
DOCTORA L  T H E S I SDOCTORA L  T H E S I S

Luleå University of  Technology
Department of Civil and Environmental Engineering, Division of Structural Engineering

:|: -|: - -- ⁄ -- 

:

Durability of Sprayed Concrete 
Steel fibre corrosion in cracks

Erik Nordström



DOCTORAL THESIS 2005:02 

Durability of Sprayed Concrete 
Steel fibre corrosion in cracks 

ERIK NORDSTRÖM 

Division of Structural Engineering
Department of Civil and Environmental Engineering 

Luleå University of Technology 
SE-971 87 Luleå 

Sweden





Those who occupy their minds with small matters, 
generally become incapable of greatness.

/ Francois de la Rochefoucauld / 





PREFACE
The present study has been jointly funded by SveBeFo, ELFORSK and the Swedish 
Road authorities together. Vattenfall also supported with time to finalize the writing 
of the thesis. 

This work is also part of the research consortium ”Väg/Bro/Tunnel” financed by 
Vinnova, SBUF, Cementa, Elforsk, LKAB, NCC, PEAB and Skanska. Participation 
in the consortium made the close cooperation with the department of Civil
engineering at Luleå University of Technology possible during the part time studies.
It also prepared the ground for getting interesting contacts with other representatives
from the industry as well as professors and postgraduate students from other 
universities.

The investigations performed in this study with different types of tests and long-time
experiments also linked many persons to the work. Therefore I want to express my
gratitude to the following persons: 

Adjunct professor Jan Alemo, Vattenfall Utveckling AB, for good supervision and 
interesting discussions during my work with the PhD-project. I also want to direct
my special gratitude for his excellent support as mentor and colleague during my
time at Vattenfall Utveckling AB. 

Professor Lennart Elfgren, Luleå University of Technology for good supervision
and interesting discussions during my work. 

Professor Mats Emborg, Luleå University of Technology for valuable viewpoints
when proofreading the thesis. 

Professor Göran Fagerlund, Lund University of Technology for important input 
during the initiation of the project. 

The laboratory staff at Vattenfall Utveckling AB, Concrete Technology, especially
Sven Isaksson, Per-Erik Thorsell, Ulf Jansson, Kent Svensson, Jan-Åke Grändås, 
Emma Björkenstam and Kjell Öberg. All of you where involved in spraying, 
sawing, cracking and placing all the beams in those warm summer days (and 
nights) in 1997. I also feel thankful to Peter Skärberg, Kjell Fransson, Tommy
Hedlund and Inger Berglund, Vattenfall Utveckling AB, who (in addition to the 
above mentioned persons) helped me with both the manufacturing and the
evaluation of field and accelerated exposure tests over the years. 

All my research colleagues during my time at Vattenfall Utveckling for creative
discussions and for sharing my primary basic need for laughing and everyday-
madness. Special thanks also to Tomas Sandström, Jonas Björnström and Mattias 

V



Lundström who where involved in the work trying to create a numerical model for 
load bearing capacity (not presented here). 

The always interested reference groups connected to the parts funded by SveBeFo. 

Peter Mjörnell and Magnus Hansson, Bekaert for supplying me with cold drawn 
wire for making the fibres. 

Niord Pettersson, Haldex Garphyttan AB, for supplying me with stainless steel 
wire for the accelerated tests. 

Anders Lind, SKF Steel, for helping me with steel analyses. 

Georg Danielsson and Hans-Olov Johansson, Testlab, Luleå University of 
Technology for help with the uni-axial tests and cracking of samples.

Bengt Nilsson, Lund University of Technology for performing the air void 
analysis on face ground samples and image analysis. 

Bror Sederholm, Swedish Corrosion Institute for discussions and help with the 
instrumentation of the laboratory experiments. 

Ingemar Andersson, Färdig Betong, Örebro for cutting the fibres. 

Finally I will direct my special thanks to: 

My wife Maria and my children Joel and Tova who have been understanding 
during the writing of this thesis. I am also grateful for their patience during study 
visits on sites with interesting concrete structures. 

Älvkarleby in January 2005 

Erik Nordström

VI



ABSTRACT
A combination of sprayed concrete technique and steel fibre technology gives
obvious advantages when saving the work needed to place conventional 
reinforcement. In rock strengthening applications this is most accentuated. 

Sprayed concrete in general, made by skilled workmen, will generally be of high 
quality and good durability. Durability requirements can also be found in today’s 
regulations with demands on service-life of more than 100 years. Since steel fibre
reinforcement in wet-mix sprayed concrete has been common practice only since the 
late 1980s questions could be raised regarding its resistance to corrosion.

It has previously been proved that steel fibres show an excellent durability against 
corrosion in homogenous concrete. In conditions where conventional reinforcement
shows high rates of corrosion the steel fibres may still be unaffected. Fibres have a 
smaller size than conventional reinforcement and they seem therefore to be better 
protected by the alkaline environment provided by the concrete. A smaller cathode 
area compared to the anode area is another argument for better resistance to 
corrosion.

However, the high quality combined with relatively thin layers applied in sprayed 
concrete structures give rise to deformations imposed by shrinkage, which is a 
common cause of cracks. In the design of steel fibre reinforced sprayed concrete 
(SFRSC) for e.g. rock strengthening purposes the fibres are used both to minimize
crack widths from shrinkage and to obtain a sufficient post-crack behaviour. A 
system with bolts and SFRSC is dependent on a long-term residual strength capacity. 

Therefore, the purpose of this thesis is to investigate the mechanisms governing 
initiation and propagation of corrosion for cracked sprayed concrete. 

Field inspections performed on old, cracked, SFRSC show that the amount of 
corrosion is limited after 5-15 years of exposure. Even in the presence of high 
chloride concentrations the attack seemed limited. Moreover, it was noticeable that
the amount of fibres crossing the cracks was very small in all the inspected structures.

Two different approaches to studying the corrosion of steel fibres in cracks have been 
tested. Cracked beams of SFRSC have been exposed in field at three different sites.
Crack width, fibre length, mix-composition, accelerators and spraying technique
(wet-/dry-mix) are parameters that have been tested. After 5 years of exposure the
samples exposed along a motorway with direct splashing of water containing de-icing 
salts show heavy corrosion on fibres crossing the crack. A loss of 15-20% of the fibre
diameter in the outer 25 mm is common. Samples with longer fibres (+10 mm) show 
almost a doubled attack. Samples on the other sites start to show corrosion, but to a 
much more reduced extent. Except for the samples exposed in a tunnel environment,
freeze-thaw damages may also be seen. In the river environment there seems to be an 
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effect on the residual strength with reduction due to decreased concrete matrix 
strength. Differences in frost resistance could also be seen between samples with and
without addition of water glass accelerator. According to an air void analysis the
samples with water glass addition receive a more coarse air void system and therefore 
lowered frost resistance. 

Laboratory studies with accelerated exposure tests have also been performed. The 
purpose is to develop a technique for isolating parameters in a better way than in field 
and to perform exposure tests in a more controllable environment. In addition a
useful technique combined with a correlation to the field exposures could make it 
possible to imitate longer real exposures in a shorter period of time and in this way 
estimate the long-time behaviour. Mainly the same behaviour as in field, with 
increased corrosive attack with increased crack width and fibre length, could be seen 
in the laboratory exposures. The influence of fibre length accentuates the importance 
of the anode- /cathode ratio for the rate of corrosion which has also been noticed for
conventional reinforcement. In addition to the parameters tested in field exposures,
different steel qualities are also tested in the laboratory exposures. Stainless steels 
seem to give full protection (at least for approximately 50 years), whilst galvanized 
fibres give temporary protection. A very rough estimation is that the laboratory 
exposures accelerate the exposure by about 50 times compared to the motorway
environment (1 year in lab. corresponds to 50 years in field). 

As mentioned the steel fibres are supposed to be able to carry load during their entire 
service-life. The ductility of fibre reinforced concrete is given from the pullout 
strength achieved by the interaction between fibre and concrete matrix via bond-
strength, friction and fibre deformation. If corrosion is initiated, the corroded fibres 
give ductility as long as the fibre strength is greater than the pullout resistance. An 
analytical model developed indicates that the fibre reinforced concrete shows 
substantial residual strength a long time after corrosion is initiated. 

Traditional service-life criteria are not valid for steel fibre corrosion in cracks. 
Instead, the service-life prediction should be based on an acceptable reduction of load
bearing capacity. Measures taken at the design stage to ensure the load bearing 
capacity can be addition of extra amount of fibres, increased thickness of the 
structure or change of fibre material to a more corrosion resistant materials.

A parameter influencing the residual strength of steel fibre reinforced sprayed 
concrete is the fibre distribution in the concrete. Commonly used methods (e.g. 
manual counting in a cross-section) for estimating the fibre amount in sprayed 
samples could be questioned and should be further investigated. Homogenous fibre
distribution is important as results from standardised tests and the inventory of old 
structures point in the direction that cracks occur where the amount of fibres is
smallest.
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SAMMANFATTNING (In Swedish) 
Genom att kombinera sprutbetongtekniken med stålfiberarmering erhålls uppenbara 
fördelar genom inbesparat armeringsarbete. Detta blir särskilt tydligt i 
bergförstärkningssammanhang.

Sprutbetong i allmänhet, tillverkad av kunniga hantverkare, får hög kvalitet och god 
beständighet. Krav på beständighet finns också i dagens normer med krav på över 
100 års livslängd. Eftersom stålfiberarmerad, våtsprutad betong bara använts sedan 
slutet på 80-talet finns frågetecken kring beständigheten mot fiberkorrosion.

Det har tidigare bevisats att stålfibrer uppvisar utmärkt beständighet mot korrosion i
homogen betong. Vid förhållanden som ger höga korrosionshastigheter på 
konventionell armering kan stålfibrer fortfarande vara opåverkade. Fibrer är små 
jämfört med konventionell armering och skyddas därför bättre i betongens alkaliska 
miljö. Mindre katodyta i förhållande till anodytan är ett annat argument till varför 
fibrer uppvisar bättre korrosionsbeständighet.

Den höga kvaliteten kombinerat med att sprutbetong appliceras i relativt tunna skikt
ger upphov till tvångsdeformationer av t.ex. krympning, som är en vanlig anledning 
till uppsprickning. Vid dimensionering av en bergförstärkning med stålfiberarmerad 
sprutbetong används fibrer både till att minska sprickvidder från krympning och att 
skapa en acceptabel duktilitet efter uppsprickning. I ett system med bultar och 
stålfiberarmerad sprutbetong är man beroende av vidmakthållen residualbärförmåga
under lång tid. 

Syftet med föreliggande avhandling är bl.a. att undersöka mekanismerna som styr 
initiering och propagering.

I besiktningar av gammal, sprucken stålfiberarmerad sprutbetong kan endast 
begränsad korrosion ses efter 5-15 års exponering. Även vid närvaro av höga 
kloridhalter verkar angreppet vara begränsat. I alla de undersökta objekten var dock 
antalet fibrer som korsade sprickan mycket litet. 

Två olika angreppssätt har använts för att studera korrosion av stålfibrer in sprickor.
Spruckna stålfiberarmerade sprutbetongbalkar har exponerats i fält vid tre olika
platser. Sprickvidd, fiberlängd, blandningstyp, acceleratorer och sprutmetod (våt/torr) 
är parametrar som testats. Efter 5 års exponering uppvisas korrosion, på fibrer som 
korsar sprickor, huvudsakligen i prover exponerade längs en motorväg med
direktstänk av vatten innehållande tösalt. Förlust av 15-20 % av fiberdiametern i de 
yttre 25 mm är vanligt där. Prover med längre fibrer (+10 mm) uppvisar nästan ett 
dubbelt så kraftigt angrepp. Prover exponerade på de andra platserna visar också 
korrosion men i betydligt mindre omfattning. Förutom proverna i tunnelmiljö ses 
också frostskador. I älvmiljö verkar också residualbärförmågan bli påverkad negativt 
och där en reduktion skulle kunna förklaras med minskad hållfasthet på själva 
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betongmatrisen. En skillnad i frostbeständighet har också kunnat ses när prover med 
och utan vattenglasaccelerator jämförs. Enligt en analys av luftporsystemet visar 
prover med vattenglastillsats att de erhåller ett grövre luftporsystem och därför en 
försämrad frostbeständighet. 

Laboratorieförsök med accelererad exponering har också genomförts. Syftet är att 
utveckla en teknik för att på ett bättre sätt, och snabbare, kunna undersöka olika 
parametrars inverkan på korrosionsbeständigheten i ett mer kontrollerbart klimat. De 
accelererade försöken måste genomföras på ett sätt som möjliggör en korrelation med 
fältförsöken. Därmed kan längre tids verklig exponering efterliknas på kortare tid och
på så sätt möjliggörs en bedömning av långtidseffekter av korrosion. Huvudsakligen
uppvisas samma beteende som i fältexponeringarna med ökat angrepp med ökande 
sprickvidd och ökad fiberlängd. Inverkan av fiberlängd betonar vikten av anod-
/katodförhållandet för korrosionshastigheten vilket också påvisats för konventionell 
armering. Utöver parametrar som också provas i fält har inverkan av olika stålkvalitet 
testats. Ett rostfritt stål verkar ge ett fullvärdigt skydd (i alla fall i ca. 50 år), medan 
de galvaniserade fibrerna endast ger ett tillfälligt skydd. En mycket grov uppskattning 
är att laboratorieexponeringarna ger ca. 50 gånger acceleration jämfört med normal 
exponering i motorvägsmiljö (1 år i labb motsvarar 50 år i fält). 

Som nämnts tidigare förväntas stålfibrerna kunna bära last under hela 
konstruktionens livslängd. Fiberarmerad betongs duktilitet uppnås genom 
utdragsmotståndet som uppkommer genom interaktionen mellan fiber och betong 
genom vidhäftning, friktion och deformation av fibern. Om fiberkorrosion initieras 
ger de korroderade fibrerna fortsatt duktilitet så länge som fiberhållfastheten är större 
än utdragsmotståndet. En analytisk modell som utvecklats visar att fiberarmerad 
betong uppvisar en betydande residualbärförmåga en lång tid efter det att korrosion 
har initierats. 

Traditionella livslängdskriterier för armerade betong är inte giltiga för 
stålfiberkorrosion i sprickor. En livslängdsmodell borde baseras på en acceptabel 
reduktion av bärförmågan. För att motverka förlust av lastbärande förmåga p.g.a. 
fiberkorrosion skulle t.ex. extra mängd fibrer, ökad skikttjocklek eller val av mer 
korrosionsbeständiga fibermaterial kunna föreskrivas vid proportionering. 

En parameter som inverkar på den ursprungliga residualbärförmågan hos 
stålfiberarmerad betong är fiberfördelningen i betongen. De vanligaste metoderna
som brukar användas (t.ex. manuell räkning av fibrer i tvärsnittet) för att uppskatta 
fibermängden i sprutbetong kan ifrågasättas. Resultat från standardiserade tester och 
den inventering av gamla konstruktioner som gjorts pekar mot att sprickor 
uppkommer där fibermängden är minst.
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NOTATIONS
Latin letters 

A beam cross-section area 
a1 coefficient for reduction of frictional stress [MPa/mm] 
a2 coefficient for reduction of frictional stress [MPa/mm2]
B beam width [mm] 
Cc compressive force capacity in concrete [N] 
fct tensile strength of concrete [MPa]
fst tensile strength of fibre [MPa] 
e exposure environment in accelerated exposures [Chloride / Tap water] 
F load [N]

F change of load [N] 
H beam height [mm] 
i exposure type [f= field / a= accelerated]
j field exposure environment [Rv40 / Dal / Eug]
Ie corrosion current [A] 
L crack length [mm] 
l fibre length [mm] 
M moment capacity [Nmm] 
n number of fibres crossing a crack [pcs] 
r rate of corrosion [mm/day]
rj rate of corrosion in field exposures at exposure environment j [mm/day]
Rel electrical resistance of concrete [ ]
Rc electrical resistance at cathode [ ]
Ra electrical resistance at anode [ ]
Rst electrical resistance in steel [ ]
RH relative humidity [%] 
RHm median value of relative humidity [%] 
RHd variation interval of relative humidity [%] 
s fibre slip [mm] 
S degree of saturation [%]
Scrit critical degree of saturation [%] 
T temperature [°C]
Tc tensile force capacity in concrete [N] 
Tm median value of temperature [°C]
Td variation interval of temperature [°C]
Tf tensile force capacity of uncorroded fibres [N] 
Tf

i tensile force capacity of a single uncorroded fibre [N]
Tfc

i tensile force capacity of a single corroded fibre [N] 
Tfs reduction of pullout resistance due to fibre slip [N] 

te time for exposure [years]
ti time for exposure in exposure type i [years]
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tn time from start of RH / T measurements [days]
Ue corrosion potential (V) 
Vf fibre volume [vol-%]
w crack width [mm]
x height of compressive zone [mm] 
z distance from crack bottom to front for fibre rupture 

Greek letters 

inverted fibre density at a crack surface [mm2/pcs]
fibre density at a crack surface [pcs/mm2]
deflection [mm] 
change in deflection [mm] 
fibre diameter [mm] 

f fibre diameter for fibre exposed in field exposures [mm] 
a fibre diameter for fibre exposed in accelerated exposures [mm] 

reduction of fibre diameter [%] 
l,e reduction of fibre diameter for fibre length l in environment e [mm] 

c maximum compressive stress for concrete [MPa] 
frictional stress [MPa] 
initial frictional stress [MPa]
reduction of frictional stress due to fibre slip [MPa] 
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Chapter 1 - Introduction 

1 INTRODUCTION
In the late 1980s the technique of reinforcing sprayed concrete with steel fibres 
became common practice. The construction of an underground deposit for waste
materials from the nuclear power plant in Forsmark, Sweden and the railroad tunnels 
along Grödingebanan, Sweden were two of the first major projects. Great advantages 
achieved by a smaller amount of work needed for placing mesh reinforcement were 
most obvious in rock strengthening applications. Today steel fibre reinforced sprayed 
concrete is common practice for permanent linings in underground construction in
Scandinavia. It is also used in repair and strengthening of concrete structures. 

1.1 Service-life requirements

Knowledge of potential or remaining service-life of a structure is essential during all 
parts of the service-life. From the design process via construction to maintenance of 
the structure this should always be focused on. Therefore today’s regulations e.g. 
TUNNEL 99 (1999) issued by the Swedish Road Authorities contain service life 
demands. For underground tunnels in rock there is a demand for ”expected technical 
service life” of 120 years (main structural elements in tunnels longer than 1 km). The
definition of technical service life is that the prescribed service life is achieved with 
90 % significance, with ”normal maintenance”. The requirement also includes that 
the average expected service life is 25% higher i.e. 150 years. When the structure
does not show sufficient performance, the service life is obtained. A question 
contractors, designers and purchasers should have in mind is whether steel fibre
reinforced sprayed concrete can fulfil this service life demand. ”Normal 
maintenance” could not possibly be reconstruction e.g. every 15-25 years with all the 
costs and disturbance to the use of a tunnel this would entail (traffic problems, loss of 
production etc.). Therefore, the original structure should withstand exposure for 150
years. More general information about service-life estimations etc. may be found in 
Sarja & Vesikari (1996) or Fagerlund (1996). Modelling and ideas about how to 
connect degradation and the influence on load-bearing capacity may be found in e.g. 
Noghabai (1998) 

1.2 Fibres and the sprayed concrete technique 

Except for advantages during construction, fibres are used for two major purposes, 
reduction of crack widths and obtaining a ductile post-crack behaviour. Where fibres 
are used in the latter mentioned application design criteria may be found in Holmgren
(1992). Sprayed concrete is most commonly applied in relatively thin layers
(typically 50-100 mm) and the concrete quality is high. This will give a faster process 
of shrinkage due to drying out. High air speeds, in e.g. tunnel applications, due to 
ventilation, further increase this effect. Some types of accelerators also cause 
increased shrinkage (Manns & Neubert, 1992). All this together significantly
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Chapter 1 - Introduction

increases the risk of shrinkage cracks (crack width= 0.1-0.5 mm). Loads from
movements in the substrate being sprayed on are another possible, but less common, 
source of cracking. However, these cracks may be wider. A positive property of 
sprayed concrete is that it is always applied on another substrate and due to the 
limited thickness the restraint also limits the crack width. 

1.3 Steel fibre corrosion 

It might be suspected that the relatively thin steel fibres would cease to carry load 
relatively fast due to decrease of fibre diameter caused by corrosion, especially in 
cracked concrete. The excellent resistance of fibres to corrosion in homogenous
concrete was shown as early as 1966 by Shroff (1966). Previous investigations of 
cracked concrete are presented in Chapter 3. It seems as steel fibres corrode at a 
lower rate than conventional reinforcement in the same conditions. The parameters 
yielding this positive property are not very well known. It is also possible that the rate 
of degradation is not linear. An increase in the rate of corrosion will give a rapid 
break down of the thin fibres and by this a reduced load bearing capacity. 

1.4 Research significance

With knowledge that makes service life estimations possible, the confidence in and 
frequence for use of steel fibre reinforced concrete may increase. Knowledge of 
important parameters governing the initiation and propagation of cracked steel fibre 
reinforced concrete can also be used in design e.g. when choosing the type and 
amount of fibres or in definition of an extra cover without fibres. The difference in 
cost using stainless steel fibres might be small when taking into account the extension 
of the service-life it can give. On the other hand if the use of low carbon steel fibres 
does not cause any risk of corrosion in certain environments, expensive stainless steel 
can be avoided. The results can further be used to ensure a certain service life of old 
structures as regards acceptable crack widths or chloride contents in different 
environments.

1.5 Objects and scope 

The main objects of the present study are: 

Investigate if steel fibre corrosion in cracks is a durability problem in sprayed
concrete structures. 

Define the time of initiation and the rate of propagation of corrosion and relevant 
parameters influencing the corrosion process 
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Chapter 1 - Introduction 

Create exposure environments for real time and accelerated exposure of fibre 
reinforced sprayed concrete that may be correlated with each other.

If corrosion is a potential problem, create an analytical model where the influence 
on residual strength can be modelled in a service-life perspective.

1.6 Outline of the thesis 

The thesis is divided into five major chapters and their contents are briefly described
here. Chapter 2 contains results from an inventory of existing sprayed concrete 
structures that were examined after different lengths of exposure in different kinds of 
environments. In this compilation only structures with steel fibres and information
about their behaviour are included. In Chapter 3 previous investigations found in the
literature on cracked concrete with steel fibres are presented. There are other studies 
than the ones presented in Chapter 3, but only the major ones are included. 
Chapter 4 deals with ongoing field exposures with cracked steel fibre reinforced 
concrete started in 1997. Methodology for and results from evaluations after 1, 2.5
and 5 years of exposure are presented. In Chapter 5 accelerated laboratory exposures
with cracked steel fibre samples are described. Chapter 6 briefly deals with an 
analytical model of how the influence of corrosion on the load-bearing capacity
should be considered. Besides the appendices with detailed data, the last appendix
contains a paper dealing with repair of hydropower structures with sprayed concrete. 
It also gives some highlights from the guideline for repair with sprayed concrete
developed for the hydropower industry.

1.7 Original features

In the present thesis one of the original features is an inventory that gives new
information about the status of fibre reinforced sprayed concrete in existing
structures. The main focus is on its status with regard to fibre corrosion in cracks. The 
presented field exposures are the first where cracked sprayed concrete is exposed in 
environments common for sprayed concrete in Scandinavia (e.g. exposure to thaw 
salts). The method for evaluating the attack after exposure is also newly developed 
and unique. In addition the field exposures are complemented with laboratory 
exposures and they are also correlated with each other. 

The reduction of residual strength, if steel fibre corrosion is initiated, is analysed with 
a model based on the pullout resistance from single fibres. Modelling of the moment
capacity is made, and with input data from the field exposures a service life 
prediction model is created. 

In addition to the above-mentioned features, the difference in freeze-thaw resistance 
with sprayed concrete with and without sodium silicate accelerators is verified via 
image analysis of face ground samples.
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Chapter 2 - Inspection of old sprayed concrete structures 

2 INSPECTION OF OLD SPRAYED CONCRETE 
STRUCTURES

2.1 Introduction

In order to acquire knowledge of the durability, inspections of old sprayed concrete 
structures were carried out. In the following the results from inspections of a couple 
of existing structures are presented. Structures with steel fibre reinforcement are 
selected from Nordström (1996a). Further information about literature regarding 
durability of sprayed concrete in general can be found in Nordström (1995, 1996b). 

2.2 Methodology for status control 

Initially a general inspection was performed to control the general status of the
structures. The results from this first inspection then determined whether a detailed
inspection with sampling etc. should be made. 

2.2.1 Collection of object information 

To be able to perform an adequate inspection of a structure there is an obvious need 
for knowledge about design, function and construction of the structure. For example
it is difficult to draw conclusions about visible cracks without information about the 
intended function of the inspected part the structure. It could also happen, when 
arriving on site, that an inspection was not possible to perform due to low 
accessibility. Information about the conditions and progress of construction is another 
and possibly the most important information since many problems with durability can 
be connected to this period. 

A good way to achieve wanted information is to communicate with the owners and/or 
contractors. Some objects have documentation about mix-composition and spraying
method and sometimes also test results. Information about other objects requires 
personal communication with people involved, during construction. A combination of 
both has shown to be the best alternative. 

2.2.2 General inspection

A general inspection can be a good and relatively cheap method to estimate the
condition of a sprayed concrete structure. Some simple field methods are: 

Ocular inspection. Easy to perform but demanding when it comes to interpreting 
the results. Requires good knowledge about how concrete responds to different
types of mechanical and environmental loads. Cracks and crack patterns give 
information about the reason to their origin. Leaching and other deposits and their
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location on the structure also give important input. Change in colour etc. is 
another useful observation. An ocular inspection is essential to create a complete
picture of the condition of the structure. Single test results are most commonly not 
relevant without this type of inspection. 

Crack width measurement. Can give information about the reason for cracking.

Hammer tapping. Used to locate areas with loss of bond strength. It can also be 
used to find areas with sprayed concrete of low quality. 

Collection of drilling debris. With a battery operated drilling machine it is easy to 
drill and collect debris from the sprayed concrete. The debris can be used to make 
a rough estimation of the chloride content. 

Carbonation control. In a freshly drilled borehole or on other newly exposed
surfaces it is possible to control the carbonation depth with a phenolphthalein 
solution. Concrete not coloured red is carbonated. 

Photo and video documentation. A good support for the recollection back at the 
office. This can prevent costly extra visits to the object. Important to take pictures 
in all scales, both close-ups and overall views. 

2.2.3 Detailed inspection

A detailed inspection needs more equipment like a drilling machine for cores, a
portable generator and a pump for cooling water to the drilling. On the other hand a
more accurate and definite evaluation will be the result. All methods presented below 
depend on the possibility to drill out cores. 

Bond strength. With equipment according to Figure 2.1 it is possible to measure 
the in-situ bond strength between sprayed concrete and rock or concrete without 
gluing etc. 

Ocular inspection of cores. In the envelope surface possible weak zones or 
lamination can be seen. It is also possible to control corrosion on bars or fibres. 

Core drilling across cracks. To study corrosion on reinforcement bars or fibres in
cracks this can be used. It will also be possible to study leaching in cracks. 
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Figure 2.1 Equipment for testing of bond strength according to SS 13 72 43. 

2.2.4 Laboratory investigations

With drilling equipment in field it is possible to take samples for further investigation 
in lab. 

Chloride profile. Drilling debris is collected at different depths from the exposed
surface. The debris is then tested regarding the chloride content according to e.g. 
the RCT-method (Rapid Chloride Test) developed by Germann & Hansen (1991). 

Compressive strength. From concrete cores samples can be sawn for testing of 
compressive strength. Except from the actual compressive strength of the structure
this will also give an indication of the overall quality (low compressive strength = 
low quality, more porous and higher permeability). 

