the carbonation front.



42 Chapter 3

3.3.2.3. Carbonation model of Hakkinen

In general, the depths of carbonation at different structures show a large scatter. Hak-
kinen tried to overcome the scatter by relating equation 33 to the compressive strength
of the concrete. The model of Hiakkinen assumes a relation between the compressive

strength and the resistance to ingress of carbon dioxide. The Hékkinen model takes
the following form [Hékkinen 1993]:

xL‘}) = éé’lﬂ’ .6(1 : f;‘méh : \/; [mm] (36)

Where: Xq, = depth of carbonation front [mm]; &,y = environmental coefficient, &, =
parameter relating to cement type, f., = mean compressive strength of the concrete at
the age of 28 days, &, = parameter relating to cement type, t = time.

The suggested values for the parameters of equation 36 are listed in table 11.

Table 11: Suggested values for carbonation model parameters [Hdikkinen 1993]

environment Eenv
structures sheltered from rain 1.0
structures exposed to rain 0.5
cement type &a &
portland cement (p.c.) 1800 -1.7
p.c. + fly ash 28% 360 -1.2
p.c. + silica fume 9% 400 -1.2
p.c. + blast furnace slag 70% 360 -1.2
3.3.3. Evaluation of carbonation models

The results of the different models give a relatively large scatter. The problem of the
carbonation model is that it is unknown to which set of data the parameters are cali-
brated. This does not mean that the models are not good, but the parameters should be
used with care.

The environment has a pronounced influence on the depth of carbonation as is de-
scribed in chapter 2. Because the CEB model (CEB 1997) gives the best possibilities
to adjust the model to the environment, this model is selected to simulate carbonation
induced deterioration in this thesis.
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3.4. Modelling Deterioration

Over the last decade of the 20™ century, many research studies were carried out to
model the deterioration of concrete structures [e.g. Frangopol 1997, Roberts 2000,
Stewart 1998]. In these studies models of chloride ingress and carbonation were tuned
to observed damage to concrete structures.

However, it has been suggested that modelling of deterioration will not lead to a satis-
factory result because:
- bridges are often rated as functionally obsolete before becoming structur-
ally deficient;
- pre WWII bridges are still in good condition, as compared to bridges con-
structed during the 1970s;
- small areas of bridge elements, like joints, need a lot of maintenance.

Some articles suggest that if a structure is designed according to the standards and
does not show deterioration within 10 years after construction, the lifetime of the
structure is infinite [de Sitter 2001]. However, this section together with chapter 6 will
show that concrete structures do deteriorate over time.

Functionally obsolete structures

In general, according to the standards a design service life of 100 years is required.
However, most structures show the first signs of deterioration after 25 years of service
and therefore need maintenance [Hyman 1983, Markow 1993, Vorster 1991]. Because
of the early end of the functional lifetime, long before concrete structures have
reached the end of their design lifetime, it is questioned if the models for chloride in-
gress and carbonation are really suitable to predict deterioration. However, concrete
structures begin to crumble long before they have reached the end of their design life-
time. To predict the gradually increasing risk of spalling, deterioration models are
used. Only these models describe the changes in condition in time.

In the Netherlands, over the last two decades about 50 out of 3500 highways bridges
have been demolished (in the year 2000). These bridges were mostly demolished be-
cause of a change in functional or economical requirements. The average age of these
demolished bridges was about 40 years, which corresponds to the often-suggested
functional lifetime of 40 years. However, if the lifetime distribution of these 50 de-
molished bridges is combined with the current age distribution of the 3450 existing
bridges, it is found that the expected age of bridges is about 83 years [van Noortwijk
2002].

Old bridges in good condition

Analyzing the Dutch bridge stock, it is observed that bridges constructed before the
Second World War are in a comparable condition, with respect to spalling, as the
bridges from the early 1970s. The condition of these old pre-WW?2 bridges is ex-
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ploited to prove that concrete bridges have an infinite life span. The most likely rea-
sons for the good condition of the pre-WW?2 bridges, is that they were not exposed to
de-icing agents until the 1960s.

In order to understand the way bridges deteriorate it is important to recognize that the
use of sodium chloride as a de-icing agent to keep the roads and bridges free of snow
and ice, started only in the 1960s. Together with the ongoing hydration of cement, it is
explained in this thesis why pre-WW2 bridges generally are in a better condition than
bridges constructed in the 1970s or later.

Maintenance of bridges

For young bridges, leaking bridge deck expansion joints and not corrosion of the rein-
forcement is the most important reason for maintenance expenses. Because of the
small number of old bridges compared to the number of recently built bridges on
Europe’s mainland, maintenance of young bridges receives a lot of attention. There-
fore leaking joints show up in the maintenance statistics more frequently than corro-
sion of reinforcement because bridges that show corrosion have probably already been
demolished and not maintained before.

3.4.1. Modelling corrosion

The corrosion process consists of a number of sequential phases. The generally ac-
cepted model of Tuutti suggests an initiation and a propagation phase (figure 18). The
initiation phase describes the permeation of aggressive agents through the concrete
cover until they reach the reinforcement. The propagation phase describes the devel-
opment of rust products that induce cracking and spalling of the concrete cover.

Models that includes the propagation stage generally states that the service life of the
structure formally ends after a critical crack width has been developed. The service
life of a concrete structure is mathematically modelled by equation 37 through 47
[Thoft-Christensen 2000, Tuutti 1982, Liu 1998, Bazant 1979a, Bazant 1979b]. The
suggested values for the input parameters are tabulated in table 12 (p. 49).

t.\'e‘rvice = tc()rr + Atvmvk (3 7)

Where: teervice = service life, teo = time of initiation of corrosion, Atepcc = time from
corrosion initiation to cracking of the concrete cover.

3.4.2. Initiation phase

In this thesis, it is assumed that the leading mechanisms of deterioration are due to
chloride ingress and carbonation. The concentration of chlorides at the reinforcement
is determined with equation 23, once this concentration reaches the critical chloride
concentration it is assumed that corrosion of the reinforcement is initiated. The depth
of the carbonation front is determined with equation 35. When the carbonation front
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reaches the reinforcement it is assumed that corrosion is initiated. Both events cause
the system (reinforced structure) to enter the propagation phase.

deterioration

initiation propagation N time

ple
pie

life time

A

»
1 g

Figure 18: Schematic representation of steel corrosion in concrete as a function of age [after:
Tuutti 1982]

3.4.3. Propagation phase

Service life of a bridge is usually defined as the time until initiation of corrosion [e.g.
Clifton 1993]. In previous sections, the most important models for chloride ingress
and carbonation were described. Equations 23 (p. 37) and 35 (p. 41) give the time un-
til initiation of corrosion due to chloride ingress and carbonation, respectively. How-
ever, after initiation of corrosion the structure is still without any cracking or spalling.
During the propagation phase, the concrete will eventually crack due to the tensile
stresses that arise from the expansion that is caused by the corrosion of the reinforce-
ment. The three stages that are considered in the propagation model are:

- free expansion;

- stress initiation;

- crack initiation.

The length of the propagation period depends on:
- the corrosion rate;
- the criterion (first crack, spalling);
- the amount on corrosion causing that the criterion is exceeded.

Initiation of corrosion does not lead to instantaneous cracking. When corrosion prod-
ucts are formed, first, the porous zone around the reinforcement is filled with corro-
sion products. The concrete porosity is at its largest close to the rebar, the so-called
transition zone, as was discussed in section 3.2.1. For simple calculation, an equiva-
lent zone with porosity one (100%) is assumed around the steel bar.
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The total amount of corrosion products that is needed to cause cracking of the cover is
calculated by:

Werie = Wporous + Wexpan + Witeel (3 8)

Where: weit = amount of corrosion product needed to cause cracking, Wporous =
amount of corrosion product necessary to fill the porous zone, Weypan = amount of cor-
rosion products needed to create expansive pressure, Wge = amount of corrosion
products that causes actual cracking.

The amount of corrosion products necessary to fill the porous zone can be written as:

Wporous = 7 Prust dpor 'dr (39)

Where: Wyorous = amount of corrosion product necessary to fill the porous zone, d=
initial diameter of the reinforcement, pns = density of corrosion products, dyor =
thickness of equivalent zone with porosity 1.

The concrete will expand after the porous zone around the rebar has been filled with
corrosive products. The amount of expansion of the concrete without causing any
cracking is modelled by:

Wexpan = Prust 7 ° (dr +2- dpol‘ ) dcrit (40)

Where: dgit = the thickness of expansion at crack initiation

Liu and Weyers have estimated the thickness of the expansive zone at crack initiation
by assuming that the concrete is a homogeneous material [Liu 1998]. This expansive
zone can be approximated by a thick-walled concrete cylinder [Thoft-Christensen
2000] (figure 19).

“
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Figure 19: Input parameters of equation 41
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The approximating value of the critical expansion is:

’ 2 )
c- a,., +b
crit = f; ! ; 2 +Uc (4])
E, \b-a

por

Where: d.it = the thickness of the expansive zone at crack initiation, ¢ = cover depth,
fi = tensile strength of concrete, Ecr = effective elastic modulus of concrete, ayor = in-
ner radius of equivalent porous zone, b = outer radius of porous zone plus cover
depth, v, = Poisson’s ratio of concrete.

d,.+2-d,,
oy =~ (42)

b=c+apm_ (43)

Finally, the amount of corrosion products that causes actual cracking of concrete is
calculated by:

— p rust

steel

: mstee/ (44)

steel

Where: pgeel = density of steel, mgee; = mass of corroded steel.

The critical amount of rust products to cause cracking (W) is proportional to the
amount of corroded steel (mge). The constant that relates these parameters depends
on the type of corrosion products. Based on frequently observed corrosion products,
the factor of proportionality is calculated as mgee; = 0.57-Werie [Liu 1998]. Therefore,
equation 38 can be rewritten as:

p steel
Psteel — 0.57- Prust

crit

’ (Wparuus + chpan ) (45)

The rate of formation of rust as a function of time t (years) from corrosion initiation
can be written as:

AW, () 1
Tus. — k t .
dl rust ( ) ijl (t) (46)
Where: wy,« = amount of rust products, ks = rate of rust production.
From this results equation 47 follows
w, .’ w, .’
At ek = crit — crit 47
w2k, 2-0383-107 4.0, @

Where: i = corrosion current
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Figure 20: Duration of the propagation phase as a function of cover depth and corrosion
current density

In this study, the equations above are used to determine the time from initiation of
corrosion until cracking (i.e. duration of the propagation phase). To get an impression
of the duration of the propagation phase in different conditions, corrosion current den-
sity cover depth and the duration of the propagation phase is displayed in figure 20
and 21. The input parameters are tabulated in table 12.
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Figure 21: Duration of the propagation phase as a function of cover depth and concrete ten-
sile strength

Experimental data showed that cracks joined together to create longitudinal cracking
at crack widths of about 0.4 to 0.5mm [Vu 2002]. At this stage, it is likely that
spalling would occur in a real slab with transverse reinforcement, especially if loads
are applied to the structure.

Oxygen availability at the cathode and electrical resistivity are factors that affect the
rate of corrosion. Corrosion is stopped if the concrete contains too little moisture be-
cause of the low permeability of the concrete, while the diffusion of oxygen through
the concrete is reduced at relative high humidity. The threshold values for corrosion
depend on a number of factors, many of which are still not well understood. However,
the optimum relative humidity for corrosion is observed at 70-85% [Carrier 1975,
Gardiner 2002, Gonzalez 1993, Neville 1995, Novak 2001, Yalgyn 1996].
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Table 12: Input parameters propagation phase [after: Thoft-Christensen 2000]

parameter symb. mean value | unit
diameter reinforcement | 16 | mm
modulus of elasticity E.t 10 | GPa
elastic modulus fi 4.0 | MPa
rate of corrosion fcorr 21102 A/m?
thickness of eq. zone dpor 12.5 | um
poisson’s ratio Ve 0.25(-

density of corr. product | pp. 3600 | kg/m’
density of steel Pstcel 7800 | kg/m’
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Research at a series of 11 bridges in Denmark and Sweden showed that the relative
humidity is higher than 75% and builds up with increasing depth [Lindvall 2000]. At
these 11 bridges no difference was observed between sheltered and unsheltered parts
of the bridges or summer and winter season. Therefore, in this thesis, it is assumed
that oxygen and moisture availability do not limit the corrosion of reinforcement in
concrete bridges.

3.5. Discussion

This chapter described modelling of damage to concrete structures due to reinforce-
ment corrosion caused by chloride ingress or carbonation. The models used might not
be the most sophisticated models that are available at the moment, but in this thesis
robust models are preferred. Robust models are preferred since these models consider
the most important input parameters.

In this thesis it is assumed that diffusion gives an accurate description of ingress of
chlorides and carbon dioxide. The question is to what extent the mathematical models
comply with reality. Even though other transport mechanisms transfer chlorides as
well, diffusion is demonstrated as the leading mechanism of transport of chlorides and
carbon dioxide.

Since the outcome of the models is as good as the input allows, the estimation of the
values of the input parameters should be determined with great care. In the next two
chapters, values are suggested for the input parameters that are discussed in this chap-
ter, based on extensive research.
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4. Material properties

4.1. Introduction

In the early years of forecasting deterioration, the predicted bridge condition was en-
tirely based on the judgment of past bridge maintenance trends. However, extrapolat-
ing this experience to predict a future condition is questionable since most concrete
bridges are relative young of age.

Over the last decades, models have become available to simulate changes in bridge
condition. A number of these models were given in the previous chapter. The knowl-
edge of these models, however, by far exceeds the knowledge of the values of the pa-
rameters used in the models. An important precondition for predicting future deterio-
ration is choosing the right input values, because the results of any prediction are as
good as the input allows.

This chapter will give values for input parameters for the deterioration models that
have been derived from realistic and accurate data representative for the Dutch stock
of concrete highway bridges. Based on the input parameters given in this chapter, a
simulation and prediction of deterioration will be carried out in chapter 6.

Deterioration of concrete structures usually starts at an isolated spot and expands over
time. An example of the spatial variability of deterioration is given in figure 22 where
different stages of corrosion are shown (sound concrete, first crack and finally
spalling).

