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PREFACE

Self-Compacting Concrete, SCC, that does not
require any energy for compacting in order to
cover the reinforcement or fill out the mould
has attracted a great deal of interest interna-
tionally and in Sweden. Nineteen full-scale
bridges and other full-scale projects now exist
from SCC. The technique has also been intro-
duced for dwelling houses, tunnels and office
buildings. SCC has been introduced for the
production of poles, piles and pillars. Regard-
ing concrete under severe circumstances for
construction of bridges, dams, tunnels and so
forth, the requirements of durability are higher
and a higher level of documentation is required
than for concrete that is used for dwelling
houses or office buildings. The primary dura-
bility properties are chloride ingress, fire resis-
tance, internal freezing and thawing resistance,
salt freezing and thawing scaling and sulphate
resistance for concrete under severe situations.
All mentioned properties of a typical construc-
tion concrete were studied at our department.
Salt freezing and thawing scaling, internal
freezing and thawing resistance and sulphate
resistance did not differ much from the corre-
sponding properties of normal compacting
concrete. Chloride ingress was larger in SCC
than in normal concrete, NC. It is known from
the Great Bélt railway tunnel and also from the
Channel railway tunnel that large scale spalling
of the concrete may occur during catastrophic
fire especially in concrete at low water to ce-
ment ratio, w/c. Such scaling is avoided by in-
cluding polypropylene fibre also in SCC or by
avoiding large quantities of filler in SCC, i.e.
by the use of a cement-powder ratio, c/p, high
enough. A water-binder ratio, w/b, was also
important for avoiding fire spalling.

In this project the objectives were to investi-
gate freezing and thawing resistance (internal
frost resistance and salt frost scaling) of sub-
merged cast SCC at different w/c and different
air content for repair of concrete for water

power plant dams and harbours in severe con-
ditions. The objective was also to compare the
result with the corresponding properties of
normal submerged cast concrete, NC. w/c of
the NC varied between 0.45 and 0.78. The air
content of NC varied between 1 and 11% vol.
For SCC the w/c varied between 0.35 and 0.49
with an air content varying between 1 and 8%.
Finally the objective was to give recommenda-
tions how to produce SCC for repair of water
power plant dams and harbours in severe con-
ditions durable to freezing and thawing attack.
An associated project within Vattenfall Ut-
veckling has given valuable input to the project
and also delivered a lot of specimens for tests
within the project. Financial support from the
Development Fund of the Swedish Construc-
tion Industry, SBUF and from Skanska Asfalt
& Betong LTD, Concrete Technical Centre,
BTC, is gratefully acknowledged. Furthermore
gratitude is expressed to lad Saleh, who coor-
dinated the project. I am also most grateful to
Jan Alemo and to Emma Bjorkenstam who of-
fered many comments from the practical point
of view. Finally, thanks are due to Stefan
Backe, Ingemar Larsson and Bengt Nilsson
who carried out most of the laboratory experi-
ments.

It must be underlined that this scientific report
only emphasis a description of experimental
and analytical studies of workability and freez-
ing and thawing resistance (internal frost resis-
tance and salt frost scaling) of SCC with
different w/c and increased amount of air con-
tent including a comparison with the corre-
sponding properties of normal submerged cast
concrete, NC, both concrete types intended for
submerged repair of dams, foundations and
columns in severe conditions.

Lund 11 November 2003

Bertil Persson



SUMMARY AND CONCLUSIONS

General

It must be underlined that this scientific report
only emphasis a description of experimental
and analytical studies of workability and freez-
ing and thawing resistance (internal frost resis-
tance and salt frost scaling) of Self
Compacting Concrete, SCC, with different wa-
ter-binder ratio, w/b, and increased amount of
air content including a comparison with the
corresponding properties of normal submerged
cast concrete, NC, both concrete types in-
tended for submerged repair of dams, founda-
tions and columns in severe conditions. w/b of
the NC varied between 0.45 and 0.78. The air
content of NC varied between 1 and 11% vol.
For SCC w/b varied between 0.35 and 0.49
with an air content varying between 1 and 8%.
Recommendations are given how to produce
SCC for repair of water power plant dams and
harbours durable to freezing and thawing at-
tack. About 3 months age applied at the start of
testing. The strength development was fol-
lowed in parallel. Twelve SCC with w/b =
0.35, 0.40 or 0.45 and 12 NC with w/b varying
between 0.45 and 0.78 were studied related to
strength and freezing and thawing resistance.
The tests were carried out in fresh water (inter-
nal frost resistance) or in water with 3% of so-
dium chloride (salt frost scaling). The
temperature during testing varied between +/-
20 °C, twice a day.

Tested concrete

Studies of the grading curves of the fresh con-
crete clearly showed that more fines were re-
quired in submerged cast SCC than in NC and
normal SCC in order to obtain stability of the
concrete in the fresh state. With a 1 mm sieve
about 38% of the material in the NC mix pro-
portions passed, about 47% of the material of
the mix proportions passed 1 mm sieve width
with normal SCC and about 53% of the mate-
rial in the mix proportions passed 1 mm sieve
width with submerged cast SCC. It became
clear that a large content of air in the concrete
in order to avoid frost damage to submerged
cast concrete affected the strength results sub-
stantially. Increase of the air content (> 8%) as
a method to avoid frost damage in concrete
with w/b > 0.45 was not feasible as strength
became unacceptably low. For concrete cast in
the laboratory and in the field with w/b varying

ii

between w/b = 0.35 and w/b = 0.45 the
strength varied between 100 and 55 MPa at 4%
air content. Some effect of the position of the
casting on strength was observed in the field,
i.e. strength at the crest of the casting became
up to 4 MPa lower than average strength and
up to 4 MPa higher at the foot of the casting
than average strength. The difference in
strength due to the position of casting was
probably dependent on segregation of aggre-
gate in the fresh mix proportions. Some loss of
air also affected strength, i.e. lower air content
at the far end of submerged casting increased
strength, which acted contrary to a decrease of
the aggregate content.

Internal freezing and thawing resistance

Submerged cast SCC with w/b = 0.40 and >
4% air content fulfilled the requirements (7.5%
silica fume) of internal freezing and thawing
resistance. The freezing rates of the specimens,
which were recommended to be 14 °C/h
(ASTM 666-92), varied between 6 and 9 °C/h
(internal frost resistance) and between 8 and 11
°C/h (salt frost resistance). Still, the freezing
rates by far exceeded the maximum values ob-
tained in reality, 3 °C/h. Practical concrete
with w/b > 0.45 and anti-washout powder did
not fulfil the ASTM 666 requirements for in-
ternal loss of FRF, i.e. elastic modulus to be
larger than 40% after 300 cycles. Concrete cast
in the laboratory exhibited less internal frost
resistance at the remote end of the L-box than
near the place of casting, Fig. 1.

Change of FRF (300 cycles,%)

Near
Remote
3581
3554
3558

Fig. 1 — Alteration of FRF of concrete cast in a
L-box. 8 = air content (%), 35 = w/b.



The difference between the frost resistance at
the near and the remote end of casting in the L-
box clearly indicates that either some segrega-
tion took place during the casting or that some
air content was washed out during the move-
ment of the concrete in the water. Concrete
with w/b = 0.45 was not acting acceptably at
the remote end at casting in the L-box (80%
loss of FRF). Still, all concrete with w/b = 0.35
and w/b = 0.40 showed good internal frost re-
sistance related to FRF (less than 13% losses
of FRF after 300 cycles). Concrete cast in the
field with w/b = 0.35 showed poor perform-
ance of internal frost resistance of concrete at
the remote position of casting (70% loss of
FRF at the crest and 40% loss of weight at the
foot of casting after 300 cycles), Fig. 2. This
may be a confirmation of segregation of the
aggregate during the casting process of the
concrete or may indicate that air was leaving
the concrete. Also at the near end a tendency of
larger loss of elastic modulus was observed in
concrete with w/b = 0.35 than in the other con-
crete. Concrete with w/b = 0.40 and w/b = 0.45
in the field acted well to internal frost.

Change of
FRF (300
cycles,remote,
%)

Fig. 2 — Alter of FRF of concrete. 35 = w/b.
Crest and foot of mould indicated.

Salt freezing and thawing resistance

Submerged cast SCC with w/b = 0.40 (7.5%
silica fume) with > 4% air content fulfilled the
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requirements of less than 0.5 kg/m? of salt frost
scaling. Salt freezing and thawing resistance is
normally not required for dams, foundations
and pillars in fresh water. SCC may probably
not be cast submerged in seawater since cast-in
chloride may cause reinforcement corrosion.
Too large salt frost scaling for all practical
concrete with w/b > 0.45 and anti-washout
powder was observed. Concrete with w/b >
0.45 and anti-washout powder was not durable
to salt freezing and thawing scaling even
though as much as 8% air content was studied.
SCC with w/b = 0.35 and w/b = 0.45, sub-
merged cast in the laboratory, showed large
salt frost scaling at the remote end of the L-
box, Fig. 3. Air was probably washed out dur-
ing the casting process, which reduced the salt
freezing and thawing resistance substantially,
or aggregate segregation also affected the salt
frost scaling. Eight percent of air content was
required for SCC with w/b = 0.35 and 4% of
air content for SCC with w/b = 0.40 in order to
fulfil the requirements. For w/c = 0.45 not
even an air content of 8% was sufficient to ob-
tain salt frost scaling of less than 0.5 kg/m? in
the laboratory.

Salt frost scaling (56
cycles,remote,kg/m?)

w/b (%)

Fig. 3 — Salt frost scaling of concrete cast in
the laboratory. A = air content (%).




Density, segregation and strength

A clear effect of the air content on the density
of the concrete was observed. Segregation at
the crest near the pump, which was almost in-
dependent of w/b, was observed in the field
concrete. Some coarse aggregate probably seg-
regated both at the near and at the remote end
of casting. On the other hand results on frost
resistance showed that some of the air content
was lost at the remote end of casting, which
caused a comparative increase of the density.
With larger loss of internal frost resistance al-
most no change of density was observed at the
far end of casting since the segregation of ag-
gregate just compensated for the density
change due to the loss of air. Still the differ-
ence in density was small and the effect on
strength minor, +4 MPa, Fig. 4.

Density (kg/m?3)

®)
b

4w

Fig. 4 — Concrete density in the field. C =
crest, F = foot, N = near end of casting, R =
remote end, 35 = w/b.

v

Recommendations

Based on previous results, results from the
laboratory experiments and from experiments
in the field, SCC with w/b = 0.40 (7.5% silica
fume) and air content > 4% may be used to ful-
fil both requirements of internal frost resis-
tance and salt frost scaling.



SAMMANFATTNING OCH
REKOMMENDATIONER

Allméint

Det bor understrykas att denna vetenskapliga
rapport bara omfattar en redogdrelse for expe-
rimentella och analytiska studier av gjutbarhet
och frostbestdndigheten (inre frostbestidndighet
och saltfrostavskalning) hos sjédlvkompakte-
rande betong, SKB, vid olika vattenbindme-
delstal, vbt, med ett okat innehall av luft och
en jamforelse av resultaten med motsvarande
egenskaper hos normal undervattensbetong,
NB, bédgge betongtyperna avsedda for under-
vattensreparation av dammar, fundament och
pelare. Vbt for de normal betong varierade
mellan 0.45 och 0.78. Tretton SKB med vbt =
0.35, 0.40 eller 0.49 och tolv NB med vbt vari-
erande mellan 0.45 och 0.78 studerades i fraga
om hallfasthet och frostbestindighet. Lufthal-
ter varierande mellan 1% och 11% anvéndes i
normal betong. For sjdlvkompakterande betong
varierade vbt mellan 0.35 och 0.49 med en
lufthalt varierande mellan 1 och 8%. Rekom-
mendationer ges for hur frostbestéindig SKB
for reparation av vattenkraftsdammar och
hamnar skall kunna produceras. Ungefér 3 ma-
naders dlder anvindes vid forsoksstart. Hall-
fasthetsutvecklingen hos betongen foljdes
parallellt. Provning dgde rum endera i destille-
rat vatten (inre frostbestidndighet) eller i destil-
lerat vatten med 3% koksalt
(saltfrostavskalning). Temperaturen varierade
mellan +/- 20 °C, tva ganger per dygn.

Provad betong

Studier av partikelfordelningen hos farsk be-
tong visade att mer finpartiklar krdvdes i un-
dervattensgjuten SKB &n i normal SKB och
NB i syfte att bibehalla stabiliteten i betongen i
farskt tillstdnd. Vid 1 mm siktvidd passerade
ca 38% av material hos NB, ca 47% av materi-
alet siktvidden 1 mm hos normal SKB och ca
53% av materialet hos farsk undervattensgju-
ten SKB, siktvidden 1 mm. Det klargjordes att
stor tillsats av luftporbildare i syfte att gora
undervattengjuten SKB frostbestdndig, paver-
kade hallfastheten avsevirt. Okning av lufthal-
ten hos betong med vbt > 0.45 var inte lamplig
med hinsyn till att hallfastheten da blev for
lag. For betong som gots i laboratorium och i
falt med vbt varierande mellan 0.35 och 0.45
erholls héllfastheter varierande mellan 100
MPa och 55 MPa vid 4% lufthalt. En viss ef-
fekt pa hallfastheten hos den faltgjutna betong-

en erholls beroende av gjutningens ldge, dvs.
vid kronet erhélls upp till 4 MPa liagre hall-
fasthet 4n i genomsnitt och i underkant av
gjutningen upp till 4 MPa hogre hallfasthet dn
genomsnittligt. Skillnad i betonghéllfasthet be-
roende pa gjutningens ldge berodde antagligen
pa stenseparation eller pa att luft vaskades ur
betongen i samband med undervattensgjut-
ningen.

Inre frostbestindighet

Undervattensgjuten betong med vbt = 0.40
(7.5% silikastoft) och > 4% luftinnehall upp-
fyllde kraven pé inre frostbestdndighet. Frys-
hastigheten hos proverna, som rekommenderas
vara 14 °C/h (ASTM 666-92), varierade mel-
lan 6 and 9 °C/h (inre frost bestdndighet) och
mellan 8 and 11 °C/h (saltfrostbestindighet).
Fryshastigheten oversteg dock de virden som
uppmatts i verkligheten, 3 °C/h. Praktisk be-
tong med vbt > 0.45 och antiutvaskningsmedel
uppfyllde inte inre frostbestdndigheten enligt
ASTM 666-92 i fraga om inre forlust av egen-
frekvens dvs. att elasticitetsmodulen, métt som
fundamentala resonansfrekvensen, FRF, efter
300 fryscykler skall vara storre dn 40% av ut-
gangsvardet. Lagre inre frostbestdndighet hos
betong gjuten i L-box i laboratorium observe-
rades i den bortre delen av L-boxen dn nira
gjutplatsen, figur 1.

Andring av inre
egenfrekvens (300
cykler,%)

3581

Intill gjutplats
Bortre del

Figur 1 — Andring av inre egenfrekvens hos
betong gjuten i L-box i laboratorium. 8 = luft-
halt (%), 35 = vbt.



Betong med vbt = 0.35 och vbt = 0.40 gjuten i
laboratorium uppvisade dndock mycket god
frostbestdndighet ifrdga om inre egenfrekven-
sen (mindre dn 13% minskning efter 300 frys-
cykler). Betong med vbt = 0.45 erhdll sa
mycket som 80% forlust av inre egenfrekven-
sen vid 300 cykler d&ven med 8% lufthalt. Skill-
naden i inre frostbestindighet mellan bortre
och hitre delen av betong som gjutits i L-box
visade att endera en viss separation intraffade
eller att en del av lufthalten vaskades ur be-
tongen under gjutningen. Betong som gots i
falt visade délig inre frostbestéindighet for vbt
= 0.35, figur 2. Forsoken i falt visade ocksé
mycket storre forlust av inre frostbestindighet i
bortre delen av provkroppen i forhédllande till
hitre delen av provkroppen samt storre forlus-
ter av inre frostbestdndigheten i 6vre delen av
provet dn i undre delen. Denna indikation kan
vara en bekriftelse pa att betongen segregerade
under gjutprocessen och att inblandad luft
lamnade betongen under gjutforloppet.

FRF (300
cykler,bortre
del,%)

Vbt (%)

Figur 2 — Andring av inre egenfrekvens i bort-
re delen av betongen.
Saltfrostbestindighet

For undervattengjuten betong krdvdes vbt =
0.40 (7.5% silikastoft) med > 4% lufthalt for
att uppfylla kraven pd god saltfrostbestindig-
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het < 0.5 kg/m?. Saltfrostbestédndighet krévs
normalt inte for dammar, fundament och pelare
i sotvatten. SKB kan formodligen inte gjutas
under vatten i havet eftersom klorider da kan
blandas in i betongen och foérorsaka korrosion
av eventuell ingjuten armering. For betong
med vbt > 0.45 och antiutvaskningsmedel er-
holls alltfor hog saltfrostavskalning. Betong
med vbt > 0.45 och antiutvaskningsmedel var
inte saltfrostbestdndig ens med 8% luftinnehall
vid vbt = 0.45. Betongen i bortre delen vid
gjutning i L-box, dér inblandad luft troligen
vaskades ur under gjutningen, uppvisade en
dalig saltfrostbestdndighet for vbt = 0.35 och
4% lufthalt samt for vbt = 0.45 och 8% luft-
halt, figur 3. For betong i bortre dnden av L-
boxen erfordrades 8% lufthalt for betong med
vbt = 0.35 i syfte att uppfylla kraven pa god
saltfrostbestdndighet (< 0.5 kg/m? avskalning).
For betong med vbt = 0.45 uppfylldes inte kra-
ven pa god saltfrostbestdndighet vid gjutning i
bortre dnden av L-boxen ens med 8% lufthalt.

