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ABSTRACT

Steel fibre reinforced concrete has found increasedas construction material, and
could be beneficial for use in infrastructure anarime structures. Nevertheless using
fibores combined with traditional steel reinforcemem chloride environment may
cause other problems, as for example corrosiomboéd or galvanic corrosion. This
study investigated the influence of steel fibres oarrosion of traditional
reinforcement bars.

In order to investigate the influence of fibres amrrosion of reinforcing steel, three
types of experiments were carried out: corrosigist®n beams to obtain time to
corrosion initiation, rapid chloride migration aneésistivity tests. Due to time

limitation, the corrosion tests were done on beamith rather porous concrete

mixtures (class C20/25y/c 0.75) exposed to a high chloride concentratione Th
beams were divided in three groups: loaded, unbbadel beams that were never
loaded, thus resulting in varying crack widthsalhgroups, specimens both with and
without steel fibres were tested.

The results show that the reinforcement bars inbb@ms with the widest cracks
started to corrode first. Due to the scatter inrémults, it was difficult to draw any
clear conclusions about the effects of fibres orrasion. However, it has been
noticed that mechanical properties of fibres hagrelfficial impact on protecting of
rebars. It was visually observed, that pitting are@re smaller for beams with fibres.
The steel fibres decreased the resistivity, while thloride diffusion coefficient
appeared to be unaffected.

Key words: fibre reinforced concrete, crack widthalvanic corrosion, steel
corrosion, chlorides, resistivity of concrete, c¢ide migration, half-cell
potential.
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1 Introduction
1.1 Background

Nowadays steel fibre reinforced concrete (SFRC)misre commonly used as
a construction material. According to prior invgations it has been proved that
it brings more effective crack control and improuwssmechanical properties; see e.g.
Mangat and Gurusamy (1987), Granju and Balouch §p08nd Lofgren (2005).
Adding fibres to the mixture gives better post-&rag load bearing capacity due to
the fibres capability to transfer stresses throagitks. Throughout the last decade
fibre reinforcement has found many applicationscivil engineering structures as
floors or segmental linings in bored tunnels; see Bentur and Mindess (2007). As
far as civil engineering structures are concermdtkre their crack limiting effects is
of interest, it could be beneficial to use fibr@his is particularly interesting for
structures like bridges and harbours which usuadlye strict crack width limits due
to the risk of reinforcement corrosion. Therefdreauld be beneficial to apply fibres
to reduce cracks as a supplement to the traditi@iadorcement. Nevertheless using
fibres combining with traditional steel reinforcemben chloride environment may
cause other problems, as for example corrosiorbdd or galvanic corrosion.

1.2 Purpose and objectives

The main purpose of this thesis is to study thecefbf fibres on corrosion of steel
reinforcement in chloride environment. The maineshiyes of this study are:

* to investigate the fibres influence on resistivisnd chloride migration
coefficient;

* to examine the risk of galvanic corrosion due tmagslifferent steel types in
fibres and traditional reinforcement;

« to analyse if the fibres ability to supress crac#tivcan be beneficial when it
comes to chloride ingress and corrosion initiation;

» to study if fibres corrode at surface which caregbad esthetical impression.

1.3 Scope and method

Due to time limitation, the corrosion tests wer@aduacted on beams of rather porous
concrete mixtures (class C20/25, water cement ratidc 0.75) exposed to a high
chloride concentration.

The thesis is divided into two parts: the firsttpara literature study and the second
part deals with experiments. The first part exmathe reinforcement corrosion
process, galvanic corrosion as well as influence cadicks on corrosion in
reinforcement. Next part describes experiments lwhiere conducted in order to
examine influence of fibres on reinforcement cdons Three types of tests were
carried out:

» corrosion tests on beams to obtain time to corrositiation;
* Rapid Chloride Migration tests (RCM tests) to detiere chloride migration
coefficient, according to NT Build (492);
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* resistivity tests to determine the effect of fibmsresistivity, according to the
procedure described in Tang and Nilsson (2002).
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2 Corrosion in Concrete Structures

2.1 Introduction

Concrete structures are exposed to different degjcad processes e.g. mechanical
(abrasion) or physical (freeze-thaw). One of thestmocommon is reinforcement

corrosion initiated by chloride ingress. It detesi@s the concrete cover by inducing
cracks reducing the protective characteristics h&f tover. A schematic view of

deterioration levels in concrete is presented gufa 2.1.

Levsl of Deterioration
PN

Initiation Period | Propagation Period @
I

» Time of Exposure [a]

3 Tt '

Condition can be Deterioration recognizable through non-

comprehended destructive measuring methods

by monitoring
@ Depassivation of the reinforcement Initiation Period
@ Formations of cracks

Limit States
@ Spalling of the concrete cover Propagation
@ Collapse of the structure through Period

bond failure or reduction of the cross
section of the load bearing reinforcemer,

Figure 2.1 A schematic view of deterioration ley€&l8 (2006).

Corrosion can develop on the reinforcing steelul+length (general corrosion) as

well as in cross section (pitting corrosion). Rad@r in the first case longitudinal

cracks, caused by increase of expansive productiiped by corrosion that generate
tensile stresses in the concrete around reinforsieel, can lead to reduction of bond
strength between concrete and reinforcement. M@re@orrosion decreases ductility
of the structure, what is an effect of stress cotreéions in the reinforcing steel.

Protection of reinforcement steel in concrete iseldlaon sufficient concrete cover,
maximumw/c and the process of forming thin protective laybe (passive film) on
embedded reinforcing steel. The concrete surrogndeinforcing steel is highly
alkaline (pH between 13 and 14). The passive filppears, by oxidation of the
surface, and is a few nanometres thick. It is ngasthde of insoluble iron oxides. The
main function of passive film is to provide the m®mion resistance of steel.
Unfortunately it is not enough protection againstrasion, and the passive film can
be broken down by carbonation-induced corrosiondnhoride-induced corrosion.
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2.2 Carbonation

Carbonation is a process which is not damagingretadtself, but influences the risk
of corrosion of the reinforcing steel. Carbonatiesults in a lowering of the pH of the
pore solution in concrete, from 13 - 14 to 9 Assuit of loss the protective layer on
the reinforcement is deteriorated and corrosiothefsteel may commence.

The process of carbonation is caused by the reattween carbon dioxide and
calcium hydroxide, in the cement paste. Sodiumgatdssium hydroxides are present
in the pore solution as well as calcium hydroxi@alcium hydroxide becomes

hydrated in the cement paste and reacts eagettyagiieous carbon dioxide to form
calcium carbonate and water. The reaction can btewas:

Ca(OH), + CO, - CaCO; + H,0 (2.1)

As a result of this reaction, the pH value of tharepsolution decreases and a
neutralisation of the concrete occur. The neuttibe proceeds in steps, following
several reactions, but the final product is awag€ Q.

Carbonation rate decreases with time and dependiftusion of carbon dioxide
through the pores from the layer which is carbahai® distinguish and measure the
depth of carbonation, a solution of phenolphthalean be sprayed on a surface of
broken concrete. Parts of the surface which are aff@icted become pinkish in
comparison to affected parts which are not changaigur.

Following factors influence the carbonation rateading to Bertolini et al. (2004):

* The humidity (moisture) is significant for the canation rate; when concrete
is fully saturated, carbon dioxide cannot penetiat&hus, carbonation does
not occur in fully saturated concrete. However,boaation process cannot
start without water. The optimum moisture is betw68% and 80%.

* The CQ concentration; mostly, the higher the concentratibcarbon dioxide
in the air, the higher the carbonation rate.

* The concrete compositiorw/c is one of the most important factors that
influence the penetration rate of carbonation. Tigher the water-cement
ratio, the larger penetration rate of the carbamati

* The temperature; when temperature increases thergaion rate raise.

2.3 Chloride ingress

In practice, durability of concrete is more endardeby chloride ingress than
carbonation. Chloride contamination could be redigtructive for prestressed and
reinforced concrete structures. In order to avadasion caused by chlorides in the
concrete, there are limitations on chloride corgentmaterials used for prestressed
and reinforced concrete structures. In the pastib@ately, but unaware of
detrimental effects) chlorides were used in comcm@ix as admixtures (calcium
chloride), which is prohibited now.

There are some other sources of chlorides causimgsion in concrete. Two of them
are really important: de-icing salts on roads usedinters and seawater in marine
environments.

Chloride ions are transported into the concrete @hen the chloride content at the
reinforcement exceeds the so-called threshold lex@rosion may be initiated.
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The threshold level mostly depends on electrochanpotential of the reinforcing
steel. Rather small amount of chlorides is neeaethitiate corrosion in concrete
structures exposed to the atmosphere, where srffi@mount oxygen is available.
However, in structures immersed in water, the arhobichlorides needed to initiate
corrosion is higher, because the access of oxygehet reinforcement is limited. In
the case of water saturated concrete, chloridetagemetrate through concrete cover
by diffusion. When it comes to partially water sated concrete, chloride substances
can be transported by convection.

2.4 Active corrosion

It can be distinguished between general corroswimich usually is initiated by
carbonation, and pitting corrosion, which usuadlynitiated by chloride ingress.

Afterwards, reinforcing steel may start to corraideufficient moisture and oxygen is
present, the volume of the corrosion product is Bmés greater than pristine steel.
This causes splitting stresses around reinforcerbard, which can cause splitting
cracks in the concrete cover.

Pitting corrosion may start when the amount of ctks at the surface of a

reinforcing steel exceed a threshold level. Thelorades break down the protective

layer of the reinforcement (the passive film). Tdreas that are no longer protected
start acting as anodes (active zones) while theognding protected areas act as
cathodes. If the ratio of cathodic area to anodiaas high, the pitting corrosion can
occur. Schematically presented, pitting corros®ishown in Figure 2.2. There it is

shown that the corrosion started and the aggressiveonment is produced inside

pits. The chloride content is increasing due todineent flowing between anodic and
cathodic regions. Chlorides that are negative ioiw/e to the anodic areas and
decrease the alkalinity. However, when it comeguoent, it is strengthening the

protective layer since it can reject chlorides, lestdathodes increase alkalinity. It

means that both processes are stabilised and orissaccelerated.

Concrete
CI H,0,0, OH

pH>12.5

Figure 2.2  Scheme of pitting corrosion of reinfogisteel in concrete, based on
Bertolini et al. (2004)
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2.5 Galvanic corrosion

Galvanic corrosion appears between different kiofdsietal. It occurs when alloy or
metal is electrically coupled to the other metalwien non-metal is conducted in the
same electrolyte. There are three following comptséhat have to be fulfilled:

e The common electrolyte
e The common electrical path
» Materials that possess various surface potential

During galvanic corrosion process, the surfacehef less protected metal becomes
anodic and corrosion increases. However, the stirtdcthe better protected metal
becomes cathode and corrosion decreases. Disparntigotential between different
alloys or metals cause electron flow while they amupled electrically in a
conductive solution. The corrosion rate is affedigdhe following factors:

» The potential disparity between alloys or metals
» The characteristics of the environment
* The polarization behaviour of alloys or metals

When it comes to flow direction, the more activieyalor metal will corrode. Hence,
the metal which is more active becomes anode itragnto the corrosion-resistant
metal which becomes cathode.
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2.6 Service life of concrete and corrosion (initiationand
propagation)
The service lifetime and corrosion is often desadiin connection with initiation and

propagation time. Those two different phases wiesdyf described and presented by
Tuutti (1982), see Figure 2.3.
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Figure 2.3 Initiation and propagation periods fopbreosion in concrete, Tuultti
(1982).

In the first phase, where reinforcing steel is passcarbonation and/or chloride
ingress into the concrete occurs and the coverrideites and finally the
reinforcement is de-passivated when the thin ptiveedayer of reinforcement is
broken down. Initiation period is limited by the naération depth of aggressive
substances and cover depth as well as concentidifference needed to depassivate
the reinforcement. Initiation period is stronglylirenced by the presence and width
of cracks; see e.g. Tammo (2006). Influence of ksaan corrosion is presented in
Chapter 3.

However, the second phase is the stage where ttecpive layer has been broken
down. The corrosion process can start if oxygen amder are present at the
reinforcing steel. The propagation period is betw#ee beginning of the corrosion
process and final failure of the structure. It nhashepends on the following factors:

* The cover depth

* The porosity of the concrete

* The relative humidity in the pores the chemical position of the pore fluid
* The temperature
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3 Influence of cracks on corrosion

Concrete is a material which is characterised bgtleer low tensile strength. Thus, it
is very common that concrete structures are crgaftire to tensile stresses or restraint
forces. This is why cracks are taken into consiitlmrawhile designing concrete
structures almost since the beginning of the depigicess. The cracks are creating
openings in the concrete surface which helps dtoions to be transported into the
concrete, and as a result corrosion initiation raegur earlier in the reinforcement
bars.

3.1 Types of cracks

During the whole life cycle of concrete structudifferent types of cracks can be
distinguished. The most common ones are presentéidjure 3.1.

)
’
.-"l ; Tension
/ H foifier . bending
f - - - o
S . o 1 lliL ‘f~—__ cracks
k. - - =, e - | s S
L - - - =
= o : e’
-‘-"1. - F g —_ = o - -~
o — -~ e R _.-'F
— ! T—— T — A
~ ™ R o~ } R o
Cracks at — o - Plus rust

starter joinls e - slains

Figure 3.1  The most common crack types, CEB-rilE983).

According to CEB-rilem (1983), the cracks can beid#id into three groups,
regarding to the cause (capital letters refer gufa 3.1):

» early cracks, due to:

o plastic settlement — A, B, C;

o plastic shrinkage - D, E, F;

o thermal shrinkage — G, H;

o long-term drying shrinkage - |
» corrosion and swelling aggregates — L, M;
» cracks caused by loads, due to:

o bending,

0 shear

0 torsion
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3.2 Summary of previous experiments

3.2.1 Tests by Schiel3l and Raupach

Experiments were conducted by Schiel3l and Raupe@®7§. The purpose of their

study was to clarify corrosion mechanism and factehnich are influencing it, such as
crack width, concrete cover and water/cement r&mll current measurements were
used to determine corrosion rate of reinforcement.

They used reinforced concrete beams of dimensiorsi®x 9.5 cr In order to get
unambiguous results, only one, centrally locatedclc was obtained. This was
achieved by inserting a 0.5 mm thick and 7 mm dgeptic strip. The experiment
setup is shown in Figure 3.2.

ammeter [ salt-water reservoir

F
fh__ f‘L j:jrﬂwj@

concrete Freinforcement &
(@) L
i1 steel girder thread

1 1 222 1 1
’:7.5|:7.5”:7.5“ 75| : E|’7'5 :?.5“:7.5 75]

70
(27.6in)

9.7
(3,821in)

[cm]

Figure 3.2  Test setup, from Schiel3l, Raupach (1997)

The concrete used for these tests had strength B2t (C30/37) andi/c ratio 0.6. It
was composed of 300 kglr®PC 35 F. The concrete cover varied as well; 153
mm. After casting, specimens were kept in a clinchi@mber with temperature of 20
+ 1°C and relative humidity 80 £ 5 %.

After 28 days of curing, a salt-water reservoir was on the top of the beam above
the crack, to induce chloride corrosion. The 1%ogte solution was poured into
reservoir once a week for a period of 24 hours Ifdrweeks, followed with two
periods of ponding with only tap water without aldies. After that, the specimens
were kept for one year at 80% of relative humidhfter one year 12 wetting cycles
were repeated.

The results showed that increasing concrete caowven L5 mm to 35 mm gave lower
mass loss of steel due to corrosion. A higher ciororate was observed also when
the water/cement ratio increased from 0.5 to Ot& third influencing factor, which
was investigated, was crack width. Crack widthueficed the corrosion rate rather at
the beginning of the corrosion propagation timeerlahe difference was not so
significant. To sum up, the influence of crack widtas not as significant as was the
concrete cover and water / cement ratio.
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3.2.2 Tests by Yoon et al.

Yoon et al. (2000) carried out tests studying extdon between loading level,
corrosion rate, deflection and residual strengtreofforced concrete beams. Half-cell
potential and galvanized current measurements weeel to determine corrosion
initiation time.