Figure 22: Observed variability of deterioration (Barcelona, Spain, photo by author)

There is a range of sources that contribute to the uncertainties that are encountered in
modeling and predicting the development of the process of deterioration. These may
include environmental conditions, material heterogeneity, execution (workmanship)
and human errors, as is outlined in figure 23 (where: D = diffusion coefficient, c¢ =
surface chloride concentration, y¢ = chloride ingress, ¢ = cover depth). The inherent
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stochastic behaviour of the deterioration processes is discussed in this chapter and
chapter 6.

s +>

T

Cel

Figure 23: Sources of variability in deterioration processes

4.2. Critical chloride concentration

The critical or threshold chloride concentration was extensively discussed in section
3.2.2. On the basis of the literature review, that is listed in table 7 (p. 29), it is sug-
gested that the most likely mean value of the threshold value is 0.50% by mass of
binder. This section will suggest a value of the standard deviation for the threshold
concentration. The standard deviation is derived from both samples taken from struc-
tures and a laboratory study.

probability of corrosion
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Figure 24: Chloride concentration at reinforcement as a function of the probability of corro-
sion (corrosion potential<-350mV) [Breit 1997, Gaal 2001a]

To determine the critical chloride concentration for concrete structures, inspection
results from a survey in Scotland are analysed. On the A82 trunk road in Scotland,
twelve concrete bridges were selected from which the year of construction ranged
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from 1930 until 1932. Since the mid 1960s these bridges were exposed to de-icing
salts. Between 1981 and 1983 the bridges were extensively examined with respect to
cover depth, chloride concentration and corrosion potential [Vassie 1986]. From these
results both the chloride concentration at the reinforcement and the corresponding
probability if the corrosion potential is more negative than —350 mV (Cu/CuSO,) are
determined. A comprehensive description of the half-cell or corrosion potential meas-
urement can be found in appendix B. The results from the bridges in Scotland are in
agreement with the literature review in table 7, but indicate a slightly higher probabil-
ity of corrosion for structures compared to laboratory specimens. The increased prob-
ability of initiation of corrosion for structures compared to laboratory specimens could
be caused by, among other things, the preparation of the laboratory specimens, as was
discussed in section 3.2.2.2. The results for the bridges in Scotland and results ob-
tained under laboratory conditions are plotted in figure 24. Because of the limited
number of results from the bridges in Scotland, the earlier assumed value of 0.5% is
maintained. From the laboratory results of Breit a standard deviation of 0.2% by mass
of binder is suggested and a normal distribution is assumed [Breit 1997].

4.3. Ageing of concrete

The ageing coefficient is usually derived from cores that are taken from structures that
differ in age [Bamforth 1999, Gehlen 2000, Helland 2001]. Of each structure the dif-
fusion coefficient is derived from chloride profiles. Subsequently the ageing coeffi-
cient is obtained by comparing the diffusion coefficients of all the structures that dif-
fer in age. However, over time the original concrete quality has changed which will
influence the diffusion coefficient. In this section the ageing coefficient is derived
from specimens that are made of the same type of cement and have the same mixture,
but differ in the period of curing before exposure to chlorides.

In 1976, the Dutch foundation for Materials Research in the Sea initiated a long-term
programme of concrete submerged in deep-sea water [de Lange 1984, Polder 1995].
Over 250 specimens were cured for 1, 4 or 14 weeks before they were exposed to
seawater. Subsequently the specimens were placed 5 or 100 meters below sea level
for 2, 8 and 16 years. Because of the different periods of curing prior to exposure to
chlorides, this set of data is suitable to derive the ageing coefficient by using equation
23 (p. 37).

From the profiles obtained, the surface chloride concentrations and chloride diffusion
coefficients are derived by fitting Fick’s 2" law of diffusion (equation 23) to the ob-
served chloride profiles using the least square method. A detailed description of the
method to derive the diffusion coefficient and surface chloride concentration from the
cores is described in section 4.4.3. If the ageing coefficient, surface chloride concen-
tration and diffusion coefficient are unknown, there are an infinite number of solu-
tions when a single chloride profile is fitted to Fick’s second law of diffusion. By,
simultaneously, fitting two chloride profiles of e.g. 4 and 14 weeks of curing, a unique
solution is found. The result from this analysis is the ageing coefficient, the diffusion
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coefficient and two surface chloride concentrations for each curing period. A different
surface chloride concentration is found for each period of curing; this corresponds to
findings of other authors [Bamforth 1993]. The results that are obtained by simultane-
ously fitting three chloride profiles, with different periods of curing, are plotted in
figure 25 and tabulated in table 13.

Table 13: Determined ageing coefficient and other parameters (cement type: CEM Il B)

Exposure Depth | Diff co- | Ageing | Cg Cass Cass
[months] [m] eff'’ coeff. curing curing curing
[m?/s] [-1 1week | 4weeks | 14 weeks
89/98 100 | 3,65-10™" 0.40 2.84 2.03 1.30
96 5] 4,51-10" 0.52 2.88 2.34 1.38
23/32 100 9,18-10™ 0.58 2.11 1.27 1.37
26 5] 3,76:10" 0.31 2.20 1.48 1.30
Average 0.45

35 chloride content [% binder mass]
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Figure 25: Chloride profiles obtained form specimen submerged in North Sea

The ageing coefficient that is found from the specimens that have been submerged in
the North Sea is in close agreement with the results from Gehlen (table 14). To deter-
mine the deterioration of concrete bridges, the standard deviation found by Gehlen
will be used.

10 Reference diffusion coefficient at an age of 28 days.
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Table 14: Ageing coefficient (n)

Author Cement Mean value Stand. dev.
Gehlen 2000 | CEM 1 0.30 0.12
Gehlen 2000 | CEM III/B 0.45 0.20
Polder 2003 CEM 11I/B 0.48 0.07
this work CEM 11I/B 0.45 -

4.4. Chloride diffusion coefficient

Today’s road authorities require bridge structures with an expected lifetime of 80 to
100 years. In Europe the average age of bridge structures is about 35 years. Experi-
ence with older structures is limited. To overcome this lack of experience, numerical
models are used to predict future deterioration. Whereas the predicted lifetime should
be of the order of 100 years, the input parameters used are derived from specimens
that are mostly less than 1 year old [e.g. Brodersen 1982].

Published data of the diffusion coefficient of concrete are often based on small-scale
specimens made from cement paste or mortar that are only exposed to chloride during
several months. The exposure period is not the only limitation of laboratory speci-
mens. Structures like bridges are in a permanent non-steady state with respect to the
chloride exposure, which is far from laboratory conditions.

Figure 26: Taking cores from a bridge column (photo by author)

To overcome the relatively short exposure period and non-steady state environment in
this study the diffusion coefficients are derived from structures that are up to 62 years
of age. To recognize the difference in construction practice over the last decades, a
distinction is made between three age groups and two cement types. The goal of this
paragraph is to derive a coefficient of chloride diffusion and a surface chloride con-
centration from bridges that are up to 62 years old.
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441, Examined bridges

The Dutch Ministry of Transport gave permission to take over 150 cores from a series
of bridges, because those bridges were bound to be demolished (figure 26). Most
bridges were located in or over highway 16, which is situated in the southern part of
the Netherlands. In this study, 100 cores (=50mm) are analysed to quantify the chlo-
ride ingress and 50 cores (J=75mm) are analysed to determine the compressive and
tensile strength. These structures were owned and maintained by the Dutch Ministry
of Transport. The examined bridges are tabulated in table 15.

Table 15: Examined bridges

Name constructed cores drilled
Landscheidingsweg 1989 | Apr. 08,2002
Riga 1987 | Apr. 14,2002
Klein Overveld 1967 | Aug. 19,2002
Dirk de Botsdijk 1967 | June 05, 2002
Verlatendijk 1965 | Aug. 19,2002
Muntendam 1964 Feb. 08,2002
Reevliet 1963 | June 05, 2002
Langeweg 1940 | Aug. 23,2002
Brug over de Mark 1940 | Aug. 23,2002

Nearly all cores were taken from the structures in sets of two cores directly next to
each other, as indicated in figure 27. Subsequently, each core was sliced into discs
with a net thickness of 6 millimetres, to obtain a chloride profile. Next the set of chlo-
ride profiles is put together to a single chloride profile, as is shown in figure 29. With
this method detailed information on the chloride concentrations is gathered for each
tested location of the structure. For a number of sets, the chloride profiles could not be
put together to a single profile because of differences in the chloride levels. No clear
reason could be identified for the differences in chloride concentration for cores that
were only a few centimetres apart.

When cores are taken from a structure and subsequently sliced into discs, water is
used to cool the saw blade. One could argue that the outcome of the test is influenced
by the method since chlorides might be washed out when the cores are drilled and
sawn.

In a study about this phenomenon, concrete of both portland cement and blast furnace
slag cement was tested at samples with an added chloride concentration of 0.2, 0.1
and 0.05% by mass of binder. To examine the influence of cooling water, samples
were obtained by both crushing test cubes, and coring and subsequent slicing of the
cores taken from the test cubes. The cores were drilled and sliced with the same di-
ameter and in the same way as is done at structures. The chloride concentration was
determined by the same method as is used to determine the chloride concentration of
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the specimens in this thesis, the Volhard method. The found chloride levels deviated
at most 0.01% by mass of binder from the intermixed amount of chlorides of 0.2, 0.1
and 0.05% by mass of binder. These results indicate that the water that is used to cool
the drill and saw blade does not wash out the chlorides [Wardenier 1996].

“pA” «g”
Figure 27: Discs from a set of cores [after: Taheri 1998]

From the cores that were taken from the bridges that are listed in table 15 it was
learned that approximately 30% of the surface area of a bridge could be considered as
sheltered surface, and approximately 40% of the concrete was made blast furnace slag
cement.

44.2. Slag content of cores

The slag content of blast furnace slag blended cements strongly influences the diffu-
sion coefficient [Brodersen 1982]. An arbitrary conclusion from figure 28 is that the
slag content should be over 40% to result in a significant reduction of the diffusion
coefficient. In the study of Brodersen, the mortar discs were exposed to chlorides in a
steady state diffusion test, after 28 days of wet storage curing. The discs, with a thick-
ness of 10mm, were exposed to a chloride solution of 175gr sodium chloride per liter
for 15 weeks. The diffusion coefficient was determined from the amount of chlorides
that passed through the disc. Since the results that are plotted in figure 28, are derived
from laboratory tests, the conclusion above is only true if similar curing took place.
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Figure 28: Diffusion coefficient as a function of the slag content [after: Brodersen 1982]

In order to be able to group the diffusion coefficients, which were derived from the
tested cores by cement type, the slag content should be established. The slag contents
of the examined bridges, which are listed in table 15, could not be found in the design
specifications of the Dutch Ministry of Transport. The presence of a certain amount of
slag in the concrete is inferred from the dark colour of the core. (The physical phe-
nomenon that causes the blue discolouration is discussed in appendix G). To deter-
mine the slag content of the blue coloured cores, thin-sections have been made of 10
cores. The slag content is determined by optical microscopy, tabulated in table 16.
This table lists both the observed slag volume-%, as observed and the slag mass-% as
determined from the densities of slag and cement hydrates. The drawback of the vis-
ual method is that the finest slag particles are not visible on the thin sections. There-
fore, the results from table 16 give a lower boundary of the true slag content.

Table 16: Established slag content of cores from microscopy

bridge year [sample slag % by volume | slag % by mass
range| mean
Reevliet 1963 |RC093 30-45 35 33
RCO036 20-30 25 24
Mark 1940 |BMCO066 |30-50 40 38
BMC062 [30-50 40 38
Langeweg 1940 |LGCO07 10-25 16 15
LGCO08 10-20 15 14
Verlatendijk 1965 |VCl6 45-60 52 50
Klein Overveld 1967 |KC74 40 - 60 50 48
KC95 25-35 31 30
Meeden 1964 |MC02 45-60 50 48

The thin sections indicate low slag content for the bridges Reevliet and Langeweg.
The other bridges show slag contents that will presumably result in a substantially
reduced diffusion coefficient.
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4.4.3. Chloride profiles

Despite the range of possible transport mechanisms, chloride ingress of concrete is
analysed using the Fick’s second law of diffusion. From the chloride profiles both the
effective surface chloride concentrations and effective chloride diffusion coefficients
are derived with curve fitting to Fick’s 2" Jaw of diffusion (appendix A).

The chloride threshold levels are best presented as total chloride concentrations ex-
pressed relative to the mass of cement [Glass 1997]. Also the diffusion coefficient of
acid-soluble chloride concentration in concrete shows a strong correlation of propor-
tionality with the diffusion coefficient of free chloride concentration in the pore fluid
[Mangat 1994b]. Therefore, each disc was analysed to determine the chloride concen-
tration as a proportion of the binder content.

To determine the chloride and calcium content the following procedure was followed
[Gulikers 1996]. Each disc was dried at a temperature of 105°C until the weight of the
disc remained constant. Next, the discs were ground and treated with boiling nitric
acid to extract the acid soluble chloride from the cement hydrates. Carbon dioxide and
hydrogen sulphide (H,S) escaped from the mixture during boiling.

The next step is to separate the non-dissolved gravel and sand from the dissolved
chlorides and cement hydrates by filtering. It is assumed that the hydrated cement
weight is equal to the acid soluble part of the powder. This is only true if the sand and
gravel do not dissolve in acid, which is not true for calcareous aggregates. The as-
sumption that both gravel and sand are insoluble in nitric acid is valid for nearly all
Dutch aggregates as they consist almost of quartz only.

The hydrated cement is separated from the aggregates to determine the ratio of chlo-
ride to cement. However, the hydrated cement contains non-evaporable water. In this
analysis a non-evaporable water content of 20% by weight of cement was assumed to
convert the reported chloride concentrations of the hydrated cement mortars to a per-
centage by original weight of cement [Wardenier 1995]. The amount of non-
evaporable water depends on the clinker composition; Bentz reported a non-
evaporable water content of 22 and 23% [Bentz 1995].

A number of methods are available to determine the chloride concentration of the fil-
trate. The most frequently used methods are determination by the chloride selective
electrode or Volhard titration. The latter method has proven to be the most reliable of
both methods [Johnson 1982] and has been selected to be used in this study. To de-
termine the chloride concentration of the dissolved materials an amount of 10.0 ml of
silver nitrate and 3.0 ml of ferric ammonium sulphate was added as an indicator. To
determine the amount of chloride in the sample, ammoniumthiocyanate (NH4SCN)
was added to the sample until the colour changed. The reaction to determine the chlo-
ride concentration does not make a distinction between chloride, sulphide, iodide and
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bromide. However, sulphide did already escape and iodide and bromide are in general
not present in concrete.