300
©o T
CE 250
22
c 3 200
©
ge 150
85 100
2 2
£ S 50
83

35

40 A=4

45 A=1

Vbt (%)

Figur 3 — Saltfrostavskalning i bortre delen av
betongen efter 56 cykler vid varierande vbt och
lufthalt, A (%).

Densitet, segregation och hillfasthet

Det observerades en klar effekt av lufthalten pé
hallfastheten hos betongen. Effekten av en
densitetsskillnad var dock liten pé héllfastheten
i betongen. Segregation dgde rum i ytan av be-
tongen nira pumpplatsen nistan oberoende av




betongens vbt. En del grovre ballast vaskade
troligen ut fran kronet ndrmast gjutplatsen och
transporterades till nedre delen av provet, i den
bortre delen av konstruktionen, vilket forfaller
att vara logiskt. Trots effekten av segregatio-
nen pa densiteten blev inverkan pd betongens
hallfasthet liten, =4 MPa, figur 4.

Densitet (kg/m?)

35

Vbt (%)

Figur 4 — Densitet som funktion av gjutplats
och vbt. C = kroén, F = botten av form, N =
nira gjutplats, R = bortre del av betongen.
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Rekommendationer

Baserat pa resultat fran tidigare forsok, resultat
frdn laboratorieforsok samt resultat fran falt-
forsok uppfyllde SKB med vbt = 0.40 (7.5%
silikastoft) och en lufthalt > 4% kraven pa inre
frostbestidndighet och saltfrostavskalning.
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SYMBOLS

a,b
c/p

d

fcmO =
fcm

t

to

to,

t

tir

s

w/b
A
AEA
B
BTC
D

D
DAA
D¢
Ede
Eqo

F

FA
FRF
G=
GF
HPMC
K
KO28
N

N
NC
(0]

P
PFA
R
ROII28
S

S

Sc
SCC
SF
T=
T
TSA
VMA
o

6

28

denotes constants given in Table 2.1
cement-powder ratio

denotes the diameter of the specimen (mm)

10 MPa

denotes 28-day strength (MPa)
denotes age (days)
denotes age at loading (days)
denotes age adjusted to 20 °C (all specimens were stored at 20 °C only)

=1 day

=1 day

denotes constants given in Appendix 2.13

water-binder ratio

air content (%)

air-entraining admixture

increased amount of filler

Concrete Technical Centre

chloride migration coefficient (m?*/s)
24% PFA and 9% SF

deaerating admixture,

durability factor

denotes the elastic modulus, i.e. FRF, at the end of the testing.
denotes the elastic modulus, i.e. FRF, at the start of the testing.
12% PFA and 5% SF

fly ash

fundamental resonance frequency

15% GF and 5% SF

glass filler

hydroxypropyl methylcellose

Limus 40 limestone filler

limestone powder only

new mixing order (filler at the last)

nenotes number of cycles at the end of the test

normal concrete

ordinary mixing order (filler at the first)

denotes the value of the parameter

fly ash (%)
NC

normal concrete, ordinary mixing order, second, 28 days’ start age

specific surface of air voids (1/mm)
Limus 15 limestone filler

salt freezing and thawing scaling (kg/m?)
Self-Compacting Concrete

silica fume (%)

CEMIII with 68% slag content

5.5 m hydrostatic pouring pressure

Thaumasite Sulphate Attack
Viscosity-Modifying Admixtures

= -1 for slowly hardening cement; = 0 otherwise.
6% air content

28 days’ age at start of testing.



1. INTRODUCTION, LIMITATIONS AND
OBJECTIVE

1.1 Introduction

Self-Compacting Concrete, SCC, that does not re-
quire any energy for compacting in order to cover
the reinforcement or fill out the mould has at-
tracted a great deal of interest internationally and
in Sweden. Nineteen full-scale bridges and other
full-scale projects now exist from SCC [1]. The
technique has also been introduced for dwelling
houses, tunnels and office buildings [2-4]. SCC
has been introduced for the production of poles,
piles and pillars [5-12]. Regarding concrete under
severe circumstances for construction of bridges,
dams, tunnels and so forth, the requirements of
durability are higher and a higher level of docu-
mentation is required than for concrete that is used
for dwelling houses or office buildings. The pri-
mary durability properties are chloride ingress,
fire resistance, internal freezing and thawing resis-
tance, salt freezing and thawing scaling and sul-
phate resistance for concrete under severe situa-
tions. All mentioned properties of a typical con-
struction concrete were studied at our department.
Salt freezing and thawing scaling, internal freez-
ing and thawing resistance and sulphate resistance
did not differ much from the corresponding prop-
erties of normal concrete, NC. Chloride ingress
was larger in SCC than in NC. It is known from
the Great Bélt railway tunnel and also from the
Channel railway tunnel that large scale spalling of
the concrete may occur during catastrophic fire
especially in concrete at low water to cement ra-
tio, w/c. Such scaling is avoided by including

polypropylene fibre also in SCC or by avoiding
large quantities of filler in SCC, i.e. by the use of
a cement-powder ratio, ¢/p, high enough. w/b,
high enough, was also important for avoiding fire
spalling.

1.2 Limitations

Twelve SCC with w/c = 0.35, 0.40 or 0.45 and 12
NC with w/c varying between 0.45 and 0.70 were
studied related to strength and freezing and thaw-
ing resistance. About 3 months age applied at the
start of testing. The tests were carried out in fresh
water (internal frost resistance) or in water with
3% of sodium chloride (salt frost scaling). The
temperature during testing varied between +/- 20
°C, twice a day. The concrete was water-cured
from casting until testing. All the specimens were
core-drilled from a larger specimen of concrete. In
this way the effects of bleeding, carbonation, con-
crete skin, crazing, segregation and so forth were
avoided. The strength development was followed
in parallel.

1.3 Objectives

The objectives were to investigate freezing and
thawing resistance (internal frost resistance and
salt frost scaling) of submerged cast SCC at dif-
ferent w/b and different air content for repair of
concrete for water power plant dams and harbours
in severe conditions. The objective was also to
compare the result with the corresponding proper-
ties of normal submerged cast concrete, NC. Fi-
nally the objective was to give recommendations
how to produce SCC for repair of water power
plant dams and harbours durable to freezing and
thawing attack.



2. PREVIOUS RESEARCH

2.1 Salt freezing and thawing resistance
2.1.1 General effects

An overview gave the effects of concrete con-
stituents on the salt freezing and thawing scaling
[13]. Effect of five parameters after 56 cycles
were studied, Fig. 2.1, which gave an equation:

P =aIn(Sc) + b @2.1)

a,b denotes constants given in Table 2.1

w/b water-binder ratio (x10)

A air content (%)

P denotes the value of the parameter

PFA fly ash (%)

S specific surface of air voids (1/mm)

Sc  salt freezing and thawing scaling (kg/m?)
SF  silica fume (%)
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Fig. 2.1 - Effect of air content, A (%), fly ash,
PFA (%), specific surface of air voids (1/mm), S,
silica fume, SF (%) and water-binder ratio, w/b

(x10) on salt freezing and thawing scaling of con-
crete.

Table 2.1 - Constants of equation (2.5)

P |A PFA |S SF 10-w/b
Sort | (%) | (%) |(U/mm) |(%) |-

a |28 |118 |-156 |-10.8 |1.23

b 028 [223 |28 137|570

2.1.2 Influence of mineral additives

The salt freezing and thawing scaling increased
with increasing amounts of fly ash and at higher
w/b but decreased with all other parameters such
as higher air content, higher silica fume content
and with a larger specific surface of the air voids.
The salt freezing and thawing scaling of concrete
with pure Portland cement, OPC, and of concrete
with additives was compared [14], Fig. 2.2. Con-
crete with OPC contained 4% air, concrete with
10% fly ash, PFA, and 5% silica fume, SF, 6.2%
air and concrete with 40% fly ash and 5% SF
5.2% air. However, the increase of salt freezing
and thawing scaling shown in Fig. 2.2 for concrete
with additives may also be as a result of an in-
creasing w/b. At about w/b = 0.38 the salt freezing
and thawing scaling of concrete with 40% fly ash
and 5% silica fume (5.2% air content) was 10
times that of concrete with pure Portland cement
(4% air content) [14], which more or less con-
firms the results of [13], Fig. 2.1. In another study
the effect of fly ash, ground blast furnace slag and
silica fume on the salt freezing and thawing scal-
ing was investigated [15]. Appendix 2.1 shows the
mix proportions of the in this study and Fig. 2.3
the salt freezing and thawing scaling. The air con-
tent of all the studied concrete was close or equal
to 6%. Salt freezing and thawing scaling increased
in concrete with large amounts of slag compared
with the corresponding scaling of Portland cement
concrete, Fig. 2.3 [15]. The salt freezing and
thawing scaling was acceptable at less than 0.5
kg/m? scaling after 56 cycles [15].
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Fig. 2.2 - Salt freezing and thawing scaling of

concrete with Portland cement and of concrete
with additives. w/b is given (0.37 < w/b < 0.46).



NC

SCC - 12% FA - 5% SF (]
SCC - 15% GF - 5% SF []]

Salt frost scaling after 56 frost cycles (kg/m?)
SCC -24% FA - 9% SF (]

SCC - CEMIII (68% slag)

Fig. 2.3 - Salt freezing and thawing scaling of
SCCs with additives. FA = fly ash, GF = glass
filler, NC = normal concrete, SF = silica fume.

However, for concrete with 12% fly ash and 5%
silica fume as calculated on the cement content,
less salt freezing and thawing scaling was ob-
served than for a normal concrete without these
additives. For 24% fly ash and 9% silica fume lar-
ger salt freezing and thawing scaling was obtained
than for the normal concrete, Fig. 2.3. The salt
freezing and thawing scaling to a great degree also
depends on the air void system created in the con-
crete. The salt freezing and thawing scaling is not
only dependent on the type of binder.

2.1.3 Comparison between NC and SCC

Salt freezing and thawing scaling and internal
freezing and thawing resistance of SCC and NC
were studied by Rougeau, Maillard and Mary-
Dippe [16]. Mix composition, properties, salt
freezing and thawing scaling and FRF from this
investigation is shown in Appendix 2.2. The FRF
gives a measurement of dynamic elastic modulus,
which in turn is a measurement of the internal
damage. The following conclusions were drawn:

1. Salt freezing and thawing scaling and the loss
of FRF were larger for NC than for SCC.

2. Salt freezing and thawing scaling increased
with time for NC but remained constant for
SCC at 0.9 kg/m?, which was obtained after
28 cycles.

3. NC exhibited a total loss of the internal solid-
ity after 150 freezing and thawing cycles
while SCC lost only 7% of the cohesion.

4. After 300 freezing and thawing cycles the de-
cline of the cohesion was 12% of SCC.

2.1.4 Effect of cement type

The salt freezing and thawing scaling of concrete
with pure Portland cement (CEM I) and that of
concrete with cement CEM II (14% limestone
filler) was compared [17], Fig. 2.4. The w/b var-
ied between w/b = 0.42 for concrete with pure
Portland cement and w/b = 0.43 for concretes with
limestone filler. The air content varied as follows:

1. Concrete with pure CEM I: 5.8% air

2. Concrete with CEM I + 13% PFA + 5% SF:
5.4 % air

3. Concrete with CEM II: 5.8% air

4. Concrete with CEM II +13% PFA + 5% SF:
7.2 % air

No significant effect of limestone filler in con-
crete on salt freezing and thawing scaling was ob-
served (CEM I and CEM II) [17]. Concrete with
CEM I, 13% PFA and 5% silica fume exhibited an
increase of salt freezing and thawing scaling as
compared to concrete with no additives. The ef-
fect of additives on the salt freezing and thawing
scaling with CEM 1I could not be set since the air
content was not constant.

0,4 -
0,3 -

0,2

al

N

§
\
-
-
.

.

i |

Salt frost scaling (84 cycles, kg/m?)

0 - ‘ ‘ N
CEMI CEMI CEMII CEMII
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Fig. 2.4 - Salt freezing and thawing scaling with
CEM and CEM 1II (14% limestone).

2.1.5 Effect of w/b, silica fume and slag

Salt freezing and thawing scaling after 56 freezing
and thawing cycles at 28 days’ starting age of
concrete with 5% silica fume, SF, or with 30%
blast furnace slag was compared with that of con-
crete without additives (OPC). All concrete had
4.6% air content [18]. Fig. 2.5 shows salt freezing
and thawing scaling after 56 cycles versus w/b
(1:1). The salt freezing and thawing scaling de-
creased with larger w/b, in contrary to what was
demonstrated by [13], i.e. increase of salt freezing
and thawing scaling with increase of w/b.
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Fig. 2.5 - Salt freezing and thawing scaling after
56 cycles versus w/b with OPC, either 5% silica
fume, SF, or 30% blast furnace slag (air content
4.6%).

At w/b = 0.35 the salt freezing and thawing scal-
ing of concrete with OPC was about 4 times that
of concrete with w/b = 0.50. At w/b = 0.35 the salt
freezing and thawing scaling of concrete with 5%
SF was about half that of concrete without silica
fume, SF. Concrete without SF exhibited larger
salt freezing and thawing scaling than concrete
with OPC and 5% SF at w/b = 0.30, 0.40 and
0.50. On average concrete with 5% SF obtained
about 35% larger salt freezing and thawing scal-
ing than concrete with pure OPC (concrete with
30% slag obtained about 70% larger scaling on
average than concrete with pure OPC). As related
to strength the salt freezing and thawing scaling
seemed to be increasing at higher strength (the air
content was about 4.6%), Fig. 2.6. Concrete with
30% slag and 85 MPa strength (w/b = 0.35) ob-
tained about three times as large freezing and
thawing scaling as concrete with 30% slag and 90
MPa strength (w/b = 0.30), which may be an ef-
fect of self-desiccation. Self-desiccation is much
more pronounced at low w/b. However, for con-
crete with 5% silica fume the opposite results
were found: at w/b = 0.30 (100 MPa strength) the
salt freezing and thawing scaling was about three
times that of concrete with w/b = 0.35 and 90
MPa strength.

2.1.6 Effect of water absorption

Water absorption after capillary suction of 56 salt
freezing and thawing tests, the loss of internal

elastic modulus and the sulphate resistance of
SCC with different amount of filler were studied
[19]. The fillers in use were fly ash, PFA, or silica
fume, SF or combinations of these two additives.
No air-entrainment was used in the concrete
(about 1.5% natural air content at higher water-
binder ratio, w/b, and about 3% air content at low

w/b). As expected, the water-absorption increased
with larger w/b, Fig.s 2.7-8 [19]. However, with
more additive of fly ash less absorption was ob-
served. The structure then became more dense due
to the interaction of OPC and fly ash.
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Fig. 2.6 - Salt freezing and thawing scaling after
56 cycles of concrete with pure OPC, 5% silica
fume, SF, or 30% blast furnace slag (air content
4.6%).
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Fig. 2.8 - Water-absorption versus w/b.

Salt freezing and thawing tests were performed
according to [20], Fig.s 2.9-10. Since no air-
entrainment was used the denser structure with
more fly ash (50% instead of 25%) caused larger
expansion during the freezing and thawing cycles
followed by larger water absorption [19]. The
relative elastic modulus of concrete after 56 freez-
ing and thawing cycles was also examined [19],
Fig. 2.11-12. Large water absorption of concrete
with 50% fly ash or with w/b = 0.40 caused inter-
nal destruction due to salt freezing and thawing at-
tacks (the concrete did not contain air-
entrainment). Concrete at w/b < 0.30 did not need
air-entrainment to withstand 56 salt freezing and
thawing cycles, Fig. 2.12, indicated by [21].
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Fig. 2.9 - Water-absorption after 56 cycles in-
crease with fly ash. w/b ratio is given.
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Fig. 2.10 - The water-absorption (after 56 salt
freezing and thawing cycles) increased with the
water binder ratio and with larger amount of fly
ash.
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Fig. 2.11 - Relative elastic modulus after 56 freez-
ing and thawing cycles. w/b ratio is given.

In this case self-desiccation of concrete prohibited
internal expansion large enough to damage the
concrete. On the other hand, the loss of elastic
modulus was larger in concrete with 50% fly ash
and 7.5% silica fume than with 25% fly ash de-
spite a low w/b =0.30, Fig. 2.11 [19].
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2.1.7 SCC

Concrete performs excellent with less than 0.20
kg/m? salt freezing and thawing scaling after 56
cycles, and good with less than 0.50 kg/m?. Fig.
2.13 shows results of salt freezing and thawing
scaling at 28, 56 and 112 freezing and thawing
cycles of concrete shown in Appendix 2.3 [22-
26]. Only comparison between the different con-
cretes may be done. SCC obtained the same salt
freezing and thawing scaling as NC did. The fol-
lowing conclusions were drawn at 112 cycles:

1. More filler did not increase the amount of salt
freezing and thawing scaling.

2. At 28 days’ start age salt freezing and thawing
scaling was larger in SCC than in NC.

3. SCC with 5.5 m pouring pressure instead of
0.23 m did not obtain more salt frost scaling.

4. SCC with coarser limestone filler (Limus 40)
obtained more salt frost scaling than SCC
with finer limestone filler did (Limus 15).