Fibre content. By crushing of concrete cores the actual fibre content can be 
controlled

2.3 Selection of structures 

More than fifty possible sprayed concrete structures for investigation were listed with 
help from contractors and owners. All structures could not be subject to an inspection 
and therefore a selection had to be made. The chosen structures should be as old as 
possible but constructed with ”techniques relevant for today”. The criteria’s used for 
selection of structures are shown below. 

Age. The primary criteria used taking into consideration the type of spraying 
method. The dry-mix spraying method has changed to a limited amount during the
decades. Therefore structures constructed with dry-mix spraying usually are older. 
Structures with wet-mix spraying combined with steel fibres are most commonly
younger.
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Structure type. A mix of underground structures and concrete repairs was wanted. 

Reinforcement. A classification in the categories steel fibres, conventional
reinforcement and plain sprayed concrete has been used. Primarily steel fibre 
reinforced structures were selected. 

Environment. Structures from as many categories as possible were the goal. Both 
rock cavities with relatively constant temperature and humidity and concrete
bridge repairs with outdoor conditions and splash from thaw salts are included.

Documentation. Well-documented objects were preferred with information about
the original structure or construction. 

Accessibility. Interesting structures with low accessibility were left out. 

A total of 16 different structures where examined during the inspections (see Table 
2.1-Table 2.3). In Table 2.4 the structures are divided according to exposure
environment and severeness of freeze-thaw exposure and corrosivity.

Table 2.1 Examined structures with sprayed concrete on rock. 

No. Site Structure Method Reinforcement Constructed
1 Stornorrfors, Umeå Headrace tunnel, hydro 

power plant
Wet-mix Steel fibres 1985

2 Viskan, Varberg Road tunnel Dry-mix Steel fibres 1980
3 Skogby, Halmstad Rail road tunnel Dry-mix Steel fibres 1985
4 Eugenia, Stockholm Road tunnel Dry-mix Bars 1990
5 Umluspen, Storuman Ventilation tunnel Wet-mix Steel fibres 1990
6 Graversfors, Norrköping Open cut, railroad Dry-mix Mesh 1960
7 Öd, Kramfors Rail road tunnel Dry-mix Bars 1957
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Table 2.2 Examined structures with sprayed concrete on concrete. 

No. Site Structure Method Reinforcement Constructed
8 Nämforsen, Näsåker Spillway Dry-mix Polypropylene fibres 1990
9 Road E4, Ödeshög Bridge column Dry-mix Bars 1991

10 Stadsforsen,
Bispgården

Spillway Dry-mix Steel fibres 1989

11 Road E20, Lerum Bridge column Dry-mix Bars 1990
12 Road E4, Norrköping Viaduct Dry-mix - 1990
13 Hölleforsen,

Bispgården
Spillway Dry-mix Steel fibres 1990

14 Forshuvud, Borlänge Crane foundation Dry-mix - 1991

Table 2.3 Examined structures with sprayed concrete on corrugated sheets. 

No. Site Structure Method Reinforcement Constructed
15 Road E20, Lerum Road culvert Dry-mix Steel fibres 1991
16 Road E20, Lerum Road culvert Dry-mix Bars 1991
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Table 2.4 Structures divided according to suitable parts of the exposure
classification in SS EN 206-1. (Structures in bold text are examined with 
detailed inspection)
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2.4 Results of inspections 

In the following only structures examined with core drilling (detailed inspection) and 
presence of steel fibres are presented. Only results regarding steel fibre corrosion are
presented. Detailed information about the other structures and other test results can be
found in Nordström (1996a). The presented structures can be found in class X0/XC3, 
XF3/XC4 and XF4/XD3. These three combinations of freeze-thaw and corrosivity 
classification are in the following called exposure in mild, medium and severe 
conditions.

2.4.1 Structures exposed in mild conditions

Stornorrfors, Umeå (No. 1) 
The Stornorrfors hydropower plant is situated some 15 km west of Umeå along the 
Umeå river. Mainly this underground plant was constructed in 1958. Extra space for 
the fourth generator was made in 1985 and in connection to this the headrace tunnels
were strengthened with steel fibre reinforced sprayed concrete. 

Examined area

Figure 2.2 Skeleton sketch over headrace tunnel for unit G4, Stornorrfors hydro
power plant.

The climatic conditions in the area above water give a relatively constant temperature
(8-10°C) and a high level of humidity. Only limited leakage through cracks and other
defects could be seen. 

Generally the sprayed concrete seems to be in good condition with few cracks above 
water level. To examine steel fibres crossing a crack, core drilling was performed
from a rubber boat in headrace tunnel G3. Cores at levels 0.1m, 0.5 m and 1.25 m
above the mean water level were taken out. Very few fibres were crossing the crack 
when comparing it to the added amount of fibres (70 kg/m3) in the sprayed concrete. 
No signs of corrosion could be found on fibres crossing the crack, only on fibres 
exposed to the surface. A thin layer of cement paste (1 mm) seems to be enough to 
protect the fibres from corroding in this environment.
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The sprayed concrete thickness was measured to 70-150 mm. Depth of carbonation 
was controlled and the results are presented in Table 2.5. 

Table 2.5 Carbonation depth in crack at different heights above water level, 
Stornorrfors hydro power plant, headrace tunnel G3.

Sample Height above
water level (m)

Carbonation
depth
(mm)

C1 1.25 1-10
C2 0.5 1
C3 0.1 0

Lime deposits could be found in the crack in sample C1. Close to the surface the 
crack was completely healed. In sample C2 lime deposits could be found at a depth of 
10 mm and downwards in the crack. Sample C3 contains no crack but was split in 
two pieces to study the fibres. The amount of fibres was much larger than in the other
samples.

A single test of compressive strength was performed on one core from the bond 
strength tests. It was measured to be 109 MPa. The amount of fibres was measured to 
70 kg/m3. The fibres were of type Hörle (low carbon steel and hooked ends, l= 
30 mm, Ø=0.6 mm). According to available documentation the cement content is 450 
kg/m3, maximum aggregate size 8 mm and water glass accelerator was used in ”wet” 
areas.

Discussion:
In general the examined part of the structure is in good condition. Steel fibre 
corrosion is located to fibres exposed to the surface and after 10 years of use no 
indications of initiation of corrosion on fibres crossing cracks could be seen. 

A question about crack localization could be raised since a low amount of fibres 
could be found crossing the crack, but a sufficient amount was available close to the
crack. If cracks propagate in areas with low amount of fibres this focus on the need 
for adequate distribution of fibres in the sprayed concrete. The load-bearing capacity 
in the cracked state is depending on the presence of fibres crossing the crack. 

Only one result on compressive strength is too little but the remarkably high strength 
is still an indication of very high quality of the sprayed concrete. 
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Road E20, Lerum (No. 15) 
The existing steel sheet road culvert with 2.5 m diameter was built in the early 1960s 
and was heavily corroded before sprayed concrete was applied. Especially in the 
water line. Access to the road culvert is via a manhole, which means that there is no 
direct access to outdoor conditions. Even during the winter water is pouring trough 
and therefore there is a constant humid climate. Above the road culvert there is 10 m
of road fill. The sprayed concrete is reinforced with steel fibres of type low carbon
steel and hooked ends (Dramix 40/0.5) according to available documentation. The 
final layer of sprayed concrete is made without fibres. Tests made during construction
show a compressive strength of 79 MPa (cubes sawn from sprayed panels). 

Figure 2.3 Crack (left) and core drilling (right) in road culvert with steel fibre 
reinforcement under road E20, Lerum. 

Cracks with various widths (0.5-2 mm) where visible radially all around the cross-
section. In several of the cracks red deposits from corrosion of the corrugated steel 
could be seen. Core drilling was performed at 0.1, 0.55 and 1.15 m above actual 
water level (high water level). The high water level and water speed made drilling 
difficult and extra safety precautions had to be taken (see Figure 2.3). At levels 0.1 
and 1.15 m the core was crossing a crack. In the upper core only one single fibre
crossed the crack, and this was unaffected by corrosion. Slight surface corrosion 
could be found on fibres crossing the crack in the lower core. The underlying steel
sheet thickness was 5 mm in the upper hole and only 1 mm remaining in the lower 
due to severe corrosion.

Discussion:
It is difficult to state the origin of the cracks. Cracks due to shrinkage are most
commonly not as wide as 1-2 mm and the number of cracks should also be larger. 
The low content of fibres crossing the crack could however be the reason to large 
crack widths. Redistribution of structural load due to damages of corrosion in the
steel sheets is another possible explanation. In spite of the high level of humidity in 
combination with cracks the corrosion on fibres was limited.
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2.4.2 Structures exposed in medium conditions

Stadsforsen, Bispgården (No. 10) 
The Stadsforsen power plant is situated along the river Indal 4 km east of Bispgården 
and it was constructed in 1939 and 1952. The dam has five spillways (see Figure 2.4)
and they where repaired in 1989 with sprayed concrete. The repair works were 
performed by removing damaged concrete with hydro demolition. Accurate cleaning 
and pre-wetting of the surface to a ”humid but slightly absorbing surface” was
prescribed. The surfaces where steel trowelled and they were also vacuum treated in
the lower parts. Water curing five days after spraying was prescribed.

Figure 2.4 View of spillways (left) and detail of spillway C (right) at the Stadsforsen 
power plant.

Spillway C was examined. Steel fibres exposed at the surface are corroded. The joints 
between the different spraying stages can be seen at the surface. In the most left part 
there is some map cracking but otherwise there are very few cracks. One single crack 
could be found in the centre of the spillway and a core was drilled across the crack. In 
Figure 2.5 a sketch over the spillway and the positions for testing of bond-strength 
and core drilling are shown. 

20 m

4 m

4 m
B3B1

B2

S1
S2

Figure 2.5 Sketch over spillway C and positions for testing at the Stadsforsen 
power plant, Bispgården. 

Core S1 was taken out in the joint between two sections and the joint had been coated
with bitumen. Parts with inhomogeneous concrete could be seen in connection to the 
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joint. In this part partly corroded fibres was found. No signs of fibre corrosion could 
be seen in core S2 taken across the crack. Lime deposits was present outside the 
crack and in the crack leached concrete was visible in the upper 2 cm.

The compressive strength of one sample was 129 MPa and compared to measures
during construction (85 MPa) this is a large increase. The steel fibre content was now 
measured to 50 kg/m3.

Discussion:
In general the spillway is in a good condition without larger damages. The area with 
low quality sprayed concrete is most probably due to trapped rebound not being
removed before spraying. Except from this area the compressive strength is 
remarkably high which indicates a very high concrete quality. In the examined crack
(not joint), no signs of corrosion were visible. 

2.4.3 Structures exposed in severe conditions

Viskan, Varberg (No. 2) 
These 16-year-old road tunnels are situated along road E6 approximately 10 km north
of Varberg. Sprayed concrete is mainly used in the ceiling but also along drains and 
in the tunnel mouth down to the ground. The inspections where concentrated to the 
northbound lane. 

Figure 2.6 South mouth of the Viskan tunnel along road E6, Varberg. 

Core drilling across a crack was made to check corrosion on steel fibres. The core 
was taken out from the top of a drain. The thickness of the sprayed concrete was 20-
25 mm and farthest out a layer without fibres was applied. In some parts a welded 
mesh was visible in the crack but no fibres could be seen across the crack. The mesh 
was not corroded in the crack. The chloride content in the concrete surrounding the
crack was measured and is presented in Figure 2.7 (In the calculations a cement 
content of 450 kg/m

3
 has been assumed).
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Figure 2.7 Chloride profile for sprayed concrete in the Viskan tunnel along road E6, 
Varberg.

Discussion:
The thin sprayed concrete layer over the drain combined with drying shrinkage is 
most probably the reason for cracking. The lack of fibres in the investigated part of 
the crack points to that this is another reason for localization. Measured chloride 
contents are quite high in the lowest core and combined with the crack width 0.2 mm
one could have expected high rates of corrosion on fibres or welded mesh. 

2.5 Conclusions 

In all the inspected structures a low amount of fibres crossed the cracks when 
checked after core drilling. A short distance from the crack the amount of fibres was 
sufficient. This points out that cracking in the inspected structures has occurred where 
the least amount of fibres are present. 

After 5-15 years of exposure no indications of severe corrosion in cracks could be 
seen. The type of environmental exposure does not matter, even with high amount of 
chlorides the amount of corrosion was limited. There was also little influence of the 
crack width (0.2 – 2 mm). One should remember that the amount of fibres was very 
low in all the inspected structures (no fibres but mesh in the Viskan tunnel).

Generally the concrete quality was very high. More general corrosion only took place
in an area with deficient quality due to rebound being sprayed in. 
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3 PREVIOUS WORKS ON CORROSION OF STEEL IN 
CONCRETE

3.1 Corrosion in general 

A more thorough description of concepts regarding corrosion in general can be found 
in e.g. Mattsson (1992). The word corrosion comes from the Latin word "corrodere" 
which means, ”gnaw apart”. During corrosion the steel changes back to the more ore-
like iron oxide. This condition is also more thermodynamically stable. To obtain 
corrosion some parameters are essential. Presence of oxygen, humidity (electrolyte) 
is the two most important ones. 

Corrosion is an electrochemical process that is recognised by an exchange of 
electrons. To obtain electrical equilibrium free electrons cannot exist to any larger 
extent. Detachment of electrons by oxidation needs a process consuming electrons 
(reduction). For iron in water the oxidation-reduction reaction is described in 
Equations (3.1-3.3). 

2OH2eFe2eOHO
2
1Fe:sum

2OH2eOHO
2
1:reduction

2eFeFe:oxidation

2
22

22

2 (3.1)
(3.2)

(3.3)

The motive power for corrosion is thermodynamically conditioned. The
electrochemical reaction occurs due to potential differences. Weak parts or defects in 
the microstructure of the steel or local variations in the contact between steel and 
concrete can be the reason to this. Potential differences gives that an anode-/cathode 
reaction evolves. The anode- and cathode area must also be in contact via an 
electrolyte (e.g. water) for an active reaction. The potential or electrode potential can 
be explained as a value of how stabile or noble a material is. A low electrode 
potential gives that the metal more easily turns to oxide than a metal with high
electrode potential. In Table 3.1 electrode potentials for different metals in seawater 
is shown (galvanic series). 

To illustrate how stable different metals are and the current condition for the metal
Pourbaix (1972) has created potential-pH-diagrams for a large number of metals.
Apart from electrode potential and pH the temperature and the red ox potential of the
water solution is of great importance. In Figure 3.1 a water temperature of 25°C is 
used. When iron is exposed in water the common situation is being between the 
dotted lines. If iron is exposed in concrete with its relatively high pH (13-14) 
corrosion can slowly occur. Creation of an iron oxide also retards the process. 
Carbonation of the concrete lowers the pH (<9) and will result in a more active 
corrosion. Addition of chlorides increases the potential and corrosion can occur at a
higher value of pH. 
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Table 3.1 Electrode potentials for metals in seawater at 20°C after Mattson (1992) 

Metal Electrode potential. (V) 
Gold +0,42
Silver +0,19
Stainless steel (18/8), passive state1 +0,09
Cupper +0,02
Tin -0,26
Stainless steel (18/8), active state1 -0,29
Led -0,31
Steel -0,46
Cadmium -0,49
Aluminium -0,51
Galvanized steel -0,81
Zinc -0,86
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Magnesium -1,36
1 In the passive state the metal surface has a thin coating which retards the

reaction. In an active state, like in a corrosion pit, there is no coating.

 Corrosion I  Passivation   Corrosion II

Immunity

Figure 3.1 Potential-pH-diagram for Fe-H2O at 25 °C; 10-6 M solved Fe (Pourbaix, 
1972).

18



Chapter 3 - Previous works on corrosion of steel in concrete 

3.2 Reinforcement corrosion in homogenous concrete 

In homogenous concrete steel and e.g. reinforcement bars are well protected against 
corrosion. The high pH and presence of calcium hydroxide will create a stable 
pacifying oxide layer on the steel that prevents further corrosion. 

The most commonly referred corrosion model is the one by Tuutti (1982) regarding 
conventional reinforcement in homogenous concrete. In the model the corrosion 
process is divided into two parts (see Figure 3.2). Part one, called time to initiation,
describes the time for the protection given by concrete cover to weaken. During this
time conditions for active corrosion is created. Part two, called propagation, describes 
ongoing corrosion of the reinforcement. 

Penetration towards
reinforcement.

Acceptable depth

CO2, Cl-
O2

T
RH

Inititiation Propagation

Time

Depth of corrosion

Service life or time to repair

Figure 3.2 Corrosion model after Tuutti (1982). 

Depassivation of the reinforcement and break down of the layer can occur due to 
ingress of chlorides and by carbonation of the concrete. Chlorides will also act as a 
catalyst on the corrosion process by a local acidification at the corrosion pit. 
Carbonation gives a lowered pH by a reaction between carbon dioxide from the air 
and the calcium hydroxide. 

3.2.1 Initiation by carbonation

Ingress of CO2 from the air will react with the calcium hydroxide in the concrete 
under formation of calcium carbonate and a reduction of pH to approximately 9. The 
reaction can be presented as:

OHCaCOCOCa(OH) 2322 (3.4)
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The coating making the reinforcement passive is degraded when the carbonation front
reaches the reinforcement. At this stage corrosion is initiated, regarded that other
parameters are fulfilled (sufficient amount of electrolyte etc.). The rate of carbonation 
is ruled by a number of parameters and some of them are shown in Table 3.2. A 
schematic sketch showing the initiation and propagation due to carbonation is shown 
in Figure 3.3. 

Table 3.2 Parameters ruling rate of carbonation of concrete from Tuutti (1982) & 
Fagerlund (1992) 

Parameters ruling the rate of carbonation
* Amount of material to carbonate * CO2-concentration in the air 
* Diffusion coefficient for CO2 * Ability to bind CO2

* Relative humidity in the cover * Curing at construction

Unaffected

pH>12.5

pH> 9

CO2 O2 CO2

Short time exposure Long time exposure

Passive Passive Active corrosion

Figure 3.3 Schematic sketch for carbonation induced corrosion after Fagerlund 
(1992).

3.2.2 Initiation by chloride ingress 

In concrete without cracks micro-cell corrosion will develop according to Raupach 
(1996). This gives that anode- and cathode areas develop in pairs very close to each 
other along a reinforcement bar. The corrosion cells are microscopical and will look 
as general corrosion. Micro-cell corrosion occurs usually by carbonation or by an 
even and high chloride content along the bars. Iron oxide from the corrosion of 
reinforcement bars has a bigger volume than the original steel. This gives an inner
pressure that causes tensile stresses in the concrete. Further cracking and increase of 
the rate of corrosion can follow by this. Delamination of the concrete cover is another 
common type of damage.

Chlorides can have their origin from e.g. de-icing-salts, seawater or admixtures.
Chlorides diffuse from the surface into the concrete and the concentration most
commonly increases with time. Depending on the source of chlorides and how 
protected the structure is from precipitation, seasonal variations can be obtained
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according to Wirje & Offrell (1996). A period without addition of chlorides 
combined with the structure not being sheltered from rain can make the chloride 
concentration decrease in the outer parts. 

When the chloride concentration reaches a critical level, called the threshold value, 
corrosion will be initiated. The chloride ingress and its influence on propagation 
depend on a number of factors and some of them are presented in Table 3.3. 

Table 3.3 Parameters ruling the rate of initiation by chloride ingress after Byfors
(1990) and Fagerlund (1992) 

Parameters ruling the rate of initiation by chloride ingress 
* Chloride concentration of the exposure * Chloride binding capacity
* Transport rate for chlorides * Threshold values

As can be seen in Table 3.3 chlorides can bind chemically to the cement paste. 
Chemical composition (mainly C3A, C4AF, alkali content) of the cement is the main
factor affecting the ability to bind chlorides according to Byfors (1990). Other cat 
ions like OH-, SO4

2-, CO3
2- also competes about spots where chlorides can bind. An 

increased C3A content and decreased alkali content both gives an increased chloride 
binding. Addition of mineral additive materials like e.g. silica and fly ash increases 
the chloride binding. On the other hand puzzolanic additive materials also consume 
OH- ions that could lower the pH. It is only the content of free chlorides in the pore 
solution (not bound) that influences the corrosive process. 

As mentioned above the attack of free chlorides on the reinforcement is connected to 
the amount of other cat ions (mainly hydroxide ions) in the pore solution. The critical 
ratio between these two when corrosion is initiated is described by Hausmann (1967) 
as the threshold value calculated as: 

(ekv/l)OH
(mol/l)Cl (3.5)

Relevant figures on threshold values vary between authors according to 
Sandberg (1998). In previous investigations the difference between total amount and 
the content of free chlorides in the pore solution is not always made. The choice of 
method for determination of chloride content can also influence the result. Sandberg 
(1998) argues that there is a particularly large difference in determining the content of 
free chlorides in concretes with a w/c-ratio below 0.45. If the total amount of 
chlorides is used, the threshold value can vary between 0.17-2.2 % according to 
Sandberg (1998). 

More general recommendations about acceptable levels of chloride content in 
concrete can be found in BRO 2002 (2002). A maximum level at 0.3 % (per weight 
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of cement) of free chlorides is accepted at reinforcement level. This can be used as a 
”rule of thumb” in normal concrete. 

Chlorides also give a catalytic effect to the corrosive reaction. The chlorides not only 
degrade the passive layer on the reinforcement. Chlorides also form solvable complex
with the iron ions. Furthermore, Sandberg (1998) means that the complex formed will 
be degraded with access to oxygen and this will result in a local decrease of pH, 
which further increase the corrosion process. Another effect of chlorides in concrete 
is that the electrical conductivity in the concrete increases and this facilitates the 
anode-/cathode-reaction especially in macro-cell corrosion (see part 3.3.2). 

The rate of corrosion after initiation depends on available amount of free chlorides, 
the humidity conditions and access to oxygen. A schematic sketch of the process can 
be seen in Figure 3.4.

Short time exposure Long time exposureUnaffected

pH>12.5

Passive Passive Active corrosion

O2Carbonation front

Cl
-

Conc. free Cl
-

"Safe"
concentration

Cl
-

Conc. free Cl
-

"Harmful"
concentration

Figure 3.4 Schematic sketch for chloride induced corrosion after Fagerlund (1992). 

3.3 Reinforcement corrosion in cracked concrete 

Cracks can occur in concrete structures according to several different reasons. No 
matter the reason, cracks can give rise to corrosion on reinforcement. Cracks 
facilitate ingress of chlorides and give rise to a fast local corrosion attack on the 
reinforcement.

For conventional reinforcement it is common to distinguish between cracks 
perpendicular to or parallel to the reinforcement. Cracks perpendicular to the 
reinforcement most commonly give rise to a very local attack on the reinforcement. 
This type of cracks in concrete give rise to macro-cell corrosion (see part 3.3.2). 
Parallel cracks imply a more general corrosion over the bars and spalling of the 
cover.
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3.3.1 Crack width

There are many suggestions of critical crack widths with regard to corrosion. The 
background material can sometimes be questioned since effects of the concrete 
composition and the exact exposure conditions are important and vary considerably 
in different studies. According to Raupach (1996) cracks mainly affect the initiation 
of corrosion. As soon as corrosion has been activated other parameters are more 
important (micro-climate, chloride binding capacity, anode-/cathode-area etc).

The rate of corrosion in cracks can also be decreased by the formation of corrosion
products according to Tuutti (1982) since corrosion products prevent access to e.g. 
oxygen. Alonso & al. (1998) support this hypothesis by showing results from long-
time exposure where a dry environment can make the anode passive again. This as an 
effect of accumulated iron oxides on the anode, the electrical conductivity in the iron 
oxides, a red ox process of iron-oxide (Fe2+ / Fe3+) and access to oxygen.

3.3.2 Anode-/cathode-area ratio

Cracks give rise to so-called macro-cell corrosion, which means distinctly separated
anode- and cathode-areas up to several centimetres according to Raupach (1996). The 
principles for the reaction are shown in Figure 3.5. Raupach (1996) also presents a 
simplified model of an electrical circuit to illustrate the reaction (see Figure 3.6). It
can be seen that important factors are the electrical resistance from the oxide layer in
the transition zone between bar and concrete as well as in the concrete and in the
corrosion products. 

Figure 3.5 Macro-cell corrosion in cracked reinforced concrete according to 
Raupach (1996). 

The anode reaction is visible due to the formation of corrosion products, while the
cathode reaction is more complex to demonstrate. By measuring the current between 
anode and cathode the importance of the ratio between them can be shown. In Figure 
3.7 measured out anode- and cathode-currents are shown for a specimen with a crack 
and with separated cathode areas. 
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Figure 3.6 Simplified electrical model for macro-cell corrosion according to
Raupach (1996). 

Figure 3.7 Current between anode and cathode as function of the distance (from
cathode to crack) according to Raupach (1996) 

3.3.3 Self-healing of cracks

At limited crack widths it is also important to take into consideration the ability for 
self-healing. Under humid conditions with limited flow of water through a crack
combined with small crack widths, self-healing can occur. Self-healing is a reaction 
when carbon dioxide in the water dissolves calcium ions out from the calcium
hydroxide content in the concrete. At low flow of water, the water becomes 
supersaturated with calcium- and bicarbonate ions. Calcite crystals deposit along the 
crack walls and the crack can slowly be sealed. Concrete quality, crack movements
(static-/dynamic), type of water (pH etc.) are other parameters of importance for self-
healing to occur or not. In Table 3.4 some figures are given on acceptable crack 
widths in relation to water pressure and structural dimensions below which self-
healing is probable. 
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The influence of self-healing has been tested by Schiessl and Brauer (1996). The 
authors mean that if the water flowing through a crack has a high chloride content
(>0,5 M-% /kg cement) the corrosion process continues in spite of self-healing of the 
crack. Otherwise the corrosion process stops. 

Table 3.4 Acceptable crack width for self-healing (h= column of water, t= 
thickness of structure) after Lohmeyer (1984) 

Fall of pressure, h/t 
(m/m)

Acceptable crack width
(mm)

< 2,5 < 0,2 
< 5 < 0,15 

< 10 < 0,10 
< 20 < 0,05 

3.4 Influence of steel quality on reinforcement corrosion 

Normally hot-rolled ribbed steel bars are made of steel qualities SIS 2164, 2165, 
2167 or 2168. The yield stress for these types of steels is in the region of 600 MPa. In 
a normal low carbon steel the carbon content is approximately 1.3%. According to
Mattson (1993) these low levels does not affect the corrosion process. 

Stainless steels have alloys with mainly chromium at a content of more than 12%
according to Mattsson (1993). Other alloying materials can be molybdenum, nickel, 
cupper and manganese. Even stainless steels can be attacked by corrosion at 
unfavourable conditions. A common materials composition for normal low carbon 
steels is shown in Table 3.5 

Table 3.5 Materials composition of normal low carbon steel according to 
SIS 14 21 68. 

Elements C
(%)

Si
(%)

Mn
(%)

P
(%)

S
(%)

Max 0.28 0.6 1.6 0.06 0.05

3.5 Previous investigations on corrosion in cracked SFRC 

Most of the previous work presented in the area deals with SFRC (Steel Fibre
Reinforced Concrete) exposed to a marine environment. One of these is a compilation
by Hoff (1987). Mainly corrosion of steel fibres in uncracked concrete has been 
investigated, but there are a few dealing with cracked SFRC. A short summary of the 
four most important ones is presented below. In Table 3.6 a compilation of the data
from these investigations is presented.
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3.5.1 IBAC, Aachen, Germany, Schiessl & Weydert (1998) 

The scope of the investigations was to study corrosion mechanisms mainly in cracked 
SFRC. A few sprayed concrete samples are also included. Both initiation by ingress 
of chlorides and by carbonation was dealt with. The specimens were beams sawn out 
of larger slabs. The crack widths ranged from 0.05-0.4 mm divided in two test
rounds. After exposure the beams were evaluated by dismembering into small plates 
around the cracked area. Chloride profiles were created both from the exposed 
surface and perpendicular to the crack surface.