Two types of experiments were conducted; one tane& the influence of pre-
cracking and previous loading on corrosion of m@oément, and the second to
examine influence of sustained loading on corrasidre beams from the first group
were loaded in four-point bending up to 45 or 79Pthe ultimate load and thereafter
unloaded for the corrosion tests. Whereas the skeoors were loaded up to 20, 45,
60 or 75% of the ultimate load respectively andltfagl was applied during the whole
tests. Both groups were loaded after 28 days ahguimhe dimensions of the beams
were 100 x 150 x 1170 minThe beams were reinforced with single bars. The
concrete cover was 30 mm and the diameter of tilforeing bar was 19 mm. The
weight proportions of the mix used were 1:2:2:@&ngent-gravel-sand-water). Before
loading the beams were exposed for 28 days to 98ldtive humidity at 22C. The
loading system is presented in Figure 3.3.

180,110, 1280 ' 50,
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|
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<=

e !
I

Figure 3.3  Sustained loading system, units in [nfnojn Yoon et al. (2000).

#74  Strong fioor

After loading, the beams were kept in laboratoryimmment at room temperature
with or without 3% NaCl solution. One cycle consistof 4 days of wetting and 3
days of drying the specimens. The corrosion tes a@vaided into two parts: Stage |
and Stage II, which corresponded to initiation prapagation time of corrosion.

The experiment carried out by Yoon indicated tlnat ibading level influenced the

corrosion rate of the reinforcement bars. Firsalbf corrosion started earlier for the

beams on which had been loaded, than for the uatbadams. Increased load level
decreased the corrosion initiation time. Moreoverpeams subjected to sustained
load, the corrosion rate increased as well. Reggri#ilure mechanism, the corrosion
level is important. With increasing corrosion levate, the failure mode changed
from shear to bond splitting failure.
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3.2.3 Tests by Mohammed et al.

A study, conducted Mohammed et al. (2001), was diateénvestigating the influence
of crack widths and type of bars (plain and ribbed)corrosion of reinforcement in
concrete. Macro- and microcell current measuremeats used in this study.

Experiments were carried out on two groups of beahws first one had only one
centrally located crack while the second had séweexcks. The dimensions of the
beams in the first group were 10 x 10 x 4Gcifhe proportions ratios of the mix
were 1:2.5:0.3/0.5/0.7 (cement-sand-water). Thré@erdnt crack widths were
obtained: 0.1, 0.3 and 0.7 mm.

In the second group, the beams were 15 x 15 x &#5nith varying crack widths:
0.3, 0.5 and 0.7 mm. The concrete mixes used fsrgioup, were characterised with
two proportion mixes: 1:2.4:3:0.5 and 1:2.5:3.1.(c@ment-sand-gravel-water). The
load used to crack the beams was 5 500 and 4 5@0rkglain and deformed bars
respectively. The experimental setups are showiguare 3.4 - Figure 3.5.

After cracking, the beams with single cracks wergjected to an automatic wetting
and drying cycle. A 3.5% NaCl solution of saltwabteas sprayed for 24 h in a 6C
temperature, during the drying cycle the beams wept in environment of
temperature of 60C and relative humidity 80% for 24 h. Before measuents, the
beams were moved to environment of°@and 80% RH for 24 h. The experiment
was continued for 13 weeks.

Regarding the multi-cracked beams, they were keppien air and sprayed once a
week with a 3.5% NaCl solution for 16 months.

The conclusion from this study was that crack widtfiuenced only the initiation
time. The presence of cracks were found to be rsaeificant rather than crack
width. During design it is more important to desaconcrete mix with a low water /
cement ratio than limiting crack width. Another carsion of this study was that
plain reinforcement bars had longer corrosionatibin time than ribbed bars.
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Figure 3.4  Test setup for single-cracked beamsnfidohammed et al. (2001).
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Figure 3.5  Test setup for multi-cracked beams, fiMdomammed et al. (2001).

3.2.4 Tests by Tran and Huang

A Master’s Thesis conducted by Tran and Huang (RO@6 aimed at investigating
the effect of cracks on steel reinforcement in g environment. Corrosion tests
were conducted and the corrosion initiation times wacorded by half-cell potential
measurements.

Beams with dimensions of 100 x 150 x 800 fmere used with 20 mm of concrete
cover. As reinforcement, 2 bag8 mm were used in every beam. In total 7 beams
were produced. The specimens were divided intcetigreups: permanently loaded,
loaded to crack and then unloaded and third greup eference without cracks. The
concrete used was C20/25 class with the mix prapwtratio 1:5:2.5:0.77 (cement-
sand-aggregate-water). The beams were cured fdag8 in water. In order to crack
beams, 12 kN load was applied by a loading lexeesh@awn in Figure 3.6.

300 mm L 2100 mm

[ L il

I
ol |

v

Figure 3.6  Loading system, from Tang and Huang §200

To initiate the corrosion process in reinforcemant0 % NaCl solution was used.
A Wettex® sponge was attached to the bottom ofbi@m to let the chloride ions

migrate into the concrete. All of the specimensesexposed to the same conditions.
The environment during testing was 30 % relativenidity and a temperature of

23°C.

The main conclusion drawn from this study was ttiet crack width influenced
corrosion initiation time. Moreover, the beams sgb¢d to permanent load started to
corrode first while for the beams without crackeV@r loaded) no corrosion was
detected during the exposure period (49 days).
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3.2.5 Tests by Tammo

Tammo (2009) carried out experiments to investiglag¢einfluence of concrete cover
and crack width on corrosion in concrete structuidse study focused on crack
widths close to the reinforcement bar instead atkmwidths at the surface. Time to
initiation corrosion was determined by acceleraiests and measured by half-cell
potential method.

The beams investigated were 980 mm long, 156 mne &l had an effective depth
of 76 mm. In total 26 beams were tested. Threeeufit concrete covers were
studied: 20, 40 and 60 mm. The beams were reirdarcevo ways: the first one with
two bars of¢8 mm diameter and the second with one bapl® mm diameter. The
concrete was of C20/25 strength class and the nopqgptions ratio was 1:5:2.5:0.77
(cement-sand-aggregate-water). The specimens weee for 28 days in water with
a temperature of 2®«. The beams were loaded twice to a steel streS8@Pa,
which corresponded to bending moment of 2.611 kiWeaihs with$8 mm rebars)
and 2.923 kNm (beams wi#l2 mm rebars), as presented in Figure 3.7. After tw
series of loading, the beams were loaded to fimaks levels — 0, 250 and 350 MPa.
The steel stress 250MPa corresponded to a bendomgent of 1.718 kNm (beams
with $8 mm rebars) and 1.923 kNm (beams witl2 mm rebars).

y 475 mm
v P
. N -
' _ ? Chloride
Foam rubber . P expostre
-
135 mm

Figure 3.7  Test setup, Tammo (2009).

After the final loading the cracks widths were mead. The obtained crack widths
were varying between 0.08 and 0.2 mm with spacetg/éen 30 and 100 mm.

After cracking the specimens were kept in an emvirent with a temperature of
20°C and 60 % relative humidity. After one week thearlbe were submitted to
chloride exposure, which was a 10 % solution of NaC

The results of the study showed that large cona®ters protected the reinforcement
from corrosion more efficiently than the smallereeneven with wider crack at the
surface. Moreover, the corrosion initiation timalueed with an increase of steel
stress and crack widths close to the reinforcement.

3.3 Summary

To sum up the described research (Schief3l and Ray@}897), Yoon et al. (2000),
Mohammed et al. (2001), Tran and Huang (2006), Bamdimo (2009)), all of them
stated that cracks have an influence on corrosforeinforcement bars in concrete
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structures. However, the influence is much moreni@ant for the corrosion
initiation time than in the corrosion propagatidmape. Furthermore, concrete cover
and water to cement ratio have a larger influeneecarrosion than crack width.
Cover is important also in that sense that whenctheer is large, the crack width
close to the reinforcement bar is smaller than whencover is small. The higher the
w/c, the faster the chloride transport in the concieteand thus, both corrosion
initiation and corrosion propagation is affectedjaievely. It was also found that the
loading history influences the corrosion as wéle higher the load level the earlier
the corrosion initiation. Finally, plain reinforcemt bars are more resistant to
corrosion than ribbed bars.
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4 Experimental programme

Three different experiments were conducted during $tudy. There were prepared
specimens with fibres (F), without fibres (W), witlifferent fibre volume: (1.3%),
(1.0%), (0.6%), (0.3%), (0.0%) and with macro-swtith fibres (0.6PP). The type of
experiments and the number of specimens used eserded in Table 4.1.

Table 4.1 Overview of executed experiments.

Number of specimens

Test method Test purpose
F|W/ |13[1.0|/0.6|0.3|0.0|0.6PP

Corrosion tests| __. )
Time to corrosion
on beams 6 6 - - - - - -

(Chapter 5) initiation

To determine the
influence of fibres

RCM tests :

on the chloride | 4 4 6 6 6 6 6 6
(Chapter 7) migration

coefficient

To determine the
Resistivity tests| effect of fibres on
(Chapter 0) the resistivity of

concrete

Concerning the investigation of how fibres may uefice reinforcement corrosion
two concrete mixes were prepared. Both of themaha@ter cement ratio of 0.75. Of
the two mixes, one contained 0.5 vol-% of steakef(40 kg/m) while the other mix
was a control, without fibres. In order to condaotrosion tests the beams had three
different exposure conditions, as presented in&d 4t:

* Group L were Loaded in three-point bending (permégg
» Group U were cracked by loading in three-point legénd then Unloaded;
* Group W were not loaded and thus un-cracked.

Table 4.2 Arrangement of beams

Group name L U W
With fibres LF1, LF2 UF1, UF2 WF1, WF2
Without fibres LW1, LW2 UW1, UW2 WW1, Ww2
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To study the corrosion process, half-cell potentre@asurements were made. To
investigate the fibres effect on chloride migrationefficient, Rapid Chloride
Migration (RCM) tests were performed according t@ MBUILD 492 (1999).
Resistivity tests were also conducted to deterntime resistivity of the tested
concrete.

4.1 Specimens preparation and treatment

4.1.1 Details of mixes
4.1.1.1 Concrete C 20/25

Two concrete mixes were prepared in the invesbtigatif corrosion tests on beams.
Details of mix designs are presented in Table B&h were produced by mixing
cement, limestone filler, aggregate, sand, watdrsaperplasticizer to achieve a self-
consolidating concrete (SCC). The only differeneéween the two mixes was that
the second mix contained cold drawn steel wireeBhwith hooked ends (Dramix RC-
65/35-BN). For each mix, 6 beams (100 x 100 x 8@0) were cast for the corrosion
tests, and 4 cylinder$100x 200 mm) for the chloride migration tests. Rarimore,
12 cubes (100 x 100 x 100 mm) and 4 cubes (1500xx1550 mm) were cast for
determination of the compressive strength.

With respect to the compressive strength, the ae@ompressive strength class was
determined according to EN 206-1. There are twieria that were checked:

fem = fox + 1,480 (4.1)
fei = fex —4MPa (4.2)

For criteria (4.1), the standard deviation was el to be 10%tm Thus, the
average compressive strenfgh should be 28.7MPa. For criteria (4.2), any indiad
test resulfe should be greater thds - 4 MPa. Thus, the concrete can be classified as
a C20/25 according to EN 206-1.
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Table 4.3 Concrete mixtures for specimens useddopsion tests.
w/o fibres w/ fibres
mix 1 mix 2 mix 1 mix 2
Material Type Weight Weight Weight Weight
(dry) (dry) (dry) (dry)
[kg/m?] [kg/m?] [kg/m?] [kg/m?]
CEM lI/A-
Cement | b425R 280 280 280 280
Bygg,
Skovde
Water - 210 210 210 210
Sand 0-4 Sea sand 235 235 233 232
Sand 0-8 Hol (natural 631 631 625 625
Gl’avel Tagene
699 699 693 693
4-8 (crushed)
Limestone | inus 40 220 220 220 220
filler
: Dramix RC
Fibre 65/35-BN - - 40 40
Sikament
SP 56/50 3.54 3.40 3.54 3.55
Slump flow [mm] 620 620 480 510
w/c 0.75 0.75 0.75 0.75
Density [kg/n] 2 330 2331 2 305 2 310
Average compressive
strength at 28 days [MP4] 315 30.5 29.3 29.3
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4.1.1.2 Concrete C45/55

In order to check the influence of different amoontfibres on chloride migration
coefficient and resistivity of concrete, 6 mixesctdss C45/55 were prepared. Macro-
synthetic fibers ENDURO HPP45 were used as annatee to steel fibres. Details
of mixes are presented in Table 4.4. The compressiengths have been determined
and the evaluation of the results shows that timerede can be classified as a C45/55
according to EN 206-1.

Table 4.4 Concrete mixes for specimens with diftefibre content.

1.3 1.0 0.6 0.3 0.0 0.6PP
_ Weight | Weight | Weight | Weight | Weight | Weight
Material Type
(dry) | (dry) | (dry) | (dry) | (dry) | (dry)
[kg/m?] | [ka/m? | [kg/m?] | [kg/m?] | [kg/m?] | [kg/m?]
CEM I
425N
Cement (MH./SR/.L A) 425 425 425 425 425 425
Anlaggnings
-cement
Degerham
Water - 187 187 187 187 187 187

Sand 0-4 Sea sand 447 450 452 455 458 453

Sand 0-8 | Hol (natural) 450 453 456 459 461 456

Gravel 4-8 Tagene 592 595 598 602 606 599
(crushed)
'-"?iﬁ;o”e Limus 40 200 200 200 200 200 200
Sramiy RC 5,733
. ramix
HPP45

SP Sikament 56/5Q9 7.00 6.50 6.50 7.50 6.50 5.90

1.3 1.0 0.6 0.3 0.0 0.6PP
Slump flow [mm] 640 635 750 650 770 710
w/c 0.44 0.44 0.44 0.44 0.44 0.44

Average compressive

strength at 28 days [MPa] 74.4 65.1 69.4 71.3 63.9 68.7
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4.1.2 Specimen details

As shown in Figure 4.1, each beam is 800 mm lonf wicross section of 100 x 100
mm. The beams had two reinforcement bars with anelier of 8 mm of quality
B500B placed with a concrete cover of 20 mm. Prexposure to chlorides, the
reinforcement bars were mechanically cleaned adwgprdo ASTM-G1-03 and
weighed before casting. To be able to registerhidécell potential measurements,
the rebars were longer than the concrete beamsawdtal length of 850 mm.

RS B
208
3 g ® /
2 T <
800 i} 30,40 |30

Figure 4.1  Measurements of beams

4.1.3 Casting and curing

All the specimens were cast with concrete from fouxes, where 3 beams (100 x
100 x 800 mrf), 6 cubes (100 x 100 x 100 M;2 cubes (150 x 150 x 150 Mnand

2 cylinders ¢100 mm x 200 mm) were cast from each mix. The beasre cast in
steel forms, thereafter covered with plastic sheatd demolded after 24 hours.
Thereafter, the beams were cured in water for lys dand further 14 days in a
laboratory air where the temperature was approxipdt8 °C and relative humidity
around 35%. The smaller cubes and cylinders weseigateel form while the larger
cubes were cast in plastic forms and all cubescghidders were cured in water until
testing.

4.1.4 Compressive strength tests

The cube strength tests were conducted to detertheneompressive strength and to
see if there were any significant differences betwihe different batches. Two types
of cube specimens were cast, namely 100 x 100 xrifiand 150 x 150 x 150 mm.

The 150 x 150 x 150 mm cubes were used to deterthenstandard strength (28 day
compressive strength) while the smaller ones waed uo determine the strength
development.

The results showed that the concrete used in tlmen®ehad roughly the same
compressive strength regardless the inclusionboési or not, see Figure 4.2.
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Average compressive strength
after 28 days

40

30 A

Compressive strength [MPa]

20 A

w1 w2 F1 F2

Figure 4.2  Average compressive strength for coecneted for corrosion tests.
“W” stands for specimens w/o fibres, “F” — w/ fibse Concrete
C 20/25.

As can be seen from the results in Figure 4.2 timhdof steel fibres did not influence
the compressive strength significantly. This istcadictory to previous tests: see e.g.
Mangat and Gurusamy (1987). Probably the resutts fthis study are affected by
using rather weak concrete witkV'c 0.75. There were small increase for testing
100 x 100 x 100 mm cubes after 28, 56 and 98 dmesfigure 4.3.