2.2 Internal freezing and thawing resistance
2.2.1 Effect of mineral additives

Figs 2.14-16 show results on fundamental reso-
nance frequency, FRF, length and mass change af-

ter 100 and 300 freezing and thawing cycles in
distilled water [22-26]. Notations in Figs 2.14-16:

D= 24% PFA and 9% SF
F= 12% PFA and 5% SF
= 15% GF and 5% SF
KO28 = limestone powder only
ROII28 = normal concrete
T= CEMIII with 68% slag content

RO
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3= 1,00
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(&)

Mix proportions, number of
cycles

Fig.s 2.14 —FRF after 100 and 300 freezing and
thawing cycles. Notations are given above.
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Fig.s 2.15 — Length after 100 and 300 freezing
and thawing cycles (£ 20 °C). Notations above.

KO
D F G 28 ROI T
0,20
0,00
-0,20
-0,40

-0,60
-0,80

0100 cycles
N 300 cycles

Mass change (kg/m?)

Mix proportions, number of
cycles

Fig.s 2.16 — Change of mass after 100 and 300
freezing and thawing cycles in distilled water.

For the mix proportions D and ROII the decrease
of FRF after 300 freezing and thawing cycles co-
incided well with the loss of weight. For other mix
proportions, F, G and T, small changes of the
measured properties were observed, which indi-
cates better performance to internal freezing and
thawing resistance than concrete D and ROII did.
After length changes the FRF increased in the
SCC KO28 due to water absorption, Fig. 2.17.



Salt frost scaling (kg/m?)

M 28 cycles

1,25

1,00 -

0,75

0,50 -

0,25

0,00 -

156 cycles
0112 cycles

KN KN KOB KOB KN8 KN8 KO KO KOT KOT SO SO RO RO ROIl ROl

28

90

28 90 28 90

28

90

28 90 28 90 28 90 28 90

Concrete mix proportions, age at start of testing (days)
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= increased amount of filler; K = Limus 40 limestone filler; N = new way of mixing (filler last); O = ordi-
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Fig. 2.17 — FRF versus length change.

2.2.2 SCC

Fig.s 2.18-20 show results on internal frost resis-
tance on the FRF, length change and change of
mass after 100 and 300 freezing and thawing cy-
cles in distilled water (x 20 °C)of concrete in Ap-
pendix 2.3 with cement specifications given in
Appendix 2.4. SCC in Appendix 2.3 exhibited
much larger changes in FRF, length and mass than
concrete in Appendix 2.1, which indicated the re-
sistance to internal freezing and thawing to be of
lower in SCC with limestone filler than in con-
cretes with silica fume, fly ash, slag or glass filler.
The first NC, RO, was almost destroyed after 300
freezing and thawing cycles (about 80% loss of
FRF, about 1% increase in length and about 2,5
kg/m? loss of weight). The comparative Fig.s for
NC named RO II were 2% loss of FRF, about
0.1% increase in length and about 0.3 kg/m? loss
of weight after 300 cycles. Fig. 2.21 shows FRF
versus length change.
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°Q).

0 o © o 0 o 0 o
[ee) o N 2] N o)) © o N ® foe) o 0 o N ®
N O m m o o N O p L &N o N o = =
Z =z O O zZz Z O O O o O o o o o o
X X X X X X X X X X (0] (7] x e e e

E

[

=

()

2’150

@ " 100 cycles

5 200 |:|300y|

§_2’50 N cycles

s -3,00

Mix proportions, age at start of testing (days

Fig. 2.20 — Change of mass of concrete after 100 and 300 freezing and thawing cycles in distilled water (+ 20
°Q).



Length change (%)

-0,2 00 0,2 04 06 08 1,0

)
>
o
c
S
= s
o 1}
= s
s -40 -
N
o
1\
£
© 1Y
©
c s
E '60 3
e
o 1
o
o X Y
.':% '
I3 -80 - Yy
1
A\ )
-100 O

+ 100 cycles o [16] X 300 cycles
Fig. 2.21 —FRF versus the length change.

Fig. 2.22 shows a summary of change on average
of FRF, Fig. 2.23 shows a summary of length
change and Fig. 2.24 a summary of the loss of
weight of SCC mix proportions with the same
type of limestone filler (brand Limus 40) and 6%
or 8% air content and of NC with 6% air content
independent of the age at start of testing, Appen-
dix 2.3-4. It may be observed that the SCC with
6% air content resisted internal freezing and thaw-
ing better than SCC with 8% air. Increased
amount of air content is supposed to increase the
internal freezing and thawing resistance as well.
Therefore tests of the significance of the results on
the effect of air-entrainment were performed on
mix proportions KN and KN8 which show that the
change of fundamental resonance frequency, FRF,
and mass of concrete was significantly larger for
SCC with 8% than for than for SCC with 6% air
(z > 2; the difference in length change was not
significant different since z < 2). Tests of signifi-
cance of the results on the effect of compaction
method were also performed on mix proportions
KO, RO and RO II in Appendix 2.3. These tests
show that the change of FRF and mass of concrete
was significantly larger for NC than for both SCC
mixes with 6% air (z > 3; difference in length

change showed a significant different at 90 days’
age at start of testing; z = -5.7).The conclusion is
that it is not feasible to increase the air content too
much in concrete that is supposed to obtain in-
creased ability to resist internal freezing and thaw-
ing attack.
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Fig. 2.22 — On average change of FRF of concrete

in Appendix 2.3. K = SCC with limestone filler. R
= NC; 6 = 6% air content.

2 4,00
£ 3,00
(=]
[
2 200
£
Q 1,00 ]
(o]
S 0,00 A
o
(&)

Mix proportions, number of frost
cycles
0100 cycles N300 cycles

Fig. 2.23 — On average length change of concrete
in Appendix 2.3. K = SCC with limestone filler. R
= NC; 6 = 6% air content.
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Fig. 2.24 —Loss of weight of concrete in Appendix
2.3. K = SCC with limestone filler. R = NC; 6 =
6% air content.



2.3 Thaumasite sulphate attack

Concrete shown in Appendix 2.3 (except for
ROII) were tested for Thaumasite Sulphate At-
tack, TSA, in sodium sulphate 18 g/l (distilled wa-
ter). TSA is of interest for concrete in harbours or
concrete foundations when sulphates exist in the
ground water. The sodium sulphate was replaced
every month and slowly rotated by a propeller.
The temperature was held at 5 °C. Fig. 2.25-2.26
show the change of fundamental resonance fre-
quency, FRF, and the mass change over 900 days.
The corresponding results for distilled water cur-
ing and seawater curing are also shown in the Fig.
2.25-2.26. Seawater from Barsebick was used
(1% sodium chloride). The following conclusions
were drawn [27]:

1. No correlating was found between the water-
powder ratio and the change of FRF with
normal mixing order (filler first) nor the mass,
i.e. the content of lime stone filler did not ac-
cept the properties, Fig. 2.27

2. With reversed mixing order (filler last) larger
scaling of the surface of SCC was observed
after 900 days of TSA (concrete KN 28 and
KN 90), especially when combined with an
increased amount of air content (KN 28,
KN8 90)

3. The damage of SCC with reversed mixing or-
der was clearly visible

4. Distilled water curing or curing in seawater
did not affect FRF nor the mass of SCC with
reversed mixing order like curing in sodium
sulphate did.

10.00

5. For NC with ordinary mixing order no large
different was not observed of FRF nor the
mass when the concrete was cured in distilled
water or seawater.
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Fig. 2.27 — Change of FRF and the mass change
over 900 days versus water-powder ratio, w/p, of
TSA at w/c = 0.39. 28 = 28 days’ age at start of
testing.
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2.4 Chloride migration coefficient, D

2.4.1 Effect of w/c

It was important to achieve a submerged cast SCC
that not only was resistant to frost but also to other
aggressive factors in sea water such as chlorides.
Fig. 2.28 shows D of 3-year old SCC with quartz-
ite filler and of NC [22]. All concrete mixes con-
tained Portland cement (CEMI42.5R Slite Std)
except for concrete with w/c = 0.27, in which the
low-alkali Portland cement (CEMI42.5BV/SR/LA
Degerhamn) was used, Appendix 2.4 [22]. The
mix proportion is given in Appendix 2.5. The
measurement was performed with a rapid test
method developed by Tang [28]. First of all w/c
ought to be low in order to control D. For SCC
with w/c = 39%, D = 13-10""> m%*/s was obtained.
From Fig. 2.28 an expression for D at 3 years’ age
was obtained by linear regression (107 m?/s, w/c
in %) [22]:

D = (0.97-w/c — 25)- 10" m?/s
{27% < wic < 80%; R2 = 0.96}

2.4.2 Effect of mineral additives

Another factor influencing on D is the content of
mineral additives. D was studied for 3 Portland
cement concretes and 1 silica fume, SF, concrete,
Fig. 2.29 [29]. The mix proportions are found in
Appendix 2.6 [29]. D decreased in concrete with
silica fume compared with a pure Portland cement
based concrete with the same w/c [29].
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Fig. 2.28 - Chloride migration coefficient, D, of 3-
year old SCC with quartzite filler and of NC.

The electrical conductivity was studied on con-
crete discs of NCs for the Great Belt Link, [30-
32]. Especially in silica fume concrete the conduc-
tivity of NCs was reduced substantially. The ef-
fect of fly ash on the electrical conductivity in
Portland cement concrete was insignificant [31].
Alteration of the amount of fly ash in NC did not
affect D. In another project 4 types of SCCs and
one NC for marine environment were studied, Fig.
2.30 [15]. The mix proportions of the concrete in
the experiment are given in Appendix 2.1.



A decrease of D was observed when using slag
cement or silica fume concrete. Also in this case
the effect of fly ash on D in Portland cement con-
crete was found to be insignificant [32]. When us-
ing glass filler instead of fly ash D remained on
the same level, Fig. 2.30. When using 68% slag of
the slag cement a very low D was found, Fig. 2.30
[15].
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Fig. 2.30 — D was studied for SCC and NC. FA =
fly ash, GF = glass filler, SF = silica fume.

2.4.3 Effect of self-desiccation

After water curing of concrete with low w/c, chlo-
rides may be transported from the surface of the
concrete to the depth of water front but no further
since the pores are partly disconnected by air
filled voids as a result of chemical shrinkage [33].
For concrete with low w/c < 0.40, this depth of
water ingress varies from 2 cm up to 5 cm even
after 7 years of exposure, Fig. 2.31 [34-36]. Dur-
ing 7 years D decreases substantially as compared
to the initial D at young age.
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Fig. 2.31 - For concrete with low w/c < 0.40, the
depth of water ingress varies from 2 ¢cm up to 5
cm even after 7 years of exposure.

Hydration products will occupy all space in the
concrete since the volume is limited for those to
increase at low w/c [37]. The shortage of space in
concrete with low w/c will actually stop both hy-
dration and chloride migration with the effect of
chemical shrinkage in a small distance from the
surface of the concrete, i.e. within the surface
cover layer of the reinforcement. The distance
from the surface to the reinforcement normally
exceeds 5 cm. Fig. 2.32 shows the relative humid-
ity, RH, of submerged concrete with w/c = 0.40
(5% SF) [38].
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Fig. 2.32 - RH with w/c = 0.40 (5% SF).

In a homogenous system chemical shrinkage will
cause self-desiccation [39]. At the internal part of
a large concrete specimen with low w/c RH will
coincide with RH obtained at self-desiccation. Re-
inforcement corrosion owing to chloride migra-
tion will normally be hindered by use of concrete
with sufficiently low w/b < 0.40, an adequate con-
crete cover provided that the surface is free from



cracks [39]. Formulae for estimating the chloride
migration were introduced some 30 years ago for
concrete in use at that time, i.e. with w/c > 0.40.
These formulae do not account for self-
desiccation since concrete with sufficiently low
w/c was not in use at the time [40]. A great step in
the understanding of D in NC with w/c > 0.40 was
taken when the binding capacity related to the
cement content was clarified [41]. Rapid tools for
examining concrete were a great advantage for
concrete optimising under severe conditions in sea
[42]. Different models were put forward but still
the effect of self-desiccation was not considered
[43,44].

2.5 Long-term stability of silica fume concrete

2.5.1 General

One way of designing submerged cast SCC was to
use silica fume for filler in order to avoid segrega-
tion and assure a good workability. Then it was of
great importance to confirm the long-term stabil-
ity of silica fume concrete which was done in a
13-year study [45-50]. Compressive strength, f,
splitting tensile strength, f., and hydration were
studied on cores, 80 mm long and 40 mm in di-
ameter, drilled out of large concrete specimens
(250 kg each). Half of the specimens contained
silica fume. All other material parameters were
held constant. The concrete was poured in the
shape of a disc, I m in diameter and 0.1 m thick.
To simulate a long column, the flat sides of the
disc were sealed by thick layers of epoxy resin; at
least 2 mm. Also the circular rim of one third of
the specimens was sealed by a minimum of 2 mm
epoxy resin. The diffusion of moisture through the
epoxy resin was negligible compared to the diffu-
sion through the porous concrete. The rims of one
third of the specimens were subjected to a climate
with a temperature varying between 18°C and
24°C and an ambient relative humidity between
23% and 48% [51]. The circular rims of the re-
maining one third of the specimens were sub-
merged and cured in water. A total of about 2400
measurements were carried out, Appendix 2.7.

2.5.2 Testing methods

At all ages except for 155 months cylindrical
cores were taken in equal numbers at a distance of
50, 150 or 350 mm from the exposed surface in
order to study strength and hydration. At 155
months’ age cores were taken at about 100 mm
distance from the exposed surface of the large
concrete specimens. During the testing of strength
inter-layers of hardboard were used. The width of
the hardboard was 4.5 mm at the split tensile test-
ing. The testing rate was 1 MPa/s (compressive
strength) or minimum 30 s (split tensile strength).
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Cast-in plastic tubes were placed at different dis-
tances, 50, 150 and 350 mm, from the exposed
circular surface of the column in order to measure
the relative humidity, RH. Parallel to the cast-in
items, thermocouples were placed in the concrete
[52]. The measurement points of RH were pro-
tected by a cover made of expanded plastic insula-
tion in order to minimize the effects of variations
in the ambient climate in the laboratory. The
measurement period of RH was 22 h. The probes
were carefully calibrated [53]. At 155 months’ age
the RH measurement was performed on the drilled
cores that were placed and sealed in double sealed
0.2-mm plastic bags. Three cylinders 40 mm in
diameter and 80 mm long were submerged in 3%
sodium chloride and frozen/thawed once a day be-
tween £ 20 °C. The weight of the cylinders was
taken before and after the freezing, after 56, 112
and 300 cycles. Ignition tests were carried out to
obtain the hydration of the specimens for strength
[54]. The concrete was crushed into maximum 5
mm pieces and dried for 1 week at 105 °C before
the ignition took place at 1050 °C for 16 h. Com-
pensation was made for the ignition loss of ce-
ment and aggregate in the calculation of hydration
losses [55].

2.5.3 Materials

Appendix 2.4 shows the chemical composition of
the low-alkali cement CEM I 42.5 BV/SR/LA that
was used [51]. Eight types of concrete were stud-
ied on 24 large concrete specimens. The aggregate
consisted of crushed quartzite sandstone 8-12 mm
(compressive strength: 333 MPa, splitting tensile
strength: 15 MPa, Young’s modulus: 60 GPa [56]
and ignition losses: 0.25% [57]) together with
natural gravel 0-8 mm (granite, ignition losses:
0.85% [57]. The silica fume was granulated pow-
der (ignition losses: 2.25% [57], specific surface:
17.5 m*/g). The superplasticizer (naphthalene sul-
phonate) was added 30 s after all the other materi-
als during the mixing (mixing time: 240 s). In Ap-
pendix 2.8, the composition (kg/m’ dry material)
of the concretes, the properties in fresh state and
the compressive strength are shown [58].

2.5.4 Compressive strength

Fig. 2.33 shows the development of strength in
concrete with 10% silica fume and Fig. 2.34 with-
out silica fume. Fig. 2.35 shows the efficiency
factor of silica fume, i.e. the effect of 1 kg of sil-
ica fume in comparison with the effect of 1 kg of
Portland cement on compressive strength. The
strength was increasing continuously.
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Fig. 2.35 - Efficiency factor of silica fume on
compressive strength.

2.5.5 Split tensile strength

Fig. 2.36 shows the development of split tensile
strength in concrete with 10% silica fume and Fig.
2.37 without silica fume. Fig. 2.38 shows the effi-
ciency factor of silica fume, i.e. the effect of 1 kg
of silica fume on split tensile strength in compari-
son with the effect of 1 kg of Portland cement.
Fig. 2.39 shows the split tensile strength versus
the compressive strength with 10% silica fume.
Fig. 2.40 shows the split tensile strength versus
the compressive strength without silica fume. Fig.
2.41, finally, shows split tensile strength versus
compressive strength.
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Fig. 2.36 — Split tensile strength (10% silica
fume,MPa).
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Fig. 2.37 — Split tensile strength (no silica
fume,MPa).
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Fig. 2.39 - Split tensile strength versus the com-
pressive strength with 10% silica fume.