In this investigation no significant correlation between crack width and chloride 
content could be found. The results of the chloride measurements showed a 
decreasing chloride content with increasing distance from the crack opening. The 
extent of corrosion also decreased in the same way. Schiessl & Weydert (1998) 
suggest that no critical crack width can be stated under which corrosion does not 
occur. The reason for this should be that chlorides still can penetrate very thin cracks. 
A requirement for corrosion is access to oxygen that can be limited in thinner cracks, 
and the positive effect of the alkaline environment in the crack should also be 
emphasized in thinner cracks. 

The authors also claim that chloride initiated corrosion never will be repassivated in a
crack. Therefore no service life, in the sense that fibres carry load by crossing cracks, 
above 10 years for cracked SFRC can be expected. 

In specimen exposed to accelerated carbonation the crack walls were carbonated and 
the fibres therefore not fully protected against corrosion. In spite of this the fibres did 
not corrode to a great extent. The authors suggest that this would be due to lack of 
humidity. Therefore carbonation in cracks is of minor importance, but the state of 
humidity is the ruling factor. The tests performed also included galvanised fibres that
gave a delay in initiation of corrosion but no full protection. After some longer 
exposure these fibres also corroded. 

3.5.2 University of Michigan, USA, Kosa (1988) 

Kosa (1988) tried to determine the rate of corrosion in SFRC and how corrosion 
affects load carrying capacity and ductility. Only a small number of the specimen was
cracked prior to exposure. Apart from the cracked specimen pre-carbonated, high 
permeability and pre-corroded fibres cast in concrete specimen were tested. 

Three types of flexural load setups were tested:

1. Small specimen (see Table) loaded to 3 mm deflection. 
2. Larger specimen loaded to 3 mm deflection.
3. Larger specimen loaded over the ultimate load before exposure. 
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When testing properties in flexural load, the specimen size used in Kosas (1988) 
investigation has to be questioned. The relatively ”thin” beams used should give a 
large scatter in the results. Average crack widths were 0.12, 0.20 and 0.27 mm for the
three different specimen types. 

The investigation only gives limited amount of information about the rate of 
corrosion but shows instead clearly that the decrease of fibre diameter is vital for the 
change of load carrying capacity. The increased bond between a corroded fibre and 
the concrete is of minor importance. A decreased fibre diameter especially affects the 
residual strength but also the ultimate load carrying capacity. A rough estimation
shows that a decrease of average fibre diameter with 20% gives a 10% decrease of 
the load carrying capacity and a 25% decrease of toughness (I5) (I5 is a measure of the 
ductility or ”work” the cracked sample perform up to a deflection of 3.5 times the 
deflection when the first crack appears). The fracture type turning from being a bond 
failure between fibre and concrete to a tensile failure of the fibre explains the
phenomenon.

When it concerns the influence of crack width on corrosion and the following change
of load carrying capacity, Kosa (1988) suggests a critical crack width of 0.15 mm.
Below 0.15 mm no change of load carrying capacity can be seen with the exposure 
conditions (see Table 3.6) used in the investigation. Kosa (1988) also presents an
analytical model to determine the influence of fibre corrosion in cracked concrete on 
residual strength. 

3.5.3 University of Aberdeen, Great Britain, Mangat & Gurusamy (1985,
1987a,b)

The first investigation by Mangat & Gurusamy (1985) aimed at defining the chloride
diffusion in SFRC exposed to a marine environment. The specimens were exposed to 
a simulated tidal marine situation by spraying with seawater in the laboratory. 
Evaluations of the tests were performed by measuring the chloride penetration both 
from the exposed surface as well as 10 mm perpendicular to the crack surface. No
significant difference between SFRC and plain concrete specimen could be found. It 
could also be stated that the chloride diffusion coefficient decreases with time both
due to continued hydration and by deposit of a brucit-like material formed from ions 
in the seawater. The chloride concentrations increased with increasing crack width. 
At crack widths below 0.2 mm there was no difference from uncracked specimen. At
crack width above 0.5 mm the effect is significant. The authors also found that most 
of the ingress of chlorides took place during the first 3 months.

In another article of Mangat (1987a) results of tests on residual strength are 
presented. At crack widths below 0.2 mm there was an increase of residual strength
compared to uncracked samples. Probable explanations given by the author are 
autogenous healing and/or increased anchorage of the fibres. 
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Mangat (1987a) also tested the effect of different steel qualities. Low carbon fibres 
did not show any corrosion below crack widths of 0.24 mm. Melt extract (ME) 
(stainless steel) fibres showed corrosion above crack widths of 0.94 mm. Mangat 
(1987a) points out that the resistance for corrosion on stainless steel fibres is due to 
how stable the passive oxide layer on the fibres are. The stability of the oxide layer 
depends on e.g. the chromium content (above 12 % is good). 

With the exposure method that Mangat (1987a) used autogenous healing seemed 
possible for crack widths below 0.5 mm. For larger crack widths the material was 
washed away from the crack walls. Taking both corrosion and effect on residual 
strength into consideration Mangat (1987a) recommends a maximum crack width for 
ME fibres of 0.2 mm in marine environment. Corresponding crack width for low 
carbon fibres is 0.15 mm. 

In a paper Mangat (1987b) presents results from pore squeezing aiming to determine
the content of free chlorides in the exposed samples. No difference in the amount of 
bound chlorides between the concrete with or without fibres could be seen. It could 
also be stated that the amount of free chlorides was higher in the samples exposed in 
laboratory environment (actual sea water was used). Mangat (1987b) explains this
with increased concentration due to evaporation. Mangat (1987b) also noted that the 
chloride concentration decrease close to the surface and explains this with either 
carbonation or a reaction with the hydroxide ions. 

3.5.4 University of Surrey, Great Britain, Hannant & Edgington (1975, 1976) 

The aim of the investigation was to determine the effect of steel fibre corrosion in 
cracks on the remaining load carrying capacity. Experiments were not accelerated.
Samples without cracks are also exposed but not dealt with here. Cracking of the
beams were performed 8 days after concreting. Some of the samples had their crack
sealed before exposure. The author’s point out that those beams showing most
damage at pre-cracking was chosen to be sealed. This must be regarded when
evaluating the results. Evaluation of the load carrying capacity was made before
exposure and after different exposure lengths.

A relatively large scatter in ultimate load is explained with uneven fibre distribution.
The residual strength generally increased after exposure though corrosion was
initiated. Carbonation of the crack surfaces occurred and the depth of the area with 
corroded fibres increased with increased time of exposure. The sealed specimen 
showed unchanged or slightly increased load carrying capacity. Hannant et.al (1975) 
state that residual strength is no efficient tool to determine the rate of corrosion. This 
due to the increased load carrying capacity in spite of different degree of corrosion 
attack.
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In a second article Hannant (1976) presents results after another 8 months of 
exposure. The trend is the same as earlier. In addition a model to estimate the bond 
strength between the fibre and the concrete with the results from flexural loading as 
base is presented. Hannant (1976) suggests that the increased bond possibly can be 
derived from shrinkage around the fibres. The hypothesis must be questioned since 
shrinkage should occur evenly in the cement paste and therefore should give lowered 
bond strength instead. From the model it could be stated that the fibre diameter has to 
be reduced with 77% before turning from bond failure to tensile fibre failure. 

3.6 Discussion 

This thesis has a focus on steel fibres in cracked sprayed concrete. This differs from 
the presented previous works where most of the applications are of ordinary concrete 
in marine environment.

In commonly reinforced concrete structures the cracked state with initiated corrosion 
is considered as the limit for service-life. For steel fibres this is especially
unfavourable since steel fibre reinforced sprayed concrete structures use the cracked
state in serviceability limit state. Design of rock strengthening structures is one such 
example of application. A further refinement is therefore needed in a service life 
model for steel fibre reinforced sprayed concrete. 

The usage of stainless steel fibres as a solution to ascertain a long time resistance 
against corrosion is not generally motivated due to the extra high material costs. 
Especially as long as the resistance against corrosion in cracks has not been proved to 
be a durability problem.

One possible influence from the sprayed concrete technique on the corrosion process 
could be the usage of accelerators. Alkali silicate based ones were previously the 
most commonly used, and addition of alkali to the concrete lowers the possibility for 
chloride binding which is a negative effect. More commonly today is the usage of so 
called ”alkali-free” accelerators. Many of these accelerators have a very low pH (2.5-
3.5), which also could influence the resistance to corrosion in a negative manner. On 
the other hand some of them have a calcium-aluminate-part, which instead will 
increase the chloride binding. Common for both type of accelerators are that the
amounts added is in the range of 5-8% of the weight of cement, which is very low. 

Silica fume is also commonly used in sprayed concrete mix-design. As previously
mentioned the silica fume increases the chloride binding. 

Splashing from de-icing salts gives a type of exposure, which should be more severe 
than the marine exposure. This is so because periods with no addition of chlorides 
combined with precipitation will significantly decrease the possibilities for self-
healing in comparison to the marine applications. 
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Table 3.6 Experimental data from investigations with exposure of cracked SFRC 
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4 FIELD EXPOSURE TESTS 
4.1 Background 

At the time of beginning the present work, there was very few data available on 
durability of structures with sprayed concrete containing steel fibres. Thus, it was
obvious that relevant experiments was needed to be performed in order to make a
prediction of service life due to degradation by corrosion of steel fibres in cracks. At 
present, there are two major experimental approaches to be used: normal or 
accelerated rate of exposure tests. Normal rate exposure tests take time and the 
evaluation of the actual climatic conditions (i.e. actual exposure) is more difficult. 
Accelerated rate exposure tests in controlled conditions give results in a shorter 
period, but the correlation to real conditions can be more complicated to create.
Hence, a combination of the both types are preferred and used in this thesis. Normal
rate exposure tests give a correlation to a real situation with actual environmental
exposure conditions. By changing the same parameters on different exposure sites the 
influence from different climates can be shown. Thereafter, a validation of the
accelerated rate exposure tests in laboratory can be achieved when comparing results
with the normal rate exposures in field. 

4.2 Scope 

The purpose of the field exposure tests is to study steel fibre corrosion in natural 
environments with controlled material properties. The goals with the field exposure 
tests can be detailed to: 

Define time to initiation and the rate of propagation of corrosion. 
Investigate the influence of relevant material parameters on the corrosion process 
(initiation & propagation). 
Collect reference data for definition of critical crack widths where corrosion is 
initiated.
Create a reference environment for accelerated exposures in laboratory. 

4.3 Methodology

The field exposure tests with cracked sprayed concrete samples were started in 
September 1997 and evaluations of results have been made 1998, 2000 and 2002 (1, 
2.5 and 5 years). The first and last evaluations where performed during autumn and 
the middle one at wintertime. The purpose with the evaluations is to examine the 
status of samples with fibres crossing cracks after different time of exposure. Another 
parameter to study is the change of load bearing capacity and the chloride ingress
(when applicable) in the exposed sprayed concrete samples.
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A large number of parameters could be of interest when studying a corrosion process
in field exposure tests. See Table 4.1 where some parameters are listed. Due to the 
chosen methodology with destructive evaluation of the samples after exposure only a 
limited number of parameters could be tested (see Figure 4.2 where the test program 
is given). Since the goal is to measure corrosion data after different time of exposure 
the number of samples increase greatly for each parameter added to the test matrix.
After validation of the accelerated laboratory exposure tests, more parameters could 
be included for faster evaluation than in the field exposure tests. 

Table 4.1 Potential parameters influencing steel fibre corrosion in cracks 

METHOD SPECIMEN CONCRETE EXTERNAL
Mix Fibres Accelerator Additions

Wet-mix Crack width w/c-ratio Length ”water glass” Silica fume Humidity

Dry-mix Crack depth Cement
(amount,

type)

Diameter ”alkali free” Limestone
filler

Temp.

Size Dosage Dosage Dosage Chlorides

Steel grade Load type
(static/

dynamic)

Production
type (cold 
drawn, cut, 
chopped)

Air pollution
(NOx, SOx)

Coating

4.3.1 Spraying method

Fibre technology is commonly used today in some parts of the world. Mainly it is 
used in rock strengthening purposes since the usage of fibres make it possible to 
achieve large capacity (and thereby good economy) and good work environment. In a 
majority of the applications, the wet-mix technique is used due to i.e. lower fibre 
rebound than with dry-mix spraying. Fibre rebound for wet-mix applications is 
according to Kobayashi (1983) approximately 10 to 40 %. For dry-mix spraying a 
much higher amount of fibre rebound is typical which makes it less cost effective 
where large quantities are to be sprayed. Fibre rebound between 50 and 80 % has 
been reported by Kobayashi (1983). Dry-mix spraying in combination with steel fibre 
reinforcement is therefore not commonly used in Scandinavia today. In some repair 
applications it can however occur where the flexibility and the lower capacity dry-
mix spraying gives is required. Dry-mix spraying has been included in the exposures 
to investigate if the spraying technique has any influence on the corrosion process. 
The dry-mix method could give lower permeability of the concrete and thereby lower 
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chloride penetration and lower rate of corrosion. The main spraying method in the 
field exposure tests is still wet-mix.

4.3.2 Concrete composition

Four different concrete mix-types are used. The wet-mix sprayed concrete with
30 mm fibres and sodium silicate accelerator (WA30) is the main mix used in all 
combinations of exposure type and crack widths. All mixes and the abbreviations are 
presented in Table 4.2. 

Table 4.2 Mix types used in the field exposure tests 

Wet-mix Dry-mix Accelerator Dramix 30/0.51 Dramix 40/0.51

WA302 X - X X -
W30 X - - X -
WA40 X - X - X

D30 - X - X -
1 The nomenclature at the time was fibre length/diameter in mm:s 
2 Notations: W= Wet mix, D= Dry mix, A= accelerator, 30 & 40= fibre length (mm)

The longer fibres (Dramix 40/0.5) are tested to study the influence of the
anode/cathode area (i.e. length and diameter of the fibre) on the rate of corrosion.
Research results by e.g. Raupach (1992) and Okada & al (1980) show that this 
parameter is important for conventional reinforcement. This is valid in conditions
where the electrical resistance of the concrete matrix surrounding a reinforcement bar 
is similar. The cement type used in all mixes is a Swedish Portland low heat and low
alkali cement called Degerhamn Std P (CEM I 42,5 N BV/SR/LA). The cement type 
is commonly used for infrastructural purposes. Data of the concrete mixes are given 
in Table 4.3. 

Table 4.3 Mix design used in field exposure tests. 

WA30 WA40 W30 D30
w/c 0.42 0.42 0.42 0.31

Cement (kg/m3) 510 510 510 500
Aggregate 0-8 mm (kg/m3) 1202 1202 1202 815
Aggregate 4-8 mm (kg/m3) - - - 286
Aggregate 2-5 mm (kg/m3) - - - 260
Aggregate 0-1 mm (kg/m3) 298 298 298 138
Plasticiser (melamine) (%/kg C) 1.4 1.4 1.4 -
Accelerator (%/kg C) 3.5 3.5 - -
Fibre (kg/m3) 70 70 70 65

1) Approximated by measuring the amount of water required during spraying (see appendix A) 
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Figure 4.1 Sieve curves for aggregates in sprayed concrete mixes. 

A sodium silicate based accelerator was used in production of mixes WA30 and 
WA40. For the time of producing the samples and previously this was the most
common type of accelerator in Sweden. The effect of it as an accelerator and the
influence on the hardened concrete properties (e.g. loss of strength, increased
shrinkage etc.) is well documented by many authors e.g. Burge (1984). The target 
amount added to the mixes was 3-5 % by weight of cement. According to Burge 
(1984) this reduces the compressive strength with 12-20 %. Too high addition would
give a coarser matrix with increased porosity and a further decrease in compressive
strength. It could be expected that the increased coarseness of the concrete matrix 
give an increased permeability and larger ingress of e.g. chlorides. Thereby, an
increase in the rate of corrosion could be a consequence. On the other hand this could 
possibly be counteracted by the high pH since alkali silicates are commonly used for 
corrosion protection in systems for drinking water production. The influence on the 
total concrete pore water pH is not expected to be high and therefore this effect
should not be dominating.

In today’s production of wet-mix sprayed concrete it has become common to use so-
called alkali-free accelerators. Many of the common types have a very low pH (2.5-3)
due to the aluminium sulphate content that is used to accelerate the cement reaction. 
This could lower the pH in the sprayed concrete and possibly shorten the time to 
initiation. With a similar reasoning as above the influence on the total concrete pore
water pH should yet be low. The alkali-free accelerators do not have the same 
negative influence on the concrete matrix at common dosages, and this could 
therefore be an advantage with respect to resistance against fibre corrosion. 
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Method Concrete Fibre
length

Crack
width Exposure Time Analyse

method

0.5 mm Lab

0.0 mm 1 yr
Rv 40

0.1 mm 2.5 yrs residual
strength

30 mm River Dal
0.5 mm 5 yrs geometrical

Eugenia
tunnel

Normal 1.0 mm ?

Rv 40
Wet-mix 40 mm 0.5 mm

River Dal

0.1 mm Rv 40Normal
without acc. 30 mm

0.5 mm River Dal

0.1 mm Rv 40
Dry-mix Normal 30 mm

0.5 mm River Dal

Figure 4.2 Field exposure test program. 

4.3.3 Manufacturing of samples

Firstly the concrete was sprayed as large slabs (2*1.2*0.15 m). The purpose with 
spraying the large slabs was to reduce the amount of rebound and receive a more 
homogenous composition. Totally 11 large slabs were sprayed. All concrete was 
sprayed using a rotor spray machine of type ALIVA 262 for both wet- and dry-mix 
spraying (see Figure 4.3). When adding accelerators a pump of type ALIVA 403 was 
used. In Appendix A all data from mixing and spraying are shown. Some problems
with addition of accelerator occurred during spraying due to stoppage in the nozzle 
and differences in coefficient of fullness (average degree of how much the cylinders
in the rotor are filled during spraying) in the rotor (Average 56 %, standard deviation
11 %). The average addition of accelerator was 4.4 % by weight of cement with
1.7 % standard deviation. This might have given differences in the accelerator 
concentration in the sprayed concrete in some of the samples. After storing the slabs 
28-50 days with constant watering, more than 300 beams were sawn with the 
dimension 75*125*500 mm. 

After approximately 56 days the beams were loaded in bending to obtain the desired
crack width. Flexural cracking was thus obtained by performing a four-point load set 
up. Mainly the flexural test was in accordance with the ASTM C1018 test, however
with larger beam dimensions and higher rate of deflection (0.25 mm/min). To reach 
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the desired crack width after unloading the elastic deformations had to be considered 
by exceeding the crack width before unloading. Hence, to obtain a crack width (w) of 
0.1 mm after unloading the beam was subjected to a maximum deflection ( ) of 
0.4 mm. Corresponding values for 0.5 and 1.0 mm crack width are 1.0 and 1.7 mm
respectively. To combine all parameters, 276 beams are exposed in the tests. 
Minimizing the risk for systematic errors the choice of beams from every type of 
mixture, different crack width and exposures site was made by random selection. 
Each beam was given a value in the interval 0-1 by a random value generator in 
Microsoft Excel. A selection in suitable intervals for e.g. each crack width was made 
and after this the beams could be selected. The same principle was used with regard 
to exposure site. 

F

150 150 150

75

F

w

Figure 4.3 Spraying equipment ALIVA 262 (left). Set-up of flexural load test for 
crack initiation (right). 

4.3.4 Exposure environment

The two major climatic factors ruling the rate of corrosion are relative humidity and 
presence of chlorides. The choice of exposure environment had to be made carefully 
to make the field exposure tests relevant to actual situations where steel fibre 
reinforced sprayed concrete is commonly used. In the field exposure tests three
different sites were thus chosen together with the reference site in the laboratory
(20°C and 65% RH): 

Rv40: National Road 40, Borås - outdoors along motor highway (24.000 
 vehicles/day). 
DAL: The Dalälven river, Älvkarleby – outdoors, specimen partly immersed.
EUG: Eugenia tunnel, Stockholm - road tunnel (79.500 vehicles/day).

Details and examples of the situation are shown in Table 4.4 and Figure 4.4. 
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Table 4.4. Exposure environments. 

Location Type of exposure Representing structure type
Eugenia tunnel,

Stockholm
Humid

Chlorides
Sheltered from rain 

Acidifying gases

Rock strengthening in tunnels

Main road Rv40,
Borås

Humid
Chlorides (direct splashing)

Rain

Rock strengthening of open cuts 
Concrete repairs

Dalälven river,
Älvkarleby

Humid
Rain

Intake channel 
Intake tunnel 

Figure 4.4 Frame for field exposure tests at Rv40 (left) and map over exposure
sites (right). 

Sektion A-A

~1.6 m

0.8 m
SamplesSafety fence

Road surface

Figure 4.5 Sketch over placing of samples at Rv40. 
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~0.5 m

1.0 m

Samples

Road surface

Pavement

Figure 4.6 Exposures in the Eugenia tunnel. Photo (left) and details (right). 

Samples

Water level

Pontoons

Figure 4.7 Exposures in the Dalälven river. Photo (left) and details (right). 

To make it possible to use the results from the field exposure tests in a service life 
model and for correlation to accelerated exposures a follow up of the actual exposure 
environment is needed. At the Rv40-site a number of other tests in other Swedish 
research projects are also running (e.g. Fridh, 2001 and Lindvall, 2002). In Table 4.5 
the monitoring and type of climatic follow up for all the sites are presented. 

Table 4.5 Climatic and environmental measurements. 

Rv 40 Dalälven Eugenia tunnel
air temperature x x x
water temperature - x -
relative humidity x x x
amount of de-icing salts x - -
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4.3.5 Evaluation after exposure

Originally, there were supposed to be four occasions for evaluation of the field
exposure tests. Three beams of every combination of parameters were supposed to be 
examined. During the first year of exposure, the technique to evaluate changed and 
only two beams of every combination were used in the first two evaluations. The 
major purpose with this was to extend the time for exposure and give further
opportunities for evaluation after more than 5 years (e.g. 10 and 15 years). It was also 
depending on the expected limited amount of corrosion in the early stages. In the 
third evaluation the number of samples was doubled at the Rv40-site since corrosion 
was ongoing according to the previous evaluations. In the following, the techniques
for evaluation are described. One of the beams is used to measure the residual
strength after exposure and the chloride contents. The other beam is used for 
evaluation of the corrosion on single fibres. In the evaluation after five years the 
amount of samples were doubled. 

Residual strength 
Steel fibres are used in the design process e.g. for permanent linings in underground 
construction to achieve sufficient post-crack behaviour of the sprayed concrete. The 
function of a system with steel fibre reinforced sprayed concrete combined with bolts 
is fully dependent on sufficient residual strength. Therefore, the influence of 
corrosion on the long-term residual strength is of great interest and thus studied here. 

The pullout resistance created via interaction between fibre and concrete matrix give
ductility in concrete containing steel fibres. Forces giving these properties are bond 
strength and for most fibres also friction in the steel / concrete interface. Fibres with
hooked ends or corrugated shapes of the fibre give an extra mechanical contribution
to the pullout strength. Steel fibres usually have a high tensile strength (typically
>1000 MPa) to utilise the ductility from interaction between steel and concrete. If 
corrosion has been initiated the fibre cross-section decreases locally in the crack
region. This could give a change from a ductile pullout of the fibre from the concrete 
matrix to a brittle fibre failure when the fibre diameter is too small. 

By comparing the residual strength levels at initial flexural cracking with the ones 
after different time of exposure this effect can be investigated. By re-loading the
beams with flexural load up to 5 mm deflection after exposure, it has been possible to 
analyse the change in residual strength. The residual strength levels achieved in the 
re-load are compared with the levels when the initial flexural load was interrupted
before exposure. During the evaluation process two different ways of analysing the
results has been tested. Both a direct comparison of load levels before and after 
exposure and a method based on a statistics from performed standardised testing of 
sprayed concrete with fibres. See further in section 4.4.2 
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Removal of fibres 
To check if corrosion has been initiated (or possibly the degree of corrosion on fibres 
crossing cracks) the fibres must be removed from the concrete matrix. Crushing of 
the concrete plates implies a high risk for steel fibre destruction and ruined
possibilities for evaluation. This is valid especially for fibres showing corrosion to a 
great extent. Small plates where sawn at different distances from the crack mouth in
the beams not subjected to continued flexural load (see Figure 4.8). 

80

20

500

75

125

Figure 4.8 Dismembering of beams (measurements in mm) (5 mm is lost between
every plate due to sawing).

To minimize the risk for fibre destruction the plates where subjected to repeated 
freezing and thawing. To secure a concrete destruction during freezing and thawing 
the plates where first dried out completely for 24 h in 200 C. After drying they were 
put in a vessel for vacuum treatment. For 3 days the concrete was exposed to 98 %
vacuum. Before normal pressure was restored the vessel was filled with tap water. 
When normal pressure was obtained in the vessel the water will be sucked into the 
plates due to the gradient in air pressure in the plates. The gradient implies that the 
plates receive a very high degree of saturation that gives a total degradation when 
exposed to freezing (Fagerlund, 1994). In Figure 4.9 (left) the principle is shown. The 
target with the destruction method is to reach the critical degree of saturation (Scrit)
before exposing the sample to a sufficiently low temperature (approximately –20°C).
After saturation the specimen were exposed to a freeze thaw cycle from +20 C to –30 
C to +20 C in 24 hours. The exposure continued for approximately 3 weeks. 

From the completely degraded concrete plates (see Figure 4.9, right) the fibres are 
collected by using a magneto. Only whole fibres where picked out i.e. only fibres 
crossing cracks is included in the evaluation. Unfortunately this also makes fibres 
crossing two plates on different levels from the crack mouth useless. It will also be 
impossible to detect fibres that have corroded so much that they have gone apart. For 
illustration look at Figure 4.10. 
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Figure 4.9 Mechanism for degradation by freezing at high levels of saturation
according to Fagerlund (1994) (left). Degraded plate after saturation and 
exposure to freeze-thaw cycle (right). 
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Figure 4.10 Sketch over evaluation problems. 1. Normal situation – fibre found. 2. 
Fibre crossing crack at two levels – fibre not found. 3. Fibre completely
broken by corrosion – fibre not found. 

Furthermore one might suspect that there will be a risk of corrosion during the 
process with drying and freezing process. However, high temperature (200°C) makes
the plate dry very fast and the time is very short when the humidity is sufficient to
give rise to corrosion. Since the plates completely degrade during freezing the water
surrounding the plate will receive a very high pH (average pH=12.2 from 6 
measurements at one occasion). The plates are also subjected to sub-zero 
temperatures more than half the time during freezing, which will make a potential
corrosion process very slow. Thus, it is concluded that the risk for continued
corrosion of the fibres during these two processes should be minimal.
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Corrosion attack 
Only fibres crossing the crack are of interest and they are therefore selected by visual
examination of the uncovered fibres. These fibres show corrosion in a part
surrounded with unaffected steel in the ends. All other fibres are discarded. To make 
it possible to measure the loss of fibre diameter, the fibres are cauterized to remove
all corrosion products by using a “Clark’s”-solution. The solution consists of 
antimony trioxide (Sb2O3) (20 g/l) and tin chloride (SnCl2) (50 g/ml) dissolved in 
concentrated hydrochloric acid. The solution will make only the corroded part of the
steel fibres to be “washed” away. After treatment in “Clark’s”-solution the fibre 
diameter was measured with a blade micrometer (non-rotating spindle) in the part 
that has been exposed in the crack. Repeated measurements where made to identify 
the smallest diameter in the corroded area. The diameter in the corroded area was
compared with the unaffected part of the fibre originally located beside the crack.
The loss is measured as percent of the original diameter.