Average compressive strength
40
T
2
<
-1+
S
£ 30 -
2
g
o
3
S
20 - : :
28 56 08
Days
EW1 "W2 mF1 mF2

Figure 4.3  Average compressive strength after Z2Babd 98 days for concrete
used for corrosion tests. “W” stands for specimeuis fibres, “F" — w/
fibres. Concrete C 20/25.
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For specimens with lowev/c 0.44, which is more realistic for civil structur@ssmall
increase (not significant) in compressive strenfgth specimens with fibres were
noticed in comparison to the samples without fibhésreover, the results for the two
types of fibres used were comparable, see Figdte 4.

Average compressive strength
after 28 days
80
g
=3
<
bo
g
£ 70
2
g I
Q.
£
: | ]
60 T T T T T
1.3 1.0 0.6 0.3 0.0 0.6PP
Fibre amount [%]

Figure 4.4  Average compressive strength for comrcvath varying fibres amount.
Concrete C 45/55.
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5 Corrosion tests
5.1 Testsetup

To investigate the time to corrosion initiation h@ams were cast and divided into
three groups as shown in Table 4.1 and Table 4i& Beams from groups L

(sustained load) and U (un-loaded) were subject¢ldree-point bending load after 28
days of curing with the load of 12 kN, which coperds to 2.1 kKNm of bending

moment. The total bending moment including selfgheiwas 2.118 kNm. The

calculated cracking moment was 0.367 kNm and meackavidth for beams without

fibres was 0.10 mm. The boundary conditions arsgred in Figure 5.1.

P=12kN
<}
| 5'[]A| 350 Je 350 e S0 b
[aEE) ] 700 P
Pl A Pl A
| Q0 |
Pl

Figure 5.1  The boundary conditions

The load application method is schematically shawhigure 5.2. Steel frames were
prepared for each beam that were subjected toisedtéoading; thus in total four
frames. In each frame, a beam was placed insidevorsupports with a distance of
700 mm between them. The frame was prevented fadhimg by use of 2000 kg
counter weight which was put at the back side aine. The beams were subjected to
the load by a lever arm system. The lever arm vgas to multiply a hung weighE)

7 times to the midpoint of the beam. To reach tleoset values, a load cell was used
during pre-cracking beams from group U and durimading beams from group L,
placed under the middle of the beam. The distaet@den hung load) and created
load P) was 1800 mm and fron®) to the end of the lever was 300 mm.
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1800 300

Steel
frame
s 4 Concrete beam -~
. il - Ay
[mm]

Figure 5.2  Loading system

Two of the series (L and U) were subjected to thp@i@t bending load. One was done
to examine effects of previous loading (U) on csiwa of steel reinforcement, while
the other was to investigate effects of sustainadihg (L).First, the load® = 12 kN
was applied to the beams UF1l, UF2, UW1 and UW2clwhsaused cracking;
thereafter the load was removed. After that, bedRis LF2, LW1 and LW2 were
loaded withP = 12 kN and this load was kept during the wholpeginent.

The obtained crack widths for each beam measureahibgoscope are presented in
Table 5.1 to Table 5.3.

Table 5.1 Crack widths and depths for beams froougi.

LF1 LF2 LW1 LW2

No.

of width depth | width depth | width depth | width depth
crack

[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm]

1 0.02 31.8 0.02 39.2 0.03 28.3 0.12 27.2

2 0.03 32.4 0.03 26.1 0.05 48.5 0.02 31.9

3 0.05 34.2 0.05 29.9 0.09 54.1 0.08 65.1

4 0.07 45.3 0.05 37.5 0.12 64.4 0.12 78.7

5 0.04 34.2 0.07 33.5 0.12 66.1 0.28 74.6

6 0.01 9.9 0.10 50.1 0.05 59.1 0.09 58.8

7 - - 0.05 30.8 - - - 31.8
8 - - 0.02 27.9 - - - -
avg. | 0.037 0.049 0.077 0.118
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Table 5.2 Crack widths and depths for beams froougJ before unloading.

UF1 UF2 uwil uw?2
No.

of width depth | width depth | width depth | width depth
crack

[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm]

1 0.01 13.5 0.01 44.0 0.04 62.8 0.04 46.8

2 0.04 46.2 0.06 54.5 0.05 71.6 0.12 67.3

2A - - - - 0.07 37.7 - -

3 0.08 52.2 0.08 58.0 0.14 70.9 0.12 7.4

4 0.08 54.3 0.10 56.5 0.18 57.1 0.10 10.9

5 0.09 60.1 0.02 37.5 0.09 53.5 0.04 7.7

6 0.10 63.2 0.04 35.2 0.02 41.5 - -

7 0.03 | 407 - - - - - -

8 0.02 41.6 - - - - - -

avg. | 0.056 0.052 0.084 0.084

Table 5.3 Crack widths for beams from group U attelioading.

UF1 UF2 uwil uwz2

No.
of width width width width
crack
[mm] [mm] [mm] [mm]
1 0.01 - 0.01 0.01

2 0.01 0.03 0.01 0.04

2A - - 0.01 -

3 0.01 0.03 0.04 0.05

4 0.02 0.03 0.07 0.04

5 0.02 0.01 0.04 0.01

6 0.02 0.01 0.01 -

7 0.01 - - -

8 0.01 - - -

avg. | 0.014 | 0.022 | 0.027 | 0.030
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5.2 Exposure conditions

In this study the aim was to create a humid enwirent that would be more similar to
real conditions outside, i.e. approximately 75 %. Rter applying the load to the

beams that were subjected to sustained loadinggré’“‘was built to provide such an
environment; see Figure 5.3. It was made by a wodteEme covered with plastic

sheets. The unloaded beams and the beams withadtwere placed in covered
plastic containers. Inside the “tent” and the ptastontainers, bowls with an

oversaturated NaCl solution (i.e. non dissolved Na@stals present in the bottom of
the containers) were placed to maintain a reldtiweidity around 75%. The content
of these bowls were not in contact with the tesicgpens. Fans were installed to
arrange air flow inside the closed boxes whichslr@wvn in Figure 5.4. The set-up to
create the different exposure conditions are shiovigure 5.3 and Figure 5.4.

The salinity in seawater (oceans) is normally betw8.1% and 3.8%, and this gives
rise to a chloride concentration of 1.9% to 2.3%pestively: see e.g. Mehta (1990).
Due to the short time of testing, the chloride @orication used in these tests was
increased to 6.0 %, which corresponds to a 10%aINolution in potable water.
Especially prepared bowls were attached near tlenbeith a sponge inside. The
purpose of this configuration was to transfer ddies through the sponge to the
surface of the beam which is shown in Figure 556th& bottom surface of the beam
the sponge were in contact over a length of 20@ue to risk of evaporation of NaCl
solution, the bowls were re-filled every day. Tleenperature inside the containers
varied between 18C and 19°C.

Figure 5.3  Set up to create the exposure conditionpermanently loaded beams

(group L). The containers with the oversaturatedNsolution can be
seen to the left in the figure.
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Figure 5.4  The set up to create the exposure camgditfor beams from groups U
and W. The container with the oversaturated NaGitsamn can be seen
to the left in the figure.

Figure 5.5 Chloride exposure setup

5.3 Half-cell potential measurements

The half-cell potential test method is the most camly used method of inspecting
reinforcement bars of concrete structures whermrtes to estimating the corrosion
state of bars. The method is well described, fange in ASTM C876 (1999) or
RILEM recommendation Elsener et al. (2003). Thisthod gives a good way of
detecting areas of corrosion much earlier than teay be visible on a structure’s
surface. For this test, single or multiple electr@@tups can be used. In this study, a
single electrode was applied; whereas, multipletedde devices can be used for
assessing big structures such as bridge deckss waplarking decks. However, half-
cell potential measurements do not give sufficiedformation on the state of
corrosion rate of the reinforcement bars. On th&isbaf this data decisions can be
made about conducting more tests such as chlooidieist or carbonation depth.

Corroding and passive bars give a difference intet®l potential, hence a macrocell
IS generated and a current starts to flow betweset areas; this is schematically
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shown in Figure 5.6. This electric field can be swad by an appropriate electrode.
In the tests made in this project a SCCE (Ag/Ad€Eteode filled with saturated KCI
solution) was used. The standard potential of a 5S@&Cabout 0.12 V more positive
than that of a CSE (Cu/Cu%@lectrode), the latter is referred in the stands®d M

C 876. The measured half-cell potential can be ueeestimate the probability of
corrosion, see Table 5.4.

s Local corrosion site
Passive 700 my

rebar (anode)

Current lines
Equipotential lines

Figure 5.6  Schematic view of the electric field awmdrrent flow in an
active/passive macrocell on steel in concrete, igset al. (2003).
Table 5.4 Interpretation of results according toTASC876.

Measured potential E
(CSE)

Measured potential E
(SSCE)

Probability of corrosion

E>-0.20V

E >-0.08V

less than 10%

-0.20V < E <-0.35V

-0.08V < E < -0.23V

uncertain

E <-0.35V

E <-0.23V

greater than 90%

The procedure, according to ASTM C876, is this: eleetrode is put on a wet sponge
which is placed on the concrete surface while #mid electrode is in connection
with a reinforcement bar, the potential measurememe read from a voltmeter
(shown in Figure 5.7 and Figure 5.8). In order tt gtable results from the
measurements, the sponge as well as the concrédeesneeds to be wet. At the same
time, the level of electrolyte in electrode shooésufficient.
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High impedance BL
voltmeter |+ Reference electrode

(e.g. SSCE)

Reinforcement!

I55% " Concrete's = +.&)

Figure 5.7  Half-cell circuitry.

Figure 5.8  Half-cell potential measurement.

In this study, the potentials were measured ingsesentative points for each beam,
as in Figure 5.9.

200 L 100, 100 100 _,_ 100 200

Figure 5.9 Side view of the beam with marked poiats half-cell potential
measurements.

The measurements were conducted around three fimesveek for each beam.
Results for these measurements for point no. 3;hwisi representative with respect to
the corrosion initiation, are presented in Figurg05to Figure 5.12. This point was
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chosen, as it was in the middle of the beams atiwehloride exposure; moreover, it
was in this point the highest corrosion risk wasasuged. The detailed results can be
found in O.

As can be seen in Table 5.5 the measured halpoé&dintials can be used to evaluate
the probability of corrosion of the rebars. Howevuerthe current project, the change
of potential over time was in focus. When there wasudden drop in potential
corrosion initiation of the rebars was assumed.
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Potential measurement for unloaded beams in point 3

T
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Figure 5.11 Potential measurements for loaded -eathéd beams in representative

point no. 3.
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In Figure 5.10 to Figure 5.12, the probability @rmosion is indicated (according to
ASTM C (1999)), this is better described in Tabld.5However, in the RILEM
recommendation, Elsener et al. (2003), it is suggesot to use these values as an
absolute criterion. This is because the resulthatf-cell measurements depend not
only on corrosion state of the rebar but also oncoete cover, chloride content or
carbonation depth and moisture content as well.

As can be noticed in Figures 5.10 to 5.12, deongasf potentials was noted earliest
for the permanently loaded beams. This is as caexpected, since the crack widths
were largest in this group. In general, the wider tracks were, the earlier was the
corrosion initiation, see Figure 5.12, where timeetifor corrosion initiation is plotted
versus the average crack width. It can be notedaihbeams in group L (loaded) had
at the time of the first measurement already aelarggative potential indicating that
corrosion was initiated. When it comes to secomigr loaded/unloaded beams, the
situation is a little bit different. The corrosiamtiation time was longer, as the crack
widths were smaller than in L group. The first betnstart corroding was one with
fibres (UF2), for which drop in potential measurerisewas recorded earliest, even
though the average crack widths was not the widest.

Initiation time vs. crack width
42
X Ww2 m uw2
g 35
(1]
S  x wwy ¥ UL
¢ 28
g m UW1
£ 2
z N UR2
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‘?
o
S 7
o [FI  LF2 W1 W2
¢ L 2 * *
O L] L] L] L] L] 1
0.00 0.02 0.04 0.06 0.08 0.10 0.12
Average crack width [mm]

Figure 5.13 Corrosion initiation time versus aveeagrack width. Corrosion has
not started in beams WF1 and WF2.

The specimens in the loaded group started to cernadch earlier than similar ones
did in the similar study conducted by Tran and Hu&2006). Their measurements
showed that corrosion was initiated after around tmeeks compared to after 3-7
days in this study. This can be probably explaibgdwo main differences between
these two studies. First of all is concrete cuttinge, in this study the beams were
kept saturated in water for two weeks and then midgeconditions corresponding to
relative humidity around 40 % for two following wee Whereas, in previous study
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they were kept in water for 28 days. The seconiémdihce is exposure condition, and
particularly the relative humidity during testinigne. In this study specimens were
subjected to 75 % + 5 % RH. While, in the previsugly the tests were conducted in
dryer conditions (around 40 % RH), which resultedniore rapid chloride transport.

Apart from the initiation time for the loaded beantkere is another difference
regarding to corrosion of beams without load. Twa of four un- cracked beams
started to corrode as well. Of these beams all watteout fibres. Again, the reason
for this can be curing time and exposure conditions

5.4 Visual observations

It was observed that chloride exposure affects filtses and makes them corroded.
As a result, fibres close to the concrete surfaeecausing rust stains. When it comes
to using fibres for structures with visible surfacthe stains give a bad esthetical
Impression as shown in Figure 5.14.

Figure 5.14 Example of corrosion of fibres closeoncrete surface.

After exposure all of the specimens were destragedrder to see how and which
bars had corroded. Almost all of the rebars compdgart from bars from beams
WF1 and WF2, which did not have any signs of caormsReinforcement bars from
the groups loaded (L) and not cracked (W) had ss@n pit in the middle, where
they had been exposed to chlorides. However, bdams group Loaded-Unloaded
(V) did not have the corrosion pit in the middlet bround 20 cm towards one of the
ends of the beam. This was outside the zone whexechlorides were directly
available in the sponge, at the crack next to the m the middle; see Figure
5.17Figure 5.18. This can be explained by the dmrdi in which chloride induced
corrosion starts. The most probable conditions ¢batosion starts are where there is
around 80 % of moisture inside the concrete spetiar& oxygen available. These
conditions probably occurred in the side crack nexhe middle one, perhaps due to
lack of oxygen in the mid crack. However, it shobkinoted that the conditions were
similar for all beams. Thus, to the authors therend obvious explanation to why
corrosion did not occur at the centre crack for ltbeded-Unloaded beams while it
did for the others. The corrosion pits can be sedfigure 5.15, Figure 5.17, Figure
5.19.
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Figure 5.15 Corrosion pit on rebars from beam LW?2.

Figure 5.18 View of beam UF1 and crack patternsstHiebar is bar B.

s e A . T s e S s s
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Figure 5.19 Corrosion pits on rebars from beam WW?2.

Ay D2

Figure 5.20 View of beam WW?2.

In order to determine the amount of corrosion thgtrstep was to clean the rebars.
Mechanical cleaning of each bar was repeated devenas, according to the
procedure in ASTM G1-03 (2003). Before and afteshealeaning cycle the bar was
weighed and the mass losses for each bar are pedsarAppendix F..
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6 Resistivity tests

This test was performed to determine the electrigsistance of the concrete samples.
This parameter is relevant when, for example, daisg resistance to chloride
penetration. In general: the lower concrete resigii the more rapid chloride
transport; see e.g. Tuutti (1982). According to elagt al. (1985), the results are
highly influenced by the following factors:

* resistivity of concrete increases with age,

* resistivity of saturated concrete increases wittr@gsingwv/c ratio,

» resistivity of partially saturated concrete incesawvith increasingy/c ratio,

» resistivity of concrete increases with decreasimgstare,

» resistivity of concrete increases with decreasamgerature,

» reinforcing steel that falls within the field of flaence of the resistance
measuring probes will reduce the measured valtleeofesistance;

The experiments were conducted according to theepiure described in Tang et al.
(2011). The preconditioning was conducted in tHB¥ang steps: (1) the specimens
were put into a vacuum container, where the presaas reduced to the level of 10-
50 mbar using a vacuum pump; (2) after three haumder vacuum, a saturated
Ca(OH) solution was added in order to immerse all of ghecimens , the vacuum
was kept for one more hour; (3) the pump was tuofédnd the samples were left in
the solution for the next 18 hours.