2.5.6 Hydration

Fig. 2.42 shows hydration with 10% silica fume
and Fig. 2.43 the hydration without silica fume.
Fig. 2.44 shows efficiency factor of silica fume as
related to hydration. Fig. 2.45 shows the compres-
sive strength of concrete, with and without silica
fume, versus the relative hydration.

fume,MPa)

Split strength
(no silica

strengt
h (MPa)

4]

g >
g
ow

Fig. 2.40 - Split tensile strength versus the
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2.5.7 Self-desiccation and salt frost resistance

Fig. 2.46 shows self-desiccation in concrete with
10% silica fume and Fig. 2.47 the self-desiccation
without silica fume, Appendix 2.8. Fig. 2.48
shows efficiency factor of silica fume as related to
self-desiccation. Fig. 2.49 shows the salt freezing
and thawing scaling versus the w/c. An amount of
0.5 kg/m? indicates good resistance.
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Fig. 2.46 — Self-desiccation (10% silica fume).
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Fig. 2.48 - Efficiency factor of silica fume on self-
desiccation.

Salt-frost scaling of SCC with and without silica
fume (blended cement with 7.5% silica fume in all
concrete, both NC and SCC, Appendix 2.9) was
studied 224 cycles. w/b = 0.35 and w/b = 0.40 was
used. Fig. 2.50 shows that the long-term salt-frost
scaling performed well at least at 112 cycles.
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The following conclusions were drawn:

e All concrete obtained excellent salt-frost re-
sistance at 56 cycles, i.e. < 0.2 kg/m? scaling.

e Concrete SCC35 with w/b = 0.35 performed
better than at SCC40 w/b = 0.40.

e Concrete NC35 with w/b = 0.35 without filler
performed better than SCC35 and SCC35SF.

e The first concrete with w/b = 0.35 to break
down, SCC35, contained limestone filler.

e SCC40 withstood 224 cycles acceptably.
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Fig. 2.50 - Results of long-term salt-frost scaling
performed for 112 cycles. NC = normal concrete,
SCC = Self-compacting Concrete with limestone
filler, SF = silica fume filler only, 35 = w/b.

2.5.8 Conclusions of effect of silica fume in
concrete

Mechanical characteristics are measured and their
evolution interpreted as a function of the role of
silica fume. Previous observations such as the de-
cline of compressive strength in the long term or
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the influence of the hydration parameter have
been found inconsistent. Large concrete speci-
mens, containing 5000 kg of concrete in all, were
used in long-term studies of the effect of silica
fume on the properties of concrete related to
strength, hydration and relative humidity. Half of
the concrete contained 10% silica fume calculated
in relation to the cement content. About 1000
cores were studied to determine their strength.
About 2400 observations were carried out over
155 months. The following conclusions were
drawn:

1) Silica fume had a positive effect on all the stud-
ied properties of concrete (compressive and split-
ting tensile strength and relative humidity) with
the exception of degree of hydration. The effect
was pronounced on concretes with low w/c. The
silica fume had a larger effect on compressive and
splitting tensile strength and relative humidity
than cement did. The efficiency factor for silica
fume compared with cement varied between 0 and
25 except for the effect on hydration which varied
between - 3 and -20.

2) Due to the low degree of hydration of cement
in concretes with low w/c< 0.43, silica fume still
remained available for the pozzolanic interaction
with the Portland cement, at least until 155
months’ age. In concrete with higher w/c the poz-
zolanic effect stopped before 1 month’s age due to
insufficient silica fume in the mix proportions.

3) After a long time, 155 months, the efficiency
factor of silica fume on the strength became about
2. Between 15 and 155 months’ age the efficiency
factor of silica fume related to compressive
strength stabilized around 2 compared to cement.
At w/c < 0.43 the efficiency factor of silica fume
on splitting tensile strength decreased with time (=
0 at w/c = 0.25). This phenomenon was explained
by the pronounced self-desiccation which conse-
quently stopped the hydration in low w/c con-
cretes. In concretes with higher w/c, no more sil-
ica fume remained for the pozzolanic interaction
to continue after age 1 month.

4) The relationship between the degree of hydra-
tion and compressive strength developed differ-
ently in concretes with and without silica fume
due to the pozzolanic interaction between Portland
cement and silica fume. Hydration was an incon-
sistent parameter to describe properties with silica
fume.

5) At 56 salt frost cycles with = 20°C one period
per 24 h a normal acceptable salt frost scaling was
obtained with in concrete without air-entrainment
and w/c < 0.55 combined with 10% silica fume in
the mix design. For concrete without silica fume
w/c < 0.35 was required to obtain frost resistance



without air-entrainment. The explanation was
probably the ability of silica fume to prevent chlo-
ride ingress in the concrete. If no chlorides may
enter the concrete no decrease of the freezing
point of the water will take place and water will
then not enter the concrete either. Behind the low
chloride ingress lays the early self-desiccation of
silica fume concrete which means that chlorides
may not be transported in air-filled voids.

2.6 Deformations with silica fume concrete

2.6.1 General deformation requirements

When casting repair concrete around a previously
damaged concrete it is essential to take into ac-
count the effect of shrinkage between the new
concrete and the damaged one. For example the
Oland Bridge was damaged to an extent of 50-100
mm of spalled concrete in the splash zone [61]. In
this case a water-tight groove was built all around
the damaged piers and 400 — 500 mm thick repair
concrete cast dry surrounding the pier. Durability
called for a concrete that was completely free of
cracks. When the surrounding concrete cools then
the concrete of the old piers or dam heat up and
expand. This is when the dangerous and large ten-
sile stresses occurs in the surrounding concrete
with risk of through cracks. However, it is not
possible to achieve crack-free concrete only by
cooling since autogenous shrinkage also has to be
taken into account (shrinkage that occurs in con-
crete with low water-cement ratio due to self-
desiccation). At the Oland Bridge a sliding layer
between the old pier and the new concrete solved
the problem of obtaining crack-free concrete.
Cooled concrete was only used for the purpose of
limit the contraction during cooling. Normal prac-
tise is to cast concrete against a raw surface to ob-
tain the best adhesion. It was the object of the de-
formation studies to obtain values of the autoge-
nous shrinkage used in this project in order to
judge the risk of long-term cracking. The studies
were carried out in another project with exactly
the same mix proportions as in this project [5-12].

2.6.2 Materials and methods

Materials for studies of the properties were deliv-
ered from Switzerland for optimization in Lund,
Appendix 2.9. Fig. 2.51 shows the distribution of
the particles of the materials in use. The materials
were put in steel barrels in order to maintain a
constant moisture level. The concrete was mixed
in a 40-1 compulsive mixer in the laboratory or in
a 1000-1 mixer of compulsive type in the field.
The following mixing order was used: mixing
with all dry material and water for 2 minute fol-
lowed by mixing with all material including the
superplasticiser for 2'2 minutes. The materials
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were adjusted to an ideal grading curve using a
computer program [62-66] to achieve optimal mix
proportions. Cubes were cast from the mixes and
stored sealed for one day in the mould followed
by air curing. The tests and curing took place at
20 °C. For short-term tests of autogenous shrink-
age before 1 day’ age 3 horizontal boxes with a
section of 100 x 100 mm and 400 mm long were
used. One end of the box was free to move with
the concrete that was placed in the box. The
movement of the outside of the box was measured
by 2 LVDTs that were placed at two level, 25 mm
from the surface or 25 mm from the bottom of the
box. The top surface of the box was insulated by
two layers of aluminium foil. The boxes were ei-
ther placed in an ambient RH of 60% or 95%. The
concrete was cast in an ambient RH of 60% or
95%. For long-term tests after 1 day’ age 3 + 3
cylinders, either 100 mm in diameter and 500 mm
long or 55 mm in diameter and 300 mm long, 3 of
each concrete type, were prepared in steel moulds.
Air curing in relative humidity, RH = 60% after 1
day of sealed curing or sealed curing by double
layers of aluminum foil took place. Cast-in items
made of steel fixed measurement nuts on three
sides of the specimen. Well-calibrated mechanical
measurement devices were used. Of each concrete
three creep cylinders of the two curing types were
subjected to 30% of the ultimate strength in
spring-loading devices starting at 14 days’ age
and run for up to 2 years.
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2.6.3 Mix proportions and strength develop-
ment

The mix proportions of the concrete for produc-
tion of creep and shrinkage specimens are shown
in Appendix 2.9 [67,68]. The distribution of the
particles of the mix proportions is shown in Fig.
2.52. The mix proportion of NC shows gap-
grading between 0.031 and 0.25 mm sieve dimen-
sion, which normally is cement-consuming. The
SCC exhibited a more linear logarithmic distribu-
tion of particles in the fresh mix than the NC mix
did. SCC performed almost perfectly with Tsy be-
tween 5 and 10 s (time for a slump flow of 500
mm in diameter), with the L-box with the ratio of
the height of SCC at front end to the height of
SCC at vertical shaft varying between 0.75 and 1.
Finally the ratio of the weight of aggregate of the
upper part of segregation cylinder divided by the
weight of aggregate of the lower part varied 0.96
and 1.01. The V-funnel results were 12 and 20 s,
i.e. between 10 and 20 s like requested. The value
of the V-funnel tests should not be too low since
air then may be entrapped in the concrete (for NC
entrapped air is avoided by vibrating tools). Fig.
2.53 shows a rapid strength development of the
mixes in Appendix 2.9 [66,67].

2.6.4 Shrinkage and creep

The shrinkage of moisture insulated specimens of
concrete was investigated for either w/b = 0.35 or
w/b = 0.40, Appendix 2.9. The specimens were
cast and placed in an ambient RH of 60% or 95%
RH. After 1 days the shrinkage became about 210
millionths in an ambient RH of 60% and about 80
millionths in an ambient RH of 95%.

Material passing throgh

0,001
0,004
0,016

——SCC35  —=—SCC35SF
—+—NC35 —0—SCC40

Fig. 2.52 - Particle distribution of fresh concrete,
Appendix 2.10. SF = silica fume. 35 = w/b (%).
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Fig. 2.53 — Strength development.

The self-desiccation will cause a decrease of RH
in concrete with w/b = 0.35 of less than 5% which
cause RH > 95% in the concrete. About 80 mil-
lionths of autogenous shrinkage then should be
added to the values shown below. Fig. 2.54 shows
1-day shrinkage of concrete with w/b = 0.35 at
RH = 60%. Fig. 2.55 shows 1-day shrinkage of
concrete with w/b = 0.35 at RH = 95%. Fig. 2.56
shows 1-day shrinkage of concrete with w/b =
0.40 at RH = 60%. Fig. 2.57, finally, shows 1-day
shrinkage of concrete with w/b = 0.40 at RH =
95%. The difference between 1-day shrinkage in
RH = 60% and RH = 95% environment was due
to leakage of moisture during the preparation of
specimens or due to leakage of moisture from the
specimen after preparation. If the preparation took
place at RH = 95% the leakage became smaller.
Fig. 2.58 shows that shrinkage of SCC was about
20% larger than in NC probably due to the lower
aggregate content of SCC than of NC [69-71].
Fig. 2.59 shows the creep compliance of concrete
100-mm cylinders.
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Fig. 2.58 — Shrinkage of 100-mm cylinders.
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Fig. 2.59 — Creep compliance of 100-mm cylinder

One concrete was unloaded (SCC35SF) which
gave the deformation directly after unloading and
also after 1 week of recovery. Since the elastic
modulus was lower at unloading than at loading
the creep coefficient after unloading became
somewhat larger, Appendix 2.10 [59]. After 1
week of recovery the effect of the increase of the
elastic modulus was more or less compensated
for, Appendix 2.10. No significant difference be-
tween creep of NC and that of SCC was observed.
Some size effect on total shrinkage was observed
in Fig. 2.60, due to more rapid drying of cylinders
55 mm in diameter than that of 100-mm cylinders.
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Fig. 2.61 — Creep compliance of 55-mm and 100-
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However, after 1 year the shrinkage of concrete
cylinders did not differ due to specimen diameter,
which confirmed previous knowledge, Fig. 2.60.
Some small size effect was also observed for the
creep of the concrete, somewhat larger creep
compliance for 55-mm cylinders than for cylin-
ders 100 mm in diameter, independent of the type
of compacting, Fig. 2.61. Fig. 2.62 shows small
creep coefficient. Fig. 2.63 shows the elastic
modulus 100 s after the start of loading of the
creep specimens. Even though strength of NC was
smaller than that of SCC, the elastic modulus was
larger due to larger aggregate content of NC
(0.75) compared with that of SCC (0.72-0.73).
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2.6.5 Comparison with fib 2000 Model for
creep and shrinkage

Comparisons were made between results of the fib
Model 2000 for creep and shrinkage and these re-
sults [72-83]. The elastic modulus was derived ac-
cording to the following formula [72-77]:

Ec(t) = 21.5(fun/fumo) > exp(1-(28/t/t)>+5/2) (2.2)

where

fcmO = 10 MPa
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fem denotes 28-day strength (MPa)

t denotes age (days)
t =1 day
s denotes constants given in Appendix 2.11.

The creep compliance of concrete was derived ac-
cording to the following formulae [72-77]:

J(t,to) = 1/Ec[n(to) + @(t,to)] (2.3)
n(t) = Eo/Ec(to) (24
P(t,t)=aL [1+o (1-
RH/100)/(0.1-d/200)"*1-5.3/(f./

Fom0) " /(16" 2) [ (t-to)/(Brrtt-to) | (2.5)
to=to [ 9/(2+(to./tr 1) *)+11* (2.6)

Bu=150-[1+(1.2-RH/100)"*]-d/200+250-(3.5  fumo/

fom) (2.7)
o =(3.5" fomo/ fom)®’ (2.8)
0:=(3.5 fumo/ fom)’> (2.9)

where

d denotes the diameter of the specimen (mm)

fom  denotes 28-day strength (MPa); f.,,0 = 10
MPa

t denotes the age (days)

to denotes age at loading (days)

tor denotes age adjusted to 20 °C (all speci-
mens were stored at 20 °C only)

tl,T =1 day

o = -1 for slowly hardening cement; = 0 oth-

erwise.

Total shrinkage was derived as the sum of an
autogenous part and a drying part according to the
following formulae stated below [72-77]. The fib
Model includes the cylinder strength of the con-
crete, f.ocy, Which was calculated by multiplica-
tion of the strength, fec cuve [71] (MPa).
Ecas(t)=(1-exp(-0.2-(t) %3)) Ot (Fomn/ fomo
/(64_fcm/fcm0))2‘5 (2 10)
SCds(t,ts)zl 10‘(2+(ld51)'CXp(—(dez'fcm/fcmo)‘ 1 ,55 ( 1-

(RH/100Y%)-((t-t,)/(350-(d/200)*+(t-t,)))*>  (2.11)
fcc,cyl =0.71- fcc,cube (2.12)
where

d denotes diameter of cylinder (mm)

fomo= 10 MPa

fem denotes strength at 28 days’ age (MPa)

t denotes time (days)

ts denotes age at start of drying (days)

o denotes constant given in Appendix 2.12.



From the estimation it was clear that the fib
Model underestimated autogenous shrinkage, Fig.
2.64. Only about 40% of the measured autogenous
shrinkage was estimated [10]. The aggregate con-
tent in SCC compared with that of NC would af-
fect in the same order the total shrinkage estima-
tions, which performed well with the fib Model
[78-84]. The creep estimation with the fib Model
performed well except for NC, where a small
overestimation took place. Even though Fig. 2.62
indicates larger creep coefficient of NC than of
SCC, the deformation at the same stress may be
smaller in NC than in SCC since the elastic
modulus of NC is larger than that of SCC, Fig.
2.61.
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MmSCC40 ONC35

Fig. 2.64 - Ratio of shrinkage and creep estimated
with the fib Model to the measured value.

2.6.6 Consequences of autogenous shrinkage

About 0.25%o of autogenous shrinkage will occur
after 1 day’s age since the early 1-day shrinkage
probably will be compensated by early creep. The
surface of the old, repaired concrete will supply
the new concrete with moisture about 25 mm from
the surface which also will be the case for the sur-
face of the new concrete. In these parts of the
submerged concrete no autogenous shrinkage will
occur. In the resisting part autogenous shrinkage
will occur, partly restrained by the surface of the
submerged cast concrete but also by the repaired
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concrete. It is thus essential that the adhesion be-
tween the repaired concrete and the new one does
not exceed the tensile strength of the old concrete
at any time. The surface of the new concrete may
crack dependent on the thickness of the repair
layer. In order to distribute the tensile stress and to
diminish the crack width it is important to use a
suitable reinforcement net in the new concrete and
also to connect the repair layer to the existing
concrete by core drilled anchors. Provided that the
distance of the reinforcement bars is 200 mm the
crack with will be limited to maximum 0.05 mm.