Initially it was examined whether weighing of the fibres to estimate the fibre loss was
an expected alternative. Measuring the weight of 60 fibres shows however that it is 
not a realistic alternative since the original weight has a standard deviation of 1 % 
from the average weight (due to difference in length). Loosing e.g. 10 % of the 
diameter on a 3 mm section of the fibre would thus not be detectable (gives a loss of 
0.07 % of total weight). The actual original weight is also not controllable afterwards 
for a single fibre. Instead, measuring the fibre diameter of 50 fibres (see Figure 4.11) 
gives a standard deviation of 0.8 % from the average diameter, which is acceptable,
i.e. a 10 % loss of diameter is detectable with available equipment. 
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Figure 4.11 Frequency diagram on original fibre diameter from measurements of 50
Dramix 40/0.5 fibres. 
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Chloride content and depth of carbonation
To find out the amount of chlorides penetrating the concrete and the crack, 
measurements were made as a chloride profile from the exposed surface. The 
chloride content was also measured at different distances from the crack mouth along 
the crack surface (Figure 4.13). Drilling was performed with a 5 mm drill to a depth
of 2-4 mm perpendicular to the crack surface. This will make the measurements in 
the crack being an average for 2-4 mm from the crack surface. Drilling for the 
chloride profile from the exposed surface was made to a depth of 5-10 mm
perpendicular to a newly created crack. During drilling the debris was collected and 
solved in hydrochloric acid before measuring with the RCT-method according to the 
inventors Germann and Hansen (1991). The RCT-method is based on measuring the 
chloride content in a solution with a chloride selective membrane electrode. The 
RCT-method generally give a larger scatter than e.g. potensiometric titration but is on 
the other hand faster to use. In an investigation by Reknes & Grefstad (1994) the 
RCT-method also give a slightly lower level than with potensiometric titration (see 
Figure 4.12). 
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Figure 4.12 Differences between measuring chloride concentration with
potensiometric titration and RCT-method according to Reknes & al 
(1994).

Carbonation depth was measured by splitting the concrete and detecting the 
carbonation depth with a phenolphthalein-solution (areas not coloured red are 
carbonated).
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Existing crack surfaceNew crack surface

Exposed surface

Figure 4.13 Plan for collection of drilling debris. 

Freeze-thaw durability
An investigation of the air void structure in the concrete is made by image analysis of 
face ground concrete surfaces sawn from exposed beams of different types. The 
image analysis was performed at Lund University of Technology, department of 
Building materials. The main purpose is to investigate differences between the air 
void structures in different concrete mixes and relate this to the performance in field
with regard to freeze-thaw damages. The reason to this complementary investigation 
is the observed frost damages on the samples in field. The analysis is made only for
samples along Rv40. In an ocular inspection it was observed that samples without
accelerator (W30) seemed to withstand the freeze-thaw attack better than the samples 
with accelerator (WA30). In addition, the dry-mix samples showed a better durability
against freeze-thaw attack then all wet-mix samples.

At the investigation, samples (125*75*50 mm) are sawn out from the exposed 
sprayed concrete beams only at the final evaluation after 5 years of exposure. A 
detailed description of the methodology to prepare surfaces and the technique for 
image analysis can be found in Lindmark (2000). In general, the samples are ground 
to achieve a smooth surface and sharp edges to the voids. After grinding, the surface
is painted with blue colour before zinc paste is applied on the surface. Excess zinc 
paste is then removed before the image analysis can start. In Figure 4.14 an example
of the sprayed concrete surface before and after preparation is shown. The surfaces 
shown in the picture are from the same sample but are not exactly the same area of
the sample used in the analysis and just an example of how it looks. 
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1 mm1 mm 

Figure 4.14 Photo of sample (7:4B; W30) before surface preparation (left) and after 
painting and zinc paste impregnation (right). (Note the inhomogeneous 
part in the centre) 

The analysis is focused on the following parameters: total air void content, air void 
size distribution, spacing factor and amount of air voids with rounded shape. Objects 
with too irregular shape (high roundness factor) are removed from the analysis 
automatically, since this can be inhomogeneous parts due to e.g. bad spraying or 
insufficient fibre distribution etc and not air voids that contribute to the freeze-thaw 
durability. High quality concrete has low spacing factor (<0.18 mm), high specific 
surface (>30 mm2/mm3) of the air voids and as few objects with high roundness 
factor (>2) as possible. In addition, the total air volume should be approximately 5 %.

4.4 Results 

4.4.1 Climate conditions

A continuous measurement of the climate conditions at the field tests was made 
according to 4.3.4 and the variations with time can be found in Figure 4.15-Figure 
4.17 below. A full set of data can be found in Appendix B. The slightly higher
temperatures in the Eugenia tunnel could be explained by heat from the intense 
traffic. The higher humidity at the Dalälven river depends on the nearness to the 
water. Slightly lower values on RH in the Eugenia tunnel is depending on the samples
being sheltered from rain, but fluctuations still occur since rain affects the RH in the 
tunnel by the traffic (pulling humid air into the tunnel and road surface being wet). 

Looking at the climatic conditions over a longer period gives a possibility to 
characterize the variations. This is important information and input to a service-life 
prediction model. To make a more general description of the climate at the different 
exposure sites a simplified description of the climate can be made according to Figure
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4.15-Figure 4.17. Thus, the variations of relative humidity, RH, can be approximated
to:

1nn ttt (4.1)

n
d

m tRHRHRH
5,182

sin
2

(4.2)

where

RHm = median value of RH (%) RHd = variation interval (%) 
tn = time from start (days)

Values of RHm, RHd and tn for the different sites are determined by regression
analysis and can be found in Table 4.6. In the same manner the temperature variation, 
T, can be described as: 

)5,182(
5,182

sin
2 n
d

m tTTT (4.3)

where

Tm = median value of temperature. (°C) Td = variation interval (°C) 
tn = time from start (days)

Table 4.6 Coefficients of exposure variations according to Equations (4.2) to 
(4.3).

RH Rv40 Eugenia Dalälven Temp Rv40 Eugenia Dalälven
RHm 78 81 84.5 Tm 6 9 6
RHd 29 38 31 Td 15 18 30

As can be seen in Figure 4.17 the temperature amplitude (Td) at the Dalälven site is 
high compared to the other sites. One explanation could be that the measuring device 
is sheltered from rain with a steel plate, which can give increased temperatures due to 
solar radiation. 
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Figure 4.15 Temperature and humidity variations at Rv40.
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Figure 4.16 Temperature and humidity variations in the Eugenia tunnel. 
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Figure 4.17 Temperature and humidity variations at the Dalälven river. 

4.4.2 Residual strength

To evaluate the change in residual strength (for definition of residual strength see 
section 4.3.5) two approaches have been developed. The direct comparison approach 
and the statistical comparison approach. 

Direct comparison 
The direct approach to detect the change of residual strength with time is based on a 
comparison of load deflection curves in the four point bending tests before and after 
exposure as shown in Figure 4.18 (top left). The load at the deflection (differs 
depending on wanted crack width) when the flexural load is interrupted before 
exposure, is compared with the maximum load achieved at reloading after exposure. 
In the figure a typical test result is shown for a beam with a thin crack (w= 0.1 mm).
There it can be stated that the residual strength has increased with 15 % for the 
sample exposed in 1 year. Complete results can be found in Appendix C, D and E. 

The change of residual strength after 1, 2.5 and 5 years of exposure, according to the
direct approach, is shown in Figure 4.18. A slightly higher increase of the residual 
strength can be seen for crack width 0.1 mm during the first years. For all crack 
widths the increase seems to have ebbed away or started to decline after 5 years. The 
influence of type of exposure environment can also be studied. For samples exposed 
at the Dalälven site, it can be seen that the increase of residual strength is lower and
the decrease after 5 years is more obvious. After 5 years of exposure the decrease is 
approximately 30% for w=0.5 mm and w=1.0 mm. 
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Figure 4.18 Change of residual strength - direct approach (w=0.1 mm) (Top left) 
Development of residual strength for samples from mix WA30. 
Influence of exposure site, w= 1.0 mm (Top right), w= 0.5 mm (Low left),
w= 0.1 mm (Low right). 

In Figure 4.19 the influence of mix type on the residual strength is shown. The wet-
mix samples with 40 mm fibres and accelerator (WA40) did not receive any
significant increase of the residual strength. The residual strength seems to increase 
slightly more for wet-mix samples with 30 mm fibres and accelerator (WA30) than
compared to other mix types. No significant influence of spraying method (dry-mix
or wet-mix) can be seen.
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Figure 4.19 Development of residual strength for all mix types. Dalälven, w=0.1 mm
(Top left). Rv40, w=0.1 mm (Top right), Dalälven, w=0.5 mm (Low left), 
Rv40, w=0.5 mm (Low right). 

Statistical comparison
One weakness with the direct approach is that the load levels are not compared at the 
same deflection. The level when interrupting the test before exposure is compared
with the peak load when continuing the bending after exposure. These do not occur at 
the same deflection. In the statistical comparison approach a compilation of 111 beam 
tests (from routine testing) is used to estimate the expected development of the load-
deformation curve if the test would have continued when the samples where cracked
before exposure. The base for the statistical comparison approach is a large number
of standardised beam tests according to the modified ASTM C1018 as described in 
4.3.3. To estimate the expected load deflection curve the inclination at a deflection 
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interval from 0.35 to 0.45 mm (an interval where there are results from the first
loading occasion) is connected to the achieved development up to a deflection of 
2 mm. In Figure 4.20 the definition of the inclination ( F/ ) is shown and the
results from the compilation of beam tests. In Figure 4.21 (top left) the principle for 
the evaluation of change in residual capacity according to the statistical approach is 
shown. In Appendix F all data used in the comparison can be found. 
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Figure 4.20 Definition of the inclination in the interval 0.35 < d < 0.45 (Left). 
Average load development up to d= 2 mm due to inclination (Right). 

The results regarding crack width and exposure site are shown in Figure 4.21 and as 
can be seen the scatter is very large. This makes it difficult to draw any conclusions 
regarding the influence from crack width. However, one observed tendency is that
samples from the Eugenia tunnel (EUG) seem to perform better than the other 
samples. The Eugenia samples show a lower loss (w=0.1 mm) and a higher increase 
(w=0.5 mm; w=1.0 mm) of the residual strength compared to samples exposed at the 
other sites. 

Influence of mix type on the residual strength at 2 mm, evaluated according to the 
statistical approach, can be found in Figure 4.22. In addition, in this approach, the 
samples with 40 mm fibres and accelerator (WA40) show a lower performance than 
other mixes. For the other mix types no significant differences can be seen.

To keep in mind is that the compilation of standardised tests is made solely for 
30 mm fibres. If a similar compilation had been made for 40 mm fibres the fictive 
development would have given a higher load level at 2 mm deflection. This because 
longer fibres give a higher pull-out resistance and therefore a higher residual strength.
Thereby the reduction showed in Figure 4.22 should have been larger for the WA40 
samples.
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Figure 4.21 Change of residual strength - statistical approach (Top left). 
Development of residual strength at 2 mm deflection for samples from 
mix WA30. Influence of exposure site, w= 1.0 mm (Top right), w= 0.5 mm
(Low left), w= 0.1 mm (Low right). (Comparison with fictive values !) 
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Figure 4.22 Development of residual strength at 2 mm deflection for all mix types.
Dalälven, w= 0.1 mm (Top left). Rv40, w= 0.1 mm (Top right), Dalälven,
w= 0.5 mm (Low left), Rv40, w= 0.5 mm (Low right). (Comparison with
fictive values !) 

4.4.3 Chloride content

Generally, despite some few values, the chloride contents were quite low 
(<0.1% Cl-/kg cement) after year 1 (see Figure 4.23 & Figure 4.24). After 5 years of 
exposure the chloride contents were higher than at year 1 and in the left parts of 
Figure 4.23 & Figure 4.24 it can be seen that cracks with 1 mm width give a higher 
chloride concentration along the crack surface than 0.5 mm and 0.1 mm. This is most
obvious for measurements close to the crack mouth. When looking at the right parts 
of Figure 4.23 & Figure 4.24 the trend is that the chloride concentration on the crack
surface is increasing with time. The results from the Eugenia tunnel are not fully 
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consistent with this since the trend curves show that the chloride concentration was
higher at the evaluation 2000. 

The chloride profiles made in homogenous concrete (Figure 4.25 & Figure 4.26) 
show a higher chloride concentration on samples exposed in the Eugenia tunnel. This 
is most accentuated in the year 2002 evaluation. It can also be seen that there seem to 
be an accumulation of chlorides during the years (more for the Eugenia tunnel). 
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Figure 4.23 Chloride content at crack surface for WA30-samples at Rv40. Influence 
from crack width after 5 years of exposure (left). Yearly trends (right). 
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Figure 4.24 Chloride content at crack surface for WA30-samples at Eugenia tunnel. 
Influence from crack width after 5 years of exposure (left). Yearly trends 
(right).
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Figure 4.25 Chloride profiles in homogenous concrete for samples from Rv40. After 
5 years of exposure (left). Trends for all types of samples (right). 
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Figure 4.26 Chloride profiles in homogenous concrete for samples from Eugenia
tunnel. After 5 years of exposure (left). Trends for samples WA30 
(right).

4.4.4 Carbonation

It could be stated that all concrete types were carbonated only a few millimetres. The 
outdoor conditions and the short time (in relation to common carbonation rates) of 
exposure is the reason to this. High quality of the sprayed concrete giving a low 
permeability to carbon dioxide is another important factor. 
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4.4.5 Corrosion on fibres 

Measurements of the loss of fibre diameter give an indication about the rate of 
corrosion since it has been performed after different times of exposure. The influence 
from crack width and exposure site on the corrosion attack is shown in Figure 4.27 - 
Figure 4.29. To remember when looking on the results from the Dalälven river and
the Eugenia tunnel is that they are based on very few fibres (1-4 fibres) since the 
amount of corrosion was very limited. At the exposure site Rv40 the samples with 
crack width 0.5 mm and 1.0 mm corrode more than the 0.1 mm samples. The
difference in corrosion attack after 5 years is small between w= 0.5 mm and
w= 1.0 mm and it is also obvious that the w= 0.1 mm samples show a lower loss of 
diameter than larger crack widths. 

In Figure 4.30 to Figure 4.33 the influence from mix type can be studied. The mix
with longer fibres (WA40) shows a much higher loss of fibre diameter already at the 
1998 evaluation. The degree of attack on the 40 mm fibres is twice as much
compared to the 30 mm fibres. From the year 2002 evaluation it looks as if the degree 
of corrosion is less compared to year 2000, see further discussion in section 4.5. Even 
if the Dalälven river results are based on very few samples it is interesting to see that 
the WA40 samples does not corrode more than the other samples. Instead, the dry-
mix samples D30 show a very high degree of corrosion attack. 
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Figure 4.27 Decrease of fibre diameter for samples at Rv40 at different time of 
exposure. Crack widths, Mix= WA30. 
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Figure 4.28 Decrease of fibre diameter for samples at Eugenia tunnel at different 
time of exposure. Crack widths, Mix= WA30.

0-
25

25
-5

0

50
-7

5

w
= 

0.
1 

/ -
98

w
= 

0.
1 

/ -
00

w
= 

0.
1 

/ -
02

w
= 

0.
5 

/ -
98

w
= 

0.
5 

/ -
00

w
= 

0.
5 

/ -
02

w
= 

1.
0 

/ -
98

w
= 

1.
0 

/ -
00

w
= 

1.
0 

/ -
02

0

5

10

15

20

25

30

D
ec

re
as

e 
of

 fi
br

e 
di

am
et

er
 (%

)

Depth
from
crack
mouth
(mm)

Figure 4.29 Decrease of fibre diameter for samples at Dalälven at different time of 
exposure. Crack widths, Mix type= WA30. (Note that only few fibres 
where available!) 
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Figure 4.30 Decrease of fibre diameter for samples at Rv40 at different time of 
exposure. Mix types, Crack width w= 0.5 mm. 
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Figure 4.31 Decrease of fibre diameter for samples at Rv40 at different time of 
exposure. Mix types, Crack width w= 0.1 mm. 
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Figure 4.32 Decrease of fibre diameter for samples at Dalälven at different time of 
exposure. Mix types, Crack width w= 0.5 mm. (Note that only few fibres 
where available!) 
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Figure 4.33 Decrease of fibre diameter for samples at Dalälven at different time of 
exposure. Mix types, Crack width w= 0.1 mm. (Note that only few fibres 
where available!) 
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4.4.6 Freeze-thaw durability.

As already mentioned this complementary investigation of frost resistance was 
initiated due to observed frost damages on the samples in field. For samples along
Rv40 where it was observed that concrete without accelerator (W30) seemed to 
withstand the freeze-thaw attack better than concrete with accelerator (WA30). In 
addition, the dry-mix samples showed a better durability against freeze-thaw attack at 
a visual inspection. The samples partly immersed in the Dalälven River also show 
scaling due to frost action, especially the lower parts of the beams that are 
continuously immersed in water (see Figure 4.34). The samples in the Eugenia tunnel
seem to be unaffected by frost attack. 

water level

area with 
frost scaling

Figure 4.34 Frost damages on D30 sample - 5 years of exposure at Dalälven. 

In Table 4.7 and Figure 4.35 a compilation of the results from the image analysis on
face ground samples are shown. To be noticed in the table is that the requirements on 
specific surface, total air volume and Powers spacing factor is not fulfilled for any of
the three tested mixes. This should mean that no mix could be accepted with regard to
frost resistance. In the field exposures the behaviour differs between the mixes, but
e.g. the dry-mix show a durable behaviour after 5 years. 

Another noticeable parameter is the number of objects with roundness above two
(means very irregular shape, circle= 1 and square=1.57). It is obvious that the W30 
and the D30 samples have higher ratio of objects with low roundness (<2) than the
WA30 samples. Higher amount of objects with low roundness (<2) points towards 
higher amount of air voids instead of compaction voids or other faults in the sprayed 
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concrete matrix (sprayed in rebound, inhomogeneous concrete due to bad fibre 
distribution etc.) 

Table 4.7 Results from air void structure analysis on samples exposed at Rv40. 

Sample 6:11A 7:4B E:9A Req.
values*

Mix type WA30 W30 D30
Cement paste content [%] 37.7 % 37.7 % 31.0 % 
Measured surface [mm2] 671.3 671.3 671.3
Total number of objects 1329 1355 1867
Class width [ m] 25 25 25
Maximum roundness factor 2 2 2
Objects with roundness >2 294 196 262
Total air content [%] 2.18 1.93 4.15 5
Total air content according to white area **[%] 2.72 2.08 4.47
Specific surface [mm2/mm3]
(total surface/total volume) 

23.79 28.21 20.79 > 30

Powers spacing factor [mm] 0.34 0.30 0.26 < 0.18 
*) Required values when exposed to thaw salts, according to Fagerlund (1992)
**) All white areas without removal due to roundness and shape. See (Lindmark, 2000) 

The dry-mix sample (D30) has the highest total air volume and the lowest spacing
factor but on the other hand the specific surface is also the lowest. This should mean
that the size of the air voids is generally bigger than for the other samples. When
looking at Figure 4.35 an explanation to the higher total air content and lower specific 
surface can be found. For the D30 sample there is a very high part (~30%) of the 
volume in the category air void diameter, 1775 m. If this size class is neglected the 
ratio of smaller air void sizes still is higher compared to the other samples.
Concluding this, it gives that the difference between the sample with accelerator
(WA30) and the one without (W30) and a dry-mix sample is that the WA30 sample
has a larger spacing factor and probably lower specific surface than the other 
samples, and approximately the same total air content. This can be an explanation to 
the lowered freeze-thaw durability. 
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Figure 4.35 Results from image analysis on face ground samples from Rv40.
Accumulated air volume (top left). Air volume in each size group, WA30 
(top right), W30 (low left) and D30 low right.

4.5 Discussion 

The expectations after the first year of exposure were solely to verify that no 
specimen started to corrode and to test the methods for evaluation. The number of 
samples brought back to the lab was limited to provide additional evaluations in the 
future. At the evaluation after five years the amount of samples brought back was 
doubled from Rv40 since active corrosion was ongoing. However, to make accurate 
statistical treatment of the results the amount of samples is very small, but it will at 
least strengthen the validity of the evaluation to some extent. Another factor not taken
into consideration in the evaluations is that the samples are placed on slightly 

62



Chapter 4 - Field exposure tests 

different levels (+/- 250 mm) above ground (except the Dalälven) (see Figure 4.5 & 
Figure 4.7). This could influence the microclimate by slightly different humidity
conditions (lower level samples should be exposed to slightly higher humidity and 
higher degree of exposure to de-icing salts). According to measurements by Luping
presented in Wirje & al. (1996) a change of height with 0.5 m can change the 
chloride flux with 50% (at a constant distance of approximately 1 m from the road).

4.5.1 Residual strength

The initial increase of residual bending strength after exposure, seen in the direct 
approach, is probably caused by continued hydration of the concrete, resulting in 
increased anchorage strength between fibre and concrete. This gives an increased
residual strength especially at the low levels of deflection where the comparison is
made in the direct approach. The strength increase is higher for smaller crack widths
and the effect of self-healing could be an additional reason. It was namely observed 
that some of the thinner cracks were completely filled with deposits from self-
healing. Looking on the statistical approach and the change in residual strength at 
higher deflections than is possible with the direct approach it is not possible to se any 
increase for the smaller crack widths. The increase must therefore only be valid for a 
very small pullout distances (fibre slip) of the fibres. 

For samples with ongoing corrosion of fibres the increase of residual strength must be
expected to be temporary. Instead, the fibres should turn to show a brittle tensile 
failure instead of a ductile pullout failure at some critical degree of corrosion. The
trend after 5 years is that the increase of residual strength already has slowed down or 
started to decrease for all samples according to the direct approach.

Influence from exposure environment is obvious for the Dalälven river samples that 
in the direct approach show a larger loss of residual strength than samples at Rv40 
and Eugenia. One explanation can be that the samples have been partly immersed in
water all the time, the thereby high degree of saturation has made the concrete matrix 
degrade due to frost action. Another explanation could be a limited self-healing due 
to conditions with more constant humidity and without splashing or a lower ability to 
self-heal due to other water characteristics in the river. Continuous flow of river 
water could also flush the cracks. Ice formation in the cracks or pressure from ice 
between the beams (see Figure 4.7) could make the crack width vary over the year 
and therefore diminish the possibilities for self-healing. In the statistical approach the 
Dalälven and the Rv40 samples perform in a quite similar way. The reason to the loss 
of residual strength is however probably different. To summarise the discussion the 
two evaluation methods show the residual strength behaviour at different deflections. 
Therefore, it should be possible to see a difference in mechanisms for reduction of 
residual strength. For the Dalälven samples it can be due to frost action and for the
Rv40 samples the reason is more likely to be corrosion. The reason is that the 
concrete quality is more important at small deflections and the fibres are more
important at higher deflections. 
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In both the direct and the statistical approach the samples from the Eugenia tunnel 
seem to be less affected with regard to residual strength. Limited amount of corroded 
fibres and no signs of frost damages is the most probable explanation. 

The influence of fibre length can be seen on the reduction of residual strength 
according to the statistical approach where the samples with 40 mm fibres show a 
larger reduction than samples with 30 mm fibres. This goes in line with the reduction
of fibre diameter according to 4.4.5 where the longer fibres loose more diameter than
the shorter ones in the same period. 

4.5.2 Chloride content

The evaluation after one year gave very low content of chlorides in the samples. At 
the second (year 2000) and third evaluation (year 2002) the levels have increased. 
The general chloride content at both Rv40 and the Eugenia tunnel are quite high 
(> 0.20 %/kg cement) in the upper 10 mm of the concrete. In the Swedish Road 
Administration regulations Bro 2002, (2002) the upper limit for non-tensioned
reinforcement is 0.3 %/kg cement. For homogenous concrete, the use of a chloride
threshold value is common. For a cracked concrete like in these tests, the corrosion 
mainly takes place in the crack region and therefore is the relationship between free
OH- and Cl- ions supposed to be less important than the environment (humidity,
temperature, oxygen concentration) in the crack. 

Surprisingly the samples in the Eugenia tunnel show the highest chloride 
concentrations. They are placed higher up from the ground than at Rv40 and 
therefore the chloride exposure should be lower. The lower chloride concentrations at 
Rv40 could be explained by the fact that the samples there are exposed to rain and 
direct splashing from the road during the summer period. Chlorides close to the crack 
mouth are then washed away. Samples exposed in the Eugenia tunnel are sheltered 
from rain. One uncertainty with the chloride levels in the Eugenia tunnel is that the 
tunnel surface generally is washed with water applied at high pressure once a year
(late summer) and it is not clear whether the exposed beams have been washed or not. 

4.5.3 Corrosion on fibres 

Surprisingly corrosion had initiated after only one year of exposure at Rv40. At the 
same time no or very small amounts of corrosion could be seen in samples exposed in 
the Eugenia tunnel or at the Dalälven River. After 5 years the corrosion attack 
continues to propagate at Rv40. It is also starting to be visible in samples with larger
crack width in the Eugenia tunnel and the Dalälven River. The influence of crack 
width (0.5 mm and 1.0 mm) seems to be less important after 5 years exposure, 
provided corrosion is ongoing. This supports the theory that crack width mainly 
affect the time to initiation of corrosion and not the rate of corrosion in the same 
manner (see section 3.3.1). Samples with crack width 0.1 mm still show a very low 
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amount of corrosion possibly due to self-healing and limited access to humidity etc. 
Another possible explanation is that corrosion products in these thin cracks could seal
the crack around the fibre and thereby limit the access for e.g. oxygen to support the 
continued corrosion process. In a similar way it can be seen that the corrosion attack 
on fibres decreases with increased depth in the crack. The reason to this should be 
decreased crack width and therefore lower access for oxygen due to higher RH for 
longer periods than in the parts close to the crack mouth.

From the limited amount of samples it seems like the 40 mm fibres show a more
severe damage from corrosion than the 30 mm fibres. The loss of fibre diameter on 
the 40 mm fibres is twice the loss on the 30 mm fibres. This supports the hypothesis 
that the effect of the anode to cathode area to be an important factor. However, the 
apparent lowered loss of fibre diameter for the 40 mm fibres in the last evaluation 
might be a result of the evaluation method. Since an ocular method for selection of 
fibres is used only fibres not ruptured can be selected. If a fibre has broken due to 
heavy corrosion or if it breaks due to ice formation in the crack during the freeze-
thaw cycles, used to disintegrate the fibres from the concrete matrix, they will not be 
found in the selection of fibres. The extreme situation will be if all fibres had broken
due to heavy corrosion, no fibres would be found. The other way around is also that 
fibres with no corroded areas will not be included either (no conception of the total 
number of fibres crossing the crack). An improvement of the methodology could be 
to grout the cracks with epoxy before sawing the plates from the beams. This would 
make it possible to collect all fibres crossing the crack. Another alternative is to 
inspect the plates after sawing (before drying etc.) to see if they are connected to each 
other. If not, all fibres can be corroded so much that they have ruptured. A correlation 
to the behaviour in the residual strength tests can also be made where the samples
with 40 mm fibres have lost the majority of the ductility at 2 mm deflection. 

When it comes to concrete mix type, no significant influence on the corrosion can be 
seen.

In general the rate of corrosion is much higher than expected in the Rv40
environment. If the rate of corrosion in this environment is constant there will be a 
great loss of residual strength in a couple of years for cracks larger than 0.1 mm. No 
larger cracks can therefore be accepted in a structure placed in this type of 
environment if fibres are used as structural reinforcement. 

4.5.4 Freeze-thaw durability

When studying the analysis of the pore structure in the three different mix types one 
has to keep in mind that it is mainly an indication from single samples. The technique
to spray concrete can give rise to differences within a larger sample. To get a full 
picture multiple samples has to be analysed.
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However, the performed analysis supports the theory that addition of accelerator
gives a more coarse air void system. The differences are small between WA30 and 
W30 samples but lower specific air void surface and higher spacing factor points in 
this direction.