Weight ~2kg

Flectrodes| Sponges AS‘p‘%cfm‘eh

Thickness (L)

Figure 6.1 Resistivity test arrangement

After the preconditioning, the test was arrangedslaswn in the Figure 6.1. The
resistance between two electrodes was determinételyCR meter at a frequency of

1 kHz and recorded &R, ,. Next step was to remove the specimen (leaving the
sponges and weight in the same place) and thenumeet®e resistivity between the
electrodes which was recordedRag. The final resistivity of concrete was calculated
as:

nd?

P = 7000z (Rs+sp = Rsp) (6.1)
where:
p — resistivity of concrete(}m]
d — diameter of specimen [mm]

L — thickness of specimen [mm]
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Rs.sp — resistance measured with the specimen and sp{pe

R, — resistance measured with the sponges @ely [

The following charts, Figure 6.2 - Figure 6.4, presenting results of resistivity test.

Resistivity of concrete C20/25
and w/c 0,75 after 28 days

al
o

N
o

Resistivity [Qm]
N w
o o

[E=Y
o

THH tand

wicCli wicC2 w2C1 w2C2 F1C1 F1C2 F2C1 F2C2

Figure 6.2  Results of resistivity tests after 2§éor concrete used for corrosion
tests. W stands for specimens w/o fibres, F -bsgdiand C — cylinder.

Resistivity test after 28 days for concrete
C45/55 and w/c 0,44
50
= 40
=}
230
2
'&% 20
10 -
0 4
1,3 1,0 0,6 0,3 0,0 0,6PP
Fibres content [%)]
m Bottom slice = Middle slice mTop slice

Figure 6.3 Results of resistivity test after 28 gl&yr concrete commonly used for
civil engineering structures with varying amounfibfes.
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Resistivity test after 35 days for concrete
C45/55 and w/c 0,44

50
T 40
=
_é' 30
2
@ 20
&

10 -+

O .

1,3 1,0 0,6 0,3 0,0 0,6PP
Fibres content [%]
B Bottom slice Middle slice ® Top slice

Figure 6.4  Results of resistivity test after 35 sl&yr concrete commonly used for
civil engineering structures with varying amounfibfes.

To sum up these results, it was expected that @bistivity of concrete with steel

fibres is lower than without steel fibres and tha resistivity decreases with steel
fibre content. Secondly, samples with plastic fibygelded approximately the same
results as samples without fibres. There is aldweable increase of resistivity when
water / cement ratio decreases — compare Figurangl3.3.
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Average resistivity
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Figure 6.5 Results of resistivity test for all dfet specimens, no variation for
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bottom, middle and top slice — average value feli&s. “ 28" stands
for results after 28 days and “_35” after 35 days.
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7 Rapid Chloride Migration tests

Rapid Chloride Migration tests, according to NT [Bu#92, were conducted to
determine the chloride migration coefficient. Ttest is a non-steady-state migration
experiment, which means that flux is time dependartt diffusion seldom reaches
stationary state. The specimen is situated betweersolutions and is exposed to an
electrical potential gradient. The main advantaigghie method is that it takes only 24
hours or less to conduct the test. The testingguoe followed in this study was
according to the standard NT BUILD 492, NordtesB9d). The scheme of
arrangement is shown in Figure 71lhe used specimens and the preconditioning
process, which was conducted, are the same asapt&lb6.

Potential
(DC)

a. Rubber sleeve e. Catholyte

b. Anolyte f. Cathode

c. Anode g. Plastic support
d. Specimen h. Plastic box

Figure 7.1  RCM experiment set-up, Tang and Nil{46083).

The anolyte used was a 0.3N NaOH solution and dlfigotyte was a solution of 10%
NaCl. The samples were put in a rubber sleeve lagn filled with anolyte. Next the

cathode was connected to a negative pole and thaedn a positive. After turning on

the power, the voltage was set to 30V and theaingurrent for each sample was
recorded. Then the voltage was adjusted and abgaimitial current was read. After
24 hours the samples were taken out, cut in aamalfsprayed with 0.1M silver nitrate
solution. Later the penetration depth was measateédi points with 10mm intervals.

To determine the chloride migration coefficient then-steady-state migration
coefficient equation (7.1) was used.
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RT Xxg—a./x
Dpssm = ZFE %_d (7-1)

where:

U2 - /ﬂ. -1(1 =%
E=- and a=2 — erf (1 Co)

D,ssm — NON-steady-state migration coefficient[sj;

z — absolute value of ion valence, for chloride 1;

F — Faraday constant, = 9,648 x 10~* [J/(V-mol)];

U — absolute value of the applied voltage [V];

R — gas constanR = 8,314 [J/(K-mol)];

T — average value of the initial and final temper@gun the anolyte solution [K];
L — thickness of the specimen [m];

x4 — average value of the penetration depths [m];

t — test duration [seconds];

erf~! —inverse of error function;

¢4 — chloride concentration at which the colour clemg; = 0,07N;
co — chloride concentration in the catholyte solutign= 2N;

The results of the Rapid Chloride Migration test ahown in the following charts,
Figure 7.2 - Figure 7.4.

Chloride migration coefficient after
28 days for concrete C20/25 and w/c 0,75

L

WwiCl WiC2 W2Cl1 W2C2 F1cC1i F1C2 F2 C1 F2 C2
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N
o
1
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o
|

N
o
!

Dnssm x 10-12[m2/s]

(=Y
o
!

Figure 7.2 RCM test results after 28 days for ceterused for corrosion test. W
stands for specimens w/o fibres, F - w/ fibres @nelcylinder.
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Chloride migration coefficient after
28 days for C45/55 concrete
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Figure 7.3 RCM test results after 28 days for cetercommonly used for civil
engineering structures with different amount ofdth

Chloride migration coefficient after 35
days for C45/55 concrete

50
240
E
N 30
: 20
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510 -

0 4

1.3 1,0 0,6 0,3 0,0 0,6PP
Fibres content [%]
m Bottom slice = Middle slice mTop slice

Figure 7.4 RCM test results after 35 days for cetercommonly used for civil
engineering structures with different amount ofdh

The results of the Rapid Chloride Migration tes sinown in the following charts, see
Figure 7.2 to Figure 7.4. Full results are presstmeAppendix E:.
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It can be easily observed that the water / cenait strongly influences the chloride
migration coefficient. The samples made of C45/B6Bcecete were characterised by
lower coefficient. It was found that the differenoetween specimens with fibres and
without was negligible, neither steel or polyméiréis seem to influence the result.
The average chloride migration coefficient fromli8es of each specimen is shown in
Figure 7.5.

Chloride migration coefficient
50
40 -
30
20
10 -
0 -
NSRS SR SR B I I I o
\?3/\9/Q‘9/Q?>/Q'Q/§Q /\?;/\.Q/Qg/Q?;/Q.Q;éQ/

Figure 7.5 Results of RCM test for all of the spemis, no variation for bottom,
middle and top slice — average value for 3 slice®8” stands for
results after 28 days and “_35” after 35 days.

Some odd results for specimens W4 and 0.3 % wetfeedp and these were deemed
to be outliers when compared to the others. Theis@sn with 0.3 % amount of fibres
after 35 days might be explained by wrongly sitdabdeiter sealing rings. Whereas,
an explanation for the specimen W4 was not found.
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8 Conclusions

In order to investigate the influence of fibres anrrosion of reinforcing steel, three
types of experiments were carried out, namely:c@tjosion test on beams to obtain
time to corrosion initiation; (2) rapid chloride gnation tests; and (3) resistivity tests.
Due to time limitation, the corrosion tests wer@aduacted on beams of rather porous
concrete mixtures (class C20/28¢ 0.75) exposed to a high chloride concentration.

The major conclusion that can be drawn from thislgts that the chloride migration

coefficient was not affected by fibres. The restitiis specimens with varying fibre

content but same concrete class showed that tleeiddimigration coefficient was

not affected by the fibers as the results were lyutne same for all of the specimens,
regardless of the type of fibre (steel or poly-pfepe). However, increasing the
water/cement ratio influenced the value of the fideht. The higher the water

cement ratio, the higher the chloride migrationftoent.

Regarding electrical resistivity of concrete, aacldrend was observed. With
increasing amount of steel fibres a decreasingtregy was noticed. According to
literature, the chloride migration coefficient iorcrete without fibres should be
related to the resistivity of concrete; for low wa$ of resistivity, chloride migration
coefficient should be high. On the other hand, $hisly did not show this for concrete
with steel fibres. However, resistivity is influeatt by the concrete porosity which
then indirectly should influence the chloride migya. Hence, the fibres influenced
the resistivity but they had no impact on the piyosnd chloride migration.

Therefore, the resistivity cannot be used as aitamar of chloride resistance of steel
fibre concrete.

As for the fibres ability to supress crack widthgannot be obviously stated that this
influenced corrosion initiation time. It was nofticen the cracked and unloaded
beams, that the beam with the largest crack widWZ, without fibres) started to
corrode as the last one in this group. Whereadijrgtedoeam which started to corrode
in group U was beam with fibres (UF2). The bearosnfthe loaded group started to
corrode first due to wider cracks and sustained.l@dese results could be affected
also by galvanic corrosion; however it was harddistinguish different types of
corrosion. Hence, it is not clear what the effecthe fibres are, they help reducing
the crack width but not the corrosion initiatiom twacked beams.

From visual observations it was observed that dileids, which are close to concrete
surface, corroded and gave bad esthetical effsttigeover, areas of pitting corrosion

were smaller for beams with fibres than withoutdt in the groups that were loaded;
both with sustained load and those that were ueldativhen it comes to the un-

cracked group, only the beams without fibres cadydvhereas rebars in beams with
fibres were not corroded, probably due to the eadurface corrosion of steel fibres
which function as a sacrificed electrode and cattadlg protected the rebars which

may be in connection with the corroding fibres.

8.1 Further research needs

The time for this study was limited and as a resh# research methods were
accelerated in that sense that concrete of rather guality and was subjected to a
rather high chloride level. After this study, sopreposal for future investigation can
be made.
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Firstly, the corrosion tests should be developed:

* The concrete samples should be closer to concssd un civil engineering
structures, i.e. with a lower water/cement ratio.

* Moreover, the concrete cover depth should be iseaccording to design
codes.

* Furthermore, all of the beams should be loaded thmitoad can be differed
for each group, as the sustained load affects simmanitiation time.

* As for the exposure conditions, the imitation o€ tbhloride environment
might be rearranged. The chloride concentration dan decreased,
corresponding to the sea water; around 2% of Na@ditionally, the chloride
solution can be sprayed on the specimens to siendieierent zones of marine
and offshore structures.

* When it comes to galvanic corrosion, it would bgoad idea to invent a way
to distinguish galvanic corrosion and chloride-ioéld corrosion in steel fibre
reinforced concrete.

e |t could also be relevant to choose more accuraghoas in order to
determine corrosion rate.

It should be noted, though, that with the firstrfaiems listed here, the time for the
tests will increase. It is a delicate balance betwesing realistic circumstances and
the time available for the tests, as it is notoeable to have test times in the range of
the intended life time of real structures. Besideselopment of the corrosion tests,
even though a large literature study research waducted, there is still need to go
deeper into the literature about these phenoméns.also a good idea to combine
different tests as in this study (simultaneouslyrasion tests, RCM and resistivity
tests) and develop them to have a proper poirgfefence.
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Appendix A: Design calculation for load, cracking
load and crack width

Calculations of mean crack width for plain concrete

Beam measurements: C20/25 concrete: Steel B500B:
b := 100nn fctm =2.MPe¢ fyk = 50MPe¢

h := 100nn foy = 20MPe Eg = 206GP:

L :=800mn Ecm = 30MPs¢

c:=20mn

@ :=8mn

d:=h—(c+%j=76mn a= c+%=24mn

Shear capacity calculation:
P:= 1&N

2
Ag = 2@@% = 100.531mh

O = 22wm>m = 0.22w -characteristic load
Ed 3 m
m
2
Mgq = Pd‘lllﬂm gEdd‘s— = 2.118KNir - characteristic bending moment
P Ogdl .
Vgq = 3 + =6.08kN - characteristic shear force

Shear capacity calculation:
e 2
Aef = Dblh =0.01mM

fck

MP _
p=— VP 2455 10

fyk
1MPa

V= VEd - d@Ed =6.07KkN
A
k=16-2 =150 b = — =0.013
1m b [d
VRd1:= [0-35KTgim({1.2+ 40p, ||bld = 15.42kN

VL =39.3% no need for shear reinforcement
Rd1
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Bending moment capacity:

A [fg,
s-yk
= =0.331 =0t
Leff brdfy Leff.lim
Meff == 0.27 Zeff :=0.83 Heff.lim= 0.37

- 2 -
MRd = “eff.limm [ﬁ)[ﬂck = 4.332nkN

Mgg .
—— =48.88% 2 $8mm sufficient

MRd

Cracking moment:
3
b -
|| == —— =8.333% 10 Ot
12

2
h
Mg = fctm% = 0.367kN

Mean crack width:

2B _ =3 As 1.32%
—— = ee0= 3 = — =1.32%
ZEQb + h) (plnf.tO p b

E
Ut = EC—[@l + (pinf.to) =3.133 16
m

) = dfl[Pef{2 + plgy) - Plligy| = 75.908Mn

M
Og = B =415.491P¢

S
o3

Bl =1 BZ =1 kl =0.! k2 =0.!

o h=%)
Act.eff =mi 2.5a,T =8.03nn

A
Pg = =12.519nn
Act.eff
1 P
Sem .= 50+ —[K41K5H— =50.04 MM
rm 1-°2
4 Ps

_ Os Mer ? .
Wy, = srmBE—S 1-B4By Meq =0.101 - mean crack width [mm]
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Appendix B: Compressive strength test results
Compressive strength results for specimens usedrinsion tests.

p — density of specimen

fem — compressive strength of specimen

Specimens without fibr
Dimensions Number| Age of mix 1 X 2

of cube | of cube | specime p fem p fem
[kg/m?] [MPa] [kg/m7] [MPa]

1 28 229¢ 34,1 2344 31,

2 28 2328 33, 233: 31,6

100x100x 3 56 231¢ 35,( 233( 33,
100 mnt 4 56 233 34,2 232 33,
5 98 232; 35,¢ 2328 34,6

6 98 2321 35, 232: 34,7

150x 150X 1 28 2331 28, 233( 28,7
150 mn¥ 2 28 2344 28, 2327 28,

Specimens with fibre

1 28 2291 28, 2307 29,7

2 28 2297 29,7 2301 29

100x 100X 3 56 229: 31, 2317 31,2
100 mnf 4 56 230 324 230¢ 32,(
5 98 230: 32, 2311 32,6

6 98 230¢ 33, 2312 32,7

150x 150X 1 28 231¢ 28,7 231¢ 28,1
150 mnf 2 28 230¢ 28, 2311 28,(

Compressive strength tests results for cubes 1B 150 mrh after 28 days for
concrete commonly used for civil engineering stoes:

1,3 % 10% 0,6 % 0,3 % 0,0% 0,6 % PI
p fem p fem p fem p fem p fem p fem
[kg/m? | [MPa][kg/m? | [MPa][kg/m?] | [MPa][kg/m?]| [MPa][kg/m?]| [MPa][kg/m?]| [MPal]
245¢ | 74,C| 2424 | 64,8 | 238¢ | 70,5 | 2324 | 72,1 | 2351 | 63,€ | 2362z | 68,¢
2455 | 74,4 243¢ | 67,1| 2385 | 69,2 | 2367 | 71,C| 2354 | 64,7 | 2365 | 68,4
2457 | 74,1 2425 | 63,5 | 2387 | 68,€ | 2374 | 70,¢ | 233% | 63,C | 2371 69,
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Appendix C: Half-cell potential measurements

There are a few different types of electrodes, twhtan be used for these
measurements. The difference between them is sthnplatential according to
standard hydrogen electrode (SHE). Thus there amenmnly used silver/silver
chloride KCI saturated (Ag/AgCl - SSCE), and coppapper sulfate saturated
(Cu/CuSQ - CSE). Standard potentials of these electroddsaaiew more types are
shown in Table 9.1. It can be noted that CSE istipased for on-site work and
SSCE for laboratory work.

Table 9.1 Potentials vs. SHE for reference eledsodlsener et al. (2003).

