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Frost damage of concrete ﬂ(“.

Example: Frost damage on a
hydroelectric power plant

Basic conditions for a frost damage

external damaqge of concrete:
scaling, spalling, ...

low temperatures and
numerous freeze-thaw cycles

internal damage of concrete:
cracks, loss of strength,

»

mcreased permeablllty,
high water saturation 5 WO T L R [ E—

insufficient
concrete properties

KIT Karlsruhe, Germany
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Frost damage — problem statement ﬂ(".

e The degradation mechanism
(interactions of action/resistance) are
not sufficiently understood

e reliable, physically based
models are lacking

e The descriptive concept given in
standards (limiting values for material
properties) is based just on experience

e proved to be a rather
uncertain approach

e Accelerated performance tests

e only partially and with considerable
uncertainities transferable to the
conditions in practice
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Service life design for frost attack — ﬂ(l'l'

ap p ro aC h eS ap p I i ed i n p raCti C e to d ay Karlsruhe Institute of Technology
Descriptive concept Performance concept (tests)
approach: R—S >0 approach: CIF test acc. to Setzer (RILEM)

” A SR ,deemed to satisfy" _ 3000 specimen
o R ‘}'E 2500 destroyed
7 N ' S o
= margin y_____ : T
n v
c ! 3 1500 criterion for
O ! (@)
8 i c acceptance y
& : B 1000 /

| =

1 > CU

50 years concrete age 2 200 /
0l
Guideline, e.g. EN 206 / DIN 1045-2 0O 6 14 20 28 42
action S resistance R number of freeze-thaw cycles [-]

min. air | concrete
content cover
[%0] [mm]

0,55 | C25/30 300 4,5

maxw/c| minfy | minc

exposure condition [] IN/mm?2] | [kg/m3]

The criterion for acceptance is based on

experience (,,deemed to satisfy*) and

water saturation, no - e o o i o D
de-icing agent 0,50 C35/45 320 - ; p P g

XF3: frost, high
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Service life design for frost attack —
approaches of today and tomorrow
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Descriptive concept

approach: R-S>0

Performance concept (models)

approach: p(t) = pe [R(t) — S(t) < 0] < Prarger

A SR

margin

action S, resistance R

safety

,deemed to satisfy"

-

50y

ears

concrete age

action S, resistance R

probabilistic:

damage real action and

resistance are
considered

t; concrete age

Guideline, e.g. EN 206 / DIN 1045-2 To be developed (research)

action S resistance R
max w/c| min fg min ¢ min. air | concrete
exposure condition ¢ 5 5 | pores cover
[-] [N/mm?] | [kg/m?3] [%] [mm]
\)/(VZ?e:rfstiﬁrglt?:n no 0,55 | €25/30 300 45
de-icing agent 0,50 C35/45 320

physical

model for
frost

damage

S = function (concept) to consider the local
climatical actions
R = material model based on physical

mechanisms to describe the resistance
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Service life design for frost attack -\l‘(“.

Karlsruhe Institute of Technology

Performance concept (models) Remarks:
approach: py(t) = pr[R() — S(t) < 0] < Prarger - Full probabilistic design means that all
mechanisms are understood and

correspondingly modelled, and that the

A SR probabilistic: statistical characteristics of the

damage real action and i
resistance are governing parameters are known.

considered

@
(D)
(&S]
g1 R
D : - Based on such an approach simplyfied
21 s [ "M code-type models may be derived, such
p > as concepts with partial safety factors
2 | etc.
: e
. tomcreteage | | - Suitable code-type design tools, such

as simple formulas, diagrams or tables

To be developed (research) can be developed while maintaining the

S = function ( ) o the locl probabilistic concept, which is charac-
physical = function (concept) to consider the loca o . . Al
physiesl climatical actions teristic for engineering design!
frost
damage | R = material model based on physical - Research is mendatory!
mechanisms to describe the resistance
Sept. 16, 2019 Freeze-thaw resistance of concrete — Prof. Harald S. Muller NI S TS e
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Actions causing damages ﬂ(“'
due to real weather events

o

time t

precipitation [mm] temperature [°C]

air water film

S A
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@© time t
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Determination of the frequency and intensity of
frost attacks ﬂ(IT