The results of the discs gave the chloride concentration relative to the cement content
for the examined location [Wardenier 2003]. From the obtained profiles the surface
chloride concentrations and chloride diffusion coefficients are derived by fitting
Fick’s 2™ law of diffusion to the observed chloride concentration with the least square
method [Nordtest 1995]. To derive the effective diffusion coefficient and surface
chloride concentrations, the chloride profiles are fitted to equation 23 by using the
parameters mentioned in this thesis. Deviations from Fickian behaviour are identified
in the near surface region as is shown in figure 29. Therefore the coefficient of diffu-
sion and surface chloride concentration are derived from the observed chloride con-
centrations, omitting the near surface zone.
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Figure 29: Chloride profile and model of 35-year-old bridge

For partially saturated mortar specimens under laboratory conditions, similar devia-
tions from Fick’s 2" law of diffusion have been observed. When similar mortar
specimens were vacuum saturated, the chloride profiles did not deviate from Fick’s
law [Nielsen 2003].

The physical processes that result in the deviation of the chloride concentration in the
near surface region from ideal Fickian behaviour are not completely understood. To
overcome the deviation from Fick’s law, it is suggested to neglect approximately the
first 10mm of the cover depth, and assume a surface chloride concentration at a depth
of about 10mm [Andrade 2000]. In this study the deviations of the determined chlo-
ride concentrations from Fick’s second law is registered. Figure 30, indicates the
number of the first disc that complies with Fick’s second law. Therefore considering
the results of the individual chloride profile analysis that are displayed in figure 30,
the reduction of the cover depth by a fixed distance is not generally applicable.
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Most of the pairs of cores, as displayed in figure 27, showed small differences be-
tween the individual chloride profiles. Therefore, the diffusion coefficient and surface
chloride concentration were obtained from the set of cores as is displayed in figure 29.
If considerable differences were observed between the sets, each individual chloride
profile was analysed to obtain the diffusion coefficient and surface chloride concen-
tration.
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Figure 30: Compliance of discs of core to Fick’s 2" law as a function of structural element
and binder type'! (The structural element ‘asphalt’ refers to concrete underneath the asphalt
pavement on the bridge.)

Concrete of structural elements that are sheltered from moisture, i.e. supporting wall
or column, show a stronger deviation from Fick’s second law of diffusion than con-
crete that is regularly exposed to moisture e.g. a curb. Also the binder type has a
strong influence on the deviation from Fick’s second law of diffusion. A first conclu-
sion is that carbonation also has an influence on the chloride concentration of the
outer zones since blast furnace slag cement shows more carbonation than portland
cement.

444, Derived diffusion coefficients

In this study, the chloride diffusion coefficient is determined by fitting the solution of
Fick’s second law (equation 23) to the chloride profiles. The constants in equation 23
are the start of the application of de-icing agent and the ageing coefficient. From lit-
erature it is assumed that the application of de-icing salts started in 1965, as is dis-
cussed in section 3.2.3.4. Together with ageing coefficients from table 14; the refer-
ence diffusion coefficient at an age of 28 days was determined. The diffusion coeffi-
cients that are derived from each set of cores or single core is shown in figure 31.

" Le. 75% of the profiles taken from curbs fully complied with Fick’s second law, 25% of the chloride
profiles were analysed omitting the first disc, i.e. the chloride profile fitted to Fick’s law starting from
the second disc.
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From the derived diffusion coefficients it was observed that three groups could be
distinguished, 1940s, 1960s and 1980s. From each of these three groups the average
diffusion coefficient is determined and tabulated in table 17. It was chosen not to
subdivide these results by the location where the cores were taken from the structure,
since it did not reduce the scatter.
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Figure 31: Effective diffusion coefficient at t, [Gaal 2003b]

The variability of the derived diffusion coefficients is modelled with a probability
distribution having a mean value and standard deviation. The derived reference diffu-
sion coefficient will be modelled as a lognormal distribution since this type of distri-
bution appeared to agree with the distribution of the derived values. This choice is
evaluated by visually comparing the cumulative distribution of the derived diffusion
coefficient with the assumed lognormal distribution (figure 32).
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Figure 32: Observed and modelled diffusion coefficient (BFSC - 1960s)

The results are subdivided by cement type since it is generally accepted that blast fur-
nace slag cement shows a higher resistance to chloride ingress than portland cement.
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A laboratory study showed that the diffusion coefficient of concrete made of blast
furnace slag cement depends on the degree of replacement of portland cement by blast
furnace slag. The diffusion coefficient of a cement paste where 80% of the portland
cement is replaced by blast furnace slag gives a 100-fold reduction of the diffusion
coefficient. If the replacement by blast furnace slag is below 30-40%, there is hardly
any effect of the blast furnace slag, as is displayed in figure 28 [Brodersen 1982 (mor-
tar specimen)]. Other research projects found that cement paste made of blast furnace
slag cement (50 to 65% slag) shows a 25 to 50% reduction of the diffusion coefficient
compared to portland cement [Ellis 1991 (concrete specimen)]. However, in case of
bad curing blast furnace slag cement showed a similar diffusion coefficient as port-
land cement [Wierig 1965 (mortar specimen)]. The studies that indicated the better
performance of blast furnace slag cement, all examined mortar of concrete in labora-
tory conditions and moist or submerged curing conditions.

Table 17: Effective reference diffusion coefficients from Dutch highways bridges

period | effective reference diffusion coefficient [10™% m%/s]
binder mean st. dev. coef. of var.

1940s PC 1.039 0.531 0.51
1960s PC 0.396 0.291 0.73
1980s PC 0.478 0.372 0.78
1940s BFSC 2.824 1.178 0.42
1960s BFSC 1.117 0.532 0.48
1980s BFSC - - -

The results presented in figure 31 indicate that the blast furnace slag cement, that was
used at the examined bridges, does not show the suggested lower chloride diffusion
coefficient compared to portland cement. It is most likely that blast furnace slag ce-
ment similar to type CEM III/A was used at the examined bridges. The reported re-
duced diffusion coefficients for blast furnace slag cement are observed for mortar
specimens. It is discussed in section 3.2.1 that the pore structure of paste development
in the presence of aggregate is quite different from that of neat mortar specimen.

Using mercury intrusion porosimetry, it was shown that the pore structure of the paste
developed in the presence of aggregate particle is quite different from that of the neat
cement paste. More in detail, a higher porosity, together with larger pores and a higher
volume fraction of calcium hydroxides is observed around each aggregate or sand
grain, which has a decisive influence on the diffusion coefficient. When the transition
zones overlap, a continuous path is created that leads to a low resistance to permeation
of chlorides. This layer, with a thickness of approximately 50um, is called the interfa-
cial transition zone [Barnes 1979, Halamickova 1995, Scrivener 1989]. Because the
average particle size of the cement is much smaller than the average particle size of
the sand, the thickness of the interfacial zone is determined by the cement particle size
[Garboczi 1995].
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Also the curing conditions in a laboratory are quite different from those at a construc-
tion site. Curing of concrete on site may have been poor or at least less than optimal.
Personal communication with inspectors of the Dutch Ministry of Transport indicated
that the curing of blast furnace slag cement was not as it should be, during the 1970s.
The negative effect of bad curing on the diffusion coefficient is found by numerous
studies [Bonavetti 2000, Khatib 2002, Mangat 1999, Patel 1985]. A diffusion coeffi-
cient of blast furnace slag cement that is about 50% lower than OPC was reported
[Bamforth 1993].

The deviations between the coefficients observed from structures and laboratory data
could be caused by the reasons outlined above.

A similar study to obtain diffusion coefficients from concrete of highway bridges was
carried out in Sweden and Denmark [Lindvall, 2000]. These coefficients are shown in
figure 33 together with the results that are obtained from Dutch highway bridges. The
diffusion coefficients from Sweden and Denmark are determined from chloride pro-
files under the assumption that the diffusion coefficient is constant over time. There-
fore the diffusion coefficients from the Dutch structures were derived again with the
same assumption as in Sweden and Denmark,
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Figure 33: Comparison effective diffusion coefficients [after: Gaal 2003b, Lindvall 2000]

The results from the Dutch bridges indicate that the resistance to chloride ingress is
approximately five times better than is observed for bridges in Denmark and Sweden.
A clear explanation of the differences between the bridges in the mentioned countries
is not available.
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4.5. Surface chloride concentration

Like the diffusion coefficient, the surface chloride concentration is not a measurable
unit but a proportionality constant in Fick’s laws. When analyzing the surface chloride
concentration, it should be taken into consideration that the exposure to chloride only
occurs during the winter season, and depends on a number of material and environ-
mental parameters like [Bamforth 1993]:

- sorptivity of the concrete if not saturated when firstly exposed to chlorides;

- cement content;

- period of curing.
Therefore the concentration is referred to as effective surface chloride concentration.
Together with the diffusion coefficient, the surface chloride concentration is derived
from fitting Fick’s 2™ law of diffusion to an obtained chloride profile in a concrete
sample. To determine the surface chloride concentration of Dutch highway bridges
that are exposed to de-icing salt, over 100 cores were taken from 9 bridges that were
constructed between 1940 and 1986. To get a representative set of data, the locations
of the cores were chosen in such a way that concrete made of both blast furnace slag
cement and portland cement was taken, and that structural members like column, sup-
porting wall, curb and deck (underneath asphalt) were tested. The results of the analy-
sis are plotted in figure 34.
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Figure 34: Surface chloride concentration derived from chloride profiles

The surface chloride concentrations in figure 34 show a wide scatter. It is often sug-
gested that the location influences the surface chloride concentration. However, when
the results are grouped by structural member, there is still a wide scatter.

The surface chloride concentrations that are derived from the cores taken from the
investigated Dutch bridges are tabulated in table 18. Similar to the diffusion coeffi-
cients, the mean value and standard deviation is calculated for the three groups that
could be distinguished in the determined results for both cement types.
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The derived surface chloride concentrations are entered, as input parameters, into the
method to predict deterioration. The observed surface chloride concentration will be
modelled as a lognormal distribution. This choice is supported by the good agreement
of the cumulative distribution of the observed surface chloride concentration with the
assumed lognormal distribution (figure 35).

Table 18: Average surface chloride concentration from Dutch highways

period surface chloride concentration [%-mass of binder]

binder mean st. dev. coef. of var.
1940s PC 0.59 0.40 0.68
1960s PC 0.80 1.03 1.28
1980s PC 0.34 0.31 0.90
1940s BFSC 0.59 0.38 0.66
1960s BFSC 1.45 1.16 0.80
1980s BFSC - - -

The increased surface chloride concentration of blast furnace slag cement concrete
compared to ordinary portland cement concrete is also observed for structures in
Great Britain [Bamforth 1993]. The observed surface chloride levels for British
bridges are up to 40% higher for blended cements compared to pure portland cement
concretes.
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Figure 35: Observed surface chloride concentration and chosen distribution (PC - 1960s)

Analysis of all the cores learned that the mean value of the initial chloride concentra-
tion is 0.03% by mass of cement, the coefficient of variation is assumed to be 0.33.
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4.6. Compressive and tensile strength

The tensile strength is one of the input parameters to determine the time until the first
cracks will appear after corrosion of the reinforcement has initiated. There are three
kinds of tests available to determine the tensile strength of concrete; the direct tensile
test, the bending test and the splitting tensile test. The difficulty with the bending test
is to derive the tensile strength from a bending load. Therefore the tensile strength of
the test samples was determined by both the direct tensile and splitting tensile test.
The results of the obtained tensile strengths as a function of the compressive strength
are shown in figure 36.
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Figure 36: Tensile strength

The results of the tensile splitting strength correspond more or less with correlation
expressed in the Dutch standard (NEN 6720) [NNI 1995b]:

foy =1+005f, 8)

where: fii;1 = tensile strength (split test), f.” = compressive strength (cube).

However, the tensile strength is overestimated at relatively high compressive strengths
and the other way around for low compressive strengths. NEN 6720 states that the
tensile strengths that result from the uniaxial tensile test are 10% less than the tensile
strengths that result from the splitting test. This ratio between the tensile strengths
(splitting and direct) is not found in this study. Low uniaxial tensile strengths have
also been found in other studies [McNeely 1963, Siemes 2002].

The splitting tensile strength is used in this study to determine the duration of the
propagation phase since corrosion of the reinforcement will result in a crack at a spe-
cific location.
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4.7. Carbonation

In this section, the carbonation model of CEB has been compared with measured
depths of carbonation. The data is obtained from inspection reports of about 80
bridges in the Netherlands. In total, the depth of carbonation was determined at more
than 1100 locations.

In figure 37, a comparison is made between the inspection data and the prediction re-
sult of the CEB-carbonation model. The small dots represent the inspection data of 80
Dutch bridges. The dashed line represents the average carbonation depth of the in-
spections. The inspection data show a large scatter. The scatter was not reduced if the
data was divided into groups of structural member types. Larger carbonation depths
occur if the structural member is sheltered from weather influences. This information
could not be gathered from the inspection data since the test locations were not suffi-
ciently specified. More detailed information is available from the Kaag Bridge
[Rijkswaterstaat 2000]. The results from sheltered and unsheltered locations are
shown respectively with squares and solids. The bottom side of the deck, columns and
supporting walls are regarded as sheltered structural members. The unsheltered struc-
tural members are the topside of the deck and the supporting wall that is located at
leaking bridge deck expansion joints or blocked drains.
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Figure 37: Carbonation, models versus. data for 80 bridges in the Netherlands

In figure 37 both the results of the CEB-model (equation 35) and the actual data from
80 bridges are presented. The model seems to describe the reality rather well, when
the input parameters for the unsheltered environment were used (table 19). The data
however were not verified at the location of the samples.