Electrode Potential vs. SHE
Copper/copper sulfate sat CSE +0.318V SHE
Calomel (Hg/HgCl>) SCE +0.241V SHE
Silver/silver chloride SSCE +0.199V SHE

On the next pages detailed results from half-cateptial measurements are
presented.
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DoT - day of test
AGE - age of specimens

A — potential difference between reinforcement bars

LF1 DoT | AGE VALUES

Side A 1 2 3 4 5 A

Date | days| days| [V] V] [V] V] V] V]
09-03-12| 1 29 | -0.0230 -0.0340 -0.0280 -0.0210 -0.0110
12-03-12| 3 32 |-0.1326| -0.1972| -0.1985]| -0.1984 | -0.1450
14-03-12| 5 34 | -0.1865 -0.2411 -0.2481 -0.2451 -0.1905
16-03-12| 7 36 |-0.1802|-0.2299| -0.2349| -0.2350| -0.1865
19-03-12| 10 39 | -0.2036 -0.2754 -0.2825 -0.2814 -0.2360
21-03-12| 12 41 |-0.2094|-0.2740| -0.2826| -0.2807 | -0.2365| 0.0409
23-03-12| 14 43 | -0.2420 -0.2748 -0.2848 -0.2801 -0.2426 (050
26-03-12| 17 46 |-0.2450] -0.2974| -0.3069| -0.3055| -0.2716| 0.0336
28-03-12| 19 48 | -0.2770 -0.3029 -0.3127 -0.30/8 -0.2711 Q30
30-03-12| 21 50 |-0.2710|-0.2994| -0.3114| -0.3059| -0.2761| 0.0309
02-04-12| 24 53 | -0.2844 -0.3102 -0.3200 -0.0315 -0.2929 X032
04-04-12| 26 55 | -0.2797|-0.3098| -0.3206| -0.3151| -0.2821| 0.0529
06-04-12| 28 57 | -0.2967 -0.3168 -0.3279 -0.32P2 -0.2905 @B050
10-04-12| 32 61 |-0.296 |-0.327 |-0.337 |-0.337 |-0.300 |0.0519
11-04-12| 33 62 | -0.309 | -0.325| -0.339 -0.338 -0.309 0.0b11
13-04-12) 35 64 |-0.309 |-0.335 [-0.345 |-0.343 | -0.309 | 0.0412
16-04-12| 38 67 | -0.326 | -0.348| -0.363 -0.35% -0.323 0.0841
20-04-12| 42 71 |-0.332 |-0.362 |-0.378 |-0.369 |-0.330 |0.0221
23-04-12| 45 74 | -0.340 | -0.370| -0.387 -0.382 -0.341 .
27-04-12| 49 78 |-0.347 |-0.373 |-0.393 |-0.387 |-0.341 | 0.0139
04-05-12| 56 85 | -0.358 | -0.387| -0.393 -0.394 -0.353 0.0051
07-05-12| 59 88 |-0.360 |-0.390 |-0.404 |-0.403 |-0.363 | 0.0038
14-05-12| 66 95 | -0.360 | -0.388| -0.404 -0.399 -0.360 0.0p36
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LF2 VALUES
DoT | AGE

Side B 1 2 3 4 5 A
Date |days| days| [V] [V] V] V] V] V]
09-03-12| 1 29 | -0.021Q -0.0110] -0.0120] -0.0140] -0.0150
12-03-12| 3 32 |-0.2362| -0.3414| -0.3140| -0.3008| -0.2320
14-03-12| 5 34 | -0.2501 -0.3277| -0.3391| -0.3175| -0.2324
16-03-12| 7 36 | -0.2624| -0.3353| -0.3462| -0.3349| -0.2405
19-03-12| 10 39 | -0.265Q -0.3445| -0.3518| -0.3410| -0.2443
21-03-12| 12 41 | -0.2907| -0.3518| -0.3605| -0.3517| -0.2654| 0.0081
23-03-12| 14 43 | -0.3063 -0.3480| -0.3550] -0.3440/ -0.2758| 0.1001
26-03-12) 17 46 | -0.3083| -0.3542| -0.3647| -0.3582| -0.2824| 0.0126
28-03-12| 19 48 | -0.315Q -0.3445| -0.3503| -0.3417| -0.2850| 0.0172
30-03-12) 21 50 |-0.3092| -0.3490| -0.3591| -0.3514| -0.3040( 0.0189
02-04-12| 24 53 | -0.318Q -0.3502| -0.3536| -0.3477| -0.3086| 0.0212
04-04-12| 26 55 |-0.3191| -0.3552| -0.3631| -0.3170| -0.3118| 0.0194
06-04-12| 28 57 | -0.322Q -0.3498| -0.3566| -0.3451| -0.3129| 0.0207
10-04-12| 32 61 |-0.318 |-0.341 |-0.341 | -0.337 |-0.291 | 0.0186
11-04-12| 33 62 | -0.322| -0.340; -0.350 -0.342 -0.317 0.0153
13-04-12| 35 64 |-0.321 |-0.341 | -0.352 | -0.336 |-0.303 | 0.0156
16-04-12| 38 67 | -0.319| -0.328| -0.353 -0.34b -0.320 0.0152
20-04-12| 42 71 |-0.338 |-0.365 |-0.372 | -0.358 |-0.329 | -0.0016
23-04-12| 45 74 | -0.349| -0.380| -0.384 -0.372 -0.349 -0.0040
27-04-12) 49 78 |-0.359 |-0.393 |-0.405 | -0.383 | -0.353 | -0.0156
04-05-12| 56 85 | -0.372| -0.411, -0.414 -0.410 -0.372 -0.0195
07-05-12) 59 88 |-0.373 |-0.407 |-0.415 | -0.407 | -0.361 |-0.0192
14-05-12| 66 95 | -0.380| -0.411, -0.423 -0.406 -0.375 -0.0207
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Potential measurements for beam LF1
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L VALUES
SideA | poT [AGE| 1 2 3 4 5 A
Date |days| days| [V] V] V] [V] [V] V]
09-03-12| 1 | 30 |-0.0220|-0.0210| -0.0240| -0.0280| -0.0240
12-03-12| 3 | 33 |-0.2338(-0.3296| -0.3352| -0.3195| -0.2220
14-03-12| 5 | 35 |-0.2431[-0.3247|-0.3369] -0.3231| -0.2160
16-03-12| 7 | 37 |-0.2412| -0.3246| -0.3345| -0.3278| -0.2228
19-03-12| 10 | 40 |-0.2556|-0.3558| -0.3674/ -0.3593| -0.2605
21-03-12| 12 | 42 |-0.2518|-0.3535|-0.3601| -0.3514| -0.2755| -0.0109
23-03-12| 14 | 44 |-0.2792|-0.3506| -0.3585| -0.3500| -0.2716| -0.0145
26-03-12| 17 | 47 |-0.2691|-0.3544| -0.3669| -0.3570| -0.2797| -0.0134
28-03-12| 19 | 49 |-0.2845|-0.3482| -0.3594| -0.3585| -0.2799| -0.0147
30-03-12| 21 | 51 |-0.2670|-0.3448| -0.3550| -0.3509| -0.2735| -0.0175
02-04-12| 24 | 54 |-0.2913|-0.3515|-0.3612| -0.3505| -0.3030| -0.0110
04-04-12| 26 | 56 |-0.2788|-0.3502| -0.3627| -0.3525| -0.3010| -0.0100
06-04-12| 28 | 58 |-0.2866|-0.3477|-0.3589| -0.3504| -0.2969)| -0.0082
10-04-12| 32 | 62 [-0.304 |-0.349 |-0.361 |-0.351 |-0.309 |-0.0108
11-04-12| 33 | 63 |-0.293 |-0.351 |-0.360 | -0.356 | -0.307 | -0.0137
13-04-12| 35 | 65 |-0.289 |-0.344 |-0.359 |-0.352 |-0.309 |-0.0104
16-04-12| 38 | 68 |-0.305 [-0.348 |-0.362 |-0.348 |-0.305 |-0.0174
20-04-12| 42 | 72 |-0.292 |-0.353 |-0.363 |-0.351 |-0.294 |-0.0147
23-04-12| 45 | 75 |-0.296 |-0.353 |-0.366 |-0.360 |-0.330 |-0.0213
27-04-12| 49 | 79 |-0.288 |-0.362 |-0.378 |-0.369 |-0.331 |-0.0320
04-05-12| 56 | 86 |-0.330 |-0.382 |-0.395 |-0.386 |-0.342 |-0.0291
07-05-12| 59 | 89 |-0.337 |-0.385 |-0.402 |-0.387 |-0.338 |-0.0290
14-05-12| 66 | 96 |-0.344 |-0.393 |-0.401 |-0.394 |-0.337 |-0.0326
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LW2

VALUES

side | 0T | A5 T 2 3 4 5 A
Date days| days| [V] V] V] V] V] V]
09-03-12| 1 30 |-0.0220| -0.0190] -0.0150/ -0.0140] -0.0130
12-03-12| 3 33 | -0.1940| -0.3140] -0.3351| -0.3071| -0.3071
14-03-12| 5 35 |-0.1998| -0.3124| -0.3360| -0.3260| -0.2184
16-03-12 | 7 37 |-0.1990| -0.3230| -0.3388| -0.3303| -0.2470
19-03-12| 10 40 | -0.2022| -0.3223| -0.3357| -0.3257| -0.2510
21-03-12| 12 42 | -0.2393| -0.3205]| -0.3338| -0.3266| -0.2507| 0.0025
26-03-12| 17 47 | -0.2418| -0.3087| -0.3243| -0.3180| -0.2612| 0.0263
28-03-12| 19 49 |-0.2458| -0.2941| -0.3145| -0.3032| -0.2665| 0.0356
30-03-12| 21 51 |-0.2490| -0.2962| -0.3112| -0.2920]| -0.2405| 0.0478
02-04-12 | 24 54 | -0.2458| -0.2941| -0.3084| -0.2968| -0.2584| 0.0499
04-04-12| 26 56 |-0.2824|-0.3172| -0.3410| -0.3250| -0.2881| 0.0198
06-04-12| 28 58 |-0.2838| -0.3252| -0.3477| -0.3379| -0.3062| 0.0073
10-04-12 | 32 62 | -0.309 | -0.341 | -0.362 | -0.349 | -0.314 | -0.0310
11-04-12| 33 63 | -0.339 | -0.374 | -0.392 | -0.391 | -0.349 | -0.0437
13-04-12| 35 65 | -0.307 | -0.344 | -0.361 | -0.348 | -0.309 | -0.0004
16-04-12 | 38 68 | -0.307 | -0.312 | -0.364 | -0.351 | -0.332 | -0.0038
20-04-12| 42 72 | -0.310 | -0.341 | -0.353 | -0.340 | -0.319 | -0.0070
23-04-12| 45 75 | -0.312 | -0.343 | -0.363 | -0.349 | -0.329 | -0.0067
27-04-12| 49 79 | -0.308 | -0.345 | -0.364 | -0.352 | -0.324 | 0.0247
04-05-12| 56 86 | -0.314 | -0.343 | -0.370 | -0.349 | -0.323 | 0.0445
07-05-12| 59 89 | -0.313 | -0.353 | -0.377 | -0.354 | -0.321 | 0.0376
14-05-12| 66 96 | -0.338 | -0.370 | -0.386 | -0.360 | -0.339 | 0.0297
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Potential measurements for beam LW1
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UF1 VALUES

sideB | P°T | ACE [T 2 3 4 5 A
Date |days| days| [V] V] V] V] V] V]
09-03-12| 1 29 |-0.0200] -0.0300] -0.0280| -0.0290| -0.0280
12-03-12| 3 32 | -0.0583| -0.0621| -0.0570| -0.0663| -0.0391
14-03-12| 5 34 |-0.0429| -0.0630| -0.0672| -0.0623| -0.0410
16-03-12| 7 36 |-0.0461| -0.0648| -0.0665| -0.0652| -0.0411
19-03-12| 10 39 |-0.0636| -0.0635| -0.0685| -0.0630| -0.0576
21-03-12| 12 | 41 |-0.0625| -0.0654| -0.0662| -0.6160| -0.0514| 0.0082
23-03-12| 14 | 43 |-0.0570| -0.0634| -0.0619| -0.0651| -0.0625| 0.0077
26-03-12| 17 | 46 |-0.0605|-0.0600| -0.0626| -0.0610| -0.0526| 0.0084
27-03-12| 18 47 | -0.0570| -0.0573| -0.0630| -0.0659| -0.0486| 0.0081
28-03-12| 19 | 48 |-0.0600| -0.0616| -0.0650| -0.0650| -0.0580| 0.0085
29-03-12| 20 49 | -0.0554| -0.0564| -0.0565| -0.0598| -0.0535| 0.0079
30-03-12| 21 | 50 |-0.0633|-0.0627|-0.0645| -0.0679| -0.0551| 0.0062
02-04-12| 24 | 53 |-0.0673|-0.0626| -0.0621| -0.0664| -0.0530| 0.0037
04-04-12| 26 | 55 |-0.0567|-0.0648|-0.0671| -0.0692| -0.0615| 0.0017
06-04-12| 28 57 |-0.0630] -0.0581| -0.0567| -0.0584| -0.0505| 0.0045
10-04-12| 32 | 61 |-0.3268|-0.3335| -0.3275| -0.3202| -0.2848| -0.2243
11-04-12| 33 | 62 |-0.3367|-0.3459| -0.3411| -0.3341| -0.3059| -0.2295
13-04-12| 35 | 64 |-0.3476|-0.3591| -0.3549| -0.3465| -0.3089| -0.2421
16-04-12| 38 67 |-0.3634| -0.3685| -0.3653| -0.3521| -0.3271]| -0.2495
18-04-12| 40 | 69 |-0.3629|-0.3654| -0.3613| -0.3506| -0.3190| -0.2502
20-04-12| 42 | 71 |-0.366 |-0.374 |-0.370 |-0.358 |-0.332 |-0.2560
23-04-12| 45 | 74 |-0.367 |-0.376 |-0.372 |-0.362 |-0.330 |-0.2561
25-04-12| 47 | 76 |-0.372 |-0.392 |-0.383 |-0.372 |-0.335 |-0.2664
27-04-12| 49 | 78 |-0.379 |-0.870 |-0.380 |-0.368 |-0.341 |-0.2643
04-05-12| 56 85 |-0.382 |-0.391 | -0.382 | -0.362 | -0.335 | -0.2690
07-05-12| 59 | 88 |-0.379 |-0.384 |-0.378 |-0.370 |-0.341 |-0.2712
14-05-12| 66 | 95 |-0.382 |-0.392 |-0.385 |-0.377 |-0.353 |-0.2777
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UF2 VALUES
sidea | P07 |ACE T 2 3 4 5 A
Date days| days| [V] V] V] V] V] V]
09-03-12| 1 29 |-0.0240| -0.0270| -0.0310] -0.0280]| -0.0260
12-03-12| 3 32 | -0.0285| -0.0253| -0.0459| -0.0275| -0.0342
14-03-12| 5 34 | -0.039 | -0.08 -0.087 | -0.079 | -0.035
16-03-12 | 7 36 |-0.0476|-0.0831| -0.0885| -0.0836/| -0.0496
19-03-12| 10 | 39 |-0.0617|-0.0874| -0.0900| -0.0865| -0.0564
21-03-12 | 12 | 41 |-0.0587|-0.0854| -0.0902| -0.0885| -0.0675| 0.2339
23-03-12 | 14 | 43 |-0.0711| -0.0894| -0.0914| -0.0863| -0.0735| 0.2309
26-03-12 | 17 | 46 |-0.2593|-0.2741| -0.2765| -0.2691| -0.2432| 0.0587
27-03-12 | 18 47 |-0.2981| -0.3205| -0.3184| -0.3145| -0.2926| 0.0167
28-03-12 | 19 | 48 |-0.3076| -0.3303| -0.3288| -0.3230| -0.3036| 0.0107
29-03-12 | 20 49 |-0.3232| -0.3470| -0.3331| -0.3294| -0.3116| -0.0068
30-03-12 | 21 | 50 |-0.3194|-0.3393| -0.3430| -0.3428| -0.3223| -0.0069
02-04-12 | 24 53 |-0.3411)| -0.3636| -0.3624| -0.3553]| -0.3383| -0.0183
04-04-12 | 26 | 55 |-0.3397|-0.3612| -0.3589| -0.3522| -0.3322| -0.0208
06-04-12 | 28 57 |-0.3471| -0.3645| -0.3620| -0.3526| -0.3376| -0.0148
10-04-12 | 32 | 61 |-0.3462|-0.3661| -0.3632| -0.3548| -0.3421| -0.0079
11-04-12| 33 | 62 |-0.3476| -0.3683| -0.3647| -0.3806| -0.3465| -0.0062
13-04-12 | 35 | 64 |-0.3446| -0.3628| -0.3610| -0.3545| -0.3400| -0.0005
16-04-12 | 38 | 67 |-0.3455|-0.3666| -0.3630| -0.3578| -0.3435| -0.0014
18-04-12| 40 | 69 |-0.343 |-0.363 |-0.359 |-0.353 |-0.334 | 0.0006
20-04-12 | 42 | 71 |-0.329 |-0.355 |-0.352 |-0.344 |-0.329 | 0.0039
23-04-12 | 45 | 74 |-0.333 | -0.357 | -0.355 | -0.348 | -0.333 | 0.0041
25-04-12 | 47 76 |-0.339 | -0.354 | -0.331 | -0.345 | -0.330 | 0.0049
27-04-12 | 49 78 |-0.322 | -0.342 | -0.342 | -0.341 | -0.322 | 0.0039
04-05-12 | 56 85 |-0.332 | -0.351 | -0.347 | -0.342 | -0.333 | 0.0105
07-05-12 | 59 | 88 |-0.339 |-0.352 |-0.351 |-0.344 |-0.339 | 0.0107
14-05-12 | 66 95 |-0.338 | -0.350 | -0.348 | -0.340 | -0.328 | 0.1340
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Potential measurements for beam UF1
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VALUES