Mean annual temperature Annual precipitation

Braunlage Braunlage
° g | o ag
—C 12 mm
10 3200
8 2800
g : 2400
& ; , . 2000
\; . 2 1600
£ 2 o 800
& ; : 400
§ Garmisch—Partenkirchen B Garmisch—Partepkirchen,.
, D ~ % B ’fo'., - 'EJ
: : . Klima g blro
in collaboration with: . &
Sept. 16, 2019 Freeze-thaw resistance of concrete — Prof. Harald S. Miller KIT Karisruhe, Germany

SMP Engineers, Karlsruhe, Germany



Number of frost periods in 1970 — 2000 ﬂ(".

Karlsruhe Institute of Technology

100 100 100
: : » Anzahl der Frostperioden ohne Niederschlag | | [C_JAnzahi der Frostperioden ohne Niederschlag | :
SR oo darsciog | B oo o Frosirocen i ncoemag” | [Brauniage = e [Garmisch]
l, [ Anzahl der Frostperioden mit Niederschlag Lahr| Anzahl der Frostperioden mit Niederschlag Anzahl der Frostperioden mit Niederschlag

S 80 S 80+ G 804

o ° °

o o 2
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o o 3
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@ o} 0]

= DO 40+ S 40
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ol < ©
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< << <

1975 1980 1985 1990 1995 2000 1975 1980 1985 1990 1995 2000 1975 1980 1985 1990 1995 2000
Jahr Jahr Jahr

total number. 985 total number: 1214 total number: 1663
with precipitation: 839 with precipitation: 1050 with precipitation: 1449

mmm) precipitation at approx. 85 % of all frost periods
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Classification of the freeze-thaw cycles ﬂ(“.
by means of the minimum temperature T,

Em-5°C<T<0°C

Garmisch o Em-7°C<T<-5°C
. = [O-10°C<T<-7°C
Partenkirchen = [J-15°C<T<-10°C
/ C1T<-15°C
4 %
Braunlage ] <576
9 rm]n S 5 g
40 %
1%
Lahr] [ 5 °
rmln SEIE
2% '

0 10 20 30 40 50 60 70 80 90 100
Frequency of the freeze-thaw cycles [%]

The minimum temperature depends pronouncedly on the location.

In Braunlage and Garmisch: Majority of FTC with T, <-5°C
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Empirical models for the threeze-thaw attack '&‘(IT

r(t) = Cenv' Ceur’ Cage'a-o’7(fck + 8)-1’4'1: r(FTC) =k - fs | mein : fWC ' fbin ' 1:aea ' 1:carb
with r(t) spalling at time t [mm] with r spalling after number of freeze-
C.,y  CONst. —intensity and likeliness of thaw-cycles [m]
a freeze-thaw attack [-] Kk max. allowable spalling per FTC
C., const. —influence of curing [-] [M/FTC]
Cage  CONSL. — maturity of concrete and fs  const. — salt concentration [-]
additon of additives [-] frmin  CONSt. — min. temperature [-]
a air void content [-] fuc const. — w/c-ratio [-]
fox concrete compressive strength foin const. — type of binder [-]
[MPa] f.a cCONSt. — air void content [-]

f.ap  CONst. — carbon. bound. zone [-]

Low accuracy due to:

— physical mechanisms are ignored
— affecting parameters are not interrelated
— basic deficiencies of the product-type approach

2 Sept. 16, 2019 Freeze-thaw resistance of concrete — Prof. Harald S. Muller . KIT Karlsruhe, Germany
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Mechanisms of the frost damage

Physical mechanisms

volume expansion of water during
freezing to ice 9 vol.-%

@ 5= Y

water is non- } - tensile concrete Ve

compressible strains occur
no damage:

v S<S
4. % 1.0

©10303% > €, 9,3%0

Expansion space necessary

otherwise @

Crack formation in concrete

Freeze-thaw resistance of concrete — Prof. Harald S. Miller

crit

damage:

S2S

crit
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Saturation degree S
of the pores:
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Prerequisite for the damage: critical saturation

cylindrical
pore
pore water

free
pore
volume

f/cylindrical

~—pore
N

pore water

~

) _free
pore
—~—\
volume
N~ ~

N
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Limit state for the occurence of damage S;
— 100 ST u significant concrete damage initiated
= . for S> S, =0.7-0.9

o

@ 0.95 1 cycle| w critical saturation S_,; well investigated
o increasing |

“g 0.90 damage \ |10 cycles| m insufficient knowledge on time

2 \ S development of saturation S(t) before
B o o

S 0.85 N\ A\O E damage occurs

¢ -

= cycles £ 1

o 0.80 .