Frost damages can be seen in both the Rv40 and Dalälven river samples and it looks
as if this also could be an explanation to some effects on the residual strength. Thus, 
the reduction of residual strength must be looked upon as a combination of frost and 
corrosion attack. 

4.6 Conclusions 

After 5 years of field exposure tests the following conclusions can be drawn: 

- Possible continued hydration and therefore increased anchorage strength for the
steel fibres gives an initial increase in residual strength at small deflections. The 
increase is temporary since loss of fibre diameter by corrosion or lowered bond 
strength between fibre and concrete, due to frost action, will lower the ductility 
and reduce this effect. Self-healing of thin cracks (w=0.1 mm) can also be a
contributing effect for small crack widths. At higher deflections, in the re-load 
after exposure, the influence from both corrosion (Rv40) and frost action 
(Dalälven river) give rise to reduced load bearing capacity. 

- The chloride content along the crack surface increases closer to the crack mouth.
Generally there is an accumulation with increasing exposure time. The
accumulation seems to be dependent on the access to precipitation since the tunnel
samples (sheltered from rain) have a larger increase of the chloride concentration 
than the motorway samples (not sheltered from rain). 

- A high degree of exposure to de-icing-salts during the wintertime at Rv40 gives a 
larger corrosive attack than at the Dalälven River and the Eugenia tunnel. Samples
along the motorway (Rv40) show quite extensive corrosion after only five years of 
exposure. The importance of crack width seems to decrease with time after 
initiation. Longer fibres corrode more than shorter ones at the same crack width. 
Fibre length seems therefore to be more important than crack width when 
w> 0.1 mm. 

- Use of sodium silicate accelerators might give a coarser air void structure with 
reduced freeze-thaw durability as a result. Dry-mix sprayed concrete have a more
favourable air void system with regard to frost action compared to wet-mix
sprayed concrete. 
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5 LABORATORY EXPOSURE TESTS
5.1 Scope 

The main objective with the laboratory exposure tests was to make a relative 
comparison between different parameters tested under controlled climatic conditions. 
In general there are two major techniques to estimate long-time behaviour during 
degradation: either by more accurate measurements of the degrading process or by 
increasing the severeness of the exposure i.e. by accelerated exposure tests. Here, the
last mentioned technique has been used. When designing accelerated exposure tests 
great care has to be taken to minimize the risk for changing the natural process that is 
studied too much. It must always be a target to minimize the risk for introducing new 
mechanisms not present at normal exposure. 

The previously described field exposure tests can be used to estimate the degree of 
acceleration in the laboratory tests since some samples have the same composition
and are exposed in a quite similar environment. When establishing the correlation 
between field and laboratory conditions other parameters can easily be tested in
laboratory exposures. Thus, the accelerated laboratory exposure tests can be used to
estimate long-term behaviour. In the following two sets of accelerated exposures are 
presented. In set one where crack width and fibre length was tested, one purpose was 
also to control if the technique chosen in the tests was possible to use for adequate
acceleration of corrosion. In set two the influence of accelerators and steel type were 
included.

5.2 Methodology

The following section deals with the test methodology, and the technique for how 
samples where poured, cured, cracked, exposed and evaluated is presented for the
two different sets. 

5.2.1 Mix composition

This first set of parameters to be examined was composed mainly to coincide with the
parameters tested in the field exposure tests. Three fibre lengths (35, 70 and 105 mm)
and three crack widths (0.1, 0.5 and 1.0 mm) were tested. The combination of the 
different parameters can be seen in Table 5.1. In the second set, fibre length and 
crack width were kept constant at (l= 35 mm; w= 0.5 mm). Instead, the influences 
from accelerators and other steel quality were tested. The diameter of the zinc-coated
fibres ( = 0.6 mm) was not the same as the others ( = 0.5 mm). It was not possible to
find wire with the required diameter. For the stainless steel wire the ultimate tensile
strength was higher (2069 MPa) than the low carbon steel wire (1200-1600 MPa) and
the zinc coated wire (1300-1600 MPa). Since the chemical composition for the
stainless steel was similar as the low carbon steel it was decided that it was better to 
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keep the diameter constant at 0.5 mm than having the same tensile strength and fibre
diameter = 0.38 mm. 

The two accelerators used in the second set were: 1. a sodium silicate (water glass) 
based and 2. an aluminium sulphate based (alkali free). The water glass accelerator
have a quite high pH (10.5-11.5) while the alkali free one have a low pH (1.5-3), 
differences that might have an influence on the corrosion process due to a change of
the pore water properties. 

Table 5.1 Combination of parameters in the accelerated laboratory exposure tests
– set I. 

Fibre length (mm)
35 70 105

0.1 - x -

0.5 x x x

C
ra

ck
 w

id
th

 
(m

m
)

1.0 - x -

Table 5.2 Combination of parameters in the accelerated laboratory exposure tests
– set II. 

Steel quality
Low carbon Zinc coated Stainless

None x x x

Water glass x - -

A
cc

el
er

at
or

Alkali free x - -

In the field exposure test the maximum aggregate size used was 8 mm. To make it 
possible to pour with a small distance between the fibres in the laboratory exposures 
the maximum aggregate size was chosen to 4 mm. The water-cement-aggregate ratio 
is still the same. Usage of 4 mm instead of 8 mm leads to a relatively larger number 
of smaller aggregate than in the field exposures. On the other hand the relation 
between aggregate and cement paste area exposed on the crack surface is the same in 
both cases. This should give approximately the same permeability for e.g. chlorides. 
In Table 5.3 the mix-composition can be seen. To make pouring possible with 
remained location of fibres the lower part was poured with plastic consistency and 
mechanical compaction. The upper part was poured with a more fluid consistency 
and only a slight compaction by tapping the mould (see also Figure 5.1 and 5.2.2). 
The cement used is the same type as in the field exposure tests (Swedish standard 
Portland cement, Degerhamn) (CEM I 42,5 N BV/SR/LA). In the second set the
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pouring process had to be modified with pouring according to 5.2.2 since the 
accelerators had to be mixed into the fresh mix instead of added to a nozzle as when
spraying concrete.

Table 5.3 Mix composition for samples in laboratory exposure tests – set I 

Mix composition
w/c-ratio 0.45
Cement (kg/m3) 510
0-4 (kg/m3) 1202
0-1 (kg/m3) 292
Plasticizer (co-polymer) (%) 2.51

1) increased to 4.5% in mix for upper part 

Table 5.4 Mix composition for samples in laboratory exposure tests – set II 

Mix composition Reference Water glass Alkali free 
w/c-ratio 0.45 0.45 0.45
Cement (kg/m3) 510 510 510
0-4 (kg/m3) 1202 1202 1202
0-1 (kg/m3) 292 292 292
Plasticizer (co-polymer)
(% of weight of cement)

0.21 0.32 0.83

Accelerator
(% of weight of cement)

- 4 7

1) increased to 0.7% in mix for upper part
2) increased to 0.55% in mix for upper part
3) increased to 1.2% in mix for upper part

5.2.2 Manufacturing of samples

In the first set three samples of every combination of fibre-length, crack width, 
exposure type and exposure time were poured. The samples are cylindrical with a 
diameter of 57 mm and a length of 170 mm with a notch in the middle. The fibres 
where made from cutting cold-drawn wire into the desired lengths. Cutting was made
by using equipment for direct cutting of fibres into concrete mixers. The equipment 
was used only to cut the fibres and not for mixing the fibres into the concrete. The 
wire type is the one being used in manufacturing of the Dramix-fibre from Bekaert. A 
no of 37 fibres were placed by hand in every sample with an 8 mm gap between each
fibre (see Figure 5.1). A total of 90 samples (3 samples of every combination of 
parameters, exposure environment and occasion for evaluation) where poured in the
first set. The second set was originally supposed to consist of 60 samples (change to 2 
samples per occasion for evaluation). Due to pouring problems described below the 
total number was reduced to 48. 
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Pouring – set I 
The different steps to pour and place the fibres are described below and also 
presented in Figure 5.1.

Step I - The lower part of the sample is poured with relatively stiff concrete to make
it possible to place the fibres in the next step. The concrete workability was optimised
also to make it possible to compact the concrete with slight tapping on the mould and 
to encapsulate the fibres sufficiently. 

Step II - The placing of fibres manually obtained full control over the location in 
relation to the expected crack plane. Especially for the 35 mm fibres it was crucial to
place the fibres on the ”notch level” to secure them to cross the crack after cracking.
Gluing a rubber ring on the inside of the mould created a notch. Within 20 minutes all 
fibres where placed in the 10-15 samples poured in each batch. 

Step III – After approximately an additional 30 minutes the upper part of the sample 
is poured with a new batch of concrete with more loose consistency to make it 
possible to encapsulate the fibres with minimal compaction via tapping the mould.
With erroneous workability a high amount of compaction would introduce a risk for 
fibres “sinking” down in the lower part of the sample. Demoulding after one day was 
followed by three days of water curing. After this the samples were stored in plastic 
bags and transported to the laboratory for cracking. 

Step I Step II Step III

Figure 5.1 Moulds and sequence for pouring (left). Placing of fibres (right). 

Pouring – set II 
The technique to put the fibres in place was the almost the same as in set one. When 
using accelerators certain measures had to be taken as the accelerator, especially the 
alkali free type, changes the consistency rapidly after mixed into the concrete as
shown in initial tests. The problem was that it was not possible to put the fibres into 
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the concrete in a proper way after a couple of minutes when using the alkali free 
accelerator and normal laboratory temperature (+20°C). After initial tests, a low 
temperature pouring was found to be convenient and therefore also used for all 
samples. All pouring was performed in a climate room with air temperature +2 °C.
By that, all materials used were also stored at this temperature. The samples with 
water glass accelerator showed a large loss of consistency directly after the water 
glass was mixed together with the concrete. With continued mixing (1-2 min) the 
consistency reversed to normal again. Probably the early bindings where broken by 
this continued mixing. Alkali free accelerators did not show the same behaviour and 
continued to loose consistency with time, but with slower rate than in ordinary
laboratory temperature. The technique used made it possible to put the fibres in place
with good encapsulation. Continuous mixing was also used until the actual placing 
was made. In addition a control sample with fibres and a titanium rod for 
electrochemical measurements was poured (see details in 5.2.3). Directly after 
pouring the samples where stored in normal laboratory temperature (+20°C) covered 
with plastic sheeting. Demoulding after one day was followed by three days of water 
curing. After this the samples were stored in plastic bags and transported to the
laboratory for cracking. 

Cracking
Cracking was performed 5-7 days after pouring and to create a crack of desired width 
the samples where subjected to uni-axial stress and displacement controlled loading. 
In the beginning, the samples where cracked using closed-loop equipment with COD-
transducers (Crack-Opening-Displacement). This method was too time consuming to 
use for the large number of specimen to be cracked. Therefore, a simpler method with 
controlled stroke displacement speed was used. The load was applied with a rate of 
deformation of 0.02 mm/s until the desired crack width was obtained. To make the 
cracking of samples rational a device with friction grips was also designed for the 
fixation to the loading equipment. The friction grips and the equipment used for 
cracking are shown in Figure 5.2.

Since the friction grips have quite small dimensions it is not stiff enough to prevent
some rotation of the sample during the cracking process. This gave a non-uniform 
crack with over the cross section of the sample. The crack width was therefore 
adjusted by hand to the desired value. Since no full fracture mechanical evaluation
was needed this methodology is considered to be acceptable. The major purpose is 
solely to create a crack of desired width. 

For the majority of the samples the cracking technique was suitable. On the other 
hand, the samples with alkali free accelerator did not receive the expected strength. 
After one week the samples where crushed when the clamping pressure from the 
friction grips was applied before cracking. An attempt to extend the storing up to two
weeks did not give any significant increase in compressive strength. Therefore, the 
alkali free samples where excluded from the investigation. One effect that possibly
could explain the lowered strength is the continuous mixing of the concrete after
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addition of the alkali free accelerator until pouring the sample. According to a 
compilation of mechanisms by Nordström (1997) the alkali free accelerators trigger
the early ettringite production that gives early strength development and activation of 
the C3A component. If these early bindings are broken by the mixing during the first 
10-20 minutes it might destroy some of the contribution from the C3A-clinker in the
cement and therefore reduce the total strength of the concrete. To be noticed is that 
this effect could not be seen for the water glass accelerators that mainly accelerate the 
setting.

Concrete
sample Friction

grip

Welding
gun

Figure 5.2 Device with friction grip for uniaxial testing (top left). Test rig for 
displacement controlled cracking of samples (top right). Sketch of 
friction grip from above (low centre).

A further development of the friction grip equipment could be made to increase the 
stiffness and minimize the effect of rotation. This would make it possible to get a 
uniform crack width over the cross section without adjusting it by hand (see Figure 
5.3). From Figure 5.3 it can be seen that the concrete sample is clamped inside a 
notched steel tube that is welded to a steel plate. A potential effect to take into
consideration is the effect of applying a radial pressure on the sample and the 
contribution this has on the results. If it works the time consuming technique to glue 
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concrete on steel plates, as is common in fractural mechanical testing of concrete (not 
used here), could be eliminated.

Clamping device

Notched
concrete sample

Steel plate

Notched steel
tube

Figure 5.3 Suggested design of friction grip for uniaxial testing. 

5.2.3 Electrochemical measurements

In the second set of the study, i.e. when examing the effect of accelerator, a technique 
to monitor the corrosion process was tested. The main features of the method are 
developed for control of systems for cathodic protection as can be found in the 
standard SS-EN 12696. The schematic sketch over the test set-up is shown in Figure
5.4. The purpose is to monitor the changes in potential to get an indication of when 
the corrosion process starts. 

Monitored sample

Water inlet

Water feeding

Red-Rod
electrode

Holed steel sheet

Ground wire

Data logger

Titanium rod

Steel fibres

Figure 5.4 Schematic sketch over monitoring equipment in steel storage tank (left)
Principal sketch over cross-section of concrete sample showing placing 
of fibres (in reality 10 fibres) and titanium rod (right). 
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The monitoring equipment consists of a concrete sample where 10 fibres are 
connected to each other. Measurements on the fibres will therefore be an average of 
the behaviour for 10 samples. A titanium rod with a coating of noble metal is placed 
in the centre of the fibres and is supposed to register changes for a metal with known 
behaviour. The reference electrode (Red-Rod) is used to get a value of the true 
potential the Red-Rod electrode give a reference potential of +204 mV (at +20 °C)
compared to a SHE (Standard Hydrogen Electrode). To keep the Red-Rod electrode 
in water also during the “dry periods” (see 5.2.4) it is installed in a small box where 
there is a constant water level independently of the conditions of the concrete samples
in the storage tank. 

5.2.4 Exposure environment

The accelerated exposure test where started approximately 30 days after pouring of 
the samples. Two types of exposure environments are used in the both sets and the
cycle is similar for both chloride and tap water environment:

CHLORIDE - Submerged in water with 3.5% chlorides (3 days) + Air with RH 50% 
(4 days). 

TAP WATER - Submerged in water (3 days) + Air with RH 50% (4 days). 

Control specimen stored continuously in air with RH 50% where also made in the 
first set of the exposures. Ambient temperature was 20°C (+/- 2°C) for all 
environments.

The choice of climate and cycle in the two chambers is made to accelerate the
corrosion process sufficiently. Input to the selection of chloride concentration and 
cycle length is based on the literature study presented in section 3. The CHLORIDE 
environment can be related to a real situation with splashing of water from de-icing 
salts and the structure being sheltered from rain (like in a road tunnel situation). 
When it concerns chloride concentration the target is to create a high concentration 
inside the samples. On the other hand a too high concentration will give rise to a risk 
for formation of salt crystals inside the cracks, which might make the process deviate 
too much from real conditions. The TAP WATER environment simulates a situation
where the structure is not sheltered from rain or in connection to water with large 
fluctuations (e.g. intake tunnel to a hydro power plant). 

When choosing the RH of the air fanned down into the storage tank there where two 
obvious options. This was due to the access to climate chambers having 50% or 65% 
RH. The lower level was selected since the possible period of drying the samples
from completely soaked to a state where corrosion propagates at maximum speed 
(RH 80-95%) was only a couple of days (7-days cycle). There are large uncertainties 
regarding the humidity conditions inside the crack and this is not studied in detail 
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here. Capillary action, evaporation and supply of water from the surrounding concrete 
makes estimation difficult. 

During set I of the tests a continuous follow up of the climatic conditions inside the
storage tank and in the climate chamber was made with loggers that registered 
temperature and RH. In addition the pH and the red ox-potential in the water were 
measured approximately every two weeks. Addition of tap water was made monthly
in both systems (chloride & tap water) since the continuous evaporation by fanning
otherwise would increase the chloride content in the remaining water. The only loss 
of chlorides is by removal of samples containing chlorides, but this is considered
being insignificant on the total concentration. In set II only a few control
measurements where made.

In Figure 5.5 the equipment for acceleration of corrosion is shown. The principle is 
that the samples are stored (horizontally) in the storage tank all the time. The 
temperature is constantly kept at +20°C.

TimerWater
tank

Pump

Fan

Magnet
valve

Storage
tank

Figure 5.5 Equipment for accelerated laboratory exposure tests. 

The sequence to create the climate described is: 

1. Submerged in water (chloride or tap water)– 3 days 
2. Evacuation of water by pumping to water tank 
3. Air (RH 50%) from the climatic chamber is fanned into the storage tank –

4 days. 
4. Water is let back into the storage tank by opening the magnet valve. In set II 

the water also passes the box for the reference electrode 
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5.2.5 Evaluation after exposure

The evaluation was made in the same manner as in the field exposure tests (see 
description in section 4.3.5). Drying, vacuum treatment, water saturation and freezing
made the fibres easy to free from the concrete matrix. Samples where taken out at 70, 
120 and 365 days of exposure. In set II some mistakes where made and for some 
samples the sets of data are incomplete. Examinations of the samples were also made
as in the field exposures with pickling of iron oxide and measurement of fibre 
diameter in the corroded area with a micrometer. Broken fibres are considered to 
have lost 100% of the fibre diameter. 

5.3 Results 

5.3.1 Fibre corrosion

In general, corrosion has been initiated on all samples with low carbon steel already 
after 70 days (independent of crack width, fibre length, accelerator). In the following
a compilation of the results is described. Figure 5.7 and 5.8 show the loss of fibre 
diameter in the crack region with correlation to crack width, fibre length and 
exposure environment. From the figures it can be seen that samples stored in the
CHLORIDE environment corroded more than samples stored in TAP WATER 
environment. Another difference observed is that some of the fibres (mainly
105 mm:s) stored in the CHLORIDE environment show an oxide layer on other parts 
of the fibre length than exposed in the crack region (see Figure 5.6). This implies
formation of micro-cell corrosion on other places along the fibre. On the other hand
the oxide layer on parts not exposed in the crack was very thin and no severe attack 
on the fibre could be seen. This effect could be possibly be explained with the 
pouring technique. Inhomogeneous encapsulation by the concrete surrounding the
fibres could make chlorides penetrate the interface between fibre and concrete. As 
previously mentioned this is also only accentuated in samples with long fibres. 

As can be seen from Figure 5.7 the influence of crack width is obvious. The 
difference between crack width 0.5 and 1.0 mm is however very small for the 
CHLORIDE environment whereas the 1.0 mm samples corroded much more than the
0.2 mm and 0.5 mm samples in the TAP WATER environment. An important aspect
is to take into consideration the deviation of results for samples with exactly the same
test conditions. Table 5.5 and 5.6 shows the calculated standard deviations from set I. 
To keep in mind when studying the standard deviations is that the distance to the 
crack mouth has not been considered (can differ up to approximately /2= 57/2=
28,5 mm). So the standard deviation is not solely depending on a large scatter in the 
amount of corrosion on single fibres but also on other parameters (embedment, crack 
width, stability for position during pouring). See further discussion in sections 5.4
and 5.5. 
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Figure 5.6 Corroded area in crack from accelerated exposure tests in CHLORIDE 
(left) and TAP WATER (right) environment. (L= 70 mm, w= 1.0 mm,
70 days of exposure). (The lines at the bottom is a mm-scale)
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Figure 5.7 Average loss of fibre diameter - influence of crack width (L=70 mm).
CHLORIDE environment (left) and TAP WATER environment (right).

When studying the influence from fibre length in Figure 5.8 a more severe attack 
with increased fibre length can be seen for the CHLORIDE environment. For the 
TAP WATER condition, the 35 mm samples corroded more than the 70 mm samples
throughout the whole test series. Which is opposite to the expected behaviour (shorter 
fibres corroding more!?).
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Figure 5.8 Average loss of fibre diameter - influence of fibre length (w=0.5 mm).
CHLORIDE environment (left) and TAP WATER environment (right).

Table 5.5 Standard deviation (loss in percent of original diameter), on loss of fibre 
diameter from accelerated exposure tests in CHLORIDE environment –
Set I 

Fibre length: days of exposure 
35:70 35:120 35:365 70:70 70:120 70:365 105:70 105:120 105:365

0.2 - - - 14.5 21.4 31.0 - - -

0.5 6.9 13.9 26.5 17.2 21.3 5.9 30.7 26.7 9.4

C
ra

ck
 w

id
th

 
(m

m
)

1.0 - - - 20.3 25.8 16.9 - - -

Table 5.6 Standard deviation (loss in percent of original diameter) on loss of fibre 
diameter from accelerated exposure tests in TAP WATER environment –
Set I. 

Fibre length: days of exposure 
35:70 35:120 35:365 70:70 70:120 70:365 105:70 105:120 105:365

0.2 - - - 13.4 13.6 20.6 - - -

0.5 15.2 26.4 33.0 12.4 15.8 26.7 30.6 24.5 28.9

C
ra
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 w

id
th

 
(m

m
)

1.0 - - - 13.4 19.2 30.7 - - -
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The results from the second set of the accelerated exposures, i.e. where the influences 
from the steel type and use of accelerators were studied, can be found in Figure 5.9. It 
is clearly shown that both stainless steel and galvanized fibres performed better than 
the low carbon steel. At the last evaluation after one year the galvanized samples also 
showed some corrosion and the protective layer must therefore be considered to be 
consumed. In the TAP WATER environment the total loss of fibre diameter was 
documented to be higher after 120 days than after 365 days for the low carbon 
samples. However, there are some uncertainties regarding the marking of these 
samples and they could be mixed up with each other. Also, the samples with water
glass accelerator show a higher resistance to corrosion attack in the TAP WATER
tests. In this environment the protective effects from the water glass might be an 
explanation to this behaviour. 
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Figure 5.9 Average loss of fibre diameter in CHLORIDE (left) and TAP WATER 
(right) environment. Influence of steel type and water glass accelerator.
(LC= Low Carbon)

Table 5.7 Standard deviation (%) on loss of fibre diameter from accelerated 
exposure tests – Set II. 

Steel type / accelerator: days of exposure 
LC:70 LC:120 LC:365 GS:70 GS:120 GS:365 LC/WG:365

Chloride 24.0 29.5 26.8 0.6 0 10.5 16.5

Ex
po

su
re

en
vi

ro
nm

en
t

Tap
Water

20.0 17.1 29.1 1.4 0 18.8 21.2

LC= Low Carbon ; GS= Galvanized Steel; WG= Water Glass
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5.3.2 Exposure environment

An example of the recorded values on RH can be seen in Figure 5.10. More data for 
set I can be found in appendix G. It can be seen that the conditions in the climate 
chamber seems to be varying a lot. In general the RH-level during the ”dry” period of 
the cycle is roughly 65-70% inside the storage tank. A decrease can be seen as the
50% RH air from the climate chamber successively lowers the RH in the storage 
tank. The air surrounding the storage tank seems to be affected by the humid air 
being pressed out from the tank. 

To control the water quality and possible changes during the exposures measurements 
of the pH and red ox-potential was made once every two weeks, see Figure 5.11. For 
the CHLORIDE environment there is a slow acidification where pH has decreased
from 9.7 to 9 during the exposure tests. This can also be seen on the red ox-potential 
that is increasing. 
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Figure 5.10  Measurements of temperature (left) and RH (right) in storage tank and
climate chamber during set I of the exposures. 
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5.3.3 Electrochemical measurements

The test setup with measurements of the change in potential was partly a test to see if 
this type of measurements could be used and what kind of results it was possible to 
achieve. In Figure 5.12 the resulting development of the potential during the “wet”
periods can be seen (measurements during dry conditions eliminated in the graph). It 
is only when the circuit is closed that correct measurements of the potential can be
measured i.e. during the periods when the storage tank is filled with water. It is 
however possible to get numerical results also during the “dry” periods since the
concrete samples stay wet for a while and thereby are connected via the holed steel
sheet they are stored on. As can be seen the titanium rods are quite stabile with a 
relatively constant potential during the tests. For the steel fibres the potential is 
increasing with time, but no major differences can be seen between the samples with 
different crack widths (w=1.5 mm and 0.5 mm). 

In the diagram the repeated fluctuations in potential is correlated to the change of 
humidity conditions in the sample. In the beginning of the dry period, the concrete is 
saturated with water but with time the concrete sample is dried out, until next cycle 
when the sample is submerged in water. Trend curves are implemented to see the 
general behaviour during the test, and the correlation to the trend is presented with 
the correlation factor R2 where a value close to 1 can be interpreted as a good 
correlation to the trend curve. 
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Figure 5.12 Measurements of potential for fibres and titanium rods in concrete
samples with w= 0.5 mm (left) and w= 1.5 mm (right). Samples stored in
CHLORIDE environment 

81



Chapter 5 - Laboratory exposure tests 

5.4 Correlation to the field exposure tests 

With results from both the field exposures (presented in chapter 4) and the 
accelerated laboratory tests it should be possible to make a correlation between them 
to find the degree of acceleration. In the following, it is examined whether it is 
possible to establish a correlation between field and laboratory exposures. 

Firstly it should be noticed that, there are differences between the samples exposed in 
the field and laboratory exposure tests. The shortest fibre length used in the
laboratory tests is 35 mm and in field it is 30 mm. Studying the left part of Figure 5.8 
it can be seen that an increase of fibres length from 35 to 70 mm gives an increase in 
the loss of fibre diameter from 31 to 49 % after 120 days of exposure in the chloride
environment. In a rough approximation the loss of fibre diameter a 30 mm fibre 
would have received in the laboratory exposures can be estimate as: 

%295*
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)120()120(

)120()120()( 3035
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 (5.1) 

where:

)(, iel t  is the loss of fibre diameter for a fibre with length l (mm), exposed in an 
accelerated environment of type e (Cl= Chloride / Tap= Tap Water) examined after 
time ti (%). The parameter i indicates what exposure type it was (f= field / a=
accelerated).

Using linear extrapolation a 30 mm fibre would have corroded 29 % in the 
accelerated tests according to the estimations presented in equation (5.1). 

In Figure 5.13 the development of diameter change due to different corrosion rates in 
field and lab are presented. If a linear trend with corrosion rate as between year 2.5 
and 5 is assumed the time to reach the same loss in the field exposures as after 1 year 
of accelerated exposure can be calculated as: 
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where )( ii t  (mm) is the fibre diameter for a fibre exposed in exposure type i after
time ti . The parameter  expresses the rate of corrosion (in mm/day) in a field 
exposure at exposure environment j (RV40 / EUG / DAL).
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The extrapolation shows that it will take another 50 years of field exposures before it 
will reach the same loss of diameter as after 1 year of accelerated exposure. If the 
standard deviation in the results from the accelerated exposures is taken into 
consideration the results from equation (5.4) can vary between 28 and 73 years. 
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Figure 5.13 Development of diameter loss in laboratory (Chloride, L=35 mm,
w=0.5 mm) and field (Rv40, W30, L=30 mm, w=0.5 mm) exposures. 