\QE.Ji(\jAélB DoT | AGE 0 > - p c A
Date days| days | [V] V] V] V] V] [V]
09-03-12| 1 30 |-0.0220] -0.0150] -0.0180| -0.0170| 0.0240
12-03-12| 3 33 |-0.0377| -0.0402| -0.0285| -0.0212| -0.0298
14-03-12| 5 35 |-0.0484| -0.0645| -0.0702| -0.0650| -0.0414
16-03-12| 7 37 |-0.0495| -0.0616| -0.0652| -0.0654| -0.0474
19-03-12| 10 40 |-0.0573|-0.0611| -0.0621| -0.0615| -0.0530
21-03-12| 12 | 42 |-0.0511|-0.0612| -0.0628| -0.0612| -0.0539| 0.0065
23-03-12| 14 44 | -0.0455| -0.0627| -0.0641| -0.0620| -0.0550| 0.0066
26-03-12| 17 | 47 |-0.0481|-0.0631| -0.0661| -0.0638| -0.0637| 0.0065
27-03-12| 18 | 47 |-0.0565| -0.0629| -0.0580| -0.0593| -0.0560| 0.0068
28-03-12| 19 | 48 |-0.0688| -0.0855| -0.0913| -0.0854| -0.0718| 0.2037
29-03-12| 20 49 |-0.0523| -0.0764| -0.0879| -0.0825| -0.0627| 0.2247
30-03-12| 21 | 50 |-0.0501|-0.0744|-0.0873| -0.0839| -0.0629| 0.2289
02-04-12| 24 53 |-0.2966| -0.3361| -0.3551| -0.3449| -0.3005| -0.0080
04-04-12| 26 55 |-0.3143] -0.3424| -0.3542| -0.3412| -0.2947| -0.0097
06-04-12| 28 | 57 |-0.3105|-0.3423| -0.3517| -0.3435| -0.2998| -0.0132
10-04-12| 32 | 61 |-0.3082|-0.3435| -0.3562| -0.3435| -0.3028| -0.1090
11-04-12| 33 62 |-0.3263| -0.3478| -0.3624| -0.3533| -0.3068| -0.0139
13-04-12| 35 | 64 |-0.3213|-0.3516| -0.3635| -0.3541| -0.3102| -0.0153
16-04-12| 38 67 |-0.3245| -0.3564| -0.3677| -0.3538| -0.3169| -0.0142
18-04-12| 40 | 69 |[-0.329 |-0.341 |-0.356 |-0.346 |-0.301 |-0.0140
20-04-12| 42 | 71 |-0.332 |-0.345 |-0.353 |-0.346 |-0.309 |-0.0149
23-04-12| 45 | 74 |-0.327 |-0.347 |-0.360 |-0.350 |-0.310 |-0.0159
25-04-12| 47 76 |-0.337 |-0.347 | -0.358 | -0.342 | -0.321 | -0.0014
27-04-12| 49 | 78 |-0.331 |-0.345 |-0.357 |-0.346 |-0.317 |-0.0136
04-05-12| 56 85 |-0.327 | -0.348 | -0.352 | -0.348 | -0.313 | -0.0085
07-05-12| 59 | 88 |-0.328 |-0.342 |-0.360 |-0.349 |-0.328 | -0.0105
14-05-12| 66 | 95 |[-0.331 |-0.349 |-0.362 |-0.353 |-0.327 | 0.0059
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VALUES

SHZZZA DoT | AGE 1 2 3 4 5 A
Date |days| days| [V] V] V] V] V]

09-03-12| 1 30 |-0.0040| -0.0020] -0.0040/ -0.0010] -0.0010
12-03-12| 3 33 |-0.0127| -0.0331| -0.0454| -0.0254| -0.0175
14-03-12| 5 35 |-0.0301| -0.0451]| -0.0455| -0.0435| -0.0212
16-03-12| 7 37 | -0.0286| -0.0428| -0.0442| -0.0430| -0.0316
19-03-12| 10 40 | -0.0605| -0.0765| -0.0747| -0.0688| -0.0300
21-03-12| 12 | 42 |-0.0605| -0.0767| -0.0760| -0.0687| -0.0299| 0.2644
23-03-12| 14 | 44 |-0.0584|-0.0696| -0.0679| -0.0615| -0.0278| 0.2731
26-03-12| 17 | 46 |-0.0574|-0.0682| -0.0685| -0.0613| -0.0314| 0.2745
27-03-12| 18 | 47 |-0.0571|-0.0633| -0.0635| -0.0547| -0.0287| 0.2809
28-03-12| 19 | 48 |-0.0573|-0.0661| -0.0633| -0.0564| -0.0408| 0.2790
29-03-12| 20 | 49 |-0.0545|-0.0607|-0.0612| -0.0560| -0.0377| 0.2810
30-03-12| 21 | 50 |-0.0557|-0.0618|-0.0610| -0.0547| -0.0312| 0.2807
02-04-12| 24 53 | -0.0536] -0.0584| -0.0572| -0.0512| -0.0350| 0.2751
04-04-12| 26 | 55 |-0.0425|-0.0527|-0.0569| -0.0519| -0.0327| 0.2836
06-04-12| 28 57 |-0.0470| -0.0531| -0.0514| -0.0445| -0.0331| 0.2957
10-04-12| 32 | 61 |-0.0407|-0.0525| -0.0531| -0.0430| -0.0296| 0.2991
11-04-12| 33 62 | -0.0495| -0.0565| -0.0555| -0.0470| -0.0312| 0.3025
13-04-12| 35 | 64 |-0.0413|-0.0513| -0.0514| -0.0429| -0.0316| 0.2921
16-04-12| 38 | 67 |-0.0434|-0.0515| -0.0527| -0.0457| -0.0330| 0.2905
17-04-12| 39 | 68 |-0.1978|-0.1990| -0.2000| -0.1933| -0.1787| 0.1451
18-04-12| 40 69 |-0.255 |-0.248 | -0.249 | -0.244 | -0.224 | 0.0939
20-04-12| 42 71 | -0.302 |-0.295 | -0.290 | -0.280 |-0.262 | 0.0562
23-04-12| 45 74 |-0.313 | -0.311 | -0.305 | -0.297 |-0.270 | 0.0305
25-04-12| 47 | 76 |-0.333 |-0.331 |-0.329 |-0.313 |-0.295 | 0.0198
27-04-12| 49 78 |-0.332 |-0.330 | -0.323 | -0.314 | -0.293 | 0.0115
04-05-12| 56 | 85 |-0.373 |-0.362 |-0.355 |-0.343 |-0.329 | -0.0128
07-05-12| 59 88 |-0.384 | -0.376 | -0.367 | -0.360 | -0.339 | -0.0194
14-05-12| 66 | 95 |-0.386 |-0.375 |-0.367 |-0.352 |-0.355 | -0.0220
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VALUES

Svi\élZlA DoT | AGE 1 2 3 4 5 A
Date |days| days| [V] V] V] V] V] V]
09-03-12| 1 29 |-0.0260]| -0.0290| -0.0270| -0.0250| -0.0180| -0.2380
12-03-12| 3 32 | -0.0405| -0.0662| -0.0705| -0.0658| -0.0418
14-03-12| 5 34 | -0.0342| -0.0695| -0.0728| -0.0688| -0.0428
16-03-12| 7 36 |-0.0336|-0.0661| -0.0705| -0.0728| -0.0472
19-03-12| 10 | 39 |-0.0546|-0.0661| -0.0702| -0.0721| -0.0473
23-03-12| 14 | 43 |-0.0471|-0.0705| -0.0701| -0.0723| -0.0385| -0.0007
26-03-12| 17 | 46 |-0.0748|-0.0911| -0.0951| -0.0948| -0.0635| -0.0012
30-03-12| 21 | 50 |-0.0487|-0.0723|-0.0701| -0.0728| -0.0415| -0.0016
02-04-12| 24 | 53 |-0.0574|-0.0765| -0.0751| -0.0749| -0.0571| -0.0012
06-04-12| 28 | 57 |-0.0611|-0.0695| -0.0644| -0.0651| -0.0582| -0.0013
10-04-12| 32 | 61 |-0.0582|-0.0650|-0.0597| -0.0639| -0.0501| -0.0005
13-04-12| 35 | 64 |-0.0431| -0.0612| -0.0627| -0.0616| -0.0482| -0.0007
16-04-12| 38 | 67 |-0.0476|-0.0667| -0.0678| -0.0670| -0.0518| -0.0008
17-04-12| 39 | 68 |-0.0537|-0.6430| -0.0640| -0.0639| -0.0516| -0.0009
18-04-12| 40 | 69 |-0.0684|-0.0600| -0.0600| -0.0626| -0.0537| -0.0009
19-04-12| 41 | 70 |-0.0572|-0.0696| -0.0675| -0.0660| -0.0514| -0.0007
20-04-12| 42 | 71 |-0.0565|-0.6520| -0.0650| -0.6590| -0.0460| -0.0009
23-04-12| 45 | 74 |-0.0660| -0.0666| -0.0665| -0.0659| -0.0588| -0.0013
24-04-12| 46 | 75 |-0.0620|-0.0624| -0.0633| -0.0637| -0.0560]| -0.0012
25-04-12| 47 | 76 |-0.0525|-0.0675| -0.0628| -0.0619| -0.0522| -0.0007
27-04-12| 49 | 78 |-0.0523|-0.0696| -0.0643| -0.0642| -0.0527| -0.0009
02-05-12| 54 | 83 |-0.0628| -0.0652| -0.0592| -0.0618| -0.0472| 0.0020
04-05-12| 56 | 85 |-0.0612|-0.0638| -0.0625| -0.0626| -0.0529| -0.0001
07-05-12| 59 | 88 |-0.0603|-0.0636| -0.0653| -0.0631| -0.0623| 0.0004
14-05-12| 66 | 95 |-0.0662|-0.0616| -0.0616| -0.0614| -0.0550| 0.0005
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VALUES

Svi\éIZZA DoT | AGE 1 2 3 4 5 A
Date days| days| [V] V] [V] V] V] V]
09-03-12| 1 29 |-0.0260]| -0.0290| -0.0270| -0.0250] -0.0180] -0.2380
12-03-12| 3 32 | -0.0490| -0.0687| -0.0927| -0.0683| -0.0487
14-03-12| 5 34 | -0.0464| -0.0708| -0.0742| -0.0722| -0.0584
16-03-12| 7 36 |-0.0453|-0.0720| -0.0732| -0.0704| -0.0457
19-03-12| 10 | 39 |-0.0563|-0.0754| -0.0759| -0.0705| -0.0469
23-03-12| 14 | 43 |-0.0482|-0.0758| -0.0712| -0.0710| -0.0468| -0.0130
26-03-12| 17 | 46 |-0.0569|-0.0700| -0.0704| -0.0702| -0.0459| -0.0122
30-03-12| 21 | 50 |-0.0662|-0.0717|-0.0726| -0.0719| -0.0442| -0.0116
02-04-12| 24 53 |-0.0737|-0.0754| -0.0762| -0.0767| -0.0585| -0.0112
06-04-12| 28 | 57 |-0.0694|-0.0670| -0.0659| -0.0654| -0.0617| -0.0107
10-04-12 | 32 61 | -0.0680| -0.0662| -0.0669| -0.0664| -0.0697| -0.0110
13-04-12| 35 | 64 |-0.0732|-0.0775| -0.0800| -0.0825| -0.0660| -0.0107
16-04-12 | 38 67 |-0.1940| -0.1925] -0.1935| -0.1934| -0.1883| -0.1485
17-04-12| 39 | 68 |-0.1907|-0.1851|-0.1863| -0.1890| -0.1884| -0.1412
18-04-12| 40 69 |-0.1907|-0.1847| -0.1845| -0.1887| -0.1852| -0.1388
19-04-12| 41 70 |-0.1858| -0.1852| -0.1826| -0.1847| -0.1814| -0.1349
20-04-12 | 42 71 |-0.1851|-0.1812| -0.1820| -0.1830]| -0.1812| -0.1349
23-04-12| 45 | 74 |-0.1767|-0.1702| -0.1706| -0.1692| -0.1708| -0.1200
24-04-12 | 46 75 |-0.175 |-0.170 | -0.170 | -0.170 | -0.173 | -0.1182
25-04-12 | 47 | 76 |-0.169 |-0.165 |-0.167 |-0.164 |-0.162 |-0.1153
27-04-12| 49 78 |-0.164 |-0.156 |-0.158 | -0.160 |-0.152 | -0.1091
02-05-12| 54 83 |-0.157 |-0.155 |-0.157 | -0.157 |-0.152 |-0.1007
04-05-12| 56 85 |-0.150 |-0.149 |-0.148 | -0.147 | -0.148 | -0.0937
07-05-12| 59 | 88 |-0.147 |-0.137 |-0.136 |-0.137 |-0.140 | -0.0857
14-05-12 | 66 95 |-0.133 |-0.123 | -0.121 | -0.123 | -0.124 | -0.0741
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Plotentlial measurements for beam WF1
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VALUES

g\i/gng DoT | AGE 1 2 3 4 5 A
Date |days| days| [V] V] [V] [V] [V] [V]
09-03-12| 1 | 30 |-0.0280|-0.0220| -0.0220| -0.0230| -0.0220| -0.2070
12-03-12| 3 | 33 |-0.0351|-0.0574| -0.0636| -0.0383| -0.0284
14-03-12| 5 | 35 |-0.0374|-0.0649| -0.0688| -0.0626| -0.0341
16-03-12| 7 | 37 |-0.0452|-0.0661| -0.0680| -0.0634| -0.0411
19-03-12| 10 | 40 |-0.0388|-0.0674|-0.0712| -0.0675| -0.0443
23-03-12| 14 | 44 |-0.0451|-0.0687| -0.0722| -0.0693| -0.0425| 0.0024
26-03-12| 17 | 47 |-0.0422|-0.0715| -0.0699| -0.0683| -0.0497| 0.0010
30-03-12| 21 | 51 |-0.0388|-0.0650| -0.0689| -0.0662| -0.0418| 0.0023
02-04-12| 24 | 54 |-0.0461|-0.0706|-0.0700| -0.0725| -0.0611| 0.0022
06-04-12| 28 | 58 |-0.0545|-0.0653| -0.0700| -0.0693| -0.0627| -0.0026
10-04-12| 32 | 62 |-0.0449|-0.0655| -0.0661| -0.0666| -0.0681| -0.0018
13-04-12| 35 | 65 |-0.0574|-0.0630| -0.0661| -0.0631| -0.0645| -0.0014
16-04-12| 38 | 68 |-0.2349|-0.2932| -0.3038| -0.3034| -0.2804| 0.0032
17-04-12| 39 | 68 |-0.2596| -0.3095| -0.3230| -0.3224| -0.2988| 0.1300
18-04-12| 40 | 70 |-0.2611|-0.3209| -0.3302| -0.3325| -0.3040| 0.0206
19-04-12| 41 | 70 |-0.2717|-0.3292| -0.3400| -0.3425| -0.3095| 0.0253
20-04-12| 42 | 72 |-0.2722|-0.3344| -0.3482| -0.3460| -0.3131| 0.0331
23-04-12| 45 | 75 |-0.283 |-0.342 |-0.343 | -0.347 |-0.327 | 0.0317
24-04-12| 46 | 75 |-0.274 |-0.338 |-0.351 |-0.351 |-0.319 | 0.0354
25-04-12| 47 | 77 |-0.268 |-0.339 |-0.348 | -0.339 |-0.327 | 0.0405
27-04-12| 49 | 79 |-0.285 |-0.340 |-0.345 | -0.343 |-0.321 | 0.0435
02-05-12| 54 | 84 |-0.263 |-0.353 |-0.351 |-0.362 |-0.325 | 0.0512
04-05-12| 56 | 86 |-0.286 |-0.353 |-0.366 |-0.364 |-0.333 | 0.0504
07-05-12| 59 | 89 |-0.317 |-0.350 |-0.367 |-0.365 |-0.337 | 0.0570
14-05-12| 66 | 96 |-0.309 |-0.341 |-0.360 |-0.361 |-0.338 | 0.0659