< Wiz = 0.4 N

© A e

degree of saturation [-] Is reached is unknown

Model approach:

Current fib model: S(t) = S,+a-t¢
(Model Code for Service Life Design, 2006) T | | o [ e e e

saturation degree due to the fast capillary suction

b frost suction is ignored!

KIT Karlsruhe, Germany
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Consequences of cyclic freeze-thaw loading ﬂ(".

Concrete frost suction at T,,;, = -20°C

Distribution of water absorption

5 | | |
e =05 We=0%§] | 30 . !
cap. suction -O— —O— 3 number of FTC
— 4 || frostsuction -o--  --O- /o_ 25 '.\ — 0 FTC
% o s -~ ¥ e
=, o & e % 20
(= 3 ,C( g (0] (@) ‘\ ‘\
) o% % > 2>, [\ @
S o C N o
roy o a @ = 15— S
e (o2 & R [ \~ Y
O o ) o 9 NG -
b s 2 7 I:]"’D'u— =} 'E I N po
2 ’ go-T O} =l S N s
© a g - 25 10 % 5
— d El’:r % C—U A \t g
O o = o3 . g
. © SN\ »
Q) [= ¢ ) 5 3 )
= ° 2 NN g
iz : N &
2 N e -1 &
0Llo—— : : 2 OL— : ; e @
0 10 20 30 0 5] 10 15 20 25
suction duration [d] penetration depth [mm]
0 20 40 60

number of freeze-thaw cycles [-]

Water uptake resulting from freezing-thawing Frost suction is limited to the top
action outweighs the one from capillary suction millimeters of the concrete’s surface
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Basis idea of modelling ﬂ(“.

Determination/prognosis of the water uptake depending on time and location during

freeze-thaw actions

< water saturation degree

damage

S(2) = Seap +148i(2) S S

T

f (material, environment)

< hardened ol
cement

paste

|
increasing number of _
freeze-thaw cycles (FTC) f (material)

depth z

AS dependent from: = wi/c-ratio material parameters
| age, ...
B minimum temperatur T, _
environmental parameters
m temperature Change rate
o Sept. 16, 2019 Freeze-thaw resistance of concrete — Prof. Harald S. Mdiller KIT Karlsruhe, Germany
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Measurement of frost suction

NMR measurement unit

temperature control unit

_ : pulse gene
cooling B and. /:
unit . ‘measuremel

Jgradient -
generator
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permanent
magnet

N
. Peltier
thermostat
l J
Dewar tube
//—/,/’////// COO"ng bar
//
L

permanent

XXXXXXYX\

—~—

/ / , gradient coil system
/|
——
——

— high frequency coill

—

— insulation

. 12mm

45 mm
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Result of the NMR measurement ﬂ(“.

1.0 1 :
[T =-10°C | | |
0gl| ™n [ 2,4,8,14,20,28, 32FTC |
“[1 wz=04 A - s =
AR
— 0.7 - /0/0/ o o)
N 7 % e |
g 0.6 ‘ 0 3 d cap. suction at 20 °C |——
o X f -V-‘." T T
€ 05 / = / |
o [ 48
c [ |
% 0.4 | hygral equilibrium at 20 °C / 65 % RH |
® 03 %
0.2 v\
orlJ4] Ay
00L: : l |
-12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12
z [mm]
sealing /I hardened cement paste sample, length = 20 mm
‘ Conversion of signal intensity to saturation degree is possible
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Conversion of the
signal intensity Sl to saturation degree S
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1 Saturation of calibration samples submerged in water at 150 bar — S =1