2.7 Submerged cast concrete

2.7.1 General

The advantage by use of submerged cast concrete
compared with normal concrete is to avoid a dry
keeping barrier around the construction during the
production at site [61]. Submerged cast concrete is
used by the Road Administration primary for
foundation of bridges in rivers and at repair of
these constructions [85]. Substantial damages
have been observed at the upstream side of un-
insulated dams of concrete water power plant. In
this positions repair is necessary. In order to resist
penetration of water in the fresh state anti-
washing out compound are necessary to add to a
concrete that is cast submerged by a pump hose.
In Sweden cellulose based anti-washing out com-
pound is used but abroad mostly polymer based
anti-washing out compounds (branch mark: Wel-
lan gum). When using these compounds it seems
to result in low frost resistance. Both the Road
Administration and the water power plants require
a repair concrete to be durable to frost. To be cast
submerged the process and the level of the con-
crete is checked by divers and afterwards by vis-
ual inspection and by strength tests of drilled
cores. In advance of the pumping the slump (flow)
of the concrete is tested. Pre-testing of the con-
crete also may take place of frost resistance and
strength as for a construction concrete. The w/c of
a normal concrete for foundation of bridges in riv-
ers and at dams of concrete water power plants
normally is high (around w/c = 0.50) which is an
disadvantage as concerns frost resistance. Even
though the repair concrete will be frost resistant
the existing construction may deteriorate when
subjected to further frost attack. In order to pre-
vent frost water power dams may be insulated but
bridge foundations not. All damaged concrete at
bridge foundation must be carefully cleaned and
the lose part and parts damaged by frost removed
before casting a new face of the structure. Proba-
bly the repair concrete may not be used in sea or
brackish water since chlorides then may be mixed
into the fresh concrete.




2.7.2 Requirements at construction

According to the requirement of the Swedish
Road Administration pre-casting of submerged
cast concrete has to be performed in two moulds
with a prescribed concrete with a settled grading
curve of the material in the fresh mix proportion
[85-87]. The two types of moulds have the follow-
ing two purposes [85-87]:

e Ability of filling and covering reinforcement
e Self-levelling without compaction

For these purposes the following sizes of moulds
2x1x1mand4x0.5x 1 mare used (length x
width x height). Mix proportions of the concrete
are to be documented and tested until 90 days’
age. The remaining requirements are as follows:

e Design values for concrete strength class

C20/25 are to be used

The concrete thickness is to be minimum 1 m

The foundation slab is to be without cracks

Horizontal joints are not allowed

Agitator is to be used at delivery of ready mix

The lowest concrete strength class is C28/35

Minimum 350 kg/m? cement is to be used

Filler content (< 0.25 mm) is to be > 8%

Concrete without anti-washout powder is to

have slump > 120 mm

e Retarding agent is to be included in the mix
proportions and the setting checked

e Non-frost resistant concrete may be used

e Anti-washout powder is to be used when
statically reinforcement is included
2.7.3 Requirement at repair

Few literature references exist as to describe the
routines at repair. The following requirements
seem to exist [85,88]:

e Cleaning with chisel cutting, shot pealing or

blasting
e Repair extent
Repair methods
e Material

For repair of mainly minor faults the follwing is
described [85,88]:

e Methods how to reach the place of repair,
caisson, dry or wet groove

Methods to remove and prepare concrete

Mix proportions of concrete repair material
Techniques for repair

Strengthening and pre-stressed reinforcement

2.7.4 Testing methods

Several methods used for normal concrete may
not be used for material meant for underwater
contreting where much more viscous material is
used [85,89]. The stream test was developed in
Belgium. It consists of a 2 m long and 0.10-0.15
m wide 20-° sloping channel with the concrete
placed in the middle, Fig. 2.65. The amount of
washout material is not quantified only judged
visually.

ta flow over concrete

Conecrete sample
Y.

Wisual assesament
ol the washout

15 1o 20"

Whater added from container

1/2 round guttering (2 m)
diameter = 100 - 150 mm

Y

Fig. 1 - Stream test.
Fig. 2.65 — Stream test [85,89].
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Fig. 2 - Plunge test (CRD C61).

Fig. 2.66 — The Plunge test [85,91].



The drop test consists of a scoop that is placed in
water. By visual judgement of the muddiness of
the water the tendency of washout is determined
[85,90]. A pH factor test was suggested in Japan
to determine the risk of washout of a concrete
sample. The Plunge tests was also developed in
Belgium and is used at the University of Ghent
[85,91], Fig. 2.66. The cage contains holes with 3-
mm diameter. The weight of the cage with con-
crete is taken before and after it has been sank
three times underwater in a larger pipe, Fig. 2.66.
The spray tests apparatus is shown in Fig. 2.67
[85,91]. A mould within the apparatus is filled

Fig. 3 - MC-1 apparatus.
Fig. 2.67 — Spray test [91].
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with about 1 kg concrete and sprayed with con-
stant water pressure for 4 min. The loss of mate-
rial is weighed. Fig. 2.68 shows the Orimet test
apparatus which is a flow ability test also used for
SCC [85,92]. The time to empty the Orimeter is
measured in the test. A L-box was designed
[85,88]. The modified L-box apparatus is shown
in Fig. 2.69 with normal concrete K40 [88], in Fig
2.70 with underwater concrete without anti-

washout additive [85], in Fig. 2.71 with underwa-
ter concrete with anti-washout additive and finally
in Fig. 2.72 with SCC (slump flow 570 mm only).

Fig. 2.68 B Ofirhet test apparatus - a flow
ability test also used for SCC [85,92].



- N

Figs. 2.69 - M
concrete K40 [85].

with anti-washout additive [85].

2.7.5 Frost resistance

Frost resistance for concrete with Viscosity-
Modifying Admixtures, VMA, was studied for
w/c = 0.32, w/c = 0.40 and w/c = 0.45 [93]. The
mix proportions are given in Appendix 2.13. Two
types of VMA were used: a natural polymer, we-
lan gum, G, and semisynthetic polymer, hy-
droxypropyl methylcellose, HPMC. The test re-
sults indicate that the air-entraining admixture,
AEA, was most effectively added after VMA and
the superplasticiser, which was a different mixing
order to that normally is used, i.e. AEA entered in
the beginning of the mixing together with the wa-
ter [93]. First of all the spacing factor vs the air
content was settled at w/c = 0.47, Fig. 2.73.

odified L-box apparatus with nrmal

Fig. 2.71 - Modified L-box with underwater concrete
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Fig 2.70 - Modified L-box apparatus with underwa-
ter concrete without anti-washout additive [85].

i e\ 7

Fig. 2.72 - Modified L-box with SCC (slump flow
570 mm 570 mm only) [85].
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Fig. 2.73- Spacing factor vs air content
(w/c=0.47).



The following equation was obtained (w/c= 0.47):

Lye-o47 =0.012 - A™! (2.12)
A denotes the air content
L denotes the spacing factor (mm)

Once when the AEA was sufficiently well entered
into the concrete it seemed as if the spacing factor
became sufficiently low [93]. About A = 8% co-
incided with L = 0.20 mm which is a normally re-
quired spacing factor in order to obtain salt-frost
resistance of concrete. Fig. 2.74 shows the spacing
factor versus the hardened air content [93]. It was
clear that the spacing factor depended both on w/c
and the air content. The following equation was
found based on Fig. 2.74, Fig. 2.75:

L =0.05-(w/c-0.26)-A 2D (2.13)
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Fig. 2.74 - Spacing factor vs hardened air content.
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Fig. 2.75 — Spacing factor with equations (2.12)
and (2.13) versus w/c and hardened air content.
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Fig. 2.76 shows the spacing factor versus the
hardened air content for different types of VMA,
natural (gum) or synthetic (HPMC) and for nor-
mal concrete. What ought to be observed is the
large increases of AEA needed especially for con-
crete with HPMC in order to obtain sufficient air
in the concrete, even deaerating admixture, DAA,
was required which makes the concrete sensitive
during transport and so forth. No influence of the
types of VMA on the spacing factor was observed
at constant air content, Fig. 2.76. The elongation
of the concrete after 309 frost cycles in fresh wa-
ter was measured both versus the fresh and the
hardened air content [93,94] (concrete with w/c =
0.45 did not withstand 309 cycles), Figs. 2.77-
2.80. No difference of the elongation was ob-
served related to w/c or types of VMA or between
concrete with and without VMA (normal con-
crete) as related to the elongation. However, some
increase of the elongation was observed at higher
air content which may be an effect of lower
strength at higher air content [93]. Normally AEA
is used in concrete in order to prevent internal
damages and thereby large elongation. However,
for concrete with w/c = 0.32 and w/c = 0.40 no
change of the internal resonance frequency was
observed and therefore no internal damage [93].
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Fig. 2.76 - Spacing factor vs hardened air content,
natural VMA (gum), synthetic (HPMC), normal.
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Fig. 2.77 - Elongation after 309 frost cycles in
fresh water versus the fresh air content.
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Fig. 2.80 - Elongation after 309 frost cycles in
fresh water versus hardened air content.

Scaling resistance was studied on slabs, 280 x 230
x 75 mm [93,95]. The top of the surface was
ponded with 3% NaCl after 14 days of wet curing
followed by 14 days of air curing. The slabs were
frozen 50 cycles and the cumulated mass loss was
measured [93,95], Figs. 2.81-2.84. Salt-frost scal-
ing was correlated with hardened air content, Fig.
2.83. No influence of the VMA was observed.
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Fig. 2.81 — Salt-frost scaling vs fresh air content.
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Fig. 2.82 — Salt-frost scaling vs fresh air content.
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Result were also correlated with the specific sur-
face, S, of the air void content [93]. Fig. 2.85
shows the specific surface versus the hardened air
content. A more or less linear relationship was ob-
tained (VMA of synthetic type, H, gave a more
rapid increase with the air content than VMA of
natural type, G, gave):

Swieo47 = 1.54-A + 7.50 (2.14)

A denotes the hardened air concrete (%)
S denotes specific surface of air voids (1/mm)

At lower w/c the specific surface, S, rose more
with the air content than at w/c = 0.47, Fig. 2.86
[93]. The following relationship was found be-
tween the specific surface, S (1/mm) and the
hardened air content, A (%), also shown in Fig.
2.87:

S = 41-(A-(0.5-w/c)+In(w/c)+1) (2.15)
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Fig. 2.85 — Specific surface versus the hardened
air content at w/c = 0.45 — 0.47.

40y = 7.50x - 8.98
R®=0.61

£

= 3 o 5
(] 5 [ .

o /s

> I

g 10 >\y=2.21x+7.08
° - R®=0.96
Q. 0 " n " 7
w 1 1 1 1 1

Air content (hard,%)

& w/c=0.32 Ow/c=0.40 A w/c=0.45

Fig. 2.86 — Specific surface versus the hardened
air content at w/c = 0.32 — 0.45.
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Fig. 2.87 — Specific surface of air voids (1/mm)
versus hardened air content (%), egs. (2.14) -
(2.15).

At low w/c the specific air content was more in-
fluenced by the air content which was an effect of
the pore structure, much finer at low w/c than at
higher. Fig. 2.88 shows that no effect of the type
of VMA was observed on the specific surface. As
related to the elongation of concrete after 309 cy-
cles of freezing and thawing in fresh water no ef-
fect of the type of VMA was observed, Fig. 2.89.
However, the elongation became larger at higher
specific surface which was unexpected and may
be an effect of the air concrete being larger at
higher specific surface as well, fig. 2.90. the fol-
lowing relationship was obtained:

£ =0.0046-S"°
denotes specific surface of air voids (1/mm)
€ denotes elongation after 309 cycles (%o)
40
= I
E 30 ¢ X o
= o
5 oaX
s 20+
h=
3 %
S 10
3]
(7]
»
0 S e

0 2 4 6 8 10
Air content (hard,%)
¥ Gum o HPMC mNormal

Fig. 2.88 - No effect of the type of VMA was ob-
served on the specific surface.
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Fig. 2.89 - Effect of the type of VMA on the spe-
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Fig. 2.90 — Effect of specific surface on elonga-
tion of concrete after 309 cycles.

Normally there is a clear effect of the specific sur-
face on the salt frost scaling, Fig. 2.91. Fig. 2.91
shows that a higher specific surface was required
to obtain the same salt frost scaling for concrete
with VMA as for normal concrete. For concrete
with w/c = 0.45 a relationship existed between salt
frost scaling and the specific surface but not for
concrete with lower w/c, Fig. 2.92 [93]. This in
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turn was most probably an effect of self-
desiccation, i.e. at low w/c a great part of the air
voids were formed due to the chemical shrinkage
of water during hydration [35,96]. Still, the salt
frost scaling reported seemed to be very high [93].
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Fig. 2.91 - Higher specific surface was required to
obtain the same salt frost scaling for concrete with
VMA as for normal concrete.
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Fig. 2.92 - Concrete with w/c = 0.45 had a rela-

tionship between salt frost scaling and specific
surface but not the other concrete with lower w/c.



3. MATERIALS, MANUFACTURE AND
METHODS

3.1 Material

Crushed gneiss (E-modulus 61 GPa and strength
230 MPa), pea gravel, crushed sand, natural sand,
limestone filler (brand Limus 40), Fortico blended
cement (CEM 11/A-D-52,5, 7.5% silica fume),
granulated silica fume (brand Elkem Micropoz)
and Degerhamn cement (CEM 142.5BV/SR/LA)
were used in the mix compositions, Fig. 3.1-4,
Appendices 2.4 and 3.1-2 [97]. Melamine-based
superplasticiser was used for NC (brand Flyt
97M), polycarboxyl ether for SCC (brand Gle-
nium 51) and air-entertainment agent based on fir
oil and fatty acids (brand Microair). The materials
were put in steel barrels in order to maintain a
constant moisture level. The concrete was mixed
in a 40-1 or 1000-I compulsive mixer in the labo-
ratory or at ready mixer at BTC. The following
mixing order was used:

1. Mixing dry material, air-entrainment and wa-
ter Yamin.
2. Mixing with superplasticiser 2% min.

3.2 Manufactur e of specimen
3.2.1 Vattenfall

One third of the specimen was cast or core drilled
by Vattenfall at different locations [85].

322LTH
One third of the specimen were cast at LTH in
water in aL-box, in the following way, Fig. 3.3-4:

1. Casting and curing in water and core drilling
either at the near (N) or at the remote (R) end
(in the shaft) of the L-box.

2. Internal frost thaw resistance in distilled water
or fresh water: 3 cylinders 50 mm in diameter
and 150 mm in height.

3. Salt frost thaw scaling with 3% sodium chlo-
ride: 3 discs 94 mm in diameter and 40 mm in
height [98].

3.23BTC

The field test at BTC was carried out with sub-
merged cast concrete in a full-scale beam, 0.25 x
1 x 6 m. At the field test one side of mould con-
sisted of a prefabricated concrete element and the
other side of wood or transparent glass fibre [97].
The mould was filled with water before the cast-
ing took place. The cores, 50 x 150 mm, for test of
internal frost resistance, were taken by core drill-
ing. Of each concrete 3 specimens were used from
each corner of the beam, i.e. a total of 36 cores.
The age of the concrete at the start of the testing at
LTH and at BTC was 90 days.

Material passing through

Fig.

Material passing through
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Fig. 3.2 — Grading curves of materialsat BTC.



Fig. 3.3 — Bottom of L-box filled with water be- Fig. 3.5 — Field test at BTC with one side of

fore a dliding gate was opened at the end of the mould consisting of a prefabricated concrete ele-
box in order to cast concrete in the vertical shaft ment and the other of wood or transparent glass
submerged in the box and to cure it there. fibre. Photo: lad Saleh.

Fig. 3.4 — Bottom of L-box filled with water be- Fig. 3.6 — Field test at BTC with one side of
fore a diding gate was opened at the end of the mould consisting of a prefabricated concrete ele-
box in order to cast concrete in the vertical shaft ment and the other of wood or transparent glass
submerged in the box and to cure it there. fibre. Photo: lad Saleh.
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3.3 Methods

3.3.1Internal frost resistance

The adequacy of resistance of a given concrete to
frost attack was determined by freezing and thaw-
ing tests described by ASTM 666-92. The tests
continued until 300 cycles or until the dynamic
elastic modulus was reduced to 60% of its origina
value [94]. The damage was assessed after 100
and 300 of frost cycles between +20 °C and — 20
°C of freezing and thawing in distilled water with
two full cycles per day. The conditions of ASTM
666-92 are more severe than those occurring in
practice since the prescribed heating and cooling
cycle is between + 4 °C and — 18 °C at a rate of
cooling of 14 °C/h. In most part of the world, a
rate of 3 °C/h is rarely exceeded [84]. The tests
were started at about 90 days age. For tests of
internal freezing and thawing resistance cylinders
50 mm in diameter and 150 mm long were placed
in distilled water solution after 14 days of pre-
storage in water saturated with lime. The speci-
men was placed in a rubber container, fully im-
mersed in distilled water, Fig. 3.7. The frost thaw
cycle varied between — 20 °C and 20 °C, twice a
day, Fig. 3.8. Cooling rate of specimen at internal
freezing was around 12 °C and the heating rate
varied between 10 °C/h and 20 °C, Fig. 3.9. The
dotted line indicates the air temperature. Com-
pared with ASTM 666-92 the cooling rate was
dlightly lower but still much more severe than that
in practice. The weight and the fundamental reso-
nance frequency, FRF, of the specimen were ob-
served after 100 and 300 cycles. The durability
factor, Dy, is given by the following expression:

D = n/3-Es/Ewo (3.1

n nenotes number of cycles at the end of the test

Es denotes the elastic modulus, i.e. FRF, at the
end of the testing.