CHALMERS, Civil and Environmental Engineerindlaster’s Thesis 2012:65

67



VALUES

\SAi/(;/ZZB DoT | AGE . 5 3 " . A
Date |days| days| [V] V] V] V] V] V]
09-03-12| 1 30 |-0.0260]| -0.0290]| -0.0270| -0.0250| -0.0180| -0.2380
12-03-12| 3 33 | -0.0278| -0.0498| -0.0556| -0.0528| -0.0273
14-03-12| 5 35 |-0.0279] -0.0529| -0.0551| -0.0527| -0.0221
16-03-12| 7 37 | -0.0248| -0.0564| -0.0535| -0.0545| -0.0273
19-03-12| 10 40 | -0.0225| -0.0579| -0.0563| -0.0544| -0.0308
23-03-12| 14 | 44 |-0.0256| -0.0500| -0.0440| -0.0523| -0.0316| 0.0040
26-03-12| 17 47 | -0.0257| -0.0479| -0.0510| -0.0520| -0.0497| 0.0040
30-03-12| 21 | 51 |-0.0400|-0.0475| -0.0481| -0.0485| -0.0355| 0.0038
02-04-12| 24 | 54 |-0.0408|-0.0533| -0.0525| -0.0528| -0.0402| 0.0057
06-04-12| 28 | 58 |-0.0507|-0.0463| -0.0422| -0.0453| -0.0392| 0.0038
10-04-12| 32 62 | -0.0505| -0.0660| -0.0712| -0.0680| -0.0580| 0.1990
13-04-12| 35 | 65 |-0.0445|-0.0740| -0.0849| -0.0744| -0.0450| 0.2513
16-04-12| 38 68 | -0.0508]| -0.0836| -0.0940/| -0.0850| -0.0430| 0.2806
17-04-12| 39 | 68 |-0.0513|-0.0830| -0.0931|-0.0874| -0.0545| 0.2871
18-04-12| 40 | 70 |-0.0522|-0.0759|-0.0901| -0.0832| -0.0519| 0.2906
19-04-12| 41 | 70 |-0.0517|-0.0830]| -0.0923| -0.0835| -0.0480| 0.2986
20-04-12| 42 | 72 |-0.0505| -0.0849| -0.0969| -0.0875| -0.0560| 0.3070
23-04-12| 45 | 75 |-0.0506|-0.0891| -0.1011| -0.0907| -0.0533| 0.3207
24-04-12| 46 75 |-0.0523] -0.0875]| -0.0996| -0.0905| -0.0549| 0.3261
25-04-12| 47 | 77 |-0.0584|-0.0848| -0.1031| -0.0900| -0.0493| 0.3272
27-04-12| 49 79 |-0.0505| -0.0864| -0.0987| -0.0849| -0.0516| 0.3318
02-05-12| 54 | 84 |-0.0538|-0.0903| -0.0984| -0.0928| -0.0498| 0.3387
04-05-12| 56 | 86 |-0.0557|-0.0824|-0.0980| -0.0908| -0.0556| 0.3385
07-05-12| 59 | 89 |-0.0506|-0.0805| -0.0914| -0.0805| -0.0479| 0.3430
14-05-12| 66 96 |-0.274 |-0.319 |-0.339 | -0.324 | -0.273 | 0.1107
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Potential measurements for beam WW1
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Appendix D: Resistivity test results
Test laboratory: CTH

Mixture ID: without fibres — C20/25

Casting date: 8 February 2012

Date of testing: 7 March 2012

Age [days]: 28
d L1 L2 Ls Lavg Rs+sp Rsp P
Name
[mm] | [mm] | [mm] [[mm] [[mm] [[ €] [] | [@m]

2 100 51,8 52,1 51,7 51,9 200,40 28,40 26,029
: 3 100 51,8 51,7 51,8 51,8 242,20 51,10 28,975
= 2 100 51,5 51,0 51,0 51,2 189,90 21,Y7 25,791

3 100 51,3 50,5 51,2 51,0 198,30 23,98 26,845

1 100 51,9 51,3 50,7 51,3 246,00 45,48 30,699
(:'< 2 100 52,9 51,6 51,3 51,9 226,40 29,29 29,828
= 1 100 49,5 49,5 49,8 49,6 236,00 33,18 32,116

2 100 50,5 51,4 50,5 50,8 218,00 42,80 27,164

Test laboratory: CTH

Mixture ID: with fibres — C20/25
Casting date: 9 February 2012
Date of testing: 8 March 2012

Age [days]: 28
d L1 L2 Ls Lavg Rs+sp Rsp P
Name
[(mm] | [mm] | [mm] |[mm] [[mm] [[ €] [ | [©m]
1 100 50,2 50,5 51,0 50,6 143,50 62,83 12,521
I 100 50,2 49,8 49,9 50,0 128,89 13,29 18,158
g 3 100 50,9 52,0 50,9 51,3 146,66 12,03 20,612
2 100 50,7 51,4 51,0 51,0 114,30 13,63 15,503
3 100 51,2 51,8 51,5 51,5 126,18 14,91 17,061
2 100 49,5 48,8 49,3 49,2 130,85 14,02 18,570
2 3 100 52,8 51,8 51,9 52,2 142,55 16,94 18,899
= | 2 100 49,5 49,8 49,8 49,7 130,29 12,22 18,658
3 100 50,5 51,2 50,2 50,6 143,16 14,84 19,995
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Test laboratory: CTH
Mixture ID: C45/55
Casting date: 22 March 2012
Date of testing: 19 April 2012
Age [days]: 28
d L1 L2 Ls Lavg Rs+sp Rsp P
Name
[mm] | [mm] | [mm] [[mm] |[mm] |[ €] [Q] [ [€2m]
1| 100 51,4 | 51,4| 521 51, 130/67 1965 16,898
S [27] 100 51,1 | 51,4| 51,7 51,4 10329 14,83 13,517
3| 100 50,5 | 49,7| 502 50, 8543 1542 10,975
1| 100 51,0 | 52,3| 51,7 51,7 156/06 16,36 21,022
S [ 2] 200 51,1 | 504| 516 51, 114/68 5§22 16,356
3| 100 50,7 | 51,2| 51,3 51,1 10225 19,88 12,660
1| 100 51,3 | 524| 51,2 51, 16780 17,26 22914
S 2] 100 52,0 | 51,4| 51,4 51, 178/90 17,63 24,547
3| 100 51,5 | 529| 51,8 521 168/90 4540 18,17
Test laboratory: CTH
Mixture ID: C45/55
Casting date: 22 March 2012
Date of testing 26 April 2012
Age [days]: 35
d L1 L2 Ls Lavg Rs+sp Rsp P
Name
[mm] | [mm] | [mm] [[mm] |[mm] |[[ €] [Q] [ [2m]
1| 100 491 | 496 491 49,3 140/65 24,75 18464
G2 100 48,7 | 49,7 488 49,1 106/82 22,22 13533
3| 100 49,6 | 491 493 493 82pp2 18,26 10,189
1| 100 483 | 485 483| 484 137[26 13,84 20,028
S 2] 200 49,4 | 505 492 497 8ap4 12,15 11,393
3| 100 50,0 | 502| 51,1 504 89/13 12,49 11,943
1| 100 493 | 493 492 493 116[26 11,83 16,f17
S 2] 100 50,3 | 503| 508 504 187/80 13,62 27,090
3| 100 485 | 485 486| 485 13404 14,05 19431
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Test laboratory: CTH

Mixture ID: C45/55
Casting date: 23 March 2012
Date of testing: 20 April 2012

Age [days]: 28
d L1 L2 L3 Lavg Rs+sp Rsp P
Name
(mm] | [mm] | [mm] [[mm] |[mm] [[ Q] | [Q | [@m]
1 100 51,2 52,0 53,0 52,1 21530 18,1 29,726
8— 2 100 50,2 49,8 50,0 50,0 205,50 14,61 29,985
3 100 52,0 51,9 52,1 52,0 208,30 14,65 29,249
1 100 51,5 51,5 53,0 52,0 299,70 17,20 42,668
8— 2 100 51,2 51,4 515 51,4 279,30 1523 40,850
3 100 51,2 50,9 51,0 51, 292,10 16,85 42465
a |1 100 51,9 52,8 51,9 52,2 301L,20 16,17 42,885
& 2 100 51,9 52,0 52,0 52,0 315,10 20,01 44,570
c 3 100 51,3 50,2 50,6 50,7 302,90 22,60 43422

Test laboratory: CTH

Mixture ID: C45/55
Casting date: 23 March 2012
Date of testing 27 April 2012

Age [days]: 35
d L1 L2 L3 Lavg Rs+sp Rsp p
Name
[mm] | [mm] | [mm] | [mm] |[mm] |[ €] [Q] | [@m]
1 100 49,0 49,5 49,0 49,2 183p 21,07 25381
8— 2 100 494 49,7 49,3 49,5 1906 21,09 26,$96
3 100 50,6 50,0 50,7 50,4 2806 23,15 40,104
1 100 49,1 49,5 49,6 49,4 3458 28,89 50,385
8‘ 2 100 49,2 49,0 49,3 49,2 330,/ 26,16 48,%19
3| 100 50,2 50,3 49,9 50,1 3269 24,49 47,408
a |1 100 49,2 49,3 49,7 49,4 2944 20,20 43,%94
3{ 2 100 49,8 49,6 50,0 49,8 2877 19,89 42,236
° 3 100 50,1 50,7 50,2 50,3 3066 23,66 44,163
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Appendix E: RCM tests results
Test laboratory: CTH

Mixture ID: C45/55

Casting date: 22 March 2012

Date of testing: 19 April 2012

Age [days]: 28
NaCl: 10%
NaOH: 0.3N
Fibre content 1,3 1,0
Slice 1 2 3 1 2 3
disaar‘:]‘;'?:r D | [mm 100 100 100 100 100 | 100
Samplelengtf L | [mm] | 516 51,4 50,1 51,7 51,0 51,1
Chloride co - 10 10 10 10 10 10

concentration

Initial temp. Ti [OC] 18,0 18,0 18,0 18,5 18,5 18,5

Initial current | )y | 2850 | 3500 | 6200 1680 2894 4400

at 30V
Applied
U 10 10 10 10 10 10

Voltage V]

e, L la | [MA] 48,0 63,8 98,0 37,7 550| 76,2
current

Duration t [h] 23 23 23 23 23 23
of test
Final current | I+ [mA] 38,2 44.0 55,0 32,5 44,3 51,4
Finaltemp. | T | [°C] 19,0 19,0 19,0 20,0 20,0 20,0
Average dept >a | [mm] 16,6 11,6 14,6 11,7 13,8| 108
Migration x 102

grat Dnssm 24246 | 15736 20,350 16,08 19,348 14,418
coefficient [m?/s]

penetration depth

1|19, 14,9 11,8 102 148 14,8 11,9 12,6 11,9 [12,2|10,8|10,8
21175 15,3 12,5 10j1 132 159 11,8 11,2 14,4 153]9,9 |10,8
3119,7] 14,2 10,y 108 129 14,9 10,7 11,2 14,2 [L6,4 |10,7|12,7
4118,4 14, 126 9,9 14|6 15,8 10,0 10,8 15,8 [4,9 (10,3|11,0
5121,8 14,6 11,4 10/5 126 14,5 9,7 11,1 15,2 5,8 |9,6 |10,0
6] 15,5 12,3 13,8 107 16(6 184 99 95 14,9 15,8 |9,9 |10,3
7124,20 148 12,2 125 1119 13,8 12,5 14,0 13,5 [13,2 9,7 |10,7
8/13,8 -|154 -] 14,6 176 131 13,8 1},7 10,7 13,1 12,8
9] - |14,7123 128 -| 123 143 13,8 10,7 10,1 12,7 11,1
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Test laboratory: CTH CTH

Mixture ID: C45/55 C45/55
Casting date: 22 March 2012 23 March 2012
Date of testing: 19 April 2012 20 April 2012
Age [days]: 28 28
NaCl: 10% 10%
NaOH: 0.3N 0.3N
Fibre content 0,6 0,3
Slice 1 2 3 1 2 3
Sample D | [mm] | 100 100 100 100 100 | 100
diameter
Samplelengtf L | [mm] | 516 51,6 52,1 52,1 50,0 52,0
Chloride co - 10 10 10 10 10 10
concentration
nitial temp. | Ti | [°c] 18,0 18,0 18,0 19,0 19,0 19,0
Initial current | - poa | 1753 | 1689 | 3400 1340 1424 1379
at 30V
Applied
U 10 10 10 10 10 10
Voltage V]
e, L la | [mA] 37,5 36,2 61,7 33,4 357| 330
current
Duration t [h] 23 23 23 23 23 23
of test
Final current | I+ [mA] 32,6 32,6 45,7 30,5 31,2 30,0
Finaltemp. | T | [°C] 19,0 19,0 19,0 20,0 20,0 20,0
Average depth X | [mm] | 129 12,3 9,4 14,7 142| 155

-12

MIGEHER |5 PO 17,926 | 16,928 12329 21,138 19645 22,582
coefficient [m?/s]

penetration depth

1| 134 13,9 - -| 14,L 15/8 154 14,3 1B,3 12,5 16,9 [14,9
2112,74 11,7 154 12)3 135 12,9 14,3 14,9 18,1 [11,7]18,2| 18,4
31129 11,% 12,p 119 94 9,7 14,9 18,9 16,0 14,2 |17,8]|16,8
41119 12,1 16p 135 75 7.8 1%5 15,0 16,4 12,9 [12,3]|16,8
513,94 11,3 144 146 71 4,9 18,2 14,8 17,0 10,4 |14,9]|17,5
6] 13,4 12,3 11, 11)2 81 74,6 160 15,6 17,3 11,5 [11,5]|18,0
71129 13,0 99 9p 7|6 70 12,6 1,5 14,6 12,5 [13,8]15,0
8]14,4 12,7 103 99 71 §,0 16,2 18,4 16,9 12,8 |]12,4]16,4
9] 14§ 15,4 13,p 10J9 14,5 12,1 14,9 11,7 12,7 [13,2]13,4]| 13,5
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Test laboratory: CTH
Mixture ID: C45/55
Casting date: 23 March 2012
Date of testing: 20 April 2012
Age [days]: 28
NaCl: 10%
NaOH: 0.3N
Fibre content 0,0 0,6PP
Slice 1 2 3 1 2 3
Sample D | [mm] | 100 100 100 100 100 | 100
diameter
Samplelength L | [mm] | 520 51,4 51,0 52,2 52,0 50,7
Chloride co - 10 10 10 10 10 10
concentration
nitial temp. | Ti | [°c] 19,5 19,5 19,5 18,5 18,5 18,5
Inital current | - pn | 1010 | 1090 1085 101,00 1028 1060
at 30V
Applied
U 20 20 20 20 20 20
Voltage V]
e, L la | [mA] 65,0 70,1 66,4 65,0 66,0| 682
current
Duration t [h] 23 23 23 23 23 23
of test
Final current | I+ [mA] 59,6 63,6 61,1 57,6 59,0 51,0
Finaltemp. | Tt | [°C] 21,0 21,0 21,0 19,0 19,0 19,0
Average dept X% | [mm] | 25,2 25,9 251 22,8 245| 244
Migration x 102
grat Blieai 19,100 | 19,502| 18,703 17,128 18441 17,971
coefficient [m?/s]
penetration depth
1| 24,d 24,0 25} 256 293 24,7 2p,7 42,6 $5.4 p1,0[23,3| 238
2| 26,d 25,4 25 257 296 24,8 28,2 43,6 $3,3 p3,2[23,9] 24,2
3| 24,4 24,9 25 256 292 24,8 1p.4 41,0 P40 p2,9(23.4| 24,3
4| 253 25% 25p 25[1 282 25,1 2b,0 43,6 $2.1 p6,1(25,1] 25,3
5| 24,4 25,4 27, 28/0 246 24,6 2p.2 42,5 P51 p4,3|23,9| 24,6
6| 25,4 25,4 23 23|90 249 257 2}L.7 434 $7.8 p7,5(25,0/ 25,3
7| 26,4 27,1 28 26l8 294 251 2415 41,8 23,4 pa,7(24,1] 24,2
8| 24,9 24,1 26,p 259 2d1 26,5 2b,6 44,7 $6,7 ps,9|25.4] 25,0
o| 254 24,2 265 27[2 296 25,0 28,9 J4.4 $35 p2,8[23,9] 251
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Test laboratory: CTH