It appears that the theory and results obtained with the carbonation model agree rea-
sonably well with the inspection data.
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Table 19: Parameters used to model data in figure 37

Variable symbol | value | unit cov | distri-
bution

parameter micro climate unshel- | v, 0.30 | - -1 -

tered (moisture content)

parameter micro climate sheltered | v, 0.40 | - - |-

(moisture content)

parameter curing condition 2 1.00 | - -1 -

parameter water separation Y3 1.20 | - - -

parameter Micro climate sheltered | v 0.10 | - -1 -

parameter Micro climate unshel- | vy 0.30 | - -1 -

tered

carbon dioxide concentration in | ACg, 0.0005 | kg CO,/m’ 0.1 | normal

the atmosphere

reference period Deper to 0.0767 | year - -

effective CO, diffusion coeffi- | Dg, 2.0 mz/year 0.1 | normal

cient

cement content C. 280 | kg/m’ 0.1 | normal

CaO content in cement Cca0 0.65 | - 0.1 | normal

degree of hydration oty 0.75 -| 0.1 | normal

4.8. Discussion

Concrete quality results from the combination of workmanship and raw materials like
sand, gravel and cement. The inherent variability of durability aspects are reflected by
stochastic input parameters of the models that have been presented in chapter 3. This
chapter gives the stochastic input parameters for critical chloride concentration, diffu-
sion coefficient, surface chloride concentration and ageing coefficient based on test
results obtained from on site-concrete.

Analysis of inspection results from 12 Scottish bridges confirm the stochastic nature
of the critical chloride concentration, however the mean value seems to be lower than
the mean values that has been found in chapter 3. Explanations for the deviation be-
tween results from on site tests and laboratory tests have been presented. In chapter 6
a conclusive value is chosen.

Over the years, numerous values have been suggested for the ageing coefficient.
However, these values show a lot of scatter. Therefore this thesis analysed the results
from numerous specimens again to derive the ageing coefficient. A new method is
adopted in this thesis to obtain the ageing coefficient from carefully documented
specimens. The advantage of this method is that all specimens are made by the same
persons and according to the same design specifications. The results gave a value of
the ageing coefficient that corresponds well to the values found in other research pro-
jects.
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In the literature it is often claimed that concrete made of blast furnace slag cement
shows superb resistance to chloride ingress compared to portland cement. In this the-
sis approximately 100 cores have been taken from Dutch bridges and analysed for
chloride ingress. The results indicate a similar resistance to chloride ingress of con-
crete made of both blast furnace slag and portland cement. A literature study showed
that only a limited number of publications claim the superb quality concrete made of
blast furnace slag concrete. Furthermore these publications only researched mortar or
concrete under laboratory conditions.

Besides the diffusion coefficient, the surface chloride concentration is of great impor-
tance to chloride ingress. Structures that have been built during the 1970s show a
higher surface chloride concentration than structures that have been built during the
1940s and 1980s. One of the factors that influence the surface chloride concentration
is the curing of the concrete, as was observed when the ageing coefficient was derived
from specimens that are cured for different periods.



5. Structural parameters

5.1. Introduction

The choices made when concrete structures are designed determine the boundary con-
ditions for the rate of deterioration of these structures. Where the previous chapter
described the input parameters that are derived from samples to model deterioration,
this chapter describes the input parameters that are obtained by observations (e.g.
cover depth).

5.2. Cover depth

The periods of initiation and propagation of corrosion due to chloride ingress and car-
bonation are strongly influenced by the cover depth to the reinforcement. Over the
years, the minimum cover depth, as specified by the successive standards, has
changed. The history of cover depths for concrete in wet environment exposed to de-
icing agents according to the Dutch standards, is given in figure 38. Other countries
show a similar increase of the minimum cover depths over the years.
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Figure 38: Required cover, according to the Dutch standards [Gaal 2001b]

There are most likely differences between the minimum cover depth according to the
standard, and the cover depth that is actually achieved on site. To get an indication of
the cover depth of the Dutch bridge stock, over 1100 measurements of the cover depth
of 80 bridges were analysed. The measured cover depths apply to bridges at random
locations in the Netherlands, and the year of construction ranges from 1950 to 1990.
In this analysis a distinction has been made between different structural members
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(beam, column, supporting wall, slab and curb) and the valid national standard at the
time of construction. This distinction has been made to emphasize that the methods of
construction and production have changed, over the years. The results from the analy-
sis of cover depths are tabulated in table 20 and 21; detailed information on the analy-
sis is listed in appendix D.

The observed mean values and minimum cover depth for each standard for specific
structural elements are summarized in table 20. The cover depths given in table 20,
show that the differences between minimum and achieved cover depth is more or less
constant over the years. However, there is a strong difference between the structural
members. The difference between the minimum cover depth and the observed cover
depth of columns is only 7-8mm, whereas the additional cover depth of slabs and
walls is 22mm. Over the years, the Dutch Ministry of Transport increased the mini-
mum cover depth of the structural element curb en slab by 10mm [de Bruijn 1995].

Table 20: Results of cover depth: standard versus observed mean value (mm) [Gaal 2002]

standard beam column curb"” slab wall

Cstand. | Cobser | Cstand. | Cobser | Cstand. | Cobser [ Cstand. | Cobser | Cstand. | Cobser
GBV 1950 25| 42.0 35 - 15| 444 15| 36.5 15| 36.6
GBV 1962 25| 42.0 30| 379 15| 425 15| 36.0 20 | 39.9
VB 74/84 30 | 469 35| 43.1 25| 482 25| 46.6 25| 485
VBC 90/95 35 - 40 - 30| 53.2 30 - 30| 53.7

The mean value and standard deviation that are used as input parameters to predict
future deterioration are tabulated in table 21.

Table 21: Results of cover depth analysis (mm)

standard beam column curb slab wall
u” o' [ c n c n c n c
GBV 1950 42.0 9.7 - -| 444 114 365 11.7| 36.6| 12.2

GBYV 1962 42.0 971 37.9 6.1 425 9.1] 36.0 591 399 55
VB 74/84 469 [ 10.7 | 43.1 6.7 | 482 8.7 | 46.6 5.6 | 485 6.7
VBC 90/95 - - - -| 532 107 - -| 537 6.7

The variability of the observed cover depths is modelled as a lognormal distribution
with a certain mean value and standard deviation. It is an arbitrary choice to represent
the data by a lognormal distribution. The choice is visually evaluated by comparing
the cumulative distribution of the observed data with the fitted lognormal distribution

"2 Dutch: schampkant

'3 mean value for cover depth at selected structural element and standard (lognormal distribution)

' standard deviation for cover depth at selected structural element and standard (lognormal distribu-
tion)
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(figure 39). The choice for a lognormal distribution is confirmed by the observation
that there are only minor differences between the observed cover depth and the cumu-
lative distribution function of the cover depth in figure 39. The most frequently used
type of structure of the main span is a slab (figure 41), therefore the accompanying
cover depths and standard deviations from table 21 will be used in the analysis.

cumulative frequency [-]

1.0 —
data
lognormal distribution
0.5
0
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cover depth [mm]

Figure 39: Observed and modelled cover depths of concrete slab bridges (1950-1961)]

Figure 40: Corrosion due to tipped spacer (Berlin, photo by author)
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5.3. Age distribution of Dutch bridge stock

This paragraph describes the Dutch concrete highway bridge stock that will be ana-
lysed to predict future deterioration (chapter 6). To predict future deterioration of the
stock of Dutch concrete bridges, the age distribution gives important information.
Over the years, about 3500 concrete bridges have been constructed over or in Dutch
highways. Especially during the early seventies a massive number of bridges has been
constructed. The prediction of deterioration in this thesis is limited to the deterioration
of concrete bridges, since the Dutch highway bridges have mainly been made of con-
crete. Of all highway bridges in the Netherlands, about 95% are concrete bridges. The
number and type of concrete bridges that are constructed in the Netherlands during the
20™ century are given in figure 41.
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Figure 41: History of bridge construction in Dutch highways

5.4. Bridge characteristics

It can be questioned whether the amount of deterioration depends on the type of struc-
ture of the main span(s). However, from European countries insufficient inspection
data are available to compare the structural types of the main span. Fortunately, the
National Bridge Inventory (NBI) documents the condition of over 650.000 U.S.
bridges (in the year 2000) and these bridges are, in general, older than the European
bridges. Because of the massive number of inspection records and the higher probabil-
ity of deterioration, the NBI-data are well suited for use in a statistical analysis of de-
terioration of bridges and to draw conclusions about the deterioration of each struc-
tural type of the main span.
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The National Bridge Inventory has tracked the condition of all bridges in the United
States. To make the data more consistent with the data of other bridge stocks, the in-
spection data was limited to interstate -, US numbered — and state highways and the
material concrete. In the United States, there were in total 140783 concrete bridges in
or over the above-mentioned highways, in the year 2000.

The data of the National Bridge Inventory was obtained by visual inspection. During a
visual assessment, the condition of the bridges was rated with a number between 0
and 9, according to the visual level of deterioration. The number 0 indicates that the
bridge is closed for all traffic due to durability problems, and condition 9 indicates
that the bridge is in superior condition and meets all desirable criteria. A bridge is
structurally deficient if the superstructure or substructure requires immediate repairs
or rehabilitation or if the ability to carry normal live loads is severely impaired.
Bridges with a rating of 4 or less are considered as structurally deficient. The relative
number of deficient structures for each year of construction is given in figure 42.

The U.S. federal-aid highway program was initiated in 1916 and got off to a slow
start. This explains why during the first two decades of the 20™ century only a limited
number of bridges were constructed (figure 43). Because of the limited number of
bridges that were constructed during the first decades of the 20™ century, the relative
number of deficient bridges shows more scatter. Because of the scatter the analysis is
limited to the years from 1920 to 2000.
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Figure 42: Deficient concrete bridges in US highways (in the year 2000)

A large number of bridges that has been constructed before the Second World War
have been reconstructed. It is most likely that these bridges have been reconstructed
because their condition was rated as structurally deficient. As a result of the mainte-
nance that has been carried out, the present number of deficient bridges does not rep-
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resent the total decay of concrete bridges. Some types of work are not considered as
reconstruction, like [FHWA 1995]:

- replacement of safety features;

- painting of structural steel;

- overlay of bridge deck;

- utility work;

- emergency repair after an accident.

To give an indication of the total decay of concrete bridges in the U.S. highways the
relative number of bridges that have been reconstructed is added to the number of
structurally deficient bridges (figure 42). The absolute number of concrete highway
bridges that has been constructed and reconstructed over the years is given in
figure 43. The solid line gives the number of constructed bridges in each year. The
dashed line gives the year of construction of the reconstructed bridges and the dotted
line gives the year in which the bridges have been reconstructed.

number of bridges

5000
bridges constructed
- — — - year of construction of reconstructed bridges

4000 ------- year of reconstruction
3000

2000}

1000~

(1) AR TR AN N AR il M b s !

1920 1930 1940 195 1960 1970 1980 1990 2000
year of construction

Figure 43: Constructed and reconstructed concrete bridges in the U.S.

Besides the type of material and route prefix also the type of structure of the main
span is registered in the National Bridge Inventory. In this section the number of
structurally deficient bridges is analysed by structural type of span. A detailed de-
scription of each type of structure versus the structural deficiency is given in
appendix H. A summary of these results is given in figure 44. Since structures like
precast beam bridges have been constructed since the 1960s, some of the lines in fig-
ure 44 do not start from the origin of the figure.

The results presented in figure 44 demonstrate that there are differences in deteriora-
tion between various types of bridges. However, on average the analysed bridge struc-
tures deteriorate with a similar rate. One could question whether the results from the
United States are applicable to bridges in other countries. However, in general the
different types of bridges are exposed to the same environment. For example in the
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Netherlands, the observed general level of deterioration might deviate from that in the
U.S., but the differences between the various types of bridges will be the same. There-
fore it is assumed in this thesis that the results from the United States are representa-
tive for bridge stocks of other countries too.
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Figure 44: Relative number of structurally deficient bridges + reconstructed bridges in US
highways

The conclusion that can be drawn from figure 44 is that on average slab-, beam- and
T-beam bridges show a similar resistance against deterioration.

5.5. Discussion

In this chapter the influence of a number of design parameters i.e. cover depth, age
distribution and type of structure of the main span(s) is discussed. The cover depth of
Dutch bridges has been increased considerably during the last century: on average the
cover depth doubled for most structural elements. The analysis of cover depths on site
showed that the cover depths realized are approximately 20mm larger than the mini-
mum cover depth according to the standard at the time of construction.

It was suggested in the past that the type of bridge influences the rate of deterioration
[Roskam 1994]. A bridge inventory in the United States show that the relative number
of structurally deficient bridges is not equal for all structural types in each year. On
average, the relative number of structurally deficient bridges is equal for all types of
structures. Therefore, this thesis does not distinguish between bridge types while
modelling deterioration.



78

Chapter 5



6. Prediction of deterioration of Dutch highway
bridges

6.1. Introduction

Most Dutch bridges were constructed during the early 1970s, when most of the pre-
sent highway network was effected in the Netherlands. Deterioration of these concrete
structures has become an important issue over the last decade of the 20™ century,
when these bridges showed the first signs of deterioration.

The heterogeneous age distribution makes it clear that predicting future deterioration
by extrapolating current trends does not lead to an accurate prediction. A sound pre-
dictive method is needed that regards the effects of bridge construction practice of the
20™ century in order to predict deterioration for the first decades of the 21% century.

Current bridge deterioration models, which are used in bridge management systems,
are not able to take account of the effects of the history of bridge construction practice
during the last century. In this chapter a prediction will be made of deterioration of
concrete bridges in the Dutch highway bridge stock, based on models and observed
bridge characteristics that are described in the previous chapters. It is emphasized that
in this thesis it is assumed that deterioration is limited to corrosion of the reinforce-
ment due to chloride ingress or carbonation and subsequent spalling, as was discussed
in chapter 1.

6.2. Predictive method

6.2.1. Advantages of stochastic parameters

A deterministic approach to the deterioration problem is a powerful way to assess a
bridge stock. However, uncertainty due to the inherent stochastic behaviour of the
infrastructure’s deterioration processes makes a probabilistic approach to the problem
a logical choice. The probabilistic approach to predict the deterioration of bridges is
most commonly carried out by the Markov chain method [Hawk 1998, Thompson
1998]. The drawback of this technique is that this type of model assumes discrete
transition intervals of bridge conditions, which neglects the gradual increase of dete-
rioration that is observed for concrete structures.