Eq denotes the elastic modulus, i.e. FRF, at the
start of the testing.

The decrease of the elastic modulus due to inter-
nal damages was obtained by measurement of the
FRF in a Grindosonic apparatus. Ds is of interest
primarily in a comparison of different concrete,
preferably when only one variable is changed.
Generally, a value smaller than 40 means that the
concrete is probably unsatisfactory, values be-
tween 40 and 60 are regarded as doubtful while
values over 60 indicate that the concrete is proba-
bly satisfactory [84]. More than 60% loss of elas-
tic modulus, i.e. more the 60% loss of FRF, at 300
cyclesis unsatisfactory for the internal frost resis-
tance.

Fig. 3.7 - Specimen in rubber container, immersed
in digtilled water (internal frost resistance tests).
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3.3.2 Salt freezing and thawing resistance

Salt freezing and thawing resistance was studied
by a method previously used by Lindmark [98]
which issimilar to the CDF-method [20]. For tests
of salt frost thaw scaling cylinders 100 mm in
diameter and 40 mm long were placed in 3% so-
dium distilled water solution after 14 days of pre-
storage in water saturated with lime. The speci-
men was placed in a plastic container, fully im-
mersed, Fig. 3.10. The frost thaw cycle varied
between — 20 °C and 20 °C, twice a day, Fig.
3.11. The maximum temperature was dightly
lower than in tests with internal frost resistance
but also lower the temperature. A minimum tem-
perature less than 18 °C is of great importance for
damages to occur. At these tests the minimum
temperature well was below 20 °C, Fig. 3.11. The
air temperature is shown with a dotted line. The
cooling rate of the specimen is shown in Fig. 3.12.
The cooling rate varied between 12 °C/h and 14
°C/h the air temperature cooling rate being shown
with a dotted line. The scaling of the specimen
was observed after 28, 56 and 112 cycles. Good
salt freezing and thawing resistance is supposed
with a one-side scaling less than 0.5 kg/m? and
very good salt freezing and thawing resistance at
less than 0.2 kg/m2. This method consist of a all-
side freezing which is supposed to be more severe
the one-side testing procedure.

Fig. 3.10 - Specimen for tests of salt freezing and
thawing scaling in 3% sodium distilled water.
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Fig. 3.11 — Temperature of specimen for salt
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Fig. 3.12 — Cooling rate of specimen for sat
freezing and thawing scaling tests.

3.3.3 Strength

A water-cured cube, 100-mm, was tested for
strength at a rate of 1 MPa/s in a Seidner testing
machine. The testing machine was calibrated. The
accurate strength would be 1 MPa higher. An
eccentricity in placing the cube or the cylinder
may have affected the test result. The fault of
eccentricity was less than 1 mm. The hourglass
shape of fragments after testing the cube indicated
a highly centric placing. At high strength a circu-
lar conical part of the cube remained after testing.
From the field beams @100 x 100 mm cylinders
cored were tested after grinding of the ends.



4. RESULTS

4.1 Grading curves of the fresh concrete

4.1.1

The grading curve was calculated for sieves be-
tween 0.063 mm and 11.2 mm:

Laboratory concrete cast at LTH

s =0.54-d"% 4.1)

d denotes sieve diameter (mm)
s denotes material passing through

4.1.2 Field concrete cast at BTC

The grading curve was defined by slightly larger
average particle size and a lower slope [97]:

s=0.53-d"%*
4.2 Strength

4.2)

4.2.1

Strength results at 28 days’ age are shown in Fig.
4.1 and Appendix 3.1 [85].

Concrete delivered by Vattenfall
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Fig. 4.1 — Concrete strength at 28 days’ age deliv-
ered by Vattenfall. A = air content (%). S = SCC.

4.2.2 Concrete cast at LTH

Appendix 3.2 and Fig. 4.2 show on average 28-
day strength. Fig. 4.3 shows on average strength
development after 90 days.

4.2.3 Field concrete cast by BTC

Fig. 4.4 and Fig. 4.5 show on average 28-day
strength results dependent on the position of the
wall cores [97]. Fig. 4.6 shows the standard devia-
tion of strength of concrete cast in the field. C =
crest; F = foot; N = near pump; R = remote. Fig.
4.7 shows the variance of the 28-day strength
[97].
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Fig. 4.2 - On average strength of concrete cast at
LTH. A = air content (%).
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Fig. 4.3 - Strength on average at LTH. 1 = air
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Fig. 4.4 — Strength of concrete cast in the field. C
= crest; F = foot; N = near pump; R = remote.
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Fig. 4.5 — Strength of concrete cast in the field. C
= crest; F = foot; N = near pump; R = remote.
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7.0

6.0l
5.0+
4.0
3.0+
2.04
1.0
0.0

Variance (%)

5

wh (%)~ ¥ 2
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4.3 Internal freezing and thawing resistance

4.3.1 Concrete delivered by Vattenfall

Figs 4.8-9 and Appendix 4.1 show that all con-
crete except for one concrete with w/b = 0.45 and
11% air content and one SCC with w/b = 0.48, did
not fulfil the ASTM 666 requirements as concerns
internal loss of FRF, i.e. elastic modulus to be
larger than 40% after 300 cycles. Eight of 12 con-
crete were totally destroyed even before 100 frost
cycles. Concrete with anti-wash out powder was
not durable to internal freezing and thawing even
through 8% air content was studied at w/b = 0.45.
Concrete with anti-wash out powder was durable
to internal freezing and thawing when 11% air
content was studied at w/b = 0.46. However, at
high air content the strength became too low. SCC
with w/b = 0.48 and 6% air content exhibited a
high grade of internal freezing and thawing resis-
tance. Only 4.5% loss of FRF and 0.9% loss of
weight after 300 frost cycles was observed. These
results confirm the previous studies that SCC
generally is more resistant to internal freezing and
thawing attack than normal concrete is [22,23].
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4.3.2 Concrete cast at LTH

Figs 4.10-11 and Appendix 4.2 show the perform-
ance of internal frost resistance of concrete cast at
LTH. Concrete with w/b = 0.35 and w/b = 0.40
showed good internal frost resistance both related
to FRF (less than 15% losses after 300 cycles) and
scaling (no loss of weight). Small losses of FRF
were observed of concrete cast at the remote end
of the L-box. At w/b = 0.45 too large scaling was
obtained at the remote end of casting in the L-box.

4.3.3 Concrete cast at BTC

Figs 4.12-13 and Appendix 4.3 show internal frost
resistance of concrete that were cast by BTC [97],
i.e. large loss of FRF in concrete with w/b = 0.35.

4.4 Salt freezing and thawing resistance

4.4.1 Concrete tested at LTH

Fig. 4.14 and Appendix 4.4 show large salt frost
scaling for all normal concrete delivered by Vat-
tenfall except for concrete with as much as 11%
air content (46U11: 0.5 kg/m® after 56 cycles).
Concrete with anti-wash out powder was not du-
rable to salt freezing and thawing scaling even
through as much as 8 % air content was studied at
w/b = 0.45. SCC, with w/b varying between 0.35
and 0.40 exhibited an excellent salt freezing and
thawing resistance at the near end of the L-box at
casting. At the remote end of the L-box air proba-
bly was washed out which reduced the freezing
and thawing resistance. Eight percent of air con-
tent was required in order to fulfil freezing and
thawing resistance at the remote end of the L-box
at casting submerged SCC except for w/c =0.45.
For w/c = 0.45 not even 8% air content was
enough to fulfil a salt freezing and thawing scal-
ing of less than 0.5 kg/m?, Fig. 4.14.

4.4.2 Comparison between LTH and Vattenfall

The tests performed by Vattenfall [85] only
showed a fifth of the salt frost scaling after 56
cycles compared with the test performed by LTH,
Fig. 4.15. The difference between the two meth-
ods was large — the LTH methods exhibited on
average 5 times as large salt frost scaling com-
pared with the Bords method (concrete 49U3T
was not taken into account since it was totally
broken before 56 cycles with the LTH method). In
practise this means that concrete that was sup-
posed to be salt frost resistance according to the
Boras method (45U8 and 46 Ul1) were not resis-
tant to freezing and thawing according the LTH
method provided that the maximum salt frost scal-
ing was set at 0.5 kg/m? for both the methods. The
reason for the difference was the rapid freezing at
LTH, according to ASTM 666-92, 12 °C/h [94].
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Fig. 4.8 - Internal freezing and thawing resistance, FRF, after 100 and 300 cycles of concrete delivered by
Vattenfall. S = SCC; U=submerged concrete; 2 = air content (%); 45 = w/b (%).

|_

[e0] ~ < O (a2} % O [a2] <t ~ N N
o] -] >} wn o] o] > >} o] >} > o]
To] (o] 0] [e0] (o)} (o)} (o)} o ~ N Tp] [e0]
< < < < < < < e} 0 0 © ~

0 T T T T T | S—

= 20 - . |

S

= -40 | | ] ||

> 60 | |

kS el |

& -80 |

g |

£ 100

(&)

0100 cycles O300 cycles ‘

Fig. 4.9 - Internal freezing and thawing resistance, loss of weight, after 100 and 300 cycles of concrete deliv-
ered by Vattenfall. S = SCC; U=submerged concrete; 2 = air content (%); 45 = w/b (%).

35S1N 35S1R 35S4N 35S4R 35S8N 35S8R 40S4N 40S4R 40S8N 40S8R 45S8N 45S8R

- 0 T T T T T T T T T
© =1 = b S L I |
0 gl .
£ § -20
3 > 40 |
5 3 -60 T

<3
Q 2 B
gu- -80 + —

I 0100 cycles 0300 cycles

S -100 Y Y
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4.5 Density

4.5.1 Concrete cast at LTH

One indirect way of determine the effect of differ-
ence in air content may be to observe the density.
The diameter and the length of all specimens were
established before the freezing tests were carried
out. Fig. 4.16 shows that position of the specimen
slightly affected the density versus air content.
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Fig. 4.16 - The position of the specimen did not
affect the density versus air content. 35 = w/b (%);
N = near the casting place; R = remote position.

However, for concrete with w/b = 0.45 the results
were inconsistent. This was observed for the
strength with w/b = 0.45, i.e. too large strength in
comparison to the air content (probably only 1%).
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4.5.2 Concrete cast at BTC

Table 4.1 and Figs. 4.17-18 show large differ-
ences between the density of concrete with w/b =
0.40 and w/b = 0.45 at crest and foot of the cast-
ing probably due to segregation of aggregate [97].

Table 4.1 - Density at crest and foot dependent on
the position of the casting versus w/b (kg/m?®). C =
crest; F = foot; N = near the; R = remote.

w/b (%) |35 40 45 Average

NC 2401 2326 2264 | 2330

NF 2443 2367 2354 | 2388

RC 2414 2371 2256 | 2347

RF 2438 2402 2345 2395

Average | 2424 2366 2305 2365
2450

2400 & °

2350 |

Density (kg/m?)

2300 +

2250 +

Water-binder ratio (%)

- 4= NC=- 8- NF
-- & --RC —O—RF
Fig. 4.17 - Density at crest and foot dependent on

the position of the casting versus w/b. C = crest; F
= foot; N = near the; R = remote. 35 = w/b (%).

Density (kg/m3)

Fig. 4.18 - Density at crest and foot dependent on
the position of the casting versus w/b. C = crest; F
= foot; N = near the; R = remote. 35 = w/b (%).



5. ANALYSIS AND DISCUSSION

5.1 Grading curves of the fresh concrete

5.1.1 Comparison with normal concrete, NC.

Analyses were performed on the differences of
particle grading in fresh concrete of the different
mixes. The following particle grading of fresh NC
was foreseen, Figure 5.1 [62]:

s=ad" {0.125 <d < 0.7dpmax} (5.1
s denotes particle passing through

a 38%

b constant according to Table 5.1

d particle diameter (0.1 <d < 10 mm)

K cube strength of concrete (MPa)

Table 5.1 - Constant b in equation (5.1)

K 25 60 90 120 | 150

b 032 1024 ]0.20 ]0.18 ]0.16

NC follows more or less the grading foreseen in
Figure 5.1, i.e. much less fines than in SCC. For
NC and sieves varying between 0.063 mm and 16
mm a = 37% and b varying between b = 0.24 (cor-
responds to K60) and b = 0.35 (K30) were ob-
tained. For sieves varying between 0.063 mm and
16 mm and SCC without fibres a = 47% was ob-
tained with b varying between b = 0.24 (K60) and
b = 0.27 (more inclined, correspond to K30).
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Figure 5.1 — Ideal particle grading of fresh NC.
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5.1.2 Comparison with other SCC

The following consideration should be taken
when constructing a grading curve for fresh SCC
as described by equation (5.1), Fig. 5.2 [99]:

) a=47%
. b=0.27 (K30)
. b =0.24 (K60)

1,00
0,80
L
S
0,60 £
g
0,40 F
[72]
©
Q
020 &
g
e 1 10,00 S
© (o] o o o o
(@) AN (@) o o o
S S < < © ¢

Sieve size (mm)

-- % --SCC-BTC - - 4 - - SCC-LTH
—0—SCC30 —a— SCC60
—O—NC25  ——NC60

Figure 5.2 — Grading curves of fresh concrete. NC
= normal concrete; SCC = Self-Compacting Con-
crete; 25 = cube strength (MPa).

With field concrete the following constants in
equation (5.1) were obtained:

) a=>53%
. b=0.26

With concrete cast at LTH the following constants
in equation (5.1) were obtained:

) a=54%
. b=0.28

Little cement + filler in SCC gave a risk of segre-
gation. i.e. low a-value in equation (5.1); too flat
grading gave a risk of blocking for concrete with
4% fibres, i.e. too low b-value in equation (5.1). It
is clearly seen from Fig. 5.2 that more fine are
required in submerged cast SCC than in normal
cast SCC. In turn also more fines are required in
SCC than in NC in order to avoid segregation,
also required by the Road Administration. When
SCC is cast submerged there is a great risk of
water ingress in the concrete during the casting.



5.2 Strength

5.2.1

It was clear that large content of air in the con-
crete in order to avoid frost damages on sub-
merged cast concrete affected the strength results
substantially, Fig. 4.1 and Appendix 3.1 [85].
Increase of air content as a method to avoid frost
damages was not a feasible, Fig. 5.3, as strength
became unacceptably low. Fig. 5.4 shows the
strength of concrete with w/c = 0.45-0.50. The
following relationship was obtained [85]:

Concrete delivered by Vattenfall

f, = (20-A)-(w/c) ** (5.2)

f. denotes compressive strength (MPa)

w/c denotes water-cement ratio {0.45 < w/c <
0.80}
A denotes air content {1 <A <11%}
N
= 60 g
% L
= 40 + N
? X
o 20
»
0 —t
040 050 060 0.70 0.80
wic

& A=1.5% OA=3.5% AA=6%
XA=8% KA=11%

Figure 5.3 — Strength results of submerged cast
concrete obtained by Vattenfall.
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Fig. 5.4 - Strength with w/c = 0.45 - 0.50.

5.2.2 Concrete cast at LTH
Appendix 3.2, Figs. 4.2 and 4.3 show some
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inconsistent in the strength development, espe-
cially at w/b = 0.45 as combined with 8% air con-
tent. The explanation for this development was
shown in Fig. 4.16, i.e. increasing density with
increasing air content in concrete with w/b = 0.45.
Probably some air was lost between mixing and
casting of the concrete. Fig. 5.5 shows the
strength of the SCC cast at LTH with different air
content and w/b varying between 0.35 and 0.45.

120.0 4

100.0
80.0 1
60.0 1
40.0 7
20.0 7

0.0 F————
0.35 0.40

w/b

Strength (MPa)

0.45

®A=1% BA=4% A A=8%

Fig. 5.5 - Strength of SCC cast at LTH with dif-
ferent air content, A, at w/b = 0.35 and = 0.40.

From Fig. 5.5 the following formula was obtained
for the compressive strength (MPa):
f. =40-w/b-(A-12)-18-A+250 (5.3)

w/b  water-binder ratio {0.35 <w/b <0.40}
A denotes air content {1 <A < 8%}

5.2.3 Field concrete cast at BTC

Figs. 4.4 and 4.5 show that on average 28-day
strength results was dependent on the position of
the wall cores [97]. In concrete with w/b = 0.40
and = 0.45 the strength at the foot was about 2
MPa higher than at the crest at the near end of the
pumping. With w/b = 0.40 and = 0.45 the strength
at the foot was about 4 MPa higher than at the
crest at the remote end of the pumping. At w/b =
0.35 the strength was independent of the position
of the casting. Both results indicate that segrega-
tion took place at w/b = 0.40 and = 0.45 but not at
w/b = 0.35. The standard deviation of strength,
Fig. 4.6, the variance, Fig. 4.7, confirm the above-
mentioned results and also shows larger values at
the crest of the casting than at the foot except for
SCC with w/b = 0.35. The following relationship
was obtained for the 28-day strength with 4% air
content, f4 Fig. 5.6 (MPa):

f.4 = 0.283-[-(W/b)2 + 66.6-(W/b) — 760]  (5.4)



Strength (MPa)

Air content (%)

Fig. 5.6 — 28-day strength with varying air content
and w/b with equations (5.2) — (5.4). F = field.