Mixture ID: C45/55
Casting date: 22 March 2012
Date of testing: 26 April 2012

Age [days]: 35
NaCl: 10%
NaOH: 0.3N
Fibre content 1,3 1,0
Slice 1 2 3 1 2 3
disaﬂlzl:r D | [mm] 100 100 100 100 100 | 100
Samplelengtf L | [mm] | 493 49,1 49,3 48,4 49,7 50,4
Chloride co - 10 10 10 10 10 10

concentration

Initial temp. Ti [OC] 20,0 20,0 20,0 19,5 19,5 19,5

Inital current | - yon | 2700 | 4100 | 6700 1980 5004 5300

at 30V
Applied
U 10 10 10 10 10 10

Voltage V]

e, L la | [mA] 50,4 66,0 97,2 37,6 77.8| 820
current

Duration t [h] 24 24 24 24 24 24
of test
Final current | I+ [mA] 39,0 49,0 59,0 32,4 56,0 56,4
Finaltemp. | T | [°C] 20,0 20,0 20,0 20,0 20,0 20,0
Average dept > | [mm] | 17,5 17,8 19,2 17,0 16,7| 12,5
Migration x 102

grat Dlcer 23820 | 24,264 26,484 22688 22,649 16,2P6
coefficient [m?/s]

penetration depth

1|15,3 13,4 14,1 15/5 150 14,1 14,2 14,4 14,8 p1,3|11,9|11,3
2117,2 13,3 19,4 201 195 17,2 14,2 15,7 16,7 [L8,1]11,8]|12,9
31183 14,3 17,6 188 236 21,0 18,4 18,6 15,7 pPO,5|12,6|13,7
4118,7] 16,9 16,8 175 17/6 19,2 1¥.4 20,0 15,2 P0O,4 |11,5|15,9
5]20,0] 16,9 18,0 16/5 159 18,2 1y,2 19,2 11,3 16,0]9,1 |12,4
6]20,7] 15,2 18,4 16J)7 199 18,1 16,5 20,5 17,4 P1,2]12,0|14,8
7120,8] 15,6 16,8 165 250 25,3 1y,2 18,0 11,0 [L2,7 |10,3|10,5
8121,0] 16,2 20,1 17)9 229 19,6 14,2 17,8 |- 20,2 14,0 |14,4
9]121,7] 16,2 22,9 18)5 17(4 19,2 1y,0 20,3 10,4 |9,5 [10,8]15,0
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Test laboratory: CTH CTH
Mixture ID: C45/55 C45/55
Casting date: 22 March 2012 23 March 2012
Date of testing: 26 April 2012 27 April 2012
Age [days]: 35 35
NaCl: 10% 10%
NaOH: 0.3N 0.3N
Fibre content 0,6 0,3
Slice 1 2 3 1 2 3
Sample D | [mm] | 100 100 100 100 100 | 100
diameter
Sample lengtf L | [mm] 49,3 50,5 48,5 49,2 49,5 50,4
Chloride co - 10 10 10 10 10 10
concentration
Initial temp. | T [°cj 19,0 19,0 19,0 20,5 20,5 20,5
Inital current | o | 3400 | 1730 | 2740 2010 1984 1700
at 30V
Applied
U 10 10 10 10 10 10
Voltage V]
e, L la | [mA] 68,5 37,5 49,4 44,0 456| 363
current
Duration t [h] 24 24 24 24 24 24
of test
Final current | I+ [mA] 41,5 30,1 40,0 35,0 34,0 31,0
Final temp. | T [°c] 19,5 19,5 19,5 20,0 20,0 20,0
Average depth X | [mm] 17,0 15,2 17,5 23,2 223| 21,8
Migration x 102
grat Dnssm 23,014 | 20587 23424 32988 31,644 31,279
coefficient [m?/s]
penetration depth
1|16,20 189 18,9 192 16|5 17,3 25,7 29,3 235 p7,1 [22,5|27,1
2[18,9] 24,0 17,1 168 15,3 18,4 21,1 29,4 20,0 P1,2 |22,5|22,7
3[17,8/ 16,4 19,6 1500 174 17,0 20,4 22,7 18,9 P6,9 |23,7|24,2
4(18,6( 19,2 16,1 152 16/8 18,2 16,4 26,2 18,6 P5,5[19,4|24,1
5(16,00 15,4 16,y 128 184 19,8 21,3 18,7 17,1 P6,3 [20,2|22,4
6(17,7 17,7 15,8 12)8 17|6 19,1 24,6 17,0 23,1 18,2 [24,3
7(14,70 11,9 148 12 -| 158 23,5 252 19,5 29,0 [L7,5 |23,3
8(205179 155 135 187 199 | | | | 149 184
9(13,71 124 139 128 16,2 161 | | | | 196 |-
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28,6

30,2

25,7

28,4

27,0

28,2

25,3

Test laboratory: CTH
Mixture ID: C45/55
Casting date: 23 March 2012
Date of testing: 27 April 2012
Age [days]: 35
NaCl: 10%
NaOH: 0.3N
Fibre content 0,0 0,6PP
Slice 1 2 3 1 2 3
Sample D | [mm] | 100 100 100 100 100 | 100
diameter
Samplelength L | [mm] | 494 49,2 50,1 49,4 49,8 50,3
Chlorice co - 10 10 10 10 10 10
concentration
nitial temp. | Ti | [°c] 20,5 20,5 20,5 20,0 20,0 20,0
Inigal current |y 99,0 1010 | 1030| 1020 1059 1020
at 30V
Applied
U 20 20 20 20 20 20
Voltage V]
e, L la | [mA] 64,0 65,2 66,3 66,5 68,1| 66,5
current
Duration t [h] 24 24 24 24 24 24
of test
Final current | I+ [mA] 56,5 57,3 58,8 57,8 58,7 57,2
Finaltemp. | Tt | [°C] 21,0 21,0 21,0 21,0 21,0 21,0
Average dept{ X% | [mm] | 33,2 29,6 26,4 260 | 273 27,6
Migration x 102
grat Blieai 23550 [ 20,750 18674 1812F 19,191 19,6
coefficient [m?/s]
penetration depth
1|35.6] 32,3 35.p 28 26[5 24,4 2b.8 46,7 35,9 6,9 [28,7
2| 34,4 32,4 31,9 295 253 27,8 25,3 0,0 27,5 b6.,6 [28,6
3| 33,6 31,34 29,8 200 27[3 27,6 2h,1 26,8 26,0 b33 30,5
4| 36,8 30,0 31,0 2051 24[0 27,2 2b,2 29,9 29,7 6,6 [27,7
5| 36,5 29,84 28,0 28]38 25l 27,1 25,7 245 26,6 p7.3 256
6|35,7 30,1 29,6 2838 24l9 24,5 25,1 1,6 27,3 ps,8[26,4
7| 36,9 28,4 27,9 20p 256 27,9 25,5 25,8 30,0 p5,2 [27,0
gl - - - - - - - - - - -
g| - - - - - - - - - - -
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Appendix F. Mass losses

. LF1 LF2
Cleanin A B A B
cycle
mass loss mass loss mass loss mdss Idss

0 320.02 - 320.08 - 322.40 - 321.21 -

1 320.09 - 320.04 - 322.39 - 321.22 -

2 319.52| 0.20% 319.11 0.29% 321.p1 0.29% 320.28 0.B1%
3 319.19| 0.30% 318.82 0.38% 321.29 0.36% 320.01 0.#0%
4 319.01| 0.36% 318.583 0.47% 321.10 0.42% 319.81 0.#6%
5 318.92| 0.39% 318.42 0.51% 320.p1 0.48% 319.64 0.p1%
6 318.84| 0.41% 318.38 0.52% 320.79 0.52% 319.49 0.56%
7 320.69| 0.55% 319.35 0.60%0

8 320.60| 0.58% 319.24 0.63%0

0 — weight before casting

1 — weight after destroying beams

Number of cleaning cycles

LF1 A LF1B
0.8%
o 0.8% 2 °
o K=
ﬁ 0.4% ﬁ 0.4% _A
S s
0.0% . . T
3 5 7 0.0% . . T
Number of cleaning cycles 1 3 5 7
Number of cleaning cycles
LF2 A LF2 B
w 0.8% w 0.8%
(7] [74]
K= o
£ 0.4% £ 0.4%
= =
0.0% T T T 0.0% T T T
3 5 7 1 3 5 7

Number of cleaning cycles
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Cl . LW1 LW2
eaning A B A B
cycle
mass loss mass loss mass logs mass Igss
0 323.09 - 322.42 - 322.41 - 320.85 -
1 322.76 - 322.00 - 322.07 - 320.59 -
2 321.84| 0.30% 320.70 0.42% 320.99 0.35% 319.38 0.p0%
3 321.36| 0.45% 320.3% 0.53% 320.56 0.48% 318.87 0.p6%
4 321.16| 0.51% 320.06 0.62% B7 0.54% 31858 0.p5%
5 321.03| 0.55% 319.94 0.66% 19 0.60% 318.39 0.J/1%
6 320.94 | 0.58% 319.87 0.68% 320.07 0.63% 318.22 0./6%
7 320.85| 0.61% 319.80 0.70% 320.04 0.64% 318.04 0.B2%
8 320.80| 0.63% 319.7% 0.71% 317.99 0.83%
0 — weight before casting
1 — weight after destroying beams
LW1A LW1B
w 0.8% w 0.8%
8 8
g 0.4% 2 0.4%
= =
0.0% T T T 0-0% T T T
1 3 5 7 3 5 7
Number of cleaning cycles Number of cleaning cycles
LW2 A LW2B
w 0.8% w 0.8%
8 W 8
8 0.4% £ 0.4%
s / s
0.0% : : . 0.0% . . .
1 3 5 7 3 5 7
Number of cleaning cycles Number of cleaning cycles
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Cl . UF1 UF2
eaning A B A B
cycle
mass loss mass loss mass loss mass Idss
0 321.62 - 320.82 - 323.56 - 322.25 -
1 321.71 - 320.80 - 322.53 - 321.55
2 321.40| 0.10% 320.39 0.13% 321.96 0.18% 320.81 O0.p3%
3 321.20| 0.169% 320.08 0.22% 321.53 0.31% 320.38 0.B6%
4 320.98| 0.23% 319.83 0.30% 321.24 0.40% 320.13 O0.p4%
5 320.77| 0.29% 319.6% 0.36% 321.05 0.46% 320.00 O0.A8%
6 320.64 | 0.33% 319.4% 0.42% 320.83 0.583% 319.86 0.p3%
7 320.54| 0.36%9 319.2% 0.48% 320.Y9 0.54% 319.81 0.p4%
8 320.47| 0.39% 319.13 0.52% 320.69 0.57/% 319.75 0.p6%
0 — weight before casting
1 — weight after destroying beams
UF1 A UF1B
w 0.8% w 0.8%
8 8
2 0.4% 2 0.4%
= =
0.0% T T T 0-0% T T T
1 3 5 7 1 3 5 7
Number of cleaning cycles Number of cleaning cycles
UF2 A UF2 B
w 0.8% w 0.8%
8 8
£ 0.4% £ 0.4%
S =
0.0% ; ; ; 0.0% ; ; ;
1 3 5 7 1 3 5 7
Number of cleaning cycles Number of cleaning cycles
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. Uuwil
Cleaning A B
cycle
mass loss mass loss
0 321.51 - 323.56
1 321.45 - 322.87 -
2 320.65 | 0.25% 322.01 0.27%6
3 320.18 | 0.40% 321.58 0.40%6
4 319.92 | 0.48% 321.22 0.51%6
5 319.72 | 0.54% 321.04 0.57%6
6 319.64 | 0.56% 320.83 0.63%6
7 319.58 | 0.58% 320.77 0.65%6
0 — weight before casting
1 — weight after destroying beams
UW1A UW1B
@ 0.8% @ 0.8%
S S
£ 0.4% £ 0.4%
= =
0.0% ; ; ; 0.0% ; ; ;
1 3 5 7 1 3 5 7
Number of cleaning cycles Number of cleaning cycles
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Cl . WF1 WF2
eaning A B A B
cycle
mass loss mass loss mass logs mass Igss
0 321.48 - 323.00 - 321.58 - 319.76 -
1 321.30 - 321.33 - 321.59 - 319.51 -
2 320.52| 0.24% 320.57 0.24% 320.79 0.26% 318.09 0.p4%
3 320.09| 0.38% 320.35 0.30% 320.48 0.35% 317.73 0.p6%
4 319.78| 0.47% 320.10 0.38% 320.25 0.42% 317.53 0.p2%
5 319.52| 0.55% 319.91 0.44% 320.04 0.48% 317.34 0.p8%
6 319.41| 0.59% 319.84 0.46% 319.89 0.53% 317.25 0./1%
7 319.33| 0.61% 319.79 0.48% 319.77 0.5V% 317.16 O0.f/4%
8 319.27 | 0.63% 319.72 0.58%
0 — weight before casting
1 — weight after destroying beams
WF1 A WF1B
w 0.8% w 0.8%
3 8
£ 0.4% 2 0.4%
= =
0.0% ; ; ; 0.0% ; ; ;
1 3 5 7 1 3 5 7
Number of cleaning cycles Number of cleaning cycles
WF2 A WF2 B
w 0.8% w 0.8%
8 8
£ 0.4% £ 0.4%
= =
0.0% ; ; ; 0.0% . . .
1 3 5 7 1 3 5 7
Number of cleaning cycles Number of cleaning cycles
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Cl . WW1 Ww2
eaning A B A B
cycle
mass loss mass loss mass logs mass Igss
0 321.09 - 321.13 321.84 - 319.30 -
1 321.35 - 322.95 - 321.34 - 319.76
2 320.46| 0.28% 322.14 0.25% 320.27 0.33% 318.74 0.B2%
3 320.09| 0.39%9 321.79 0.36% 319.86 0.46% 318.31 0.A5%
4 319.85| 0.479% 32156 0.43% 319.68 0.52% 318.09 0.p2%
5 319.65| 0.53% 321.35 0.50% 319.49 0.58% 317.97 0.p6%
6 319.51| 0.57% 321.19 0.54% 319.36 0.62% 317.89 0.p8%
7 319.39| 0.61% 321.07 0.58% 319.24 0.65% 317.80 0.p1%
8 319.27 | 0.65% 320.97 0.61% 319.16 0.68%
0 — weight before casting
1 — weight after destroying beams
WW1A WW1B
w 0.8% w 0.8%
8 8
2 0.4% £ 0.4%
S S
0.0% T T T 0.0% T T T
3 5 7 1 3 5 7
Number of cleaning cycles Number of cleaning cycles
WW2 A WW2B
w 0.8% w 0.8%
: M 8
£ 0.4% 8 0.4%
s / s

0.0%

5
Number of cleaning cycles

7

0.0% T . .
1 3 5 7

Number of cleaning cycles

84

CHALMERS, Civil and Environmental Engineerindlaster’s Thesis 2012:65