2 Spatially resolved Sl on fully saturated samples 3 Measurement of Sl at different S-levels

1.0 1.00 T i i
/Q +0 +}{IU -“;‘\
Jures A ADA | 2 S | S=1 _ 0.95 o
08 5 . O . . .
= i 0.90
; j_u/n/u/ﬂ\n/o\ﬂ/n\ﬂ/u\g/% g
= s > 0.85 o >-s
U>’, 0.6 2 < | # .
i g 080 X R
) = § g
o / [ Ot < L d : > £ -a,+,l |
_(EU 04 ]r/i § 0.75 %’t\r rﬁ) \{w—:{ \{—S’ Cal1
5 l § 070+ # F# Cal2
) /] p P a4 Cal3
024 /| —o—wic=0.4 4 samples, SD = 0.0100) 0.65 ; VAR Cala ||
' w/c = 0.5 (2 samples, SD = 0.0075) 202us 102us  52us 37us .
i/ -A—wic = 0.6 (2 samples, SD = 0.0249) 5 1‘0 1‘5 20 2'5 30 3;5
0.0 : - - - ' - ; — signal intensit
10 -5 0 5 10 9 y
z [mm] Linear correlation between
‘ Curve in good approximation equals pore volume signal intensity Sl and saturation S
DEerirEien e Setleion s - total water volume _ spatially resolved Sl of tested sample
NMR — - .
degree Syr Of the sample pore volume spatially resolved Sl of fully saturated sample
20 KIT Karlsruhe, Germany
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Results: Water uptake for w/c = 0.4 ﬂ(“.

Karlsruhe Institute of Technology

Capillary suction at T = 20 °C @ samples)

1 1 1 1 I l I

1
14 ] wz=04
| hygral equilibrium at 20 °C / 60 % RH
—o— 3 d capillary suction (20 °C)
1.3 H —o— capillary suction (20 °C)

=
N

N
—_

Major conclusions

m increased saturation at the edge of the
stressed surface (S > 0.9)

=
©

3.4,5,6,7, 10,
11,12, 13, 14,

saturation degree S _ [-]
o

Standard deviation 0.02
[ ]

08 o b puto | waterfront penetrates the sample with time
25, 26, 33,67d
07 , m approximate homogeneous moisture
L distribution after capillary suction (about 40
68 days)
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Results: Water uptake for w/c = 0.4

Temperature cycles including frost

[ERN
o
I

temperature [°C]
o

AN
o
|

-20

Sept. 16, 2019

time t [h]
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N
>

-
—

=
©

saturation degree S _ [-]

=
o0

=
\'

-
w

=
N

=3
o
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Frost suction T,,;,, = -10 °C @samples)

| w/z=04
hygral equilibrium at 20 °C / 60 % RH
—o—3 d capillary suction (20 °C)
~| —©°—frost suction (T __=-10°C)
| | I
2,4,6,8, 14,16, 18,
20, 22, 28, 30, 32, 34, Lo
44, 46 and 48 FTC
/f\
55-8"’
J\‘g . Jf/;
= /o"/ -
/ /:'/d =
o
Vi [
7 Y S
. g / # /) / 5
Pl :
Lt 4 i)
el
| L :
=
o]
: n
| R R EVR SR e R
8 6 4 -2 0 2 4 6 8

Z [mm]
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Results: Water uptake for w/c = 0.4 ﬂ(".

CapI”al‘y SUC'[IOI’] T = 20 OC (4 samples) FrOSt SUCtIOﬂ Tmin = '10 OC (4 samples)

14 ] wz=04 14| wz=0.4
I hygral equilibrium at 20 °C / 60 % RH / hygral equilibrium at 20 °C / 60 % RH
—o— 3 d capillary suction (20 °C) 13 —o—3d capille.ary suction (20 °C)
— 1.3 H —o— capillary suction (20 °C) — -9 [7| —o—frostsuction (T  =-10°C)
— - — i \ | |
x o
Z=1.2 12 2,4,6,8, 14,16, 18, )
o w 44, 46 nd 4B PTG >
() (]
o 11 © 11 w: =
— - — -y
.
g g =y
=0 ; T 10 7 i
c o N = s L~ YV o
o % - S 9 g )/d S
w A : 2 © / / 2
e 0 9 /p,x o S E 09 7 / N .5
= M ; 2 3,4,5,6,7,10,|| B = ! / B
© 7 0 11,12,13,14, || 3 © / ©
w 08 £ 17,18,19,20, |} © ® 0.8 - - ©
4 25.26.33.674|| B p=—0""1 / e
[ 5 2 o~ g
0.7H :&é g 0.7 e | s
e R R S S vy B I [ T ot~
8 6 4 -2 0 2 4 6 8 8 6 4 -2 0 2 4 6 8
z [mm] z [mm]