With today’s computers it is possible to use the first order reliability method, where

the probability of deterioration of each bridge in a bridge stock is determined indi-
vidually with complex deterioration models, instead of the Markov chain method. In
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this chapter the probability of initiation'® of corrosion is determined with a first order
reliability method in which the limit state function is based on models for chloride
ingress and carbonation. For most structures the duration of the initiation phase is
much longer than the propagation phase. The length of the propagation phase, until
spalling of the cover occurs, is usually 3 to 5 years (figure 20 and 21, p. 49) [Liu
1998]. Therefore, the time to initiation of corrosion is determined with a probabilistic
method, whereas the period between initiation of corrosion and spalling of the con-
crete cover is determined deterministically.

The question is whether the calculated time until spalling can be compared with the
observed time until spalling in existing bridges, since it is assumed that the input pa-
rameters are not related when the probability of initiation of corrosion is calculated.
This assumption may not be valid for a single bridge, since in case of a single bridge
both the cover depth and the diffusion coefficient can be below average due to bad
workmanship. However, the quality of workmanship and materials of a series of
bridges can be assumed to be independent of each other, since different construction
workers and ready mix plants were employed to construct all the bridges of the bridge
stock. In such a situation the predicted probability can be compared with the observed
deterioration. A single bridge might deviate from the predicted deterioration due to
related characteristics, but on average the model will hopefully meet the observed de-
terioration of a bridge stock.

6.2.2. Description of the predictive method

In this section the method is described that is used in this thesis in order to determine
the rate of deterioration of a concrete bridge stock. The method determines the rate of
deterioration based on the bridge characteristics, exposure conditions, selected dete-
rioration processes and constants of the deterioration processes. A flow chart of the
method, which leads to the results that are presented in the figures 46 and 47, is
shown in figure 45.

Structure of the model

The method derives its input from three databases. The main database is filled with
data of all, about 3500, Dutch concrete highway bridges. This database is property of
the Dutch Ministry of Transport. The data consists of year of construction and possi-
bly demolition, width and length of the bridge deck'®. To grasp the full scale of dete-
rioration it is necessary to take the width and the length of each bridge into account,
since the dimensions of typical bridges increased over the years. The second database
contains the input parameters, which are related to the concrete quality and design
details, for each year of construction of Dutch bridges. These input parameters are

'> The concept of the initiation and propagation phase will be used to model the need for maintenance
of the Dutch concrete highway bridge stock in the 21 century, as is discussed in section 3.4.

' About fifty bridges were removed from the database because the year of construction or width and
length of the deck were unknown
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determined from site-concrete, like taking concrete cores from structures and cover
depth measurements. The last database contains the constants that are used in the de-
terioration models, like corrosion current'’, critical chloride concentration and ageing

coefficient.
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Figure 45: Flow chart of the predictive method used

The next step is to determine the probability of initiation of corrosion from the input
parameters for each individual bridge from the bridge database. The probability of
corrosion is determined from the stochastic input parameters, e.g. cover depth, diffu-
sion coefficient, surface chloride concentration that are representative for the year of
construction. These probabilities are determined with a first order reliability method
programmed in Fortran90 [Voortman 2002]. The advantage of this method is that a
more reliable prediction of the deterioration is obtained since the development of the
variables over time, that influence deterioration, is included in the prediction. Since
the superstructure represents the largest concrete surface area of a bridge, the spalling
is determined for the span of the bridges. Subsequently the probability of initiation of
corrosion due to chloride ingress and carbonation of each individual bridge is summed
up to the total probability of corrosion. The result of this analysis is an arithmetic plot
that gives the probability of initiation of corrosion on the vertical axis for each year of
age on the horizontal axis, which is an ogive curve (figure 46).

'7 Results indicate that after corrosion has been initiated, the corrosion rate develops until a plateau
value at which an increasing chloride content does not significantly increase the corrosion current [Dhir
1994]
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Figure 46: Indicative plot of probability of initiation of corrosion

There is a possibility that carbonation and chloride ingress might develop at the same
location of a concrete structure. Because the probabilities of corrosion due to carbona-
tion and chloride ingress are summarized and not corrected for being in the same
place, the probability of deterioration is overestimated. However, since the interven-
tion level is relatively low, the overestimation of the probability of corrosion initiation
is small. It is assumed in this thesis that adding up the probability of corrosion due to
carbonation and chloride ingress gives an accurate description of the deterioration of
concrete structures.

The next step is to determine the time from initiation of corrosion to spalling. Once
again the time is determined from the constants (corrosion current, modulus of elastic-
ity etc.) and input parameters (cover depth, tensile strength) that are obtained from on-
site tests as described in the chapters 4 and 5. To obtain the probability of spalling, the
probability of initiation of corrosion of figure 46 is shifted by the duration of the
propagation phase, the principle is illustrated in figure 47. After the time until spalling
of each individual bridge is known, a combined probability of spalling is calculated
for the whole bridge stock, as is represented in figure 53 (p. 88) .

In this study of the Dutch highway bridge stock, the reliability functions both take into
account chloride initiated corrosion and carbonation initiated corrosion. It is suggested
that the processes of carbonation might accelerate corrosion due to chloride ingress,
because the chloride concentration at which corrosion starts is related to the pH-value
[Jung 2003]. Since very little is known about the relation between carbonation and
chloride initiated corrosion it is assumed in this thesis that there is no relation between
carbonation and corrosion due to chloride ingress.
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Figure 47: Indicative plot of probability of spalling

Table 22: Input parameters of predictive model as shown in figure 45

parameter | description | page
equations

chloride ingress equation 23 37
carbonation equation 35 41
stochastic parameters

critical chloride concentration section 6.3, figure 24 52
ageing coefficient table 14 55
diffusion coefficient table 17 63
initial chloride concentration section 4.5 65
surface chloride concentration table 18 66
carbonation parameters table 19 69
cover depth table 21 72
deterministic parameters

propagation phase table 12 49
start application de-icing agent section 3.2.3.4 35
other

ratio sheltered/total 0.3 (section 4.4.1) 56
ratio OPC/(BFSC+OPC) 0.4 (section 4.4.1) 56
age distribution bridges figure 41 74

The input parameters that have been used to predict deterioration of concrete bridges
are shown in table 22. The outcome of the deterioration prediction, as is displayed in

figure 47, gives the probability of spalling. This value does not represent the probabil-

ity that the complete surface of the structure will show spalling or not, but represents

the probability of spalling for each unit area. In the next section the predictive model
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is calibrated with inspection results of the relative amount of spalling at 81 bridges in
the Netherlands.

6.3. Validation of predictive method

The validation of the model that predicts deterioration is one of the most important
elements of this thesis, which is important for its practical use. Most inspections,
however, only give a qualitative judgment of the examined structure, whereas a pre-
dictive model can only be verified with quantitative data of spalling (or any other
form of deterioration). The actual amount of spalling is, in general, rarely recorded,
because of the shortage of available funds. Luckily, the actual amount of spalling was
obtained from 81 bridges in the Netherlands, which is used to calibrate the predictive
model that is presented in the previous section. The age of the inspected bridges
ranged from 3 to 37 years, and some were inspected twice over a period of 10 years.
The obtained data of 91 inspections of these 81 bridges are shown in figure 48, where
each dot represents the damage of a single bridge. The inspection data are obtained by
visual inspection at which the areas of spalling were reported. Subsequently the
spalled areas were expressed relatively to the deck area of that specific bridge. The
amount of spalling relative to the total area of the bridge structure is plotted on the
vertical axis, and the corresponding age on inspection is plotted at the horizontal axis.
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Figure 48: Observed spalling at 81 bridges in 91 inspections

The next step is to compare the outcome of the predictive method with the observed
amounts of spalling. The large scatter of the observed spalling makes it difficult to
compare the mean value of the predicted spalling with the observed spalling. There-
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fore, for each year an average value of the observed spalling is determined and plotted
in figure 49. The set of averages of each year indicate that a second order polynomial
would best approach the observed damages. The second order polynomial, which is
fitted to the observed spalling by using the least square fit procedure, facilitates easy
comparison between the predictive model and the observations.
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Figure 49: Annual average of observed spalling and second order polynomial

To compare the predictive method with the determined second order polynomial (fig-
ure 49), the amount of spalling is determined according to the method described in
figure 45 based on the characteristics of the 81 bridges (design specification according
to the standards at the time of construction).

At first, a small deviation was observed between the predicted and the observed
spalling. Usually a predictive model is adjusted to the desired outcome by a model
parameter. In this thesis it is preferred to re-examine the input parameters (figure 45).
Where most of the input parameters of the chloride ingress model, like cover depth,
diffusion coefficient etc., were derived from samples or inspections, the critical chlo-
ride concentration was based on laboratory results. However, as was mentioned in
section 4.2, the threshold level in field conditions is lower than in laboratory condi-
tions. Consequently the critical chloride concentration was chosen as a chloride con-
centration of 0.40% of the binder mass, instead of 0.5% as was discussed in chapter 4.
A critical chloride concentration of 0.4% by mass of cement is more in agreement
with the value that is observed at structures, than the value of 0.5% by mass of cement
that is observed in laboratories. By changing only the value of the critical chloride
concentration, the predictive method accurately matches the mean of the amount of
observed spalling as is observed at the 81 bridges (figure 50).
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For the selected values of the input parameters the predictive model is in exact agree-
ment with the observed spalling at the 81 bridges in the Netherlands. The added value
of the predictive model over the fit is that the influences of changes in one or more
input parameters can be determined with the predictive model, as is performed in sec-
tion 6.5.
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Figure 50: Observed and predicted spalling of 81 Dutch bridges.

As is mentioned earlier, the observed spalling shows a considerable scatter (fig-
ure 50), therefore the mean value of spalling does not give sufficient information to
the bridge owner. The bridge owner wants to know when the first bridges are eligible
for repair, in order to allocate sufficient funds, therefore 5% and 95% fractile levels
are added to the prediction of spalling.

The fractile levels are derived from the observed spalling at the earlier mentioned 91
inspections. The inspection results were subdivided into four groups of which the age
of the structure at inspection ranged from 0 to 10, 11 to 20, 21 to 30 and 31 to 40
years. From each set of inspection results the mean value and standard deviation is
derived for an assumed lognormal distribution of the inspection results (figure 51).
The average coefficient of variation of the four groups is 2.14, which is used to de-
termine the fractile levels. With this information the 5™ and 95" fractile levels are de-
termined and plotted in figure 52.
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Figure 51: Observed and modelled spalling (age at inspection between 30 to 39 years)

The results of the analysis of the 81 Dutch bridges, as displayed in figure 52, indicated
that at an age of 37 years:

- 5% of the bridges show more spalling than 2.9% of the surface area;

- 50% of the bridges show more spalling than 0.8% of the surface area;

- 95% of the bridges show more spalling than 0.04% of the surface area.
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Figure 52: Confidence intervals of probability of spalling
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6.4. Deterioration of Dutch concrete bridge stock

As discussed in chapter 1, the aim of this thesis is to determine the rate of deteriora-
tion of the Dutch concrete highway bridge stock, taking into account the history of
bridge construction. The extent of deterioration for the coming decades is determined
by combining the selected deterioration processes, input parameters and calibrated
critical chloride threshold parameters.

The relative amount of spalling of an average Dutch highway bridge is plotted in fig-
ure 53. Together with the 5% and 95% fractile levels this figure gives and indication
of the robustness of the Dutch bridge stock. The prediction as displayed in figure 53
gives the deterioration of the present bridge stock due to chloride ingress and carbona-
tion. In figure 53, the spalling of a set of bridges is predicted beyond the period for
which the model is calibrated. However, it is emphasized that the prediction is deter-
mined by physical models. Bridges that are constructed after 2003 are not included in
this prediction, because the extended knowledge about deterioration, future bridges
will hopefully be more resistant to deterioration.
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Figure 53: Relative average amount of spalling of Dutch bridges

When bridges are designed, one of the intentions is to achieve a certain design life-
time. However, the outcome of predictive models usually gives a probability of failure
or spalling. The lifetime is obtained by selecting a certain upper threshold level of
spalling as a criterion to define the end of the technical lifetime. Experts from the U.S.
Departments of Transportation indicate that the time to first repair is reached when
2.5% of a structure surface area shows spalling [Weyers 1993]. This intervention level
is added to figure 53. From this figure it is derived that 5% of the bridge stock is eli-
gible for repair at an age of nearly 40 year, whereas half of the bridge stock is eligible
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for repair after nearly 70 years of service. Due to the shortage of funds, bridge owners
might decide to accept more spalling before intervention. It is emphasized that these
lifetimes are only valid for bridges that are exposed to the Dutch climate of mild win-
ters and are designed, owned and maintained by the Dutch Ministry of Transport.

Until now, all the results gave an relative amount of spalling, where the bridge owner
would like to know what the total amount of damage to the bridge stock is. The total
need of maintenance is determined by calculating the amount of spalling for any indi-
vidual bridge in the Dutch bridge stock. Subsequently the amount of spalling is sum-
marized for each year, as is displayed in figure 54. The figure indicates a steady in-
crease of the yearly area of spalling at Dutch bridges for the coming decades.
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Figure 54: Annual amount of spalling of the Dutch bridge stock

6.5. Variation in input parameters

The predictive method that is presented in this thesis is based on mathematical models
for the physical processes that take place. These processes are chloride ingress, car-
bonation and propagation of corrosion. Because the models are based on physical
processes, it is possible to evaluate changes in the input parameters. The next sections
will determine the influence of changes in cover depth, initial chloride concentration,
critical chloride concentration, ageing coefficient and diffusion coefficient. The next
sections give the results of a parameter study where one parameter is varied and the
other parameters are chosen according to table 22.
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6.5.1. Cover depth

The cover depth is one of the most important parameters because it affects both the
initiation and the propagation phase. Over the years the minimum cover depth accord-
ing to the standard increased considerably, as was discussed in chapter 5. The ques-
tion is which cover depth is advisable to minimize spalling. In this section the relative
amount of spalling is determined for cover depths ranging from 20 to 60mm. These
upper and lower boundaries correspond to the maximum and minimum observed
cover depths.

In the case of a cover depth of 60mm, a nearly non-existent amount of spalling is pre-

dicted. However, to prevent micro cracks in the cover, a cover depth of S0mm is ad-
visable, as is practiced by the Dutch Ministry of Transport (section 5.2).
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Figure 55: Spalling as a function of cover depth and age

6.5.2. Initial chloride concentration

The initial chloride concentration originates from the chlorides that are present in ce-
ment, aggregate or mixing water. It is surprising that some equations for determining
the chloride ingress do not even consider the initial chloride concentration (e.g. equa-
tion 15). Even though the addition of calcium chloride to concrete is prohibited in
most countries since the early 1970s, most standards still allow for chloride concentra-
tion up to 0.4% by mass of cement [e.g. NNI 2001]. The analysis from numerous
structures in the Gulf region learned that corrosion of the reinforcement was caused
by high internal chloride levels [O’Conner 1994].