Since almost no corrosion has been detected in the River Dal and Eugenia samples
(very few fibres) no significant correlation between laboratory and field can be made.
A problem with the correlation between the laboratory and field exposures is that the
shape of the curves describing the loss of fibre diameter is different. In the field 
exposures there is a more obvious trend with high corrosion rate during the first 2.5 
years and almost no difference between year 2.5 and 5. In the laboratory exposures 
only a slight reduction of the corrosion rate with time can be seen for most of the 
samples. This might be an indication of a difference in the corrosion process. Future 
evaluations of the field exposures would strengthen the possibilities to connect the
different exposure types. 
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5.5 Discussion 

A question possibly raised regarding the pouring technique is the risk for fibres to get 
in direct electrical contact with each other. This is a possible scenario especially for 
longer fibres. Since macro-cell corrosion will be dominant in cracked concrete this 
situation is not necessary a problem. The sum of cathode area with e.g. two fibres 
being connected in relation to the combined anode area will still be the same and 
should therefore not affect the corrosion process. 

In this study of the technique to accelerate the exposures no measurements of the
amount chlorides penetrated the samples has been made. Focus was instead to find
out the degree of corrosion on the fibres. 

To take into consideration when studying the standard deviations are that all fibres
from the cross sample cross section are included. That leads to that both fibres 
exposed close to the crack mouth and in the centre of the sample as well as both 
fibres with or without corrosion are included in the deviation. The results are 
calculated as an average for all fibres in the sample. Differences in crack width and 
success with embedment of the fibres are other potential sources for large scatter. 
Some of the fibres could have been broken by corrosion or by the process of 
removing them from the degraded concrete. They could have been broken even if the 
loss of diameter was less than e.g. 90%. No fibres with loss of more than 90% were 
detected. In the calculations all broken fibres are treated as having lost 100% of the
fibre diameter that might show a slightly larger loss than the true value. 

The accelerated exposures show that there is an increase in the degree of corrosion
attack when the crack width exceeds 0.2 mm (CHLORIDE) and 0.5 mm (TAP 
WATER). It is therefore obvious that corrosion will be initiated also in relatively thin
cracks when chlorides are available. The influence from fibre length is more easily 
interpreted for the chlorides environment with increased attack with increased length.
For the tap water samples the 35 mm fibres corrode faster than the 70 mm fibres at all
occasions for evaluation. To this no explanation has been found. 

The influence from steel type show that the stainless steel fibres seem to give a very 
good protection with no corrosion initiated after 1 year in chloride environment (50 
years in field). The protective zinc layer on the galvanized fibres on the other hand 
seem to have been consumed after one year with initiated corrosion. Under severe 
conditions stainless steel fibres could be motivated to keep the residual strength at a 
wanted level.

Use of water glass accelerator did not affect the behaviour for the low carbon steel in
chloride environment, but in tap water environments it seem to have a protective 
effect.
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It is difficult to estimate the humidity conditions in a concrete crack. The humidity
conditions are also very important in trying to understand the mechanisms ruling 
initiation and propagation of corrosion in cracks. On the other hand short time 
variations should be of little interest when estimating the service life in a 100-year 
perspective. Some kind of average environment is possibly more interesting in 
creating a model for prediction of durability.

The decrease of pH in the chloride environment is difficult to explain and the general
level is also higher than in a real situation. Measurements by e.g. Paulsson-Tralla 
(1999) show pH in the region of 7 in water from a road surface subjected to de-icing 
salts and this should be depending on the continuous addition of fresh water from
precipitation.

The measurements of potential during the exposures in the second set showed a 
reduction of the negative potential with time. This can be taken as an indication on 
that the corrosion rate is decreasing with time. It also has the same bi-linear 
behaviour as can be seen on the loss of fibre diameter (not that accentuated). The 
titanium rod is more or less constant in potential that is a sign of that there is no 
corrosion ongoing. One possible explanation to the change in corrosion rate shown in 
both the loss of diameter and the potential measurements is that the corrosion 
products makes it more difficult for oxygen to get access to the anode area. 

If the rough estimations on correlation between field exposure tests and laboratory 
exposure tests is used to extrapolate the coming behaviour, the samples with 30 mm
Fibres and 0.5 mm crack width will need more than 50 years exposure in the Rv40 
environment to show the same degree of attack as in the accelerated exposures 
achieved in one year. 

5.6 Conclusions 

Keeping the large uncertainties, depending on limited number of test data, in mind
the following conclusion can be drawn from the evaluations of the accelerated
laboratory exposure tests:

- In general the methodology chosen can be used in accelerated exposure of cracked 
steel fibres samples. The acceleration is roughly estimated as 1 year in lab. 
represents 50 years in the environment at Rv40. 

- In the chloride environment longer fibres corrode faster than shorter ones. An 
approximation is that a change of fibre length with 10 mm should give a change in 
loss of diameter in a crack of roughly 5%. In the tap water environment the results 
are more contradictory.

- An increased crack width gives a larger loss of fibre diameter.
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- Use of stainless steel fibres show a very good behaviour against corrosion whereas 
galvanized fibres only give a longer time to initiation but no full protection. 

- The corrosion rate decrease with time in the accelerated exposures. 
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6 LOAD-BEARING CAPACITY
6.1 Introduction

A large variety of models are available to describe the contribution from fibres to the 
strength of fibre reinforced concrete. Mainly there are two different philosophies of 
modelling. Either the concrete with fibres is considered as a “new” material or more
correct as a composite with other fracture mechanics properties than the plain 
concrete, or the fibres are considered as reinforcement in the concrete. To estimate
the influence from loss of fibre diameter it has, in this work, been decided to use the
reinforcement based approach. Thus, the load-bearing capacity will be studied by 
modelling the effect of corrosion on the steel fibre reinforcement separately.

6.2 Pull-out resistance

When looking upon fibres as reinforcement, the contribution to residual strength after
cracking is very much based on the pull-out resistance. The ductility of the material
is achieved when the fibres are pulled-out from the concrete. The fibres are designed
with a length, diameter, shape and sufficiently high tensile strength so that the fibres 
do not rupture (with brittle concrete failure as a consequence), see e.g. Li & Stang 
(1997) where a review of different active mechanisms to describe the pull-out 
behaviour are presented. A more recent complete pull-out-model can be found in van 
Gysel (1999). Moreover, an illustrative paper on the influence on pull-out behaviour 
from hooked end steel fibres can be found in Weiler & al. (1999) where this has been 
studied, see Figure 6.1. In the figure the effect from the hooked ends is obvious with 
two load peaks that coincide with the stage where the fibre is passing the corners in
the imprint the fibre made in the concrete. The effect is also studied by other
researchers in direct pull-out tests of single fibres like in e.g. Groth (2000). 

Briefly, there are three different mechanisms during the pull-out of a fibre that 
contributes to the ductility. 

Debonding in the interface zone between fibre and concrete matrix. The 
debonding starts at the crack surface and propagates along the interface. 
Friction between fibre and concrete in straight parts, in curved parts (for 
hooked end) and additional contribution of remaining irregularity (not fully 
stretched) at large slip of hooked end fibres. 
Deformation of the steel fibre during pull-out or if the fibre has a non-
perpendicular angle to the crack surface 
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Figure 6.1 Load-slip curve of pull-out from epoxy resin and photos from different
stages, Weiler & al. (1999) 

When a concrete is cracked, at some slip the fibre is completely debonded from the 
concrete and only friction and fibre deformation is still contributing to the pull-out 
resistance. Li & Stang (1997) suggested the following relation to describe the pull-out
behaviour after the fibre completely has debonded from the concrete. 

(6.1)2
2100 )( sasas

where 0 is the ultimate frictional stress for the interface between concrete and steel 
fibre before the fibre starts to slip (the slip distance s= 0). The coefficients a1 and a2
are empirical constants from direct pull-out tests of single fibres. With sufficient
experimental data the equation can be used for any fibre and concrete type. Equation 
(6.1) is used in the modelling of load-bearing capacity presented in section 6.5. 

Values of the parameters in equation (6.1) and the mix design from single fibre pull-
out tests by Li & Stang (1997) can be found in Table 6.1 and Table 6.2. The fibres 
and mix design used are almost similar to the types used in the field exposure tests 
presented in section 4. with the exception that a small amount of polypropylene (PP) 
fibres has been added in the tests by Li & Stang. Another difference is that the mix is 
made with a w/c-ratio of 0.47 as compared to 0.42 in the field exposures.
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Table 6.1 Mix proportions [kg/m3] (Li & Stang, 1997) 

Component
Cement 500
Sand 810
Gravel 810
Superplasticizer 20
Water 238
Polypropylene fibres 10
Steel fibres* (30/0.5) 75

     * Hooked ends

Table 6.2 Parameters from single fibre pull-out tests by Li & Stang (1997) 

Parameter Value
[MPa] 4.5

a1 [MPa/mm] -2.0
a2 [MPa/mm2] 0
s=slip range* [mm] 0.3
* range tested in experiments

Since the pull-out tests show the real behaviour no matter what contribution there is 
from the different mechanisms, it can be used for estimation of the load-bearing
capacity. In the tests by Li and Stang the interval of testing the behaviour is only up 
to a slip of 0.3 mm (slip range). The slip is defined as the fibre movement after 
debonding in the interface between steel and concrete. For crack widths larger than 
w= 0.3 there will be some uncertainty of the actual behaviour since it has not been
verified via experiments. As there is a lack of available data for larger slips this will 
be used anyway. 

One parameter missing in the laboratory tests by Li & Stang (1997) is however the 
contribution from non-perpendicular fibres which of course is of importance and has 
been studied by e.g. Banthia and Trottier (1994). If the fibre inclination differs from 
perpendicular to the crack, the achieved peak load is slightly lowered,. see one 
example in Figure 6.2 taken from the reference. Most obvious is that the peak load is 
present at larger fibre slips and that the reduction is not so large as could be expected. 
The interpretation of the behaviour is that the failure mode changes with increased
inclination of the fibre. With a larger inclination, instead of increasing the pull-out 
resistance due to increased friction, the fibre starts to spall the concrete giving no 
extra contribution to the pull-out resistance according to Banthia and Trottier (1994). 
If the matrix strength is increased a higher pull-out resistance can be achieved but on 
the other hand the risk for fibre rupture is also higher. 
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Another parameter of influence not taken into consideration is that the fibres can be 
embedded only on a small part of the length on one side of a crack. Embedment
smaller than l/2 lowers the pull-out resistance since the pull-out will start in the part 
of the fibre with shortest embedment (lowest pull-out resistance). 

Figure 6.2 Example of influence from different inclination angles between pull-out 
direction and fibre (Banthia & Trottier, 1994). 

6.3 Fibre distribution

One parameter of great importance is the fibre distribution in the concrete samples. It 
is important when considering the cracking mechanisms in fibre reinforced concrete 
i.a. how, and especially where, a crack will localize and propagate through the 
concrete. In the investigation of old sprayed concrete samples it was a bit confusing
to find quite few fibres in the cracked region. This can be an effect due to crack
localization to a section where there are few fibres present. The fibre distribution will
also be of great importance in the estimation of residual strength capacity in a 
service-life perspective. The number of fibres crossing a crack will rule the capacity 
and how many fibres that are affected by corrosion. It is well know that fibres in 
sprayed concrete will be distributed in a 2D-orientation due to the pneumatic placing 
of the concrete (see e.g. Ramakrishnan, 1981). This also has to be taken into 
consideration in a calculation of the fibre amounts crossing a crack. 

The influence from fibre distribution has been observed by Isaksson & 
Grändås (1999) in standardised testing of residual strength and fibre amounts on 
sprayed concrete beams. The tests referred to are based only on a few samples and 
should be completed with further investigations to verify the results. Nevertheless, 
the results support the belief that the localization and propagation of a crack can be 
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directed to parts of the concrete with fewer fibres. In Table 6.3 some results from the 
comparison is presented. In Figure 6.3 and Figure 6.4 the resulting residual strength
behaviour is also shown. Originally, it is the same mix prerequisites but mix 1 show a 
very bad performance when it comes to residual strength and mix 2 shows a very 
good behaviour. As can be seen in Table 6.3 the amount of fibres crossing a section 
in the crack region for which is much lower than in a cross section a short distance 
beside the crack. 

Table 6.3 Example of results from measurements of fibre amount from hardened
sprayed concrete samples. (Isaksson & al. 1999) 

Parameter Unit Mix 1 Mix 2 
Concrete volume dm3 1.020 1.038
Compressive strength MPa 51.6 54.3
Sample weight kg 2.317 2.402
Fibre* weight kg 0.0723 0.0770
Concrete density kg/m3 2271.0 2315.1
Fibre density kg/m3 7850.0 7850.0
Fibre amount** volume-% 0.90 0.95
Fibre amount kg/m3 70.9 74.2
Fibres in crack pcs 28 114
Fibres in a parallel, sawed, section
60 mm from the crack plane.

pcs 97 254

* Fibres used are Dramix 30/0.5, L=30 mm, hooked end 

** Measured by crushing
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Figure 6.3 Load-deflection curve for Mix 1. Four-point bending of sprayed
concrete samples according to ASTM C1018 (Isaksson & al, 1999). 
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Figure 6.4 Load-deflection curve for Mix 2. Four-point bending of sprayed
concrete samples according to ASTM C1018 (Isaksson & al, 1999). 

From the tests above it is obvious that the number of fibres crossing the crack can be 
much lower than the amount a short distance from the crack. It is obvious that the 
residual strength is very much dependent on where the crack is localized and how 
many fibres that cross the crack.

In Holmgren & al. (1997) a method to estimate the distribution of fibres in concrete is 
presented. The method is based on tests and evaluation methods reported in
Kasperkiewicz & al. (1978). In Figure 6.5 the diagram shows, for a 2D fibre 
distribution, how the ratio A/n [cross-section area / no. of fibre] correlates to the fibre 
amount Vf [volume-% of fibres]. The ratio A/n can also be expressed as :

n
A (6.2)

where A is the cross section area and n is the number of fibres crossing a crack. 

If the figures in Table 6.3 (Vf= 0.90% / 0.95%) is compared with Figure 6.5 the 
method suggested by Kasperkiewicz give that = 35 mm2 and  33 mm2 respectively.
If a cross section of 125*75 mm is assumed, inserting values and solving n from 
Equation (6.2) give that 268 and 284 fibres would cross a cross-section of the sample.
The tests by Isaksson and Grändås (1999) give for the two beams 97 and 254 fibres in 
the cross section respectively yielding the analytical calculation giving an
overestimation of about 176 % and  12 % respectively.

In the field exposures presented in chapter 4, an initial fibre amount of 75 kg/m3

(0.95 vol-%) was added to the mix and the same beam size was also used 
(125*75 mm). If taking the overestimation according to above into account there
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should be somewhere between 284/1.12= 253 and 284/2.76= 103 fibres crossing the
crack. A control measurement of the crack surface of 10 randomly selected samples
from the field exposure tests give that 101 fibres (standard deviation= 30 fibres) are 
crossing the crack. This corresponds to 26 kg/m3 (0.33 vol-%), which is very low 
compared to the initial fibre addition. It is also quite close to the value taking a high
overestimation into consideration. The difference might be explained with bad fibre 
distribution and/or heavy fibre rebound at the spraying. Rebound figures in the 
interval 10-40% has been reported by Kobayashi (1983). Concluding this, the model
presented by Kasperkiewicz & al (1978) must be seen as quite unsecure for sprayed 
concrete, since neither fibre rebound nor fibre distribution is taken into consideration 
in the model.

Fiber diameter= 0.3 mm

Fiber diameter= 0.4 mm

Fiber diameter= 0.5 mm

Vf [vol-%]

A
 / 

n 
[m

m
2 ]

Figure 6.5 Estimation of fibre distribution in a cross-section of a fibre reinforced 
concrete sample. (Holmgren & al., 1997) 
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Table 6.4 Number of fibres crossing a crack surface on field exposure samples

Beam Surface 1 Surface 2 Sum
1:5B 60 69 129
D:6A 35 47 82
2:2A 90 75 165
7:3A 50 35 85
1:4B 51 45 96
1:4A 42 48 90
1:6A 37 32 69
3:5B 41 44 85
A2A 66 74 140
C7A 34 39 73

Average 50 50 101

6.4 Influence from corrosion 

As it can easily be understood the diameters of the fibres in a crack are reduced as a 
result from a corrosion attack. The loss of diameter and the following reduction in the 
tensile capacity of the fibre will limit the load-bearing capacity of the fibre reinforced 
concrete. Finally the reduction of tensile capacity of fibres will coincide in a point 
with the pull-out resistance given by the embedded part of the fibre inside the 
concrete. Then the fibre will rupture instead of being pulled out. The process will be 
continuous with fibre rupture on fibres close to the crack mouth first and then 
successively on fibres deeper in the crack with increased time.

6.5 Analytical model

In the design of supports with sprayed concrete and in combination with bolts, like in 
rock support, the bending capacity is an important factor. Below the influence from
corrosion on fibres in the crack region on the residual strength capacity is modelled.

Kosa (1988) suggested a simplified model for calculation of the effect of reduced 
cross section for fibres in bending. The model takes into consideration the change 
from pull-out after bonding failure in the interface between fibre and concrete to 
tensile failure of the fibres with reduced diameter. One weakness with the Kosa
(1998) model is related to crack widths of relevance. In a service-life model where 
corrosion is taken into consideration, the crack widths of interest is commonly
> 0.1 mm. At these slips (the slip distance is assumed to be similar to the crack width) 
the fibres have debonded (at least in the outer parts of the crack) and the bond 
strength is no longer of interest. 

Instead, the pull-out resistance models by Li & Stang (1997) are used since they are 
more representative to the situation with larger crack widths than the one used by 
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Kosa (1998). It is also assumed in the calculations that for larger cracks (w>0.5 mm)
the majority of the fibres crossing the crack already have started to slip. In the deeper 
parts of the crack (with smaller crack width) this might not be the case, but on the
other hand the lever for these fibres is much smaller in bending. Therefore they do 
not contribute to the capacity to any great extent in a sprayed concrete structure with 
common Scandinavian dimensions (thickness of 35-150 mm).

In the following text an attempt is made to create an analytical model for estimation
of the influence on the load-bearing capacity with increasing loss of fibre diameter
with time. A schematic illustration of the model is presented in Figure 6.6. 

Cracked concrete Concrete Uncorroded fibre
corroded fibers

Tc fct

c
Cc

Tf

0

(w)

Tfs

H

L

x

Reduction due
to fibre slip

Figure 6.6 Illustration of analytical model for flexural load-bearing capacity on a
cracked fibre reinforced specimen.

As mentioned the fibre density   at the crack surface can be presented as in 
Holmgren & al (1997): 

A
n (6.3)

where A is the beam cross-section area and n is the number of fibres crossing a crack. 
The tensile force capacity (Tc) in the concrete will be:

)(
2

LxHBfctTc (6.4)

where fct is the tensile strength of the concrete, B and H are the beam width and 
height. The parameter x is the height of the compressive zone and L is the length of 
the crack. The compressive force capacity in the concrete Cc will, in a similar way be: 

2
xBC cc (6.5)
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The parameter c represents the maximum compressive stress for the concrete. 
Looking at Figure 6.6 the following relation can be used: 

)(
)(

LxH
xfct

x
LxHfct

c
c

(6.6)

Inserting (6.6) in (6.5) will give: 

)(2

2

LxH
xBfctCc (6.7)

If it is assumed that the fibres are ideally placed with one half of the fibre embedded
at each side of the crack the resulting ultimate tensile force capacity, Tf (or pull-out 
force), will be: 

02
lLBTf (6.8)

where 0 is the ultimate frictional stress for interface between concrete and steel fibre 
according to Li & Stang (1997),  is the fibre diameter and l is the fibre length. The
reduction of the pull-out force due to fibres slipping, Tfs, when the crack opens is
calculated as

2
)(

2
wlLBTfs (6.9)

where (w) is the reduction of frictional stress due to fibre slip (assumed to be 
similar to the crack width=w). Assuming a horizontal force equilibrium gives:

0ffscc TTTC (6.10)

The height of the compressive zone x can be calculated when inserting equation (6.4) 
and (6.7) in (6.10) which will result in: 

))((
))(5.0()(

fsf

fsfct

TTLHBfct
TTLHBfLH

x (6.11)

The average slip at different levels in the crack is assumed to be similar to the 
average crack width (s=w). It is also assumed that all the slip occurs at one half of the 
fibre and not symmetrical on both sides of the crack. When corrosion is initiated the 
“corrosion front” should propagate from the fibres close to the crack mouth inwards 
to fibres deeper in the crack. The fibres will start to rupture when the fibre strength is 
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lower than the pull-out resistance due to friction. If a linear corrosion attack is
assumed (highest at the crack mouth, zero at the crack bottom) (see Figure 6.7) the
following calculation can be made. 

(z)L
z

Ruptured
fibres

Figure 6.7 Analytical model for loss of fibre diameter at different levels due to
corrosion in a crack. 

Due to uniformity the corrosion attack at level z can be expressed as: 

L
zz)( (6.12)

where (z) is the reduction of fibre diameter due to corrosion at level z. The 
parameter z describes what level the change from pull-out to fibre rupture occurs. 

A fibre will rupture when the tensile force capacity (Tfc
i) of a single corroded fibre 

(depending on fibre strength) is lower than the tensile force capacity for a single
uncorroded fibre (Tf

i) (depending on pull-out resistance):

(6.13)i
f

i
fc TT

))((
24

))((
0

2

L
zwlzfst (6.14)

At the crack mouth the reduction of fibre diameter when fibres start to rupture ( c)
can be calculated by using equation (6.14) and inserting equation (6.12) and 
assuming z=L. Solving  from the equation will give: 

fst
lLzc

)(2
)( 0 (6.15)

If  < c it is obvious that z=L, when  > c a calculation of z can be made by 
inserting (6.12) into equation (6.14) and then solving z:
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The reduction of the fibre diameter can be calculated as: 

eee ttrt )()( (6.17)

where r(te) is the rate of corrosion and te is the time of exposure. 

It is assumed that r(te) is decreasing linearly inwards to zero in the crack bottom. This 
is not actually the case in the later stages of the process according to the results from 
the field exposures (see Figure 6.8). In the beginning, fibres deep down in the crack 
show a small amount of corrosion but at the last evaluation no increase in the attack 
could be seen. After 5 years of exposure the amount of empirical data from the field 
exposures is very limited and therefore this assumption is used anyway. Further 
evaluations will give more input data to make a more accurate estimation.

Assuming a moment equilibrium where the corrosion front is taken into consideration 
and with forces and distances according to Figure 6.6 and Figure 6.7 will give a 
moment capacity M(z) depending on the propagation of the front for fibre rupture as: 

)
3

2
3

()
23

()(
3
2)( zxLHTzxLHTLHTzM fsfc  (6.18) 

6.6 Service-life modelling

6.6.1 Definition of limit state 

For conventionally reinforced concrete the limit state when the service life ends is 
defined by Sarja & Vesikari (1996) as: 

1 The steel is depassivated 
2 Corrosion of rebars leads to cracking and spalling. 

For steel fibres these two criteria are very unfavourable. The first criterion is not 
suitable since the propagation of corrosion is much slower than for conventional 
reinforcement, even with chlorides present. Therefore the propagation rate should be 
taken into consideration. Fibres are also distributed all over the crack plane. 
Therefore the effect of reduced fibre diameter in a part of the crack is not as dramatic 
as corrosion on rebars all in one level. Until the loss of fibre diameter is large enough 
the pull-out resistance is still available and small corrosion attacks does not influence 
the residual strength at all. Criteria no. 2 is not valid at all since the amount of 
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corrosion products is too small to exceed the tensile strength of the concrete and 
create spalling.

6.6.2 Service life

As mentioned earlier the initiation of corrosion can be more or less instantaneous for 
cracked steel fibre reinforced concrete. The service life (time to reach limit state) 
should therefore be a function of the corrosion rate and the current strength achieved 
from fibres with no or only corrosion below the limit of rupture. Taking the 
propagation period into consideration a suitable limit state can be to define an
acceptable reduction in load-bearing capacity. The criteria for when the fibres cannot 
be used in a load-bearing calculation should be when the fibre diameter is too small
to create a ductile pull-out of a fibre. No brittle failures can be accepted. 

With figures and calculation principles as in section 6.4 a service life prediction can
be made. If assuming input data according to Table 6.2 and Table 6.5 the change of 
load-bearing capacity expressed as moment capacity can be calculated. The data is 
based on the use of a concrete quality corresponding to C35/45 and use of Dramix 
low carbon steel fibres 30/0.5. The fibre quantity is chosen based on the results 
presented in Table 6.4. The fibre slip (s) at the crack mouth is also assumed to be the 
same as the crack width (s=w). In Figure 6.9 the behaviour for a sample exposed in
an environment similar to the Rv40-exposure site is presented. In the figure corrosion 
rates from the field exposures are used (see Figure 6.9 and Table 6.6). The 
background data and the influence from different parts of the equation can be found 
in Appendix H. 

Since the amount of corrosion in the Dalälven river and in the Eugenia tunnel is very 
limited calculations with real figures are only made for the Rv40 situation. In Figure
6.9 an assumption that the Eugenia tunnel samples have a corrosion rate of 50% 
compared to the Rv40 samples and the Dalälven river in a similar way have 25%. 
This is a very coarse estimation but still it is based on the few samples available at the 
two sites. 

Table 6.5 Input data on fibres and concrete used in analytical calculations.

Parameter Value
H [mm] 75
B [mm] 125
L [mm] 65
w [mm] 0.5
fct [MPa] 2.1
 [mm] 0.5

n [pcs] 100
l [mm] 30
fst [MPa] 1250
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Figure 6.8 Measured (large dots) and estimated (small dots) corrosion rates at 
different depths in crack for samples exposed at Rv40 (W30; 
w=0.5 mm).

Table 6.6 Corrosion rates (for fibres in the crack mouth) for Dramix 30/0.5 fibres 
exposed in mix W30 samples with crack width w=0.5 mm (Figure 6.8) 

Time period 
0-1 yrs 1-2.5 yrs 2.5-5 yrs >5 yrs

Corrosion rate (mm/year) 0.030 0.041 0.008 0.008

When designing a conventionally reinforced structure durability is taken into 
consideration by defining a minimum concrete cover over the reinforcement. In a 
steel fibre reinforced concrete structure the designer has to estimate the resulting 
crack widths from the design load. With knowledge of crack width, expected 
environmental exposure and designed service life the designer can compensate the 
loss in load-bearing capacity due to corrosion by increasing the amount of fibres. An 
additional thickness of the structure (like cover) makes the distance for the fibres to
the crack mouth longer, and will also slow down the corrosion rate. Both measures
can be used to keep up the wanted capacity during the service life. Another measure
is of course to choose a more corrosion resistant fibre, in situations where the 
environment is aggressive. 
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Figure 6.9 Change of load-bearing capacity according to analytical model. 
Fibre= Dramix 30/0.5, low carbon steel, Concrete= WA30. Normal 
corrosion rate (Rv40) according to Table 6.6. Fictive values for Eugenia 
(0,5*normal) and Dalälven (0,25*normal). 

In Appendix I an example of possible measures to extend the service-life is 
exemplified. The resulting figure can be seen below in Figure 6.10. One prerequisite 
in the example is that the moment capacity should be maintained at more than 85% of 
the design level during the entire service life. The first step is to increase the fibre 
volume (Vf) with 0.2 vol-% to get more fibres to cross the crack. In the second step 
the thickness of the concrete is also increased with 50 mm to increase the lever. The 
third step is use a fibre with larger diameter to make it less sensitive to the loss of 
diameter.
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Figure 6.10 Effect on load-bearing capacity from measures to increase the service-
life calculated with analytical model. 