Temperature cycles including freeze-thaw phases cause an accelerated
saturation of the sample and an increased amount of uptaken water
(mechanism: mirco-ice-lens pump acc. to Setzer)

KIT Karlsruhe, Germany
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Results: Water uptake w/c = 0.4 ﬂ(“.

Karlsruhe Institute of Technology

Frost damage Frost suction T, = -10 °C @ samples)

L | w/z=0.4
hygral equilibrium at 20 °C / 60 % RH
—o—3 d capillary suction (20 °C)
—o—frost suction (T__=-10 °C)
\ | |

—
N

=
w
T

L I
| aaie Wi
® — SO
e 1.1 =i S /h
2 | i
/i
g 1.0 57 7.
T 09 i H
= =
ks i f _J 3
“ 0.8 s
it R i N TN i Bl ?
8 6 4 2 0 2 4 6 8
Z [mm]
S = 1 indicates damage corresponding to microcrack formation
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Effect on frost suction characteristics ﬂ(“.

I I I I
1.4} wiz=0,35 ||
— I Ausgleichsfeuchte bei 20 °C / 65 % RH
2 4 3 || o 3dkap. Saugen (20 °C) |
x | -o— Frostsaugen (1, = -10 °C) o
rd
o 1.2 o
o [ | zunehmende Anzahl an FTW i
T 1.1 j &
2 7
> 1.0 A8 %
L0
> : / %
= 0.9 =
= . =
; ! 3
0.8 y \
0.7

8 6 4 2 0 2 4 6 8

Sept. 16, 2019

Z [mm]

1,3

o o =
co O o

o
~l

Frost suction for w/c = 0.35; T,,;, =-10 °C | Frost suction for w/c = 0.4; Tmin =-10 °C

wiz=04
Ausgleichsfeuchte bei 20 °C /60 % r. F.

—o— 3 d kapillares Saugen (20 °C)

—o— Frost-Saugen (T =-10°C)

I I
2,4,6,8, 14, 16, 18,
20, 22, 28, 30, 32, 34,
44, 46 and 48 FTC

L.

A NRNS

o
=

.
/

‘ | Effect of frost suction decreases with
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Effect on frost suction characteristics

Frost suction for w/c = 0.5; T, =

1.4
1.3
r 1.2

NM

n 1.1

sgrad

(@)

0.9
0.8

Séttigun

0.6}

0.5

Sept. 16, 2019

-10 °C

. kapSaug

I I

| |
| w/z = 0,50

| Ausgleichsfeuchte bei 20 °C /65 % RH
| [—o— 3d kap. Saugen (20 °C)
| [©— Frostsaugen bei T, =-10 °C

BEN

zunehmende Anzahl an

'I'I
_|
=

i
T
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1.0}
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i

s
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i

§ 4d |

ISR A

07!
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z
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Frost suction for w/c = 0.4; Tmin =-10 °C

Sattigungsgrad S [-]

—
I~

—

[ IR s I, W |
cc O o = N

o
~l

—
w

wiz=04
Ausgleichsfeuchte bei 20 °C /60 % r. F.

—o— 3 d kapillares Saugen (20 °C)

—o— Frost-Saugen (T =-10°C)

\ I
2,4,6,8, 14, 16, 18,

B 20, 22, 28, 30, 32, 34, 70
44, 46 and 48 FTC ﬁﬁ

-l ,_}/
fﬁ‘g// /
i

=~

4 / \ A

Effect of frost suction decreases with
decreasing w/c ratio
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Effect on frost suction characteristics ﬂ(“.