The relative amount of spalling was calculated for an initial chloride concentration
ranging from 0.0 to 0.4% by mass of cement. The results indicate that the initial chlo-
ride concentration should be limited to 0.1% by mass of cement in order to prevent
unwanted spalling within the design lifetime of structures.



Prediction of deterioration of Dutch highway bridges 91

spalling [mz/mz]

60.0%
50.0% |
Cel;i = 0.4%-binder mass
40.0%F | | e Cel;j = 0.3%-binder mass
N 0.2%-binder mass
-Gl = 0.1%-binder mass
30.0% - === Cc];j = 0.0%-binder mass
20.0% |
10.0% |-
e 73 H A R R R S R SO Py M b

0 10 20 30 40 50 60 70 80 90 100
age structure [year]

Figure 56: Spalling as a function of initial chloride concentration and age (cover depth
50mm)

6.5.3. Critical chloride concentration

The critical chloride concentration is one of the parameters that is generally not de-
rived from on site tests but from laboratory specimens. In figure 57, the amount of
spalling is predicted for the case of a critical chloride concentration ranging from 0.2
to 0.6% by mass of cement. These chloride concentrations form the upper and lower
boundary of the critical chloride concentration as observed in on site tests, as derived
in section 4.2.
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Figure 57: Spalling as a function of critical chloride concentration and age (cover depth
50mm)

The determined spalling at the suggested critical chloride concentrations indicates that
the sensitivity of the outcome of the predictive model to changes is limited. However,
the variation in the critical chloride concentration should be kept to a minimum to
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prevent early initiation of corrosion. The variation of the critical chloride concentra-
tion can be minimized by proper compaction (section 3.2.2).

6.5.4. Ageing coefficient

The ageing coefficient is a parameter, which is surrounded by uncertainty, since iden-
tical specimens from different years of construction are difficult to obtain from
bridges. To overcome this problem, the ageing coefficient is usually derived from
moist or submerged cured specimens. One could question if these specimens are rep-
resentative for concrete in bridges.

In this parameter study, the ageing coefficient is varied using values, which have often
been suggested. The outcome of the parameter study indicates that relatively small
differences in the ageing coefficient result in substantial differences in the predicted
amount of spalling, figure 58.
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Figure 58: Spalling as a function of the ageing coefficient and the age (cover depth 50mm)

6.5.5. Diffusion coefficient

The diffusion coefficient is one of the parameters that are influenced by the concrete
composition and workmanship. In this section the upper and lower boundary for the
diffusion coefficient are chosen by respectively adding and subtracting the standard
deviation from the mean value. These boundaries correspond to the upper and lower
boundaries of the ageing coefficient and critical chloride concentration. The results of
the parameter study are shown in figure 59.
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Figure 59: Spalling as a function of diffusion coefficient and age (cover depth 40mm)

6.6. Discussion

In this chapter the results of the model that predicts the development of spalling in
time for concrete bridges are presented. The magnitude of spalling at these structures
is determined by the first order reliability method, the input parameters of which are
tabulated in table 22.

To verify the correctness of the method, the predicted spalling is compared to the re-
sults of 91 inspections of 81 bridges in the Netherlands. To obtain an exact match be-
tween the prediction and the inspections, the critical chloride was reduced to 0.4% by
mass of cement.

The outcome of the parameter study makes clear that relatively small deviations may
result in considerable changes. Therefore proper design and workmanship is required
to reduce the variation in characteristics of a concrete structure.
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7. Conclusions and recommendations

7.1. Conclusions

This thesis deals with predicting deterioration of concrete bridges. In general, it is as-
sumed that deterioration leads to the undesirable event of collapse of such a structure.
However, long before a bridge will collapse, pieces of concrete will come off due to
spalling that might harm the passing users. Therefore in this thesis ‘failure’ is defined
as the undesirable event of spalling.

From all possible mechanisms of deterioration it is assumed that corrosion due to
chloride ingress and carbonation are the leading mechanisms. Illustrative is the effect
of the sudden increase of spalling after sodium chloride was introduced as a de-icing
agent in California, in the late 1960s.

Over the years it has been observed that older bridges perform better than recently
constructed bridges. This thesis presents a theoretical background for the improved
condition of bridges that are not exposed to chlorides for several years after construc-
tion. During the years that a bridge structure is not exposed to chlorides, the hydration
continues and as a result concrete will show more resistance to chloride ingress.

Once the chlorides reaches the reinforcement, the critical chloride concentration de-
termines when corrosion of the reinforcement is initiated. However, all critical chlo-
ride concentrations are derived from laboratory specimens. In chapter 4, a critical
chloride concentration is derived from specimens obtained from structures. Due to the
differences between laboratory and on-site specimens, e.g. cleaning reinforcement and
compaction, a reduced critical chloride concentration was derived.

As is observed in chapter 6, the ageing coefficient exerts a large influence on the in-
gress of chlorides and subsequent spalling. In chapter 4 a new method is presented to
derive the ageing coefficient. By exposing identical specimens to chlorides after vari-
ous periods of curing, the ageing coefficient can be derived.

In numerous publications, it has been suggested that concrete made of blast furnace
slag cement shows a superb resistance to chloride ingress compared to concrete made
of portland cement. In this thesis, over 100 cores are examined for chloride ingress.
These cores were obtained from structures that were constructed in the 1940s and
1960s, with most likely CEM III/A cement. From the obtained chloride profiles it was
concluded, in chapter 4, that the blast furnace slag cement shows a more or less simi-
lar resistance to chloride ingress as concrete made of portland cement. In general, su-
perb resistance is observed for mortar specimens that are moist cured for 28 days un-
der laboratory conditions.
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The surface chloride concentration of concrete made of blast furnace slag cement is
higher than that of concrete made of portland cement, which results in an increased
chloride ingress.

The proposed model to determine spalling nicely fits the observed spalling at 81
bridges in the Netherlands, without the use of a model parameter. One could argue
that the fit-procedure makes the model fit to the data, but the curvature of ogive
shaped result of the model is also agrees with the observed data.

The results of the predictive model indicate that the amount of spalling at the concrete
bridges in the Dutch highways will double in the coming decades. The sharp increase
in the need for maintenance is caused by the sharp increase in the number of bridges
that were constructed in the early 1970s and the use of de-icer salt since the early
1960s.

7.2. Recommendations

The ingress of chloride is reduced if the structure is not exposed to chlorides shortly
after completion. The reduction of the chloride ingress is caused by the ongoing hy-
dration which results in a reduced diffusion coefficient when the structure is first ex-
posed to chlorides. However, the owner usually prefers to use the structure shortly
after completion. When a coating or hydrophobic treatment protects a structure, the
ingress of chlorides is strongly reduced during a period of at least longer than 5 years
[Polder 2001]. It is emphasized that the period without damage to the concrete struc-
ture is extended with much more than the lifetime of the protective treatment because
of the ongoing hydration.

The initial chloride concentration of concrete is inversely related to the condition of
concrete structures. Although the most recent European Standard limits the amount of
chlorides in the mixing water to 1.0g/l [NNI 2002], the maximum chloride concentra-
tion of concrete is limited to 0.4% by mass of cement [NNI 2001], The results in this
thesis show that a chloride concentration of 0.4% by mass of cement will accelerate
deterioration over time. Therefore it is recommended to limit the maximum chloride
mixed-in concentration to 0.1% by mass of cement.

Concrete made of blast furnace slag cement showed similar performance, with respect
to chloride ingress, as concrete made of portland cement. It is suggested to gain a bet-
ter understanding of the processes that make blast furnace slag cement perform rather
well under laboratory conditions, but rather poor on site.
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Notations and symbols

Roman lower case letters

a

Apor

b

C
Cobser
Cstand
dcrit
dpor
dr

f’
fom
£
ft;spl
h
icorr
k
Krust

1
Mcao
mco2
Miteel
n

t

teorr
texp

t
tservice
to
Werit

Wexpan

Whorous
Wrust

Wisteel
X

Xcb
Yy

CO; binding capacity of cement / concrete ..........coecvereereeenenee. [kg CO»/m’]
diameter of equivalent POrOUS ZONE...........ceveeruieeerierieeierieeeeeeesie e [m]
diameter of porous zone plus cover depth.........coceveeeiniiniiiinieeee, [m]
COVET AP .t [m]
observed cover depth.......cooeeiieiiiieiieeeee e [m]
cover depth according to standard............ccecvevverierienieienieieeeeee [m]
the thickness of the expansion at crack initiation............cecevvevververveiennens [m]
thickness of equivalent zone with porosity 1 .........cccocevevenerenienieneennene. [m]
diameter of the reinforcement ............ccoceeevevieeiieeenieiecieeeeeee e [m]
compressive Strength (CUDE) .......eceveriririiniririreeeseseeeseeeee e [MPa]
mean compressive strength of the concrete at the age of 28 days ...... [MPa]
tensile strength of CONCTEte.......ccuveveeieriieieeieeeeeee e

tensile strength (SPIit teSt)....c.eeverieriieieeieieeieeee e
change in hydraulic head over path L..........ccccooiiiiiiiiinee,
COTTOSTON CUTTEME . .euteeeeetienieeeieteeneeeeeeeeeneesseeaeeneesseeseseeenseensesseens
hydraulic conductivity....
rate Of ruSt Production ...........oceeverierieiiiniereee e
flow path Iength.........ccoeiiiiiie e
molar mass of calcium oxide (56.08) .......cceveeriirieieeierieeeeeee.
molar mass of carbon dioxide (44.01)
mass of corroded steel ...

duration of exposure to deleterious environment ............ceeeveeevereeesverevennens [s]
age at which exposure to de-icing agent started
SEIVICE L1 ...t

reference period (associated wWith Dei;p) ...eoverververenenenenicninencncncncnee.
amount of corrosion products needed to cause cracking..................... [kg/m]
amount of corrosion products needed to fill space due to expansion of
COMCTELE ..ivviiuteeiete ettt et et e eteeete et e eteeteeaseeteeseeaseeseeaseerseseerseerseseenns [kg/m]
amount of corrosion product necessary to fill the porous zone........... [kg/m]
MOUNt Of TUSE PrOAUCES.....c.eeuieienieieiieieieeeee e [kg/m]
amount of corrosion products that causes actual cracking.................. [kg/m]
depth coordinate from the concrete surface into the concrete.................. [m]
carbonation depth .........oooeiiiiiiii e [m]
depth coordinate from the concrete surface into the concrete.................. [m]

18 atomic mass unit

111



112 Notations and symbols

z depth coordinate from the concrete surface into the concrete.................. [m]

Greek lower case letters

oh degree of Ny dration..........ccceoveieieieieieieee e

n mean value.........ceceevveerveeennnne

Ve Poisson’s ratio of the concrete

&a parameter relating to cement type (Hakkinen)

Eair air content coefficient (Hékkinen).......................

& parameter relating to cement type (Hékkinen)

Eenv environmental coefficient (HAKKINEN)..........ccoocveviieiinieiieieieieeieieeeene
Prust density of corrosion Products ...........cecevereerierienienienienieieieieeeeeene

Psteel density Of SEEL.....ccuiiieiieieiee s

c standard deVIAtION. ........eouieiieieiee et

] parameter micro climatic conditions, wetting and drying (CEB) ............. [-]
" parameter micro climatic conditions, mean moisture content (CEB) ....... [-]
W2 parameter curing conditions (CEB)........ccccevvrirvinininininineeeceeeeeeeen [-]
3 parameter effect of water separation, local w/c-ratio (CEB)..................... [-]

Roman capital letters

A flow area perpendicular to flow direction

C concentration of diffusing substance.............cceeeeeeereevieecieneeieeeeenne.

C(x,t) concentration of diffusing substance at depth x and time t............... [kg/m’]
Ce content of CEMENt iN CONCIELE.......ecueervieiereieieeierieeie et [kg]
Ccao content of calcium oXide N CEMENt.......cccuvviveuiieieiieeeeieeeeeeeeeeee e [-]
Cebis carbon dioxide concentration in the atmosphere...........ccccecvevvevennne [kg/m’]
Ca(x,t)  concentration of chloride at depth x and time t

C.u(x,y,t) concentration of chloride at depth x and y and time t.......... [%-binder mass]
Celier critical chloride concentration ..............cceecveeeevieeienreesiennnan, [%-binder mass]
Ceti initial uniform chloride concentration in the concrete ........ [%-binder mass]
Cel:s concentration of chlorides at the surface

D diffusion COSTTICIENt .......c.eevieeiiiieieeieee e

Do (effective) carbon dioxide diffusion coefficient..........ccccoeeveveevirnennen. [m%/s]
Dy (effective) chloride diffusion coefficient..........ccceevreerveieicenienieee. [m%/s]
Dqi(t) time-dependent chloride diffusion coefficient...........cccevevierienieniennnen. [m%/s]
Dy initial chloride diffusion coefficient............ccccevvieviiiieciieciiiieieeeee. [m%/s]
Dero reference chloride diffusion coefficient (associated with ty)................ [m?/s]
Desr effective diffusion coefficient of heterogeneous material.................... [m?/s]
Dy diffusion coefficient obtained with NT Build 443 test...........cccuvne..e. [m?/s]
D, potential chloride diffusion coefficient .............ccocvevieiiirieniecieiies [m%/s]
Drem chloride diffusion coefficient — by rapid chloride migration method...[m?/s]
Dy steady state diffusion coefficient..................... [m%/s]
Ecr effective elastic modulus of concrete [GPa]
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F rate of transfer per unit area of SECtion.........ccceeceveeriecieieereeeeeee [m/s]
M total amount of diffusing chlorides ..........ccoveeiiniiiiniiieee e, [kg]
Q amount of diffusing carbon dioXide ..........cccceveerierierienienieieieeieeene [ke]
Q volumetric flow rate (D ATCY)...cvevuerverierieieieieieieieteeeeeeeee e [m%/s]
A" CONCTELE VOIUIMIE ...viuvieiiieiiiiieieeiie ettt ettt sveesae s saeesseesaesteeseessessaenseas [m’]

Greek capital letters
ACy difference between carbon dioxide concentration in the air and at the

carbonation frONt.........cceiieriirieiieieee e [kg CO»/m’]
Aterack time from corrosion initiation to cOrrosion Crack ........ccooeeveevvveeeeeeeecvueeennn. [s]
Others
Abbreviations
BFSC blast furnace slag cement
CSF condensed silica fume
DOT Department of Transportation (U.S.A.)
erf error function
GGBS ground granulated blast furnace slag
NBI National Bridge Inventory
OPC ordinary portland cement
PFA portland fly ash cement (a.k.a. pulverized fuel ash)

SRPC sulphate resistant portland cement
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appendix A Diffusion equations

Diffusion is the process by which matter is transported from one part of a system to
another because of random molecular motions. Quantitative measurements of the rate
at which a diffusion process occurs are usually expressed in terms of a diffusion coef-
ficient. The diffusion coefficient, however, is not a true physical property but the pro-
portionality constant in Fick’s laws.