5.3 Freezing rate of concrete

Figs 5.7-10 show the freezing rate in the specimen
cast at BTC (Figs. 5.7-8 — internal frost resis-
tance) and at LTH (Fig. 5.9 — internal and salt
frost resistance). As seen in Fig. 5.7 the freezing
rate varied between 6 and 9 °C/h and between 7
and 9 °C/h in Fig. 5.8. Fig. 5.9 shows freezing
rates varying between 8 and 11 °C/h. The freezing
rate exceeding 3 °C, which is the fastest recorded,
but did not fulfil the ASTM 666-92, 14 °C/h [84].

20.0 o 7
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Fig. 5.7 - Freezing rate varied between 6 and 9
°C/h (specimen cast at BTC — internal frost resis-
tance).
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Fig. 5.8 — Freezing rates varied between 7 and 9
°C/h (specimen cast at BTC — internal frost resis-
tance).
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Fig. 5.9 - Freezing rates varying between 8 and 11
°C/h (specimen cast at LTH — internal and salt
frost resistance).

5.4 Internal freezing and thawing resistance

5.4.1

Figs 4.8-9 and Appendix 4.1 show that practical
concrete with w/b > 0.45 did not fulfil the ASTM
666 requirements as concerns internal loss of
FRF, i.e. elastic modulus to be larger than 40%
after 300 cycles. Eight of 12 concrete were totally
destroyed even before 100 frost cycles. Concrete
with anti-wash out powder was not durable to
internal freezing and thawing. SCC with w/b =
0.48 and 6% air content exhibited a high grade of
internal freezing and thawing resistance.

Concrete delivered by Vattenfall



5.4.2 Concrete cast at LTH

Figs 4.10-11 and Appendix 4.2 show less internal
frost resistance of concrete cast at the remote end
of the L-box than near the place of casting. Still,
all concrete with w/b = 0.35 shows good internal
frost resistance both related to FRF (less than 13%
losses of FRF after 300 cycles) and scaling (less
than 1% loss of weight after 300 cycles). The
difference between the frost resistance at the near
and the remote end of casting in the L-box clearly
indicate that either some segregation took place
during the casting or that some air content was
washed out during the movement of the air in the
water. Indication of the mentioned behaviour may
be confirmed by observations of the density of the
drilled cores that were used in the tests.

5.4.3 Concrete cast at BTC

Figs 4.12-13 and Appendix 4.3 show good per-
formance of internal frost resistance of concrete
with w/b = 0.40 and w/b = 0.45 that were cast at
BTC (less than 9% loss of FRF and almost no loss
of weight after 100 cycles) [97]. Still larger losses
of internal frost resistance were observed at the
remote end of the pump — larger losses were ob-
served at the crest of the casting than at the foot.
This indication may be a confirmation of segrega-
tion of the concrete during the casting process or
air leaving the concrete, especially at w/b = 0.35.

5.5 Salt freezing and thawing resistance

Fig. 4.14 and Appendix 4.4 show too large salt
frost scaling for all practical concrete delivered by
Vattenfall. Concrete with anti-wash out powder
was not durable to salt freezing and thawing scal-
ing even through as much as 8 % air content was
studied at w/b = 0.45. SCC with w/b varying be-
tween 0.35 (1% air content) and 0.45 (8% air con-
tent), cast at LTH, exhibited an excellent salt
freezing and thawing resistance (less than 0.2
kg/m? of scaling) at the near end of the L-box at
casting. At the remote end of the L-box air proba-
bly was washed out during the casting which re-
duced the salt freezing and thawing resistance
substantially. At the remote end of the L-box 8%
of air content was required for SCC with w/b =
0.35 and w/b = 0.40 in order to fulfil the salt
freezing and thawing resistance at casting sub-
merged. For w/c = 0.45 a air content of 8% was
not sufficient to fulfil a salt freezing and thawing
scaling at the remote end of casting. However, salt
freezing and thawing resistance is normally not
required in dams, foundations and pillars in fresh
water. SCC may probably not be cast submerged
in sea water since chloride then will be cast in the
concrete causing reinforcement corrosion.

5.6 Density and strength

5.6.1 Concrete cast at LTH

Fig. 4.16 shows a clear effect of the air content on
the density of the concrete. However, only a small
effect of density on strength was observed, Fig.
5.10. The following formula was obtained for the
effect of density on strength, f. (MPa):

f,=0.179 -10™"% p 7 (5.5)

p denotes the density of SCC (2200 < p <
2500 kg/m?)

120 o
g
S 100 |
£
=y DEX
§ 80 +_~
5 m
60 : ;

2200 2300 2400 2500
Density (kg/m?)

¢ 35-A=1 035-A=4 A40-A=4
% 40-A=8 x«45-A=8
Fig. 5.10 - Strength versus density with varying

air content cast at LTH. A = air content (%). C =
crest; F = foot; N = near; R = remote.

5.6.2 Concrete cast at BTC

Table 5.2 and Figs. 5.11 show segregation at the
crest near the pump almost independent of w/b.

Density difference
(kg/m?)

RF 35

wib (%)

Fig. 5.11 — Difference in density dependent on the
position at casting. C = crest; F = foot; N = near
the; R = remote.



Table 5.2 - Density difference dependent on the
osition of the casting versus w/b (kg/m?).

w/b (%) | 35 40 45
NC 41 -40 -35
NF 0 49 23
RC 5 49 18
RF 36 40 30

Some coarse aggregate probably was washed
away from the crest near the pump towards the
remote foot of casting which seems logical. Still
the difference in density was small but did sub-
stantially affect the strength, Figs. 5.12-5.13.

Strength
difference (MPa)

40
RF 35
wib (%)

Fig. 5.12 — Strength difference to average (MPa).
C = crest; F = foot; N = near the; R = remote.
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Fig. 5.13 — Strength versus density at different
w/b.
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The following relationship was obtained between
strength and density:

f,=y=0.370-10°p ' (5.6)

f. denotes compressive strength of SCC (MPa)
p denotes the density of SCC (2200 < p <
2500 kg/m?)

5.7 Internal frost resistance, air content and
density

5.7.1 Concrete cast at LTH

The concrete were designed to contain 1%, 4% or
8% air content. Fig. 5.14 shows the change of
FRF at the near and the remote end of L-box (4 =
4% air content, 35 = w/b (%)). Especially for con-
crete 45588 an increased loss of FRF was ob-
served. The loss of FRF was 9 times as high at the
remote end of the L-box as close to the pouring
place. As concerns concrete 45S8 the density
shown in Fig. 4.16 and the strength given in Ap-
pendix 3.2 indicate that the air content performed
at the casting of concrete 45S8 was much lower
than 8%, probably about 3% air content. Still the
difference in density between the near and the
remote end of casting was small, Fig. 4.16. If air
had left the concrete then the density would in-
crease with 10 kg/m® per percent of decrease of
air. If segregation took place during the casting in
the L-box, i.e. more fines were transported to the
end of the L-box then the density would decrease.
Probably both phenomena took place during cast-
ing in the L-box: some air content left the con-
crete, about 2%, which increased the density with
about 20 kg/m®. In parallel some segregation took
place in the concrete with w/b = 0.35 and with
w/b = 0.45, influencing a change of density of
about 30 kg/m*. However, for concrete with w/b =
0.40 and 8% the separation was less, maybe af-
fecting density with 10 kg/m? only, Fig. 4.16. The
results for concrete 45S8 thus resulted in too low
air content at the end of the L-box and thus too
large loss of internal frost resistance, about 80%
loss of FRF. Concrete 45S8 was almost destroyed
far from the casting place. Fig. 5.14 shows the
change of FRF after 300 cycles in fresh water at
the remote end of casting in the L-box. Still, for
concrete with w/b = 0.45, the real air content
probably was only about 1%, i.e. too low for the
concrete 45S8 to resist internal frost. At w/b =
0.35 and at w/b = 0.40 also some self-desiccation
took place which caused internal air voids to form
and thus internal frost resistance of the concrete
[21]. Fig. 5.15 shows the change of FRF after 300
cycles in fresh water at the near end of casting in
the L-box. Before segregation of aggregate, which



not took place close to the pouring place in the L-
box, and before loss of about 3% air, the air con-
tent of concrete 45S8 was sufficiently large for
the concrete to withstand internal frost for 300
cycles in fresh water, even at w/b = 0.45. Proba-
bly about 3% air content was sufficient for the
concrete 45S8 to resist internal frost for 300 cy-
cles, at near end of casting in the L-box.

Change of FRF (300
cycles,%)

Near
Remote
3551

3554

Fig. 5.14 — Change of FRF at near and at the re-
mote end of L-box. 4 = 4% air content, 35 = w/b
(%).

FRF (300
cycles,remote,%
)

35
40
wib (%) 45

Fig. 5.15 — Change of FRF after 300 cycles in
fresh water at the remote end of casting in the L-
box.

45

FRF (300
cycles,near,%)

wib (%)

Fig. 5.16 — Change of FRF after 300 cycles in
fresh water at the near end of casting in the L-box.

5.7.2 Concrete cast at BTC

All concrete was designed to contain 4% air con-
tent. Fig. 5.17 shows the difference in density at
the crest of casting. Fig. 5.18 shows the difference
in density at the foot of casting. As expected the
density diminished at the crest of casting, quit
substantially and in the contrary increased at the
bottom of the mould due to aggregate separation,
probably. The difference in density may also be
related to movement of air in the fresh mix, up-
wards, which then also would increase the density
at the bottom of the mould. Generally, the in-
crease of density at the bottom of the moulds was
40 kg/m?, which coincide well with 4% of air
content leaving the mix at the bottom of the
mould. At the foot of casting also an increase of
strength systematically took place, which either
was a result of the increasing content of aggre-
gates or the result of a decrease of the air content,
Fig. 5.12. Figs. 5.19-5.20 show that the main dif-
ferences of density in the concrete were observed
vertically, i.e. either some aggregate moving
downwards or air leaving the bottom of the mixed
fresh concrete. Fig. 5.21 shows that the largest
decrease of FRF took place at the crest of the cast-
ing, which shows that the difference of air content
was not the reason for density difference but the
segregation of aggregates. If the difference of the
density would be related to air leaving the mix at
the bottom the air content at the top of the casting
would be higher than foreseen and then the de-
crease of FRF lower than observed. The decrease
of FRF was also slightly related to w/b of the con-



crete, larger loss of FRF at low w/b = 0.35 than at
w/b = 0.45. Still the decrease of FRF was small,
20 % maximum, i.e. less than the acceptable loss
of FRF, which is 60% [94]. Fig. 5.22 shows the
decrease of FRF at the remote end of the casting.
At the remote end of casting the loss of FRF be-
came much larger than at the near end. At the near
end of casting at BTC the losses also were larger
than these observed in the L-box at the laboratory
tests with concrete, since no vertical segration
took place in the L-box but certainly at BTC. This
tends to indicate that air also left the mix propor-
tions between casting at the near end and during
the transport, horizontally, in the mould also seen
in Fig. 5.18, which shows an increase of density at
the far end of casting compared with the near end.
Two phenomena thus acted in parallel, air leaving
the concrete and aggregate segregation. However,
aggregate and air separation was related to w/b =
0.45 at which concrete quality it was pronounced
— only minor at w/b = 0.35 and w/b = 0.40. Fig.
5.23 shows the change of FRF versus the change
of density at the near end of casting. An increase
in density resulted in larger decrease of FRF. For
the other position of casting no correlation was
found between change of density and decrease of
FRF, Fig. 5.25-5.26. Large decrease of FRF oc-
curred at no change of density at all, which in-
dicted that the density decreased just as much due
to aggregate separation as the density increased
due to air content losses.
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Fig. 5.17 — Difference in density at the crest of
casting.
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Fig. 5.18 — Difference in density at the foot of
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Fig. 5.21 - Decrease of FRF at the near end of the
casting.
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Fig. 5.22 - Decrease of FRF at the remote end of
the casting.
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Fig. 5.23 — Change of FRF versus change of den-
sity at the near end of casting.
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Fig. 5.24 — Change of FRF versus change of den-
sity at the remote end of casting.
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Fig. 5.26 — Change of FRF versus change of den-
sity at the foot of casting.

5.7.3 Salt frost scaling, air content and density

Fig. 5.27 shows salt frost scaling at different posi-
tions of casting. Together with Fig. 4.16 the result
of Fig. 5.27 indicate that aggregate assemble at
the near end of casting where no air loss occurred.
This combination gave an excellent salt frost re-
sistance. On the other hand more mortar was
transported to the remote end of the L-box and
also air lost which all together caused about nine
times as large salt frost scaling, especially at low



w/b = 0.35. At w/b 0.45 the air content in the cast
concrete was probably lower than 8% which after
air losses and combined with high w/b was the
reason for the extreme large salt frost scaling, 3.2
kg/m?, more than 6 times an acceptable level of
0.5 kg/m?. Fig. 5.28 shows the salt frost scaling at
the near end of casting. Still, concrete with w/b =
0.35 did not show logical salt frost scaling at the
near end of the L-box at casting since the largest
amount was observed at air content, 4%, about 4
times as large as at air content 1 and 8%. For con-
crete with w/b= 0.40 the result was more logical,
i.e. decreasing salt frost scaling with increasing air
content. At air content 4% the salt frost scaling
increased with larger w/b, which also was a logi-
cal results, no segregation occurring at the near
end of the L-box at casting. At the remote end of
the L-box at casting the same result as at the near
end of the L-box at casting was observed, i.e.
concrete with w/b = 0.35 did not show logical salt
frost scaling at the near end of the L-box at cast-
ing since the largest amount was observed at air
content, 4%, about 5 times as large as at air con-
tent 1 and 8%. For concrete with w/b= 0.40 the
result was more logical, i.e. decreasing salt frost
scaling with increasing air content. At air content
4% the salt frost scaling increased with larger w/b,
which also was a logical results. Segregation
probably occurred at the remote end of the L-box
at casting, which in turn increased the amount of
salt frost scaling, the mortar content in the con-
crete being larger. It is the mortar of the concrete
that is sensitive to frost damages, not the aggre-
gate. The aggregate withstands frost well.

Salt frost scaling (56
cycles,kg/m?)

Fig. 5.27 — Salt frost scaling at different positions
of casting.
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Fig. 5.28 — Salt frost scaling at the near end of the
L-box at casting.
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Fig. 5.29 — Salt frost scaling at the remote end of
the L-box at casting.



6. SUMMARY AND CONCLUSIONS

6.1 Tested concrete

Studies of the grading curves of the fresh concrete
clearly showed that more fines were required in
submerged cast SCC than in NC and normal SCC
in order to obtain stability of the concrete in the
fresh state. With a 1 mm sieve about 38% of the
material in the NC mix proportions passed, about
47% of the material of the mix proportions passed
1 mm sieve width with normal SCC and about
53% of the material in the mix proportions passed
1 mm sieve width with submerged cast SCC. It
became clear that a large content of air in the con-
crete in order to avoid frost damage to submerged
cast concrete affected the strength results substan-
tially. Increase of the air content (> 8%) as a
method to avoid frost damage in concrete with
w/b > 0.45 was not feasible as strength became
unacceptably low. For concrete cast in the labora-
tory and in the field with w/b varying between
w/b = 0.35 and w/b = 0.45 the strength varied
between 100 and 55 MPa at 4% air content. Some
effect of the position of the casting on strength
was observed in the field, i.e. strength at the crest
of the casting became up to 4 MPa lower than
average strength and up to 4 MPa higher at the
foot of the casting than average strength. The dif-
ference in strength due to the position of casting
was probably dependent on segregation of aggre-
gate in the fresh mix proportions. Some loss of air
also affected strength, i.e. lower air content at the
far end of casting increased strength, which acted
contrary to an increase of the aggregate content.

6.2 Internal freezing and thawing resistance

Submerged cast SCC with w/b = 0.40 and > 4%
air content fulfilled the requirements (7.5% silica
fume) of internal freezing and thawing resistance.
The freezing rates of the specimens, which were
recommended to be 14 °C/h (ASTM 666-92),
varied between 6 and 9 °C/h (internal frost resis-
tance) and between 8 and 11 °C/h (salt frost resis-
tance). Still, the freezing rates by far exceeded the
maximum values obtained in reality, 3 °C/h. Prac-
tical concrete with w/b > 0.45 and anti-washout
powder did not fulfil the ASTM 666 requirements
for internal loss of FRF, i.e. elastic modulus to be
larger than 40% after 300 cycles. Concrete cast in
the laboratory exhibited less internal frost resis-
tance at the remote end of the L-box than near the
place of casting, Fig. 6.1. The difference between
the frost resistance at the near and the remote end
of casting in the L-box clearly indicates that either
some segregation took place during the casting or
that some air content was washed out during the
movement of the concrete in the water. Concrete

with w/b = 0.45 was not acting acceptably at the
remote end at casting in the L-box (80% loss of
FRF). Still, all concrete with w/b = 0.35 and w/b =
0.40 showed good internal frost resistance related
to FRF (less than 13% losses of FRF after 300
cycles).

Change of FRF (300
cycles,%)

Near
Remote
3551
3554
35S8

Fig. 6.1 — Alter of FRF of concrete cast in a L-box
in the laboratory. 8 = air content (%), 35 = w/b.