Frost suction, w/c = 0.4, AE, T,;, =-10 °C

Wasseraufnahme_kapSaugV8Frostsaugen englibausil.op)

I
1.4 | wiz=0,40,LP
I Ausgleichsfeuchte bei 20 °C /65 % RH
1.3 | —o— 3d kap. Saugen (20 °C) —_—
— " | o Frostsaugen bei T, =-10 °C v
[ =
¥ 1.2 U)Z
s, .| g
» 1.1 >
12}
O [ (o)}
<N M O N " S S =
% I 2
2 0.9 zunehmende Anzahl an FTW 3
] i N
0.8 “ %‘;ﬁ
» 0.7 /o /O/
0.6 | =838t %7‘/\
0.5 ==
-8 -6

Sept. 16, 2019

Frost suction, w/c = 0.4, T,;, =-10 °C

—
I~

wiz=04
Ausgleichsfeuchte bei 20 °C /60 % r. F.

—o— 3 d kapillares Saugen (20 °C)

—o— Frost-Saugen (T =-10°C)

—
w

—

-

Ny
7

I I
2,4,6,8, 14, 16, 18,
20, 22, 28, 30, 32, 34,
44, 46 and 48 FTC

L.

—
-
—

—_
o

AR NINS

o
~

o
O

-
/

o
~l

INRX
N
N
N

_4' 0 2 4 6 Addition of air entraining agents reduces
the frost suction considerably
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Integral saturation for w/c = 0.35 and w/c = 0.40 ﬂ(".

Capillary suction vs. frost suction

1.2 : .
w/iz=04
= A |frost suction, T . =-10°C
1.1 e
I L e #/H’E
x 5 o T
z 10 L% / - O pfE| %
w 5 i T <
o | & L‘Epzﬁ wiz=0.4
2 3 I:l/ [W w/z=04 frost suction, after
® 09 | s o -+ ‘ w/iz =035 . [capillary suction at T = 20 °C j—{complete capillary —
o / \ frost suction, Tmin =-10°C saturaﬁon‘ Tmin = A0 *C
& | = A
% 08 A AN A
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Frost suction can be quantified with high spatial resolution using NMR technique
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Influence of minimum temperature T,
1,2
| e | H
=11 ——¢
= capillary
s
2 1,0 \NK\\ suction ||
9O \\\ xf
o O—
5 09 B e -
% Nk 0 O O o
‘5 0,8 | | i
o Paste w/c = 0.4
% —o— after 8 FTC
g or —after 14 FTC |
' —o— after 42 FTC
0,6 |

-20 -16 -12 -8 -4 0 4 8 12 16 20
Minimum Temperature T, []

&> Saturation increases with decreasing frost temperature T, In
particular for -10°C < T, <-5°C
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In-situ observation of the freezing process ﬂ(“.

Hardened cement paste, w/c = 0.6, T, =-10 °C

0.8 — , . .

Conclusions:

m The freezing of water to ice
reduces the intensity of the
signal proportional to the
amount of frozen water (ice)

Signal intensity Sl [a.u.]

m Changes in the intensity of the
signal can also be used to
determine the freezing
temperature of the water

Sealing/I Specimen length = 15 mm Cooling bar
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Freezing temperature of water as function of ﬂ(“‘
microstructural damage

1.0

I | Hardened cement paste, w/c = 0.40 . | Cooling bar
o9k Encoding time 70 ps

Sample surface

Spacers

0.8

— Cement paste
sample

— Dewar
> Sealant
Sensor 1

0.7

0.6

Sensor 2

Cooling bar

0.5

0.4

Normalized signal intensity Sl [a.u.]

0 5 10 15 20 25
Temperature [°C]

1)) A
5

Water in freeze-thaw damaged parts of sample freezes at

significantly higher temperatures than in undamaged parts
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Development of the model ﬂ(".