Diffusion coefficient

Confining attention to one dimension only, the diffusion coefficient is
defined as the rate of transfer of the diffusing substance across a unit
area of a section, divided by the space gradient of concentration at the
section [Crank 1975].

There are two equations to describe the diffusion process; Fick’s First en Second Law
of Diffusion [Crank 1975, Stanish 2000].

Fick’s First Law of Diffusion
The chloride diffusion into concrete which, in the one-dimensional situation normally
considered, states:

oC

F=-D— 49
o #9)

rate of transfer per unit area of section (flux)
concentration of diffusion substance

space coordinate measured normal to the section
diffusion coefficient

ox ™

This equation is only useful after steady-state conditions have been reached, i.e. there
is no change in concentration with time (flux is constant).

Cq T~

L
»le
<

Ax

A
.

Figure 60: Fick’s first law of diffusion
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Fick’s Second Law of Diffusion

A non steady state situation, where the concentration gradient changes in time, can be

modelled by Fick’s second law of diffusion. Consider an element of volume in the
form of a rectangular parallelepiped whose sides are parallel to the axes of coordinates
and are of lengths 2dx, 2dy and 2dz. The contribution to the rate of increase of diffu-
sion substance in the element from two faces equals:

—8dxdydz oF, (50)
X
oF
—8dxdydz —= (51)
oy
—8dxdydz 9, (52)
oz
The rate at which the amount of diffusing substance in the element increases is:
—8dxdydz oc (53)
ot
hence we have immediately
oF. OF F
a—c+ £+ y+a—z:0 (54)
ot ox oy Oz
If the first law of Fick is applied
oC o’c o’C o C
—=D Tttt (55)
ot Ox oy oz

If diffusion is assumed as one-dimensional i.e. if there is a gradient of concentration
only along the x-axis, the previous equation is reduced to:
oc _o°C

= =D -

ot Ox
The reduction is allowed because the concentration gradient normally exists in one

(56)

direction only, which is from the external environment perpendicularly into the con-
crete. This is the relevant equation for non-steady conditions, often referred to as
Fick’s Second Law.

This has been solved using the following conditions:
- boundary condition Cx-o; -0 = C; (the surface concentration equals C; at
x=0)
- initial condition Cy>; =0 = 0 (the initial concentration equals zero);
- infinite point condition Cy=«; =0 = 0 (far enough away from the surface, the
concentration equals zero).

The solution is:

C(x,t) X
=l-er 57
C, f( 4Dt J 67
C concentration of diffusing substance

Cs surface concentration of diffusion substance
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D diffusion coefficient
t time
X space coordinate measured normal to the section

Second Law of Fick — solution time dependent diffusion coefficient
In this thesis the chloride ingress is determined with the solution of Fick’s second law

of diffusion where the time dependent coefficient of diffusion is taken into account.
This section gives the derivation of the solution with the time dependent diffusion
coefficient from the partial differential equation.

In chapter 3, the time dependent diffusion coefficient is discussed and modelled by
equation 18.

D,,(0) :Dm (58)

Combining the equation of the time dependent diffusion coefficient (equation 18) with
Fick’s second law of diffusion (equation 56) gives:

oC t, ) 0°C
—=D,,|~ 59
o “”°[ t ] o’ oY
therefore
1 oc_ocC
"ot ox’ 60,
Dcl'O[IOJ ( )
T\t
Substituting equation 61 into equation 60 results in equation 62.
t n
or =D, %) o (51
oc o*C
= 62
or o’ (62

The standard solution of equation 62 is given in equation 63.

C(x,)=C, [1 - erjf(J%jj (63)

Integrating equation 61 results in equation 20.

[ D, (0t = D“,(z;) t (64)
0

1-n

Finally, equation 21 results from the substitution of equation 20 into equation 63.
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C,(x.0)=C, erfo——>™ (0<n<1)
4 Dao (to ) ; (65)
I-n\t

The initial chloride concentration is included in equation 21 by reducing the driving
potential of the surface chloride concentration with the initial chloride concentration
which is later added to the determined chloride concentration, as is presented in equa-
tion 66.

C(x,0)=C, +(C,p, —C.,)- erfo—m—— (0<n<1)
g Pao(t) (66)
1-n\t

Second Law of Fick — limited supply of diffusion substance

Another solution is given for the ‘instant plane source’ for an instantaneous limited
supply of diffusion substance, during a short period of time. The conditions are:

- boundary condition Cy=o..=0 = M (the amount of substance M is deposited at
t=0 in the plane x=0);

- initial condition Cy>; =0 = 0 (the initial concentration equals zero);

- infinite point condition Cy=; -0 = 0 (far enough away from the surface, the
concentration equals zero).

The solution is:

M x’
C(x,l)zﬁexp[—mj (67)

It must be emphasised that the statement expressed mathematically by Fick’s first law
of diffusion is in general consistent only for an isotropic medium, whose structure and
diffusion properties in the neighbourhood of any point are the same relative to all di-
rections.
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Terms related to Chloride induced corrosion

This appendix gives a glossary of terms related to chloride ingress and testing in con-
crete [e.g. Stanish 2000].

Absorption:

Bridge

BFSC

Drawing of fluids into unsaturated pores by capillary suction.

A bridge is a structure that is erected over a depression or an
obstruction, such as water, highway of railway, having a track
or passageway for carrying traffic or other moving loads, and
having an opening measured along the centre of the roadway
of more than 6.1 metres [FHWA 1995]. Other countries use
different span lengths.

Blast furnace slag cement is a portland cement of which 36 to
95% of the cement is replaced by blast furnace slag (upper and
lower replacement boundaries differ from country to country).
The main cement type of blast furnace slag cement is grouped
into three sub-types as are tabulated in table 23.

Table 23: Product in the family of blast furnace slag cement [NNI 1995a]

GiA

Cation

Chloride binding

Conductivity

Convection

cement type clinker | blast furnace slag
CEM IIVA 35-64 36-65
CEM III/B 20-34 66 — 80
CEM 1II/C 5-19 81-95

Tri-calcium aluminate

A positively charged mon(o)atomic (Na*, H', Ca®’, Fe*") or
polyatomic (NH4+, H3O+) ion.

The combination of chloride ions with the cement matrix of
the concrete either through physical of chemical action. It re-
duces the effective chloride concentration in the pore solution,
called the free chloride concentration.

A material property describing the ease with which electrons
or ions can pass through a unit length of that material of a unit
cross-section, the inverse of resistivity.

The movement of a fluid, including the dissolved species it
may contain, through a porous body.
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Corrosion current
density

Diffusion

Diffusion coefficient

Electrolyte

Error-function

Appendix

Corrosion is an electrochemical process involving electrons
flowing from the anode to the cathode. Therefore the number
of exchanged electrons is proportional to the number of oxi-
dized iron atoms. The intensity of the flow of electrons, which
gives an indication of the magnitude of corrosion, is called the
corrosion current. However, the corrosion current cannot be
measured directly, but is determined using the electrochemical
polarization method. This current (i) is calculated from the
Stern-Geary equation icor=B/R;, [Stern 1957]. Where: B is a
constant, and R, is the polarization resistance.

Transfer of mass by random motion of free molecules or ions
in the pore solution resulting in a net flow from regions of
higher concentration to regions of lower concentration of the
diffusing substance [Kropp 1995].

For solids the diffusion coefficient describes the ability of
transfer for a given substance.

A solution in which current is carried by the movement of
ions.

The error function and complementary error function are spe-
cial cases of the incomplete gamma function. Their definitions
are [Abramowitz 1970]:

x

erf(x) = % Je e (68)
T

erfe(x) =1—erf(x) (69)

o Irixt 1277
x+—+ -+
12 480 40320

4.9 511
erf oy V| 36975 348077°x" )
2 5806080 182476800
N 20036983 7°x"

398529331200
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Failure

Fick’s Laws

Flux

Gradient

Half cell potential

123
f(x)
2
-~
1| g
- erflx)
/ 4
/
/ - erftx)
0 e
0 1 :
X

Figure 61: Error-function and \t-function

In this thesis failure is defined as the undesirable event of an
intolerable amount of spalling.

The theoretical relationships governing diffusion. Fick’s First

Law states that: F' = —chi—c. Fick’s Second Law states that:
X
2
oC _ D@ E‘
ot ox

Quantity of material that passes a unit area per unit of time.

The change in value of a quantity per unit distance in a speci-
fied direction.

A potential difference occurs between the anodic and cathodic
areas of corroding reinforcement. As the rate of corrosion in-
creases, the corrosion potential changes. The electrical poten-
tial difference between the anodic (half cell) and cathodic (half
cell) may be measured by a voltmeter. The reading of the
equipment gives the potential difference between the corrod-
ing reinforcement and a standard reference cell. Although in-
terpretation of these potentials differences is disputed, it is
generally agreed that a potential difference of —0.35 V versus
Cu/CuSOy4, or more negative, is an indication of corrosion ac-
tivity. The following guidelines are derived from U.S. bridge
decks made of portland cement [ASTM 1999, van Daveer
1975]:
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Table 24: Corrosion potential and corrosion probability for bridge decks [ASTM 1999]

Migration

Permeation

Permeability (k)

Porosity

Potential

Sorptivity

Spalling

Structurally deficient

Transport mechanisms

potential corrosion probability
[mV vs. Cu/CuSOy]

>-200 5%
-350 —-200 50%
<-350 95%

The movement of ions in a solution under an electrical poten-
tial gradient.

Flow of liquids or gases caused by a pressure head [Kropp
1995].

The coefficient of permeability describes the permeation of
gases or liquids through a porous material due to a pressure
head. Frequently, the flow of water is evaluated according to

the empirical formula of D’Arcy: Q:k%A, where Q =

volumetric flow rate, A = flow area perpendicular to /, k = hy-
draulic conductivity, / = flow path length, # = change in hy-
draulic head over path /.

The ratio, usually expressed as a percentage, of the volume of
voids in a material to the total volume of the material, includ-
ing voids.

The voltage difference between an anode and a cathode.

Rate of absorption of water into an unsaturated surface of con-
crete by capillary action.

The separation of a surface layer caused by thermal or me-
chanical stresses.

A bridge is structurally deficient if the superstructure or sub-
structure requires immediate repairs or rehabilitation or if the
ability to carry normal live loads is severely impaired.

The different methods by which ions can travel from place to
place, including but not necessarily limited to diffusion, per-
meation, wicking, sorption and migration.
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Vapour diffusivity

Wick-action

125

The rate at which water vapour can travel through the unsatu-
rated pores.

Evaporation of water in pores deposits salt and draws more
solution to the evaporation front by absorption. Requires an
air-exposed surface. Is dependent on humidity and on the va-
pour diffusivity of concrete.
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appendix C Definitions for coefficient of chloride diffusion
In the numerous articles that are published about the coefficient of diffusion, many
definitions are used [e.g. Chisholm 2001, Maage 1996]. This list of definitions is far
from complete and is not more than a list to understand diffusion. There are two
groups of diffusion coefficients; the steady state and the non-steady state diffusion
coefficient. The non-steady state diffusion coefficient gives the diffusion coefficient
as is defined by Fick’s first law of diffusion. In a steady state test, specimens are ex-
posed to a constant concentration gradient. The non-steady state gives the diffusion
coefficient as is defined by Fick’s second law of diffusion, where the driving differ-
ence in concentration changes in time.

Dy  steady state diffusion coefficient

D,: diffusion coefficient obtained with NT Build 443 test
This coefficient is determined with a bulk immersion test, such as NT Build
443. During this test a completely water saturated specimen is submerged in a
brine solution, 165 gr. sodium chloride per litre, during 35 days. The diffusion
coefficient is obtained from the observed chloride profiles using non-linear re-
gression analysis. This test is normally carried out on early-age (28 or 56 days)
test specimens [Nordtest 1995].

Drem  diffusion coefficient obtained with Rapid Chloride Migration test

During the rapid chloride migration test a completely water saturated speci-
men is submerged in a saline solution. The bottom of the specimen is in con-
tact with a saline solution. Potential differences between electrodes that are at-
tached to both ends of the specimen accomplish an increased migration of
chlorides. After 6 to 96 hours of chloride exposure the specimen is split to de-
termine the chloride ingress. The depth of the chloride ingress is determined
with an indicator solution (silver nitrate). From the test-parameters (i.e. cur-
rent, ingress depth, time of exposure) the coefficient of diffusion is calculated.
The coefficient of diffusion that is determined with the RCM method agrees
with the actual coefficient of diffusion [Nordtest 1999].

D¢ effective diffusion coefficient (a.k.a. apparent, achieved, bulk or in situ)
This coefficient is determined from a chloride profile by regression analysis,
as is used in this research project. It reflects influences from all possible trans-
port mechanisms that have contributed to the chloride profile and is an indica-
tion of the historical performance.