Concrete cast in the field with w/b = 0.35 showed
poor performance of internal frost resistance of
concrete at the remote position of casting (70%
loss of FRF at the crest and 40% loss of weight at
the foot of casting after 300 cycles), Fig. 6.2. This
may be a confirmation of segregation of the ag-
gregate during the casting process of the concrete
or may indicate that air was leaving the concrete.
Also at the near end a tendency of larger loss of
elastic modulus was observed in concrete with
w/b = 0.35 than in the other concrete. Concrete
with w/b = 0.40 and w/b = 0.45 acted well to
frost.

L. =
w 8%
I CE
foo &2
+e0 §
00 O

45

40

Foot 35
wib (%)

Fig. 6.2 — Alteration of FRF of concrete cast in the
field. 35 = w/b. Crest and foot of mould indicated.



6.3 Salt freezing and thawing resistance

Submerged cast SCC with w/b = 0.40 (7.5% silica
fume) with > 4% air content fulfilled the require-
ments of less than 0.5 kg/m? of salt frost scaling.
Salt freezing and thawing resistance is normally
not required for dams, foundations and pillars in
fresh water. SCC may probably not be cast sub-
merged in seawater since cast-in chloride may
cause reinforcement corrosion. Too large salt frost
scaling for all practical concrete with w/b > 0.45
and anti-washout powder was observed. Concrete
with w/b > 0.45 and anti-washout powder was not
durable to salt freezing and thawing scaling even
though as much as 8% air content was studied.
SCC with w/b = 0.35 and w/b = 0.45, submerged
cast in the laboratory, showed large salt frost scal-
ing at the remote end of the L-box, Fig. 6.3. Air
was probably washed out during the casting proc-
ess, which reduced the salt freezing and thawing
resistance substantially, or aggregate segregation
affected the salt frost scaling. Eight percent of air
content was required for SCC with w/b = 0.35 and
4% of air content for SCC with w/b = 0.40 in or-
der to fulfil the requirements. For w/c = 0.45 not
even an air content of 8% was sufficient to obtain
salt frost scaling less than 0.5 kg/m? in the labora-

tory.

Salt frost scaling (56
cycles,remote,kg/m?)

wib (%)

Fig. 6.3 — Salt frost scaling of concrete cast in the
laboratory. A = air content (%).

50

6.4 Density, segregation and strength

A clear effect of the air content on the density of
the concrete was observed. Segregation at the
crest near the pump, which was almost independ-
ent of w/b, was observed in the field concrete.
Some coarse aggregate probably segregated both
at the near and at the remote end of casting. On
the other hand results on frost resistance showed
that some of the air content was lost at the remote
end of casting, which caused a comparative in-
crease of the density. With larger loss of internal
frost resistance almost no change of density was
observed at the far end of casting since the segre-
gation of aggregate just compensated for the den-
sity change due to the loss of air. Still the differ-
ence in density was small and the effect on
strength minor, £4 MPa, Fig. 6.4.

Density (kg/m?)

F
NC 45

wib (%)

Fig. 6.4 — Concrete density in the field. C = crest,
F = foot, N = near end of casting, R = remote end,
35 =w/b.

6.5 Recommendations

Based on previous results, results from the labora-
tory experiments and from experiments in the
field, SCC with w/b = 0.40 (7.5% silica fume) and
air content > 4% may be used to fulfil both re-
quirements of internal frost resistance and salt
frost scaling.
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Appendix 2.1 — Mix composition of SCC.

Material/mix composition D F G ROIl |T
Crushed aggregate Bélsta 8-16 496 494 580 876 495
Natural sand Bélsta 0-8 699 728 800 727 714
Natural sand SARO 0-2 505 465 220 149 521
Fly ash 89 55

Glass filler 60

Cement Aalborg (CEMI) 375

Cement Degerhamn (CEMI) 440 420 438

Slag cement (CEMIII, 68% slag) 470
Silica fume Elkem (granulate) 35 18 21

Air-entrainment (wet, g, 10% dry) 0.498 [0.501 0.500 482 0.498
Superplasticiser (wet, 35% dry) 5.25 4.24 5.92 3.52
Water 191 172 162 171 183
w/b 0.38 0.38 0.37 0.39 0.39
Slump (flow) (mm) 690 725 720 150 737
Flow time until diameter 500 mm (s) 7 8 8 6.5
Density 2247 2300 2306 2368 2281
Aggregate content (>0.125, % vol.) 0.64 0.64 0.60 0.66 0.65
Air content (%) 6.4 6.2 6.3 6.1 5.7
28-day cube strength (100 mm, MPa) 61 70 64 63 79

Notations: D = flash mix composition; F = optimum fly ash mix composition; G = glass filler; RO Il =

normal concrete mix composition, second; T = slag mix composition

Appendix 2.2 — Mix composition and frost resistance of NC and SCC.

Material, cement type, w/c SCC3 SCC5 NC
Coarse aggregate 6-14 mm 267 267

Sand 3-6 mm 543 544

Sand 0-4 mm 886 887

Limestone powder 101 100

Cement CEMI 52.5 R 352 350 323
Plasticiser 3.2 5.0

Superplasticiser 2.3 0.9

Water 197 190

w/c 0.56 0.54

Water-powder ratio, w/p 0.44 0.42

Aggregate content (>0.125 mm, % vol.) 0.64 0.64

Slump flow (mm) 600 580

28-day strength (MPa) 56 58 72
Decrease of internal transversal resonance (%):

150 frost cycles 0 13 100
300 frost cycles 7 18 -
Increase of length (%): 150 frost cycles 0.01 0.13 0.39
300 frost cycles 0.01 0.22 -
Salt frost scaling (kg/m?): 28 frost cycles 0.9 1.3 1.8
56 frost cycles 0.9 1.4 3.7
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Appendix 2.3 — Mix composition and

properties of NC and SCC.

Material/mix composition KN |KOB |[KN§8 |KO |KOT |SO RO ROII
Crushed aggregate Bélsta 8-16 363|371  |355 |367 363 402 |862 876
Natural sand Balsta 0-8 853 |872 836 |864 855 786 |715 [727
Natural sand SARO 0-2 316 135|309 (320 |316  [422 146 149
Limestone filler Képing 500 183  [375 180 186 184 |94 0

Cement Degerhamn 418 427 409 423 419 416 431 438
Microair (wet, g, 10% dry) 585 |213 1203 [106 117 125 1474 482
Superplasticiser(wet, 35% dry) 297 1413 |32 339 [3.69 299 [732 |5.92
Water 163 167 160|165 163 162 168 171
w/c 039 1039 10.39 ]0.39 ]0.39 1039 039 0.39
w/p 0.27 |0.21 ]0.27 ]0.27 ]0.27 ]0.32 |0.39 |0.39
Air content (%) 5.6 4.9 8 5.5 6.3 5.6 5.8 6.1
28-day cube strength (MPa) 63 84 50 75 75 61 68 63
Slump (flow) (mm) 720|780  |735 620 640 |710 110|150
Flow time until 500 mm (s) 5 7 8 10 8 5 - -
Density 2297 12348 (2250 |2323 |2300 |2285 2325 2368

B = increased amount of filler; K = Limus 40 limestone filler; N = new way of mixing (filler last); O =
ordinary; R = NC; S = Limus 15 limestone filler; T = 5.5 m hydrostatic pouring pressure, II = second.

Appendix 2.4 — Chemical composition and physical properties of cement (%).
Components CEM 142.5BV/SR/LA Degerhamn
CaO 65

Si0, 21.6

Al O4 3.5

F6203 44

K,0O 0.58

Na,O 0.05

MgO 0.78

SO, 2.07

Ignition losses 0.47

CO, 0.14

Clinker minerals: C,S | 21

GsS 57

GA 1.7

C4AF 13

Water demand 25%

Initial setting time 145 min.

Density 3214 kg/m’

Specific surface 305 m’/kg

Appendix 2.5 — Mix composition and properties of NC and SCC.

Mix Cement, c | Type | Silica fume, s | w/b=w/(c+s) | Sand filler | Air (%) | Strength
SCC27 500 SL |50 0.24 50 1.3 141
NC 32 389 N 0.32 106 12 55
SCC38 | 400 N 0.38 145 1.4 86
SCC50 | 340 N 0.50 165 3.5 61
SCC80 | 260 N 0.80 185 1.9 27

Notations: N = CEMI42.5R Slite Std; SL = CEMI42.5BV/SR/LA Degerhamn.

Appendix 2.6 — Mix composition and properties of NC and SCC.

Material/mix- water-binder ratio (%) | 1-40 | 1-50 | H40 |2-40
CEMI42.5BV/SR/LA Degerhamn  [420 |370 |399 |420 (Slite Std)
Silica fume 21

Water 168 | 185 [168 |168

Air content (% vol.) 6 64 |59 |62

Aggregate 16921684 | 1685|1675
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Appendix 2.7 — Number of specimen in study of silica fume concrete.

Parameter Im [3m |[5m I5m 90 m 155 m
f. 144 [144 |72 144 144 72

e 72 72 - 72 72 72
Hydration 144 144 |72 144 144 72
RH 72 72 - 72 18 72
Salt freezing and thawing resistance 72
Total 432 1432 180 432 378 360
m = month

Appendix 2.8 — Mix proportions and strength of specimen in study of silica fume concrete.

Material/w/c 0.22 0.25 0.24 0.33 0.36 0.47 0.48 0.58
Quartzite 8-12 mm 1360 [1310 |1310 |1210 |[1160 [1150 |1150 |1150
Gravel 0-8 mm 525 630 549 723 730 846 825 812
Cement, low-alkaline 484 456 476 400 389 303 298 299
Silica fume 48 - 48 - 39 - 30 -
Superplasticizer 13.3 8.84 7.78 3.35 3.07 3.01 2.13 -
Density 2530 2510 2500 [2470 2460 2440 [2450 |2420
Aggregate content 0.71 0.74 0.75 0.75 0.73 0.71 0.73 0.70
Air content (%) 0.95 1.5 0.8 1.4 1.1 1.1 0.95 0.75
Workability (vebe) 29 34 13 25 12 9 12 15
Strength — 1 month (MPa) 114 93 112 77 93 58 65 38

- 3 months 128 104 128 91 100 70 76 45

- 15 months 142 121 139 105 104 78 81 51

- 90 months 139 121 131 106 106 74 79 49

- 155 months 141 129 142 114 117 80 94 56
Appendix 2.9 — Mix proportions (kg/m*) and fresh properties of concrete for shrinkage and creep tests.
Material NC | SCC35 | SCC35SF | SCC35055 | SCC40
Pea gravel 4-8 mm 904 475 498 475 467
Crushed stone 0-4 mm 904 | 627 664 627 615
Crushed stone 2-4 mm 0 206 221 206 203
Quartzite sand 0.1-1 mm 0 303 332 303 299
Limestone powder 40 pm 0 140 0 140 148
CEMII/A-D-52.5 452 | 466 498 466 447
Water 149 |168 169 168 179

w/b 0.33 ]0.36 0.34 0.36 0.40
Polycarboxylic ether 9.08 11.94 9.08 11.02
Viscosity agent 2.50
Melamine formaldehyde 6.33

Density 2414 12394 2393 2394 2368
Aggregate content including limestone powder 0.75 10.73 0.72 0.73 0.73
Slump flow until 500 mm diameter, Ts, (s) - 7 10 7 9

Slump flow (mm) (400) | 740 650 740 570
V-funnel (s) - 12 20 12 18
Separation ratio of aggregate - 0.96 1.01 0.96 0.97
L-box ratio - 1 0.75 1 0.8
28-day 100-mm cube strength (MPa) 91 111 96 111 85

NC = normal concrete; SCC = self-compacting concrete; SF = silica fume; 35 = w/b; @ = diameter of
cylinder.
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Appendix 2.10 — Development over time of elastic modulus and creep coefficient of concrete 35SF.

Time Compliance

(days) (millionths/MPa) | E-modulus Loading Unloading
0.002 25.9 38.7 0.00 0.00

0.005 26.09 38.4 0.01 0.01

60 44.19 22.7 0.71 0.80

125 48.99 20.4 0.89 1.01

315 51.890 19.3 1.00 1.14

550 54.09 18.5 1.09 1.24

550 31.39 44.0 1.21 1.38

556 26.3 36.0 1.02 1.16

Appendix 2.11 - Constants in equation (2.2)

Type of cement and concrete strength s

Slowly hardening, concrete strength < 60 MPa 0.38

Normal or rapid hardening cement, concrete strength < 60 MPa 0.25

Rapid hardening high-strength cement, concrete strength < 60 MPa 0.20

All types of cements, concrete strength > 60 MPa 0.20

Appendix 2.12 - Constants in equations (2.10) and (2.11)

Type of cement Qas Oldsi Olds2

Slowly hardening 800 3 0.13

Normal or rapid hardening cement 700 4 0.12

Rapid hardening high-strength cement 600 6 0.12

Appendix 2.13 - Mix proportions and properties of concrete (kg/m?).

Material 32G 32H 32N 40G 40H 40N 45G 45H 45N
Cement, ¢ 448 448 448 400 399 401 360 358 356
Water 143 148 143 160 159 160 166 161 162
Sand 555 551 555 704 701 705 749 746 742
Gravel 1202 1193 1202 1040 1035 1040 1039 1035 1028
AEA (%0/c) 3.22 4.56 1.19 1.15 1.08 0.31 1.29 5.57 0.19
Superplast. (%/c) 2.95 2.95 1.03 1.15 1.38 0.6 0.92 2.01 0.45
VMA (%/c) 0.06 0.08 0.08 0.15 0.1 0.26

DAA (%o/c) 0.075 0.123 0.31

Air content (fresh) 0.063 10.057 10.057 ]0.07 0.073 10.07 0.06 0.065 10.068
Density 2364 2352 2354 2310 2300 2308 2320 2310 2290
Slump (mm) 180 190 160 200 230 190 180 190 170
Strength (34 d,MPa) 54.1 523 574 49.8 50.2 50.9 46.3 40.8 44.1
Air content (hard.,%) |0.05 0.04 0.046 10.042 ]0.059 ]0.058 ]0.042 10.086 |0.04
Spacing factor, L (mm)| 0.178 | 0.25 0.241 10.234 |0.168 ]0.256 [0.377 |0.152 ]0.336
Elongation, 300 c. (%0) | 0.765 [0.491 ]0.666 |0.861 [0.973 ]0.404

Salt-frost 50 c. (kg/m?) | 2.17 2.39 1.45 1.93 1.63 0.81 4.9 2.95 4.82

Notations: d = days’ age, AEA = air-entraining admixture, DAA = de-airing- admixture, G = vela gum, H =
hydroxypropyl methylcellose, HPMC, N = normal concrete, VMA = Viscosity-Modifying Admixtures, 32 =

w/c.
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APPENDIX 3

Appendix 3.1 — Mix composition and properties of NC cast by Vattenfall.

Appendix 3.2 — Mix composition and properties of SCC cast at LTH.
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Appendix 3.2 — Mix composition and properties of SCC cast at LTH.

w/b — air 35S1 3554 35S8 4084 40S8 4588

content (%)

Date 2002.04.17 ]2002.06.05 2002.05.22 |2002.08.30 [2003.02.27 |2003.03.11

Lenzhard 4-8

mm 480 464 452 457 444 446

Lenzhard 0-4

mm 633 612 596 602 585 588

Crushed

stone 2-4 mm | 208 201 196 198 192 193

Quartzite

sand 0.1-1

mm 306 295 288 291 283 284

Limestone

powder

Koping 500 | 141 136 133 177 172 214

Blended

cement

Fortico 5R 470 454 442 405 393 354

Microair 0.0000 0.045 0.124 0.150 0.252 0.244

Water 169 164 159 162 157 159

Glenium 51

(wet) 9.17 8.86 8.63 8.72 8.48 8.52

Glenium 51

(%/powder) |2.0 2.0 2.0 2.2 2.2 2.4

Density 2419 2335 2275 2301 2236 2248

Air content

(%) 1.1 3.9 7.0 5.0 7.9 7.4

Slump flow

@ (mm) 750 735 735 740 750 750

L-box 0.72 0.53 0.88 0.93 0.94 0.68

Strength

(MPa)

2 days 57.0 69.0 62.0 47.5 43.5 38.0
60.5 67.5 61.0 43.5 47.0 36.5

2 days, | 58.8 68.3 61.5 45.5 453 37.3

average

28 days 117.5 95.0 97.0 70.5 81.5 85.5
118.5 104.0 101.5 77.0 86.5 82.0

28 days, | 118.0 99.5 99.3 73.8 84.0 83.8

average

90 days 126.0 116.0 101.0 91.5 85.50 90.50
105.0 114.5 85.0 89.0 95.00 90.50

90 days, | 115.5 115.3 93.0 90.3 90.25 90.50

average
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APPENDIX 4
Appendix 4.1 — Internal freezing and thawing resistance for concrete delivered by Vattenfall

Appendix 4.2 — Internal freezing and thawing resistance for concrete cast at LTH

Appendix 4.3 — Internal freezing and thawing resistance for concrete cast BTC.

Appendix 4.4 — Salt freezing and thawing scaling for concrete from Vattenfall or cast at LTH
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