Karlsruhe Institute of Technology

Summary of key findings

m Sample boundary zone reaches values of S = 1.0 by capillary suction
m Frost suction significantly exceeds capillary suction (water uptake)
m Saturation degree S > 1.0 indicate damage (cracking)

I Criterion for frost damage

S(X’t) = Scrit

S(x,t) to be calculated by means of a suitable approach

Model describing S(x,t) due to combined capillary and frost suction

S 0 a5 1— a

== W(S) . (1 + FMELP) © —_— W(S) = W1 0 S n
ot  0x 0x 1-S

1+ s

S degree of saturation [-] w
t, X duration of suction process [d], location (depth from surface [mm] \ % J
W(S) water transport coefficient [mm?/d] (fit coefficients C{) Sy Nl 5 _
W, water transport coefficient [mmd] for S = 1.0 Baza"tSet(fg'?gate”a;g;f%gucmres
FueLp factor [-] describing additional frost suction due to micro-ice-lens pump 2
O &L, 2O 19 Freeze-thaw resistance of concrete — Prof. Harald S. Miiller ST B, SRR

SMP Engineers, Karlsruhe, Germany



Schematic illustration of the model approach

A
..... S I|m=1OZSk”tF - 1 0
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f 0p)
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nagr dem 1. Frost \ =
nach dem 2. Frost§ ! : g
( 1 c
1 1 -
I I 2
I I <
1 I 7p]
1 1
1 1
Tlefe 7 ZBisiko \ZR/iSS -

Gefahrzone Risszone
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u S=V,/ Vp gesamt

m Definition des Grenzzustandes
des Sattigungsgrades S, 2 Sy
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Model validation — capillary suction ﬂ(“.

11

Model Data
Material and method scatter od od

— 3d o 3d
- 10 — 4d a2 4d
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= 0,8 ——24d « 24d
g —34d o 34d
o
o 0,7 Model parameters
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Model validation — frost suction

11

e
o

o
©

o
o)

Deviations from model attributed to microcracking
occuring at lower degrees of saturation

IT
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Data
° OFTW
& 2FTW
v 4FTW
o 6FTW
< 8FTW
> 14 FTW
o 20 FTW

Degree of Saturation S [-]

u o A ; 3 | | Modell parameters
0.7 - 4 | W, =16 mm?d n =5
— 3 3 | | a,=0,19 S, =09
Cement paste w/c =0.4, T,,, = -10 °C 3 3 S,, =098 Foee = 1.5
17 O S R S S S S . AT
20 18 16 14 12 10 8 6 4 ‘2 0
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Process zone depth » Calculation of spalling
as function of FTC depth possible
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New model at a glance

Saturation degree S

> Data basis to quantify the frost
Scap ??Asz ZAS / / suction for w/c ratios 0,35 s w/z <
0,50und T, values0°C2T,;,2-20
°C are available
<«— water

N <+ hardened

-|'C-a cement ;L>

o paste Zerack UNd terig

a) may be estimated!

Y / increasing ? y

number of FTC

Model to predict
S(Z’ t) = Scap (21 t) T 1ASi(Z’ t) = Scrit

I

may be estimated by first approximation
means of the model Seir 2 0.9

frost damage of
cement mortars
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Service life design for frost attack — outlook -\l‘(“.

Performance concept (models)

Karlsruhe Institute of Technology

approach: pgt) = p¢[R(t) — S(t) = 0] = Prarget

action S, resistance R

damage

probabilistic:
real action and
resistance are
considered

concrete age

Future relations in guidelines

Sat(z,t) = f (climate, environment,

material)

physical S
model for
frost
damage *)
R

Sat,;, = f (material)

*) To avoid confusion, saturation is expressed here as ,Sat* (not as S as before)

Sept. 16, 2019
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Open questions / future works

- Classification of the actions related
to geographical regions, e.g.
classified due to climate

- Extension of the model for concrete
and for frost de-icing agents attack

- Verification of the hypothesis that
the model needs no failure criterion

- Development of simplyfied
approaches, e.g. using partial
safety factors, defined/given service
lifes etc.

KIT Karlsruhe, Germany
SMP Engineers, Karlsruhe, Germany



IT

Karlsruhe Institute of Technology

DF Deutsche
Forschungsgemeinschaft

The support of the Germany Research Foundation (DFG)
Is gratefully acknowledged.

‘ Thank you very much

=

38 KIT Karlsruhe, Germany

t. 16, 201 F -th i - . . M .
Sept. 16, 2019 reeze-thaw resistance of concrete — Prof. Harald S. Muller SMP Engineers, Karlsruhe, Germany