6.7 Discussion 

When a crack of interest has occurred the fibre has started to slip. Therefore the bond 
strength between fibre and concrete is not enough to simulate the pull-out-resistance
after cracking. Since hooked end fibres are most commonly used in Scandinavian 
sprayed concrete applications, an analytical model requires that friction between fibre 
and concrete during pull-out is being taken into consideration. The model described 
previously does not either take into consideration the continued hydration and 
following strength increase or the effect of self-healing. This effect has been observed
in the field exposures and should be taken into account in further developments of the
model. This should be based on more info from further evaluations of the field
exposure tests.

To keep in mind is that the experimental data used to estimate the pull-out resistance 
is not from own tests with exactly the same mix design used in the field exposures. 
There are large similarities with same amount of cement and fibres. The fibre type is 
also the same. But still the mix is not exactly the same. The addition of PP-fibres 
mainly gives a contribution to the reduction of risk for early age shrinkage cracks in 
hardening concrete. It is therefore assumed that the addition of PP-fibres can be 
neglected at the higher deformations when the steel fibres are active. The difference 
in w/c-ratio (0.05 lower in field exposures) could make the fibres in the field
exposure show a more brittle behaviour (higher ultimate frictional strength but faster 
decrease during pull-out). This would give a shorter exposure time to reach a critical 
fibre diameter when fibres rupture instead of being pulled-out, and thereby a shorter 
service-life than in the calculations.
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The use of data from the pull-out tests must be made taking into consideration that
the embedded length of each fibre (le) is l/2 in the tests. This differs from the real
situation where the embedment is scattered over the interval 0 to l. The actual
contribution to the load-bearing capacity will therefore differ depending on the
embedment length for the fibres crossing a crack.. 

The use of a model as the one presented above is not an attempt to make accurate 
estimations of the service-life. It has been presented just to illuminate the need for 
taking corrosion in cracks into consideration already in the design stage. If the fibres 
corrode the load-bearing capacity will be reduced with time. A positive effect is of 
course that the cracked steel fibre concrete still has a substantial capacity left for a 
long time after corrosion has been initiated. This is important information when 
making an estimation of the residual strength for an existing structure with cracks and 
in the process when making decisions about what measures that has to be taken. That 
is, what crack widths can be accepted in different environments.

Measures to extend the service-life have different effect. Of the tested types the 
increased concrete thickness gave the highest influence in a long term perspective. 
The cost to increase the concrete thickness must, in a real situation, be compared with 
the cost to use more corrosion resistant fibres. 

6.8 Conclusions 

From the discussions etc. in chapter 6 the following conclusions regarding load-
bearing capacity with ongoing fibre corrosion in cracks can be drawn. 

Ductility of fibre reinforced concrete is given from the interaction between
fibre and concrete matrix via bond-strength, friction and fibre deformation.

Corroded fibres give ductility when the fibre strength is larger than the pull-out 
resistance. Therefore the load-bearing capacity is unaffected as long as this 
prerequisite is fulfilled. 

Traditional service-life criteria are not valid for steel fibre corrosion in cracks. 
The service-life prediction should be based on an acceptable reduction of load- 
bearing capacity. 

Measures taken in the design stage to assure the load-bearing capacity can be 
addition of extra amount of fibres, increased thickness of the structure or 
change of fibre material to more corrosion resistant materials. 
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7 CONCLUSIONS
On the basis of both the literature study and the inspections of old sprayed concrete 
structures it may be stated that steel fibres are relatively resistant to corrosion even 
with chlorides present. The experiences from exposure to de-icing salts are however 
limited. The lack of really long-term experiences of steel fibre reinforcement also
makes estimations in a more than 100-year perspective uncertain. The use of stainless
steel fibres as a solution for ensuring long-term resistance to corrosion is generally 
not motivated due to the extra high material costs, in particular as long as resistance 
to corrosion in cracks has yet not been proved to be a general durability problem.

The evaluation of field exposures showed that the residual strength at small 
deformations increased initially due to continued hydration, and for thin cracks 
(0.1 mm) also self-healing. After 5 years the trend is that the increase of residual
strength has slowed down or started to decrease at small deformations. At higher
deformations all samples show a continuous loss of residual strength over time.
Samples exposed in the Dalälven River and along Rv40 show a larger loss of residual
strength at high deformations than samples in the Eugenia tunnel. Since almost no 
corrosion was detected in the Dalälven samples, the cause is probably freeze-thaw
effects on the concrete matrix and thereby lowered pullout strength of the fibres. 

Corrosion was initiated after one year of exposure at Rv40 and after 5 years also in 
samples with larger crack width in the Eugenia tunnel and the Dalälven River. The 
crack width (0.5 mm and 1.0 mm) mainly seems to affect the time of initiation of 
corrosion and not the rate of corrosion, and this is also seen in the Rv40 exposures. 
Samples with crack width of 0.1 mm show a lower amount of corrosion possibly due 
to self-healing, sealing with corrosion products, and limited access to humidity and 
oxygen. In a similar way it can be seen that the corrosion attack on fibres decreases 
with increased depth in the crack. The effect of the anode to cathode area is an 
important factor, since the loss of fibre diameter on the 40 mm fibres is twice the loss
on the 30 mm fibres. No significant influence on the corrosion can be seen from the
concrete mix type.

The results in the accelerated exposures support the findings in the field exposures. In 
addition, the influence of the steel type shows that the stainless steel fibres seem to 
give very good protection with no corrosion initiated after 1 year in a chloride
environment. The protective zinc layer on the galvanized fibres, on the other hand, 
seems to have been consumed after one year, since corrosion has been initiated. Use 
of water glass accelerator did not affect the behaviour of the low carbon steel in a 
chloride environment, but in tap water environments it seems to have a protective 
effect. A rough estimation indicates that one year of accelerated exposures 
corresponds to 50 years in field. Both in field and accelerated exposures the corrosion
rate seems to change over time. The corrosion rate slows down over time, probably 
due to lowered access to the corrosion pit of the sealing corrosion products.
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An evaluation of the air pore structure in the exposed samples at Rv40 showed that 
the addition of accelerator seems to result in a more coarse system. The differences
are small between the samples, but a lower specific air void surface and a higher 
spacing factor point in this direction. This difference may explain the difference in 
frost resistance between the two samples where samples with accelerator had lower
frost durability. 

Traditional service-life criteria are not valid for steel fibre corrosion in cracks. The
service-life prediction should be based on an acceptable reduction of load bearing 
capacity. Measures taken at the design stage to ensure the load-bearing capacity can
then be addition of extra amount of fibres, increased thickness of the structure, or 
change of fibre material to more corrosion resistant materials.

An analytical model for describing the change in load-bearing capacity with ongoing
corrosion on fibres in a crack has been developed. The major mechanisms producing 
ductility from the interaction between steel fibres and concrete are: bond strength, 
friction and fibre deformation. In a system with existing cracks the most important
part is the frictional forces, since most of the fibres have already exceeded the bond 
strength. With use of experimental data from the literature an example of the 
influence from corrosion is presented. A positive outcome of the model is of course 
that the cracked steel fibre concrete still has a substantial capacity left for a long time 
after corrosion has been initiated. This is important information when making an 
estimation of the residual strength for an existing structure with cracks, and in the 
process when making decisions about what measures have to be taken. That is, what 
crack widths can be accepted in different environments? 

To summarise, the major conclusions of the study are: 

Steel fibre corrosion in cracks can be a durability problem in sprayed concrete 
structures. High amounts of thaw salts and high humidity levels increase the risk 
significantly.

The initiation of corrosion is almost immediate independently of the exposure
environments tested in the field exposures. The rate of corrosion is however 
dependent on the climate at the exposure site. 

No influence from the concrete composition or spraying method could be seen in 
the exposure tests with regard to corrosion. However, samples with longer fibres 
corrode at a much higher rate than shorter ones. Stainless steel fibres gave full 
protection during the time for accelerated exposures, whereas galvanized fibres 
took a longer time to initiation.

The influence of crack width (>0.5 mm) is important mainly during the early
stages of the corrosion process. After a longer time of exposure, the corrosion
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attack is fairly similar, independently of crack width. For crack widths in the
region of 0.1-0.2 mm, the attack is generally more limited.

A correlation between accelerated exposures and field exposures is made for the
chloride environment and the motorway environment. A coarse estimation
indicates that one year of accelerated exposure corresponds to 50 years in field. 

Due to self-healing of small cracks and increased pullout resistance, the residual
strength increases for all samples at small deformations. At larger deformations 
the strength decreases during the entire evaluation period. 

Decreased concrete matrix strength due to frost action may also be the cause of 
reduction of residual strength due to lowered pullout resistance. Sprayed concrete 
with sodium silicate accelerator shows lower resistance to frost action. 

The influence of reduced fibre diameter can be simulated with the analytical
model developed. The model does not take self-healing or increased concrete 
strength into consideration. In addition the influence from fibre orientation, 
variations in fibre embedment or angle to the crack plane. 

Measures taken in the design stage to assure the a long-term load-bearing capacity 
can be addition of extra amount of fibres, increased thickness of the structure or 
change of fibre material to more corrosion resistant materials. 

107





Chapter 8 – Research needs 

8 RESEARCH NEEDS
The suggested correlation between the laboratory exposure tests and the field 
exposure tests should be updated with more future data from the ongoing field 
exposures. The prediction that 365 days of laboratory exposures is similar to 50 years
of exposure in the motorway environment would be an interesting follow-up by an 
evaluation in the future. An evaluation after 10 years exposure is also planned but
there are also samples for additional future evaluations even after this. With a 
strengthened correlation, extrapolations to predict real long-term behaviour will be 
possible.

Cracks can arise from imposed deformations by e.g. shrinkage. Sprayed concrete is 
applied in relatively thin layers and therefore subjected to faster shrinkage than 
conventional concrete. The actual crack distribution from shrinkage with or without 
fibres should be further investigated. Influence on crack distribution from restraints 
by the substrate being sprayed on could be of great importance.

The suggested analytical model is still an embryo to a service-life model and need 
further refinement. Influence from different fibre inclinations and different
embedment lengths should be included in a refinement of the model. The model does 
not take into consideration the continued hydration and therefore increased strength 
or the effect of self-healing. An analytical model could also be combined with FE-
modelling where the influence in a meso-scale on a larger structure could be 
simulated.

In all the inspected structures a low amount of fibres crossed the cracks when 
checked after core drilling. A short distance from the crack the amount of fibres was 
sufficient. This points out that cracking in the inspected structures has occurred where 
the least amount of fibres are present. It also accentuates the need for adequate fibre 
distribution when spraying concrete. If cracks anyway occur where there are least
fibres available the function is lost. This area needs further investigations and
developments to achieve expected properties of a SFRSC.

The differences in freeze-thaw durability between mixes with and without water glass 
accelerator and dry-mix versus wet-mix sprayed concrete could be studied more
thorough. A question often raised is how to achieve a frost resistant wet-mix sprayed 
concrete according to standardised testing (which is difficult). A development of 
resistant mixes in combination with testing according to relevant conditions is 
needed.
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Appendix A - Data from spraying of panels to field exposure tests 

Appendix A – Data from spraying of panels to field exposure 
tests

Mix type Slab Batch Moisture Mix water w/c-ratio Slump Temp. Accelerator Comments
(kg) (kg) (mm) (°C) (% of kg cement)

WA30 1 1 7,35 28,93 0,44 95 23,3 3,74
2 7,35 27,43 0,43 90 24,2 5,94

2 3.1 7,35 28,75 0,44 105 23,1 3,3 Clogging in acc.nozzle
3.2 7,35 28,75 0,44 105 23,1 3,1
4 7,35 28,75 0,44 100 22,7 4,53

3 5.1 7,35 30,33 0,46 100 21,1 8,24 Clogging in acc.nozzle
5.2 7,35 30,33 0,46 100 21,1 2,56
6.1 7,35 28,75 0,44 100 21,3 7,1 Clogging in acc.nozzle
6.2 7,35 28,75 0,44 100 21,3 8,21
7.1 7,35 29,25 0,45 110 22 3,61

4 7.2 7,35 29,25 0,45 110 22 0,52 Clogging in acc.nozzle
7.3 7,35 29,25 0,45 110 22 5,12
8 7,35 29,25 0,45 110 21,8 4,46
9 7,35 29,25 0,45 115 22 4,17

10.1 7,35 29,25 0,45 115 22,1 3,75
5 10.2 7,35 29,25 0,45 115 22,1 2,69

11 7,35 29,25 0,45 100 22,6 4,35
12 7,35 29,25 0,45 100 22,4 4,02

6 13.1 10,21 27,78 0,47 85 23,6 3,5 Clogging in acc.nozzle
13.2 10,21 27,78 0,47 85 23,6 3,87
14.1 10,21 29,4 0,49 100 23,5 3,65 Clogging in acc.nozzle
14.2 10,21 29,4 0,49 100 23,5 3,79
15.1 10,21 28,3 0,47 110 23,2 3,88
15.2 10,21 28,3 0,47 110 23,2 -

W30 7 15.3 10,21 28,3 0,47 110 23,2 -
16 10,21 29,44 0,49 95 -
17 10,21 29,4 0,49 90 -
18 10,21 29,94 0,49 70 -

8 19 6,54 28,00 0,42 100 19,6 -
20 6,54 26,09 0,40 80 20,5 -
21 6,38 27,7 0,42 80 20,9 -
22 6,38 29 0,43 65 21,8 -

WA40 9 23.1 6,38 28,5 0,43 85 21,0 4,66 Clogging in acc.nozzle
23.2 6,38 28,5 0,43 85 21,0 5,47
24 6,38 28 0,42 80 21,2 7,05

25.1 6,38 ? ? ? ? 6,76 Clogging in acc.nozzle
25.2 6,38 ? ? ? ? 6,35
25.3 6,38 ? ? ? ? 7,09 Clogging in acc.nozzle
25.4 6,38 ? ? ? ? -

D30 10 26 3,5 12,35 0,20 - - -
27 3,5 20,3 0,30 - - -
28 3,5 17,89 0,27 - - -
29 3,5 16,26 0,25 - - -
30 3,5 17,89 0,27 - - -

11 31 3,5 21,95 0,32 - - -
32 3,5 19,51 0,29 - - -

32.1 3,5 21,95 0,32 - - - Clogging due to fibre ball
32.2 3,5 21,95 0,32 - - -

Wet-mix Average 0,45 97 22,2 4,4
Std.dev. 0,02 13 1,1 1,7

Dry-mix Average 0,28
Std.dev. 0,04
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Appendix B – Climatic data from field exposure tests 

Appendix B – Climatic data from field exposure tests 
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Figure B2 RH in the Eugenia tunnel (sliding average 7d). 
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Appendix B – Climatic data from field exposure tests 

River Dal 
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Appendix B – Climatic data from field exposure tests 

RV40
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Appendix C - Residual strength after 1 year of exposure in field 

Appendix C – Residual strengths after 1 year of exposure in 
field
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Appendix C - Residual strength after 1 year of exposure in field 
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Appendix D - Residual strength after 2.5 years of exposure in field 

Appendix D – Residual strengths after 2.5 years of exposure
in field 
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Appendix D - Residual strength after 2.5 years of exposure in field 
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Appendix E - Residual strength after 5 years – direct comparison 

Appendix E – Residual strengths after 5 years of exposure in 
field – direct comparison
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Appendix E - Residual strength after 5 years – direct comparison 
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Appendix E - Residual strength after 5 years – direct comparison 
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Appendix F - Residual strength – statistical comparison 

Appendix F – Data for estimation of residual load bearing 
capacity according to the statistical comparison 

Data from compilation of standardised tests 

0.750

0.850

0.950

1.050

1.150

0.00 0.50 1.00 1.50 2.00 2.50

Deflection (mm)

N
or

m
al

is
ed

 lo
ad

 
F(

d)
/F

(0
.3

5)
 (N

/N
)

<-2500

<-1500 till -2500

<-1000 till -1500

<-500 till -1000

<-500 till 0

< 0 till 500

500 till 1000

1000 till 1500

1500 till 3000

> 3000

Figure F1 Average load development due to inclination. Data from standardised tests. 

Table F2 Average load development due to inclination. Data from standardised tests. 

Inclination (N/N) 
Deflection <-2500 <-1500

to
 -2500 

<-1000
to

-1500

<-500
to

 -1000 

<-500
to
 0 

< 0
to

 500 

500
to

1000

1000
to

1500

1500
to

 3000 

> 3000

0.35 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
0.45 0.938 0.968 0.977 0.987 0.996 1.004 1.011 1.019 1.029 1.057
0.50 0.916 0.962 0.973 0.986 0.998 1.005 1.011 1.027 1.041 1.080
1.00 0.843 0.913 0.972 0.979 1.000 0.996 1.018 1.043 1.077 1.114
1.50 0.814 0.867 0.950 0.952 0.956 0.952 0.983 1.017 1.041 1.057
2.00 0.756 0.825 0.914 0.920 0.927 0.904 0.940 0.963 0.983 0.988
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Appendix F - Residual strength – statistical comparison 

Data from evaluation according to the statistical comparison 

Table F3 Detailed data from 1998 evaluation.

Beam Exposure
site Mix w

(mm)
Inclination

(N/mm)
Inclination

factor
Load at 
d=0.35

Load capacity
before

exposure
(calculated)

(N)

Load capacity
after exposure

(N)
Change

(%)

110B RV40 WA30 1 910 0.94 6504 6114 6160 1
15B RV40 WA30 - - - - - - -
21B RV40 WA30 0.5 -6150 0.756 4706 3558 2536 -29
38A RV40 WA30 0.1 -1339 0.914 4577 4183 3092 -26
73A RV40 W30 0.1 172 0.904 8790 7946 3064 -61
76A RV40 W30 0.5 2000 0.983 7930 7795 4346 -44
C2A RV40 WA40 0.5 -39 0.927 3762 3487 1455 -58
D4B RV40 D30 0.5 -2152 0.825 5724 4722 3372 -29
D6A RV40 D30 0.1 -4724 0.756 4449 3363 2915 -13

16A DAL WA30 - - - - - - -
35B DAL WA30 0.5 -1280 0.914 2302 2104 2659 26
44B DAL WA30 1 1210 0.963 6289 6056 3376 -44
61A DAL WA30 0.1 -1238 0.914 5856 5352 3654 -32
71A DAL W30 0.1 1270 0.963 7160 6895 3195 -54
A2A DAL W30 0.5 3030 0.983 8000 7864 7620 -3
C7A DAL WA40 0.5 500 0.904 6047 5466 2300 -58
D4A DAL D30 0.5 -4712 0.756 4727 3574 3656 2
E1B DAL D30 0.1 -7371 0.756 5871 4438 4196 -5

14B EUG WA30 0.1 -1162 0.914 6570 6005 5573 -7
19A EUG WA30 - - - - - - -
22A EUG WA30 0.5 1495 0.963 6771 6520 8080 24

313A EUG WA30 1 -760 0.92 3933 3618 3449 -5

14A LAB WA30 0.5 7600 0.983 5140 5053 5651 12
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Appendix F - Residual strength – statistical comparison 

Table F4 Detailed data from 2000 evaluation.

Beam Exposure
site Mix w

(mm)
Inclination

(N/mm)
Inclination

factor
Load at 
d=0.35

Load capacity
before

exposure
(calculated)

(N)

Load capacity
after exposure

(N)
Change

(%)

412B RV40 WA30 1 -1583 0.914 4425 4044 2872 -29
413A RV40 WA30 - - - - - - -
48B RV40 WA30 0.1 -2820 0.756 6410 4846 4814 -1

511A RV40 WA30 0.5 -500 0.92 8000 7360 5231 -29
A4A RV40 W30 0.5 -792 0.92 7760 7139 4805 -33
A9A RV40 W30 0.1 -379 0.927 5996 5558 3830 -31
C6B RV40 WA40 0.5 -4040 0.756 5263 3979 705 -82
E10B RV40 D30 0.5 253 0.904 5870 5306 2145 -60
E4B RV40 D30 0.1 -800 0.92 6018 5537 3108 -44

41A DAL WA30 - - - - - - -
413B DAL WA30 0.1 0 0.927 6618 6135 3400 -45
63A DAL WA30 0.5 -99 0.927 7260 6730 3600 -47

414B DAL WA30 1 2277 0.983 7180 7058 6100 -14
A3A DAL W30 0.1 2500 0.983 8480 8336 5300 -36

A10A DAL W30 0.5 760 0.94 5822 5473 5500 0
E9B DAL D30 0.1 -4655 0.756 3759 2842 1800 -37

D10B DAL D30 0.5 -3535 0.756 6170 4665 3500 -25
C13A DAL WA40 0.5 -2510 0.756 3861 2919 900 -69

311A EUG WA30 - - - - - - -
314B EUG WA30 0.1 -1379 0.914 5039 4606 4490 -3
36A EUG WA30 0.5 -980 0.92 3908 3595 3461 -4
26A EUG WA30 1 -681 0.92 5860 5391 6035 12

310B LAB WA30 0.5 849 0.94 6619 6222 5807 -7
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Appendix F - Residual strength – statistical comparison 

Table F5 Detailed data from 2002 evaluation.

Beam Exposure
site Mix w

(mm)
Inclination

(N/mm)
Inclination

factor
Load at 
d=0.35

Load capacity
before

exposure
(calculated)

(N)

Load capacity
after exposure

(N)
Change

(%)

214A RV40 WA30 0 - - - - - -
47B RV40 WA30 0 - - - - - -
12B RV40 WA30 0.1 -2194 0.825 4610 3803 2847 -25
58A RV40 WA30 0.1 2679 0.983 7900 7766 4444 -43
13A RV40 WA30 0.5 -743 0.92 5168 4755 1593 -66
54B RV40 WA30 1 780 0.94 6619 6222 4692 -25

110A RV40 WA30 1 530 0.94 5189 4878 1981 -59
77A RV40 W30 0.1 1296 0.963 8750 8426 2959 -65
A6A RV40 W30 0.1 1129 0.963 7660 7377 5567 -25
712B RV40 W30 0.5 490 0.904 7100 6418 2830 -56
C3B RV40 WA40 0.5 3564 0.988 8630 8526 915 -89
C7B RV40 WA40 0.5 - - - - - -
D1A RV40 D30 0.1 -2491 0.756 4830 3651 1190 -67
E8B RV40 D30 0.1 -4512 0.756 3906 2953 2338 -21
E4A RV40 D30 0.5 -959 0.92 3066 2821 1315 -53

D11B RV40 D30 0.5 -1485 0.914 5970 5457 1926 -65

69B DAL WA30 0 - - - - - -
410B DAL WA30 0 - - - - - -
12A DAL WA30 0.1 -3656 0.756 5835 4411 3210 -27
48A DAL WA30 0.5 -6182 0.756 3809 2880 1370 -52
15A DAL WA30 1 -1313 0.914 6803 6218 2960 -52

C10A DAL WA40 0.5 1500 0.963 6395 6158 2432 -61
713A DAL W30 0.1 3333 0.988 10110 9989 3627 -64
79A DAL W30 0.5 505 0.94 9530 8958 6039 -33
E5B DAL D30 0.1 -1754 0.825 6848 5650 2773 -51
D9A DAL D30 0.5 -3770 0.756 4853 3669 1911 -48

27A EUG WA30 0 - - - - - -
45A EUG WA30 0 - - - - - -

112A EUG WA30 1 -2350 0.825 3989 3291 3921 19
23B EUG WA30 0.1 2346 0.983 5777 5679 5117 -10

111A EUG WA30 0.5 -2782 0.756 4858 3673 4779 30

213B LAB WA30 0.5 2800 0.983 7820 7687 9015 17
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Appendix G – Climatic data from accelerated exposures

Appendix G – Climatic data from accelerated exposures, set 1 
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Appendix H – Numerical values to load bearing capacity

Appendix H – Numerical values to load-bearing capacity 
calculations according to eq 6.16 

NORMAL CORROSION RATE 
t x Tc z Tf Tfs M

0 8.7839 159.61 0 65 9189.16 -1021.02 313.23
1 8.7839 159.61 0.03 65 9189.16 -1021.02 313.23

2.5 8.7839 159.61 0.09075 65 9189.16 -1021.02 313.23
5 8.7839 159.61 0.111 65 9189.16 -1021.02 313.23

10 8.7839 159.61 0.1515 65 9189.16 -1021.02 313.23
15 8.7839 159.61 0.192 65 9189.16 -1021.02 313.23
20 8.6662 175.06 0.2325 57.418905 8117.41 -901.934 251
25 8.4711 200.67 0.273 47.425201 6704.58 -744.953 179.54
30 8.2962 223.62 0.3135 40.412447 5713.18 -634.797 136.57
35 8.1383 244.34 0.354 35.214378 4978.32 -553.146 108.54
40 7.9951 263.15 0.3945 31.20506 4411.51 -490.168 89.151
45 7.8644 280.3 0.435 28.017524 3960.88 -440.098 75.114
50 7.7447 296.01 0.4755 25.422084 3593.96 -399.329 64.588
55 7.6347 310.45 0.516 23.267505 3289.37 -365.485 56.466
60 7.5331 323.78 0.5565 21.450096 3032.44 -336.937 50.05
65 7.4391 336.11 0.597 19.896359 2812.78 -312.531 44.88
70 7.3519 347.56 0.6375 18.552733 2622.83 -291.426 40.644
75 7.2707 358.22 0.678 17.37926 2456.94 -272.993 37.122
80 7.1949 368.16 0.7185 16.345517 2310.79 -256.755 34.156
85 7.1241 377.47 0.759 15.427931 2181.07 -242.341 31.632
90 7.0576 386.19 0.7995 14.607953 2065.15 -229.461 29.462
95 6.9952 394.38 0.84 13.870787 1960.94 -217.882 27.58

100 6.9365 402.08 0.8805 13.204484 1866.74 -207.416 25.936
105 6.8811 409.35 0.921 12.599289 1781.18 -197.909 24.489
110 6.8289 416.21 0.9615 12.047161 1703.13 -189.236 23.207
115 6.7794 422.7 1.002 11.541411 1631.63 -181.292 22.065
120 6.7326 428.85 1.0425 11.076429 1565.89 -173.988 21.042
125 6.6881 434.68 1.083 10.647475 1505.25 -167.25 20.121
130 6.6459 440.23 1.1235 10.250516 1449.13 -161.015 19.289
135 6.6057 445.5 1.164 9.8820996 1397.05 -155.228 18.534
140 6.5675 450.52 1.2045 9.5392543 1348.58 -149.842 17.846
145 6.531 455.3 1.245 9.2194062 1303.36 -144.818 17.217
150 6.4962 459.87 1.2855 8.9203159 1261.08 -140.12 16.639
155 6.463 464.24 1.326 8.6400258 1221.45 -135.717 16.108
160 6.4312 468.41 1.3665 8.3768169 1184.24 -131.583 15.618
165 6.4007 472.41 1.407 8.1291736 1149.23 -127.693 15.164
170 6.3715 476.24 1.4475 7.8957546 1116.24 -124.026 14.744
175 6.3435 479.91 1.488 7.6753684 1085.08 -120.564 14.352
180 6.3166 483.44 1.5285 7.4669529 1055.62 -117.291 13.988
185 6.2908 486.83 1.569 7.2695584 1027.71 -114.19 13.647
190 6.266 490.09 1.6095 7.0823331 1001.24 -111.249 13.329
195 6.2421 493.22 1.65 6.9045109 976.102 -108.456 13.03
200 6.2191 496.24 1.6905 6.7354006 952.195 -105.799 12.749
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0.5 * NORMAL CORROSION RATE 
t x Tc z Tf Tfs M

0 8.7839 159.61 0 65 9189.1585 -1021 313.23
1 8.7839 159.61 0.015 65 9189.1585 -1021 313.23

2.5 8.7839 159.61 0.04538 65 9189.1585 -1021 313.23
5 8.7839 159.61 0.0555 65 9189.1585 -1021 313.23