D, potential diffusion coefficient (a.k.a. actual, intrinsic, measured)
The potential diffusion coefficient is determined from the virgin inner part of
structures. In this way the concrete samples that are obtained are not ‘contami-
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nated’ by chlorides. The diffusion coefficient is obtained by means of test
methods like RCM or NT-443 method.
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appendix D Review minimum cover depth (Dutch stan-
dards)

Usually the depth of the cover depends on the environment that the structure is ex-

posed to during the period of use. The five types of environments that are used in this

appendix are:

dry environment the concrete surface is during the period of use not ex-
posed to or in contact with ground, water or other at-
mospheric influences.

wet environment the concrete surface is during the period of use exposed
to water, ground and every kind of weather

wet environment + salt the concrete surface is during the period of use exposed
to wet environment plus de-icings salts.

marine environment the concrete surface is during the period of use exposed
to seawater or spray.

aggressive environment the concrete is during the period of use exposed to a
marine environment (also spray), aggressive liquids (ac-
ids), corrosive gas and vapor

Dutch reinforced concrete standard 1912 [Kivi 1912]

Table 25: Cover depth

structural | cover on outer layer of rein-
member forcement [mm]

all environments

slab 10
beam 15
column 15

In the text of the standard, only one sentence is used to regulate the minimum con-
crete cover. This is remarkable because the writers of the standard were aware of the
fact that there was a danger of corrosion and damage due to fire.

Dutch reinforced concrete standard 1918 [Kivi 1918]

Table 26: Cover depth

structural | cover on main reinforcement | surcharges

member [mm] [mm]
all environments aggressive
environment
slab 10 +10
beam 25(17) +10
column 35(27) +15

In this standard the cover is explicitly defined as the distance from the main rein-
forcement to the concrete surface. The diameter of the stirrups should be at least
8mm. The distance from the outer layer of reinforcement to the concrete surface is
given between brackets.



130 Appendix

Dutch reinforced concrete standard 1930 [Kivi 1930]
Table 27: Cover depth

structural | cover on main reinforcement | surcharges
member [mm] [mm]
all  environ- | uncontrolla- aggressive
ments ble surface environment
slab 10 20 +10
beam 25(17) 35 +10
column 35(27) - +15

The explanation of this article warns for very large cover depth (50mm) in an aggres-
sive environment, because of the risk of cracks due to shrinkage. This gives an idea
how was thought about the concrete cover in those days.

Dutch reinforced concrete standard 1940 [Kivi 1940]
Table 28: Cover depth

structural | cover on main reinforcement | surcharges [mm]
member [mm]
all  environ- | uncontrolla- aggressive surface
ments ble surface environment | sandblasted
slab 10 20 +10 +10
beam 25(17) 35(27) +10 +10
column 3527 - +10 +10

Dutch reinforced concrete standard 1950 [Kivi 1950]
The concrete cover measured from the bar closest to the concrete surface (this in-

cludes the stirrups) should be at least the values in the Table below:

Table 29: Cover depth

structural | depth of | cover on outer layer of reinforcement [mm] surcharges [mm]

member member dry environ- | wet  envi- [ uncontrolla- | aggressive surface
ment ronment ble surface environment | sandblasted

slab or | h<120mm 10 15 20 +10 +10

wall h>120mm 15 15 20 +10 +10

beam - 20 25 40 +10 +10

column - 30 35 40 +10 +10

Dutch reinforced concrete standard 1962 [Kivi 1962]
Table 30: Cover depth

structural | cover on outer layer of reinforcement [mm] surcharges [mm]

member dry environ- [ wet  envi- [ uncontrolla- | aggressive surface
ment ronment ble surface environment | sandblasted

floor slab 10 15 20 +10 +10

walls 15 20 25 +10 +10

beam 20 25 30 +10 +10

column 25 30 35 +10 +10

An aggressive environment is an environment with very high temperatures during a
fire or contact with seawater (chlorides)
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Dutch reinforced concrete standard 1974 and 1984 [NNI 1984]

In general, the cover has to be equal or larger than:

)

1.5-@ if & is larger than 25mm.

if & is equal to, or smaller than 25mm,;
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The concrete cover can be reduced by Smm if the following conditions are met:
- the water-cement ratio is lower than 0.50 in dry environment or lower than
0.45 in a wet environment;
- 2/3 of the grain size is smaller than the cover.

These reductions may not lead to a cover that is lower than 25mm

or 30mm in case of a column.

Table 31: Cover depth

in case of a beam

structural | concrete cover on outer layer of reinforcement | surcharges [mm]
member grade [mm]
dry envi- [ wet envi- | aggressive | prestress lightweight | surface uncontrol-
ronment ronment environ- steel concrete sand- lable sur-
ment blasted face
slab or wall [ B17,5 and | 15 25 35 - +5 +5 +5
lower
B 225 and | 15 25 30 +10 +5 +5 +5
higher
beam B17,5 and |25 35 40 - +5 +5 +5
lower
B 225 and |25 30 35 +10 +5 +5 +5
higher
column B17,5 and|30 40 45 - +5 +5 +5
lower
B 22.5 and | 30 35 40 +10 +5 +5 +5
higher

Dutch reinforced concrete standard 1990/1995 [NNI 1995b]

Table 32: Cover depth (VBC 1990/1995)

structural cover on outer layer of reinforcement [mm] surcharges [mm]

member class 1 class 2 class 3,4 and 5 surface sand- uncontrollable f4<25 N/mm?
blasted surface

slab, wall 15 25 30 +5 +5 +5

beam, console 25 30 35 +5 +5 +5

column 30 35 40 +5 +5 +5

Table 33: Environmental classes (VBC 1990/1995)

class environment

1 dry

2 wet

3 wet in combination with de-icing salts

4 marine

5(a,b,cord) |aggressive (weak, moderate, strong or very strong)

According to article 5.2.2, the cover should not be more than Smm smaller than the
regulated depth.
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appendix E Cover depth according to Dutch standards

The results of the over 1100 determined cover depths are tabulated in table 34. In this
table the cover depths are grouped by structural element and the standard according to
which these elements are constructed. The cover depths have been determined with a
cover meter,

Table 34: Actual cover depth at structures (mm)

structural | standard valid thru standard # data mean | standard
member cover depth value | deviation
beam GBV 50/62 1950-1973 25 134 42.0 9.7
beam VB 74/84 1974-1989 30 28 46.9 10.7
column | GBV 1962 1962-1973 30 38 37.9 6.1
column | VB 74/84 1974-1989 35 16 43.1 6.7
parapet GBV 1950 1950-1961 15 43 44 .4 11.4
parapet GBV 1962 1962-1973 20 287 42.5 9.1
parapet VB 74/84 1974-1989 25 91 48.2 8.7
parapet | VBC 90/95 1990-2000 30 10 53.2 10.7
slab GBV 1950 1950-1961 15 32 36.5 11.7
slab GBV 1962 1962-1973 20 97 36.0 5.9
slab VB 74/84 1974-1989 25 40 46.6 5.6
wall GBV 1950 1950-1961 15 60 36.6 12.2
wall GBV 1962 1962-1973 20 161 39.9 5.5
wall VB 74/84 1974-1989 25 103 48.5 6.7
wall VBC 90/95 1990-2000 30 14 53.7 6.7
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appendix F

Compressive and tensile strength
The results of the compressive and tensile tests are tabulated in table 35. The cores
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were taken from the same bridges as the cores that were analysed for chloride concen-

tration. The diameter of the cores was 75mm and the samples had a length of 150mm.

Table 35: Compressive and tensile strength

name year |sample | foey| fo cuve|sample |fiuniaxial|Sample | fign |sample | figpiic
unit MPa| MPa MPa MPa MPa
Reevliet |1963[R-D07 | 55,1 64,8|R-T07 1,1|R-DO7 -|R-TO7 -
R-DO8 | 71,2| 83,8|R-T08 2,0|R-DO0S8 4,3|R-T08 -
R-D09 | 80,7| 94,9|R-T09 2,0|R-D09 4,4|R-T09 -
R-D10 | 55,8 65,6(R-T10 2,2|R-D10 4,5|R-T10 5,6
R-DI1 | 66,7| 78,5|R-T11 2,2|R-D11 5,5|R-T11 -
R-D12 | 56,1| 66,0{R-T12 1,9|R-D12 4,8|R-T12 -
R-D21 | 442 52,0|R-T21 -|R-D21 4,6|R-T21 -
R-D22 | 68,7| 80,8|R-T22 2,2|R-D22 -|R-T22 6,1
Mark 1940 |BMD1 | 40,4| 47,5BMTI 1,2| BMD1 4,6|BMT1 -
BMD2 | 45,01 52,9|BMT2 1,6|BMD2 4,1|BMT2 -
BMD3 | 44,2 52,0{BMT3 1,1|BMD3 4,3|BMT3 -
BMD4 | 46,8 55,1|BMT4 1,6|BMD4 3,9 BMT4 -
BMD23 | 81,4 95,8|BMT23 1,6|BMD23| 5,1|BMT23 -
BMD24 | 78,6 92,5(BMT24 1,8|BMD24| 5,7|BMT24| 4,9
BMD25 | 86,0 101,2|BMT25 2,0|BMD25| 5,7|BMT25 -
Langeweg | 1940 |[LGD1 52,7 62,0|LGT1 1,4|LGD1 3,7|LGT1 -
LGD2 41,9 49,3|LGT2 0,6 | LGD2 -|LGT2 3,0
Verlaten- {1965 |VDO1 51,5 60,6/ VTO 1,9 VDOl -|VTO -
dijk VD02 474 55,8|VT02 2,21 VD02 - VT02 45
Klein 1967 |KD17 79,8 93,9|KT17 2,0|KD17 -|KT17 3,9
Overveld KD18 57,0 67,1|KTI18 2,4|KDI18 -|KT18 5,3
average 70,5 1,75 4,69
standard
dev. 18,0 0,47 0,78
var. coeff. 0,25 0,27 0,17
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appendix G History of Blast Furnace Slag Cement

It is important to know how the practice of slag in cement developed for bridge con-
struction, because of the differences in resistance to ingress of chlorides between port-
land cement and blast furnace slag cement, when the durability of a bridge stock is
assessed.

In 1888, the first blast furnace slag cement works was opened in Germany. The ce-
ment used in the Netherlands was imported from Germany. The Dutch iron and steel
industry (Hoogovens) and the Dutch Portland Cement industry (ENCI), established a
blast furnace slag cement factory, CEMIJ, at the blast furnace in [Jmuiden, which
started production in 1931 [Bijen 1998].

Over the years, the attitude of the standards about BFSC changed considerably. This

section gives an overview of the attitude of the Dutch standards about BFSC.

GBV 1912 The use of blast furnace slag in cement is prohibited [Kivi 1912].

GBV 1918 The use of blast-furnace slag cement (replacement 75%) is pro-
hibited for reinforced concrete. The use of iron-portland cement
is allowed if the replacement is less than 30% [Kivi 1918].

GBV 1930 The use of BFSC is only permitted if principal and the contractor
came to an agreement in advance [Kivi 1930].

GBV 1940 The regulation of cement are identical to GBV 1930 [Kivi 1940]

GBV 1950 The regulation of cement are still identical to GBV 1930. How-

ever, the clarification of the standard mentions that other cement
types are not used to deliberately reduce of the quality of the
concrete, but are frequently used for concrete in an aggressive
environment [Kivi 1954].

GBYV 1962 The contractor is free to choose the type of cements, and is no
longer obliged to come to an agreement with the principal. The
clarifications mention that the BFSC has better characteristics to
offer resistance to an aggressive environment than PC [Kivi
1962].

VB 74/84 The regulation of cement still mentions that a certain type of ce-
ment can be banned to be used in concrete in an aggressive envi-
ronment. This text has stayed the same for 50 years, but by now
it means that the PC can be banned and not BFSC [NNI 1984].

Concrete made of blast furnace slag cement shows a temporary blue discolouration
after removal of the mold. The blast furnace slag causes the discolouration when it
reacts with water, because the slag contains iron, manganese and sulphur. These mate-
rials react to iron sulphide (FeS) and manganese sulphide (MnS) and give the blast
furnace slag cement its blue colour. If the mold is removed, the blue colour will fade
away in a few days due to oxidation. During the oxidation of iron sulphide and man-
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ganese sulphide changes to respectively iron sulphate (FeSO.) and manganese sul-
phate (MnSQO,) [Betoniek 1994].

The intensity of the discolouration gives an indication of the concrete quality. A con-
crete core of good quality is dark blue or purple. If the concrete has a high porosity,
the near surface concrete may be oxidized to a depth of several centimetres within a
few years.
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appendix H National Bridge Inventory

The National Bridge Inventory is a database that catalogues the characteristics and
tracks the condition of all bridges in the United States. This database was created after
the collapse of the Silver Bridge. December the 15™ 1967, the Silver Bridge across the
Ohio River at Point Pleasant, West Virginia, collapsed under a load of bumper-to-
bumper traffic. Thirty-one of the 37 vehicles on the bridge fell into the Ohio River or
onto the Ohio Shore. Forty-six people were caught in their cars and died. At the time,
there was no systematic maintenance program in place to monitor the condition of the
nation's bridges. In fact, the exact number of bridges standing in the United States was
not even known at that point in time [Hooks 2000].

To address this problem, the Federal Highway Act of 1968 created the National
Bridge Inspection Program, which ordered state agencies to catalogue and track the
condition of bridges on principal highways. The program set standards for state high-
way departments to conduct safety inspections, established the maximum time lapses
between inspections and determined the qualifications of those responsible for carry-
ing out the inspections. The data collected is submitted after every inspection period
and maintained by the Federal Highway Administration in the National Bridge Inven-
tory database.

Table 36: Number of concrete highway bridges in U.S. highways (vear 2000)

span type number of bridges

slab 34851
stringer / multi beam (cast in place) 7068
stringer / multi beam (precast) 44751
T-beam 22803
box beam cast in place (single / multiple) 8111
box beam cast in place (precast) 16376
frame 2278
arch 2035
segmental box girder 159
truss 5
orthotropic 4
other 2342
total 140783

The following figures will show the relative number of deficient concrete bridges of
each type of span (slab, beam, t-beam, multiple of single box girder) in Interstate -,
US numbered — and State highways.
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figure 62: Deficient slab bridges in US highways
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figure 63: Number of deficient slab bridges in US highways
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figure 64: Deficient cast in place girder bridges in US highways
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figure 65: Number of deficient cast in place girder bridges in US highways
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figure 66: Deficient precast girder bridges in US highways
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figure 67: Number of deficient precast girder bridges in US highways
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figure 68: Deficient T-beam bridges in US highways
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figure 69: Number of T-beam girder bridges in US highways
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figure 70: Deficient cast in place box beam girder bridges in US highways
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figure 71: Constructed cast in place box beam girder bridges in US highways
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figure 72: Precast box beam girder bridges in US highways
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figure 73: Number of precast box beam girder bridges in US highways
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