10 8.7839 159.61 0.07575 65 9189.1585 -1021 313.23
15 8.7839 159.61 0.096 65 9189.1585 -1021 313.23
20 8.7839 159.61 0.11625 65 9189.1585 -1021 313.23
25 8.7839 159.61 0.1365 65 9189.1585 -1021 313.23
30 8.7839 159.61 0.15675 65 9189.1585 -1021 313.23
35 8.7839 159.61 0.177 65 9189.1585 -1021 313.23
40 8.7839 159.61 0.19725 65 9189.1585 -1021 313.23
45 8.7444 164.79 0.2175 62.2972 8807.0536 -978.56 290.25
50 8.6397 178.55 0.23775 55.8894 7901.1731 -877.91 239.28
55 8.5408 191.52 0.258 50.6888 7165.958 -796.22 201.55
60 8.4474 203.78 0.27825 46.3808 6556.9332 -728.55 172.76
65 8.3588 215.4 0.2985 42.7523 6043.9577 -671.55 150.25
70 8.2748 226.43 0.31875 39.6532 5605.8409 -622.87 132.27
75 8.195 236.91 0.339 36.9751 5227.2315 -580.8 117.67
80 8.119 246.88 0.35925 34.6373 4896.7262 -544.08 105.63
85 8.0466 256.39 0.3795 32.5785 4605.6713 -511.74 95.576
90 7.9775 265.46 0.39975 30.7514 4347.3787 -483.04 87.078
95 7.9114 274.13 0.42 29.119 4116.5957 -457.4 79.826

100 7.8483 282.41 0.44025 27.6515 3909.1385 -434.35 73.58
105 7.7878 290.35 0.4605 26.3252 3721.6329 -413.51 68.158
110 7.7299 297.95 0.48075 25.1205 3551.3267 -394.59 63.417
115 7.6744 305.24 0.501 24.0215 3395.953 -377.33 59.244
120 7.621 312.24 0.52125 23.0147 3253.6268 -361.51 55.55
125 7.5698 318.96 0.5415 22.0891 3122.7685 -346.97 52.26
130 7.5205 325.43 0.56175 21.2351 3002.0436 -333.56 49.317
135 7.4731 331.65 0.582 20.4448 2890.3174 -321.15 46.672
140 7.4275 337.64 0.60225 19.7113 2786.6187 -309.62 44.283
145 7.3835 343.42 0.6225 19.0286 2690.1114 -298.9 42.119
150 7.3411 348.99 0.64275 18.3917 2600.0717 -288.9 40.151
155 7.3001 354.36 0.663 17.7961 2515.8699 -279.54 38.354
160 7.2606 359.55 0.68325 17.2379 2436.9554 -270.77 36.709
165 7.2224 364.56 0.7035 16.7137 2362.8451 -262.54 35.198
170 7.1855 369.41 0.72375 16.2205 2293.1129 -254.79 33.806
175 7.1498 374.09 0.744 15.7555 2227.3815 -247.49 32.522
180 7.1152 378.63 0.76425 15.3165 2165.3161 -240.59 31.332
185 7.0817 383.02 0.7845 14.9013 2106.6181 -234.07 30.229
190 7.0493 387.28 0.80475 14.508 2051.0205 -227.89 29.203
195 7.0179 391.4 0.825 14.135 1998.2838 -222.03 28.247
200 6.9874 395.4 0.84525 13.7806 1948.1926 -216.47 27.355
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0.25 * NORMAL CORROSION RATE 
t x Tc dd Z Tf dTfs M

0 8.7839 159.61 0 65 9189.2 -1021 313.23
1 8.7839 159.61 0.0075 65 9189.2 -1021 313.23

2.5 8.7839 159.61 0.0227 65 9189.2 -1021 313.23
5 8.7839 159.61 0.0278 65 9189.2 -1021 313.23

10 8.7839 159.61 0.0379 65 9189.2 -1021 313.23
15 8.7839 159.61 0.048 65 9189.2 -1021 313.23
20 8.7839 159.61 0.0581 65 9189.2 -1021 313.23
25 8.7839 159.61 0.0683 65 9189.2 -1021 313.23
30 8.7839 159.61 0.0784 65 9189.2 -1021 313.23
35 8.7839 159.61 0.0885 65 9189.2 -1021 313.23
40 8.7839 159.61 0.0986 65 9189.2 -1021 313.23
45 8.7839 159.61 0.1088 65 9189.2 -1021 313.23
50 8.7839 159.61 0.1189 65 9189.2 -1021 313.23
55 8.7839 159.61 0.129 65 9189.2 -1021 313.23
60 8.7839 159.61 0.1391 65 9189.2 -1021 313.23
65 8.7839 159.61 0.1493 65 9189.2 -1021 313.23
70 8.7839 159.61 0.1594 65 9189.2 -1021 313.23
75 8.7839 159.61 0.1695 65 9189.2 -1021 313.23
80 8.7839 159.61 0.1796 65 9189.2 -1021 313.23
85 8.7839 159.61 0.1898 65 9189.2 -1021 313.23
90 8.7839 159.61 0.1999 65 9189.2 -1021 313.23
95 8.7839 159.61 0.21 65 9189.2 -1021 313.23

100 8.7305 166.62 0.2201 61.384 8677.9 -964.21 282.68
105 8.6777 173.55 0.2303 58.101 8213.8 -912.64 256.31
110 8.6265 180.27 0.2404 55.155 7797.4 -866.37 233.76
115 8.5768 186.8 0.2505 52.497 7421.6 -824.62 214.3
120 8.5284 193.15 0.2606 50.085 7080.6 -786.74 197.38
125 8.4814 199.32 0.2708 47.887 6769.9 -752.21 182.58
130 8.4356 205.32 0.2809 45.876 6485.5 -720.62 169.53
135 8.3911 211.17 0.291 44.028 6224.2 -691.58 157.98
140 8.3477 216.86 0.3011 42.323 5983.3 -664.81 147.69
145 8.3054 222.41 0.3113 40.747 5760.5 -640.05 138.48
150 8.2643 227.82 0.3214 39.284 5553.7 -617.08 130.21
155 8.2241 233.09 0.3315 37.924 5361.3 -595.7 122.74
160 8.1849 238.23 0.3416 36.654 5181.9 -575.76 115.98
165 8.1467 243.24 0.3518 35.468 5014.1 -557.12 109.83
170 8.1094 248.14 0.3619 34.356 4856.9 -539.66 104.23
175 8.073 252.92 0.372 33.312 4709.3 -523.26 99.1
180 8.0374 257.59 0.3821 32.329 4570.5 -507.83 94.394
185 8.0027 262.15 0.3923 31.404 4439.6 -493.29 90.066
190 7.9687 266.61 0.4024 30.53 4316 -479.56 86.074
195 7.9355 270.96 0.4125 29.703 4199.1 -466.57 82.383
200 7.9031 275.22 0.4226 28.92 4088.5 -454.27 78.964
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Appendix I – Design example taking corrosion into account 
In the following an example of how the design of a sprayed concrete structure could be influenced 
when taking into consideration the loss of fibre diameter due to corrosion.

Structure: Rock strengthening of open cut along motorway.
Climate Exposed to thaw salts, not sheltered from rain. 
Residual strength required: f5,10 > 3.5 MPa 
Fibre amount: 55 kg/m3 (0.7 vol-%) 
Concrete compressive strength C40/50
Required service life: 150 years 

The requirement on a load-bearing capacity f5,10= 3.5 MPa can be interpreted as the average 
capacity in the interval 3 to 5.5 times the deflection when the first crack occurs (commonly
0.15-0.20 mm) in a standardised beam test (modified C1018). The technique behind the analysis of 
residual strength capacity can be found in e.g. Holmgren (1992). Assuming a point in the middle of 
both the intervals the corresponding deflection will be 4.25*0.17= 0.72 mm.

In the preparations for the field exposures it could be stated that a deflection of 0.72 mm
approximately corresponds to a crack width of 0.3 mm.

A calculation according to Holmgren & al (1997) give that 0.7 vol-% corresponds to approximately
n=200 fibres in the cross section. Assuming a crack depth of 60 mm give that 60/75*200= 160 
fibres would cross the crack region. 

Table I1 Summary of essential input data (see also Figure 6.5 – 6.6) 

Parameter Value Unit
H 75 mm
B 125 mm
L 60 mm
w 0.3 mm
fct 2.4 MPa

0.5 mm
n 160 pcs
l 30 mm
fst 1250 MPa

Performing a calculation with figures from above and using equation 6.16, the required moment
capacity in a cracked state will be 509 kNm from the start of exposure. In Figure I2 the 
development of the moment capacity with corrosion rates approximated to be 3/5 (w=0.3 / w=0.5)
of the rates presented in Table 6.6. In the figure the effect of the different measures is presented. As
can be seen the influence from an increased fibre amount is relatively small. Increased thickness of 
the structure (with constant crack length) and increased fibre diameter are more efficient. To keep in 
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mind is that the experimental data used to estimate the pull-out resistance is based only on one 
diameter (0.5 mm). To limit the reduction of the moment capacity to 85% of the original level 0.2 
vol% extra fibres, 50 mm extra concrete thickness and change to 0.1 mm thicker fibres is needed in 
the used environment.
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Figure I2 Influence from different measures to achieve target moment capacity.
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SHOTCRETE REPAIRS ON DAM STRUCTURES – A DURABLE METHOD ?
Réparation des barrages au moyen de béton projeté – Une méthode durable?

Erik. NORDSTRÖM 
Senior Research Engineer, MSc 

Vattenfall Utveckling AB, Älvkarleby 

SWEDEN

1. INTRODUCTION 

Shotcrete is a relatively simple technique according to amount of equipment needed. Major
economical advantages in reduced amount of formwork and reinforcement needed (when 
use of fibre technique) is also obvious. In spite of this there are examples of shotcrete repairs
failing after a couple of years of exposure to present loads (frost, running water, etc.). 

Previous research at Vattenfall Utveckling AB on durability of shotcrete has i.a. consisted of 
a compilation of available literature in the area by Nordström (1996a). One conclusion from 
the study is that many parallels to conventional concrete can be drawn but some main
differences will affect the durability. The differences are mainly the way of execution, the 
water/cement-ratio, the maximum aggregate size and the usage of accelerators. The
difference in execution can be seen from e.g. compaction effects where the air pore system, 
which should give an increased frost resistance, can be destroyed by the shooting process.
There are however examples with shotcrete that show up a good frost resistance with low air 
content and this can probably be derived to low permeability. The source of low permeability
is the general usage of a low w/c-ratio. Most accelerators used mainly in wet-mix shotcrete
can on the other hand increase the porosity and therefore the permeability and as a 
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consequence of this reduce the durability. What are the important parameters when it comes 
to design of shotcrete repairs and execution of the shotcreting? Essential in both design and
execution is the competence level the designer and the nozzleman have regarding concrete
technology in general and shotcrete as material specifically. In the following a short summary
of a compilation of old structures repaired with shotcrete will be presented. The paper also 
contains highlights from the coming (finished in 2003) Swedish manual for shotcrete repairs 
of dam structures. The paper will focus on essential parameters to take into consideration
when using shotcrete as a repair material, and also give examples on when it is not suitable
to use shotcrete. 

2. HISTORICAL BACKGROUND

The technique to spray or shoot concrete is no modernity. Already in the beginning of the last
century a dry-mix-like technique was used to shoot models of pre-historic animals at a
museum in USA. The large possibilities to create complicated geometries with no or one-
sided formwork was, and still is, one of the appreciated major advantages. The technique 
has later developed into a common repair and strengthening method. 

In Sweden the trend has turned to the use of dry-mix shooting in concrete repair applications
and wet-mix shooting for rock strengthening purposes. There are several reasons to this 
trend. One of them is that the most commonly widespread equipment for wet-mix shooting 
are developed to have larger output capacity than dry-mix equipments. For repair works a 
moderate output capacity is required to make it possible to enclose reinforcement bars 
sufficiently etc. and this makes dry-mix shooting more suitable. Another reason to the
dominating position for dry-mix shooting in repair works is the large flexibility. It is quite easy 
to start and stop shooting many times without dismantling and cleaning of the equipment. 
The major disadvantage with dry-mix shooting is the larger amount of rebound compared to
wet-mix shooting. This is also accentuated with use of fibres, which rebounds to a high level
with dry-mix shooting. A rebound, and thereby loss, of fibres in the range of more than 50%
compared to the original mix has been reported. The same figures for wet-mix shooting with 
fibres is less then half the amount of lost fibres for dry-mix shooting. 

For repair of dam structures the repair works can be quite large in terms of surface area and
concrete quantities. With replacement of all reinforcement in the repair with fibres instead of 
rebars the larger capacities with use of wet-mix shooting is no longer a problem. As
mentioned previously this will also give a better economical advantage compared to dry-mix
shooting with fibres. 
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3. INSPECTION OF EXISTING SHOTCRETE REPAIRS 

3.1 INTRODUCTION 

To find out if shotcrete is a durable repair material a compilation of experiences from existing
shotcrete repairs has been made. The purpose was also to find common reasons to 
unsuccessful shotcrete repairs on dams. In the following a summary from three examples on 
spillways repaired with shotcrete is presented. A detailed description can be found in
Nordström, 2000. 

In all cases the original reason for repair with shotcrete has been erosion of concrete and 
spalling of concrete due to reinforcement corrosion. The two inspected dams are located at 
the hydroelectric power stations of Nämforsen in the river Ångermanälven and Hölleforsen in
the river Indalsälven. Both these objects show concrete damages today. The third object is
the dam at the hydroelectric power station of Stadsforsen, which also is situated in the river
Indalsälven. This object does not show any visual damages today. All the shotcrete repairs
where 5-6 years old at the time for inspection. 

3.2 INSPECTIONS 

In figure 1 it can be seen that the damages at the spillways in Nämforsen where 
concentrated to the lower parts of the spillway and near the joint between two sections. 

Figure 1. Damages on shotcrete repair in spillway A, Nämforsen, River Indal. 
(1.Shotcrete. 2.Old concrete. 3.Previous repairs. 4.New damages). 
Dégâts sur la réparation en béton projeté de l’évacuateur de crue A, Nämforsen,
Rivière Indal. (1.Béton projeté, 2.Béton ancient, 3.Réparation antérieures, 
4.Nouveaux dégâts). 

When tapping the surface with a hammer no areas with signs of debonding could be found.
Not even near areas where shotcrete is missing and no cracks were visible. In one of the
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spillways it was tested to trowel the surface of the shotcrete on half the spillway. In the
investigation it could be established that the trowelling did not reduce the bond strength. 

In the upper parts of the spillways at Hölleforsen there where serious damages of the
shotcrete which had delaminated completely and the underlying reinforcement was
uncovered (see figure 2, LEFT). But hammer tapping did not show any other areas with
debonding than in close connection to the damaged area. The reason for occurred damages
can be many, but an important factor should be the construction of joints between the 
different sections (see figure 2, RIGHT). As can be seen in the figure the section (2) applied 
below the previous upper one (1) is very thin at the upper end. This part is most likely to 
come loose and be washed away and water will then continue to erode the joint between the 
two sections and cause further damage. One further aspect is the uncertainties about the 
preparatory works before shooting. 

Figure 2. Damages on shotcrete repair in spillway C, Hölleforsen, River Indal (LEFT) and 
sketch over joint between two sections of shotcrete (RIGHT). 
(1.& 2. Shotcrete sections. 3. Water flow. 4. Old concrete) 
Dégâts sur la réparation en béton projeté de l’évacuateur de crue C, Hölleforsen, 
Rivière Indal (Á GAUCHE), et croquis sur le joint deux sections de béton projeté 
(Á DROITE). 
(1.& 2. Sections de béton projeté. 3. Écoulement d’eau. 4. Béton ancient.) 

The great difference between the two previously mentioned objects and the third Stadsforsen 
(river Indal) is the large amount of documents that can be found about the construction
period. Documents about method for removal of damaged concrete, instructions about
preparation of the surface before shooting, way of curing etc. could be found. The status 
after 6 years of exposure is also excellent with no cracks or delamination.

3.3 DISCUSSION 

In this investigation three quite similar shotcrete repairs in spillways have been studied. In
spite of the similarity two of the objects show damages and one does not. When trying to
explain the difference in durability one must take into consideration the time of the year for 
construction. The two damaged structures are constructed during wintertime with heated 
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tents over the spillways. This will of course make it more difficult to produce a good repair
with shotcrete. 

In both Nämforsen and Hölleforsen damages arise in connection to the joints between
different sections of the shotcrete. In Nämforsen it seems like the designer/contractor at least
have taken into consideration the risk for damages to occur in connection to the joints. When 
shooting the spillways, bulkheads were used to divide the sections during shooting, and this 
gives a possibility to keep the same thickness of each layer of shotcrete. No overlap on 
previously shotcreted sections should be made that will give a risk for damage. The joints 
should also be trowelled to reduce the unevenness of the surface of the shotcrete. Where the 
new damages have appeared in Nämforsen the shotcrete is very thin and the probable 
reason for damage is debonding. Debonding can occur if rebound is not removed when 
shooting on an adjacent section. The spillways in Stadsforsen are the only ones with a 
shotcrete surface being completely steel trowelled which will make it fairly smooth with few
discontinuities. This will probably reduce the risk for damages to take root in joints. 

4. SWEDISH GUIDELINE FOR SHOTCRETE REPAIRS ON DAM STRUCTURES 

4.1 BACKGROUND 

In design of all larger repair works on concrete structures there is a great amount of effort put 
down to specify requirements on all parts of the process from removal of damaged concrete 
to curing of e.g. a shotcrete repair. The skill of the craftsmen carrying out the work is most
commonly not focused on. The workmen are assumed to be sufficiently educated to perform
the specified moments. When it comes to construction with shotcrete this problem is 
accentuated. It is not very difficult to shorten the service-life significantly with erroneous
workmanship before, during and after shooting. Incorrect shooting can destroy even the best-
composed shotcrete mix. In some countries there are requirements on certification of
workmen, but most commonly not. Many times also the owner or an engaged designer does 
not know exactly what requirements to raise to minimise the risk for bad quality shotcrete
repairs.

To reduce the risk for errors connected to bad workmanship and to have a document that 
can be used in both education of workmen and specification of requirements in a tender 
document a Swedish guideline (Nordström, 2002) is being developed. Focus in the guideline 
is repair with shotcrete and mainly with the dry-mix technique used in concrete dam repair. 
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4.2 SUITABILITY FOR USE OF SHOTCRETE

Shotcrete is in many projects a very good and durable method to repair concrete structures. 
Little (or no) need for formwork, simple equipment, known materials and long-term 
experience are the major advantages. Shotcrete is in spite of these excellent properties not
useful in all applications. In structures where there is a risk for water ingress in the underlying
concrete and build-up of water pressure behind the shotcrete it is not suitable to use 
shotcrete. This is due to the fairly low permeability of high quality shotcrete. The potential
problems are also emphasised in combination with exposure to frost attack where ice
formation in the interface zone could cause total delamination of the shotcrete repair. 

1.
< 0 °C

3.

2.

4.

Figure 3. Non-recommended way of shotcrete repair of a buttress dam.
(1. Water ingress. 2. Monolith. 3. Shotcrete. 4. Slab ) 
Méthode non-recommandée de réparation d’un barrage à contreforts au moyen
de béton projeté.
(1. Pénétration d’eau. 2. Monolithe. 3. Béton projeté. 4. Dalle ) 

Another application where shotcrete is less useful is structures where the degradation could 
be expected to continue in the underlying concrete. A structure subjected to alkali-silica-
reaction is one example where the rate of degradation could be decreased due to limited 
access to water. Any further expansion in the underlying concrete would probably lead to that 
the shotcrete would crack or debond. 

A third situation where shotcrete is less useful as a repair method is in spillways where the
inclination is very low or in flat parts of a spillway. Downward shooting is very difficult to
execute without enclosure of rebound and thereby causing bad quality of the shotcrete. This 
is especially emphasised with dry-mix shooting. With wet-mix shotcrete it is less difficult to 
execute downward shooting since the amount of rebound is much lower.

146



Appendix J – Paper I

4.3 PREPARATION OF SURFACES 

4.3.1.Removal of damaged concrete 

One type of damages that can be seen in shotcrete repairs is the type where complete 
delamination of the shotcrete can be derived from insufficient removal of damaged concrete 
before applying a high quality shotcrete. A typical example is structures suffering from 
freeze-thaw damages. Applying a new high quality shotcrete layer can prevent water from 
intruding the concrete to some extent, but the risk for debonding or continued breakdown
under the new shotcrete is obvious. As a rule-of-thumb damaged concrete should be 
removed to the extent that when tapping with a hammer on aggregates they should still stay
in place. In structures with heavily damaged concrete this might not be possible, but then the
need for a quite thick repair is increased. 

4.3.2.Preparation before shooting 

In Sweden a discussion has been going on about the need for pre-watering of the surface to
be shotcreted and how this should made. There are two common opinions about this. The
first one is that no pre-wetting of the surface is needed since there is a risk that this will lower
the bond-strength and increase the risk for drummieness or complete delamination. The 
other opinion is that pre-wetting is a must since otherwise there will be a risk for capillary 
transport of water from the shotcrete to the substrate being shotcreted and therefore reduce
the already low water content in the shotcrete. This extra reduction would then give a 
reduction of the quality of the shotcrete itself and also give reduced bond strength. 

The solution to the above mentioned different opinions on the need for pre-wetting or not is 
that both are correct. The need for pre-wetting the surface is connected to the quality of the
concrete being shot at. Low quality porous concrete can be the origin of heavy capillary 
action on the fresh shotcrete. A limited loss of water should of course give some kind of 
vacuum treatment and a reduced water-cement ratio, but the difficulty is to predict the 
amount of water lost. A too high loss of water will reduce the possibilities to get complete
hydration of the cement and therefore give lowered strength and durability properties instead. 
Commonly dry-mix shotcretes already have a low water cement ratio (typically 0,35-0,45) 
and does not need any further reduction. To conclude this is that the surface should be pre-
wetted before shooting when the concrete being shot at is of low quality (typically <25 MPa,
cube compressive strength). If the concrete quality is relatively high there is a risk that the
pre-wetting itself could cause a reduction of the bond strength between shotcrete and
underlying concrete and should therefore be left out. 

When pre-wetting is needed, the way it is executed is also of major importance. It is not that 
simple to quantify the humidity conditions of the surface of the concrete but the state should
be "damp but slightly absorbing" and no free water should be present on the surface to be
shotcreted.
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The surface should of course in both cases be free from loose materials and other
substances that could reduce the final result of the shotcrete repair. 

4.3.3.Arrangement of construction joints 

The joints should be designed in a way making them easy to construct with as few 
discontinuities as possible. Before shotcreting an adjacent section the joints should be
blasted to increase the bonding between the different sections. The shotcrete should as long
as possible not be spliced over the old concrete, especially not when the shotcrete repair is
exposed to running water. Extremely thin shotcrete layers is almost always of bad quality and
will fall off due to erosion or even only by shrinkage. The width of a shotcrete section should 
be designed taking into consideration the risk for shrinkage cracks. 

4.4 SHOTCRETE PLACEMENT

There are of course a number of factors to take into account during executing a shotcrete
work. The superior way of learning how to handle the nozzle and e.g. adjustment of water
addition for dry-mix shooting is to practice in full scale. This also preferably in co-operation
with a skilled nozzlemen that could give advice. 

In some countries (e.g. U.S.A. and Canada) there is a system for certification of nozzlemen
to increase the quality of shotcrete repairs. This system gives a great number of advantages
to the shotcrete method. It is not only a way for an owner of a structure to assure that the 
workers executing the shotcrete repairs are skilled. It is also a way of increasing the status of
the nozzlemen and the workmen’s pride. Since the nozzleman is so important for the final 
result he should also be so well educated that he can put his foot down when the conditions
for a good result are too bad (bad cleaning, wrong humidity conditions etc.). This will
minimise the risk for bad shotcrete repairs. A certified nozzleman would not take the risk to 
loose his certificate by shooting under bad conditions but instead he will try to create
something to be proud of. 

4.4.1.Adjustment of water addition in dry-mix shooting 

For dry-mix shooting the adjustment of water addition is a central parameter since this
directly will affect the water-cement ratio in the structure. The most common mistake is to 
use too little water in purpose to make an extra low w/c-ratio and high strength. This can 
cause a shortage of water in the concrete mix to achieve full hydration of the cement and
instead give a lowered quality of the concrete. The amount of water needed can be 
described in subjective terms as “glossy shine on the surface” or the consistence should be
“rubber-like”. The correct amount of water to give a good “workability” of the fresh shotcrete 
is also important to encapsulate rebars in a right way. 
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Too little water will also give rise to high amounts of rebound and dust in the air and thereby
give problems with visibility. This is also a source of problem that could make it more difficult 
to succeed in creating a high quality shotcrete repair. 

4.4.2. Nozzle handling

The two most essential rules to follow during shooting are that the nozzle should be held as
perpendicular as possible to the substrate being shot at and that the nozzle should be
rotated in small circles during shooting (see figure 4.). 

The purpose with the first rule is to achieve full compaction, which is obtained by the process
when shotcrete is projected towards a surface, and also to minimise the amount of rebound.
A large deviation from perpendicular will give low compaction and high amounts of rebound. 
The second rule is to assure a good mixing of the shotcrete after the mix has left the nozzle
and to make it possible to create a fairly even surface with a low need for finishing
afterwards.

Rebound from shotcreting should be collected or it could also be blown away by an assistant 
to the nozzle man. If the rebound is not removed it can reduce the bonding strength between 
the old concrete and the shotcrete. The system with a “blow man“ assisting the nozzle man is 
common in e.g. USA. 

Figure 4. Shooting angles (LEFT) and nozzle motions (RIGHT). (ACI, 2001).
(1. Low impact. 2. High impact. 3. Extreme rebound. 4. High rebound. 5. Low
rebound. 6. Small circular motion) 
Angles de projection (Á GAUCHE) et mouvements de l’ajutage (Á DROITE).
(ACI, 2001). (1. Impact faible. 2. Impact élevé. 3. Rebond extreme. 4. Rebond 
élevé. 5. Rebond faible. 6. Petit movement circulaire.) 
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4.5 FINISHING AND CURING 

A common misunderstanding is that trowelling of a shotcrete will give rise to delamination
and debonding. In the investigation presented in the beginning of the paper (Nordström,
1996) tests with both trowelling and no surface treatment show that there is no difference in 
bond strength even with a low layer thickness of the shotcrete. On the contrary trowelling
give large aesthetic advantages which sometimes is an argument against shotcrete repairs. 
Uneven and rough surfaces can also give problems with degradation due to erosion. 

Proper curing of conventional concrete goes without saying but the need is often neglected 
for shotcrete. This inspite of the greater need for proper curing for shotcrete structures.
Shotcrete commonly has a low water-cement ratio, small maximum aggregates and high 
cement contents. All these three parameters give rise to a high degree of shrinkage and risk
for cracking. Therefore it is essential to the durability of shotcrete repairs to spend much 
effort on sufficient curing. Often the easiest way is to sprinkle water on the shotcrete some 
earlier than 24 hours after shooting. Directly after shooting the shotcrete should also be
covered with plastic foil or tarpaulins to prevent evaporation from the shotcrete. If the repair
is exposed to wind or sun radiation this need is even more accentuated. 

5. CONCLUSIONS 

The shotcrete technique is a very cost-effective method to use for repair or upgrading of
concrete structures especially with use of steel fibres. Shotcreting is a good way to create a 
high strength concrete repair with almost no formwork and placing of reinforcement.

Anyhow there are some major differences concerning dam structures to take into 
consideration when the shotcrete method is planned to be used. One is the risk for ingress or
diffusion of water through the concrete being repaired or strengthened. The risk for building 
up water pressure, possibly in combination with frost action, will make the possibilities for a
successful repair low. The other is the accentuated need for smooth surfaces and thereby 
trowelling the shotcrete after shooting. This to minimise the risk for erosion and cavitation in 
spillways followed by damages on the shotcrete repair. 
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