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Learning Objectives

Participants will :

1. Learn how to link the performance of individual building
enclosure components in a holistic framework to achieve
high-performance buildings.

2. Explore, through built case studies, how building
envelope design determines overall energy conservation
and sustainability capabilities

3. Learn innovative practices for avoiding heat loss as well
as moisture and air infiltration in enclosure design for
healthy new and existing buildings.

4. Understand the role of building enclosure commission-
ing in the design, construction, and operation and
maintenance of commercial facilities.
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Layout/1

> Durability of exterior plasters - introduction:
- Role of exterior plaster in a wall;
- Modes of plaster degradation in different climates;

» Factors influencing durability of plasters
- Inner structure (porosity, pore size distribution);
- Moisture retention (sorption isotherm);

- Hygro-thermal properties (capillary suction, permeability, thermal
conductivity & capacity);

- Thermal expansion;
- Moisture induced expansion (shrinkage & swelling);
- Chemical composition;

» Durability of plasters in standards & recomendations
- Cyclic freezing/thawing test;
- Mechanical strength test & pull off test;
- Shrinkage & thermal dilatation test;
- Salt crystallization tests;
- Accelerated calcium leaching test;
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Damage due to hygro-thermal expansion/shrinkage
- Physical mechanisms of degradation;

- Methods of experimental testing;

- Numerical modeling;

- Preventing hygro-thermally induced damage.

Frost damage

- Physical mechanisms of degradation;
- Methods of experimental testing;

- Numerical modeling;

- Preventing frost damage.

Damage due to calcium dissolution/leaching

- Physical mechanisms of degradation;

- Methods of experimental testing;

- Numerical modeling;

- Preventing degradation due to chemicals dissolution.
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> Damage due to salt crystallization
- Physical mechanisms of degradation;
- Methods of experimental testing;
- Numerical modeling;
- Preventing damage due to expanding-salts.

> Conclusions & Final Remarks
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Introduction

Degradation due to variable hygrothemal conditions
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Introduction

Frost damage due to water freezing / thawing

Frost degradation of the plaster in the climatic conditions of Poland,
due to excessive moisture content and negative temperatures.
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Frost and moisture damage
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Demineralized water
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Introduction

Leaching of cement based materials
(dissolution of calcium)

porosity @

re-crystallization ettringite and C-S.H disolation sonad material
C-S-H dissclution portlandite dissolution
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Efflorescence on a wall surface  Salt crystallisation &
material damaging
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Exterior plaster

Functions in a wall

» External finishing and aesthetic role
» Protection and buffer layer for moisture
» Attenuation of temperature variations

» Protection against deteriorating factors
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Porous materials

Inner structure of porosity

Scanning Electron Microscopy

EHT = 2.00 kv Signal A = InLens Date 1 Sep 1998

2um
Mag = 10.00 KX ——] WD= 5mm Photo No. = 1132 gl
LEO 1630 UNIPRESS Mix Signal = 0.4800 Time 1437

200um ] EHT = 2.00 kV Signal A= InLens .
WD= 5mm Photo No. = 1128 E_’“’ j::?;g 1988
LEQ 1530 UNIPRESS Mix Signal = 0.4900 ime -14-

Mag= 100X

100 x 10 000 x
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Moisture in porous materials

Phases of water

Critical temperature & critical point

A

t1cal temp.

Pressure

Vapor

T <Ty < T. < T3 < Ty

\ (\\ﬁ

Pressure

" Critical point

N

v Dew point
N ~—

/ qumd + vapor AN

|

S
~~

'
Specific volume

Solid +
liquid

Phases of water & triple point

Liquid C

Solid
Solid +
vapor
Vapor
P
Temperature
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Pressure

Porous materials

Multi-phase porous materials

Phases of moisture Scanning Electron Microscopy

Solid +
liquid

Liquid C

Solid

Solid +
vapor

Triple

point

Vapor

P
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Temperature

| A = InLens
_ Date :1 Sep 1998
Phato No.= 1192 Time :14:37

WD= 5mm ]
LEO 1530 UNIPRESS Mix Signal = 0.4900
10 000 x

EHT = 2.00 kV

Mechanics of multiphase porous media




CAPILLARY PRESSURE [Pa]

Moisture in porous materials

Inner structure of porosity

Laplace equation Kelvin equation
1.0E+10 .
1,0E+09 - [ -ama.5K L[] pv pc M
SSESsi | —s—373.15K Q= — Xp . W
. VS w
1.0E+08 p p RT
1.0E+07 =Scs
R ¢ — relative humidity
1.0E+06
= pY — vapor pressure
1.0E+05 H pvs — saturated vapor pressure .
1.E-10 1.E-09 1.E-08 1.E-07 1 ] .~ns
CAPILLARY RADIUS [um]  — g | [ —e273.15K l = -
> 08 || —s-29315K ;gﬁg
E g7 —e—37315K
c O 1 1 1 =
pf= 2| === 4= | 50 7
RI IR r' r"| I o A
4 g 4
E 02 i
c : < 04 vl
p¢ — capillary pressure . o | Pz

R — meniscus curvature. 1.E-10 1.E-09 1.E-08 1.E-07 1.E-06
CAPILLARY RADIUS [m]




nt vs. pore size

Increasing moisture content

Moisture in porous materials
Moisture conte
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Moisture in porous media

Sorption isotherms

Concrete w/c=0.4 (exp.)

™
g 120 /J—
_\C{D 100 /
80
= J
S / Concrete (math. model)
w 40 1
5 % 4—"// . 100%
5 / 'O\E' 90% ;
o) 0 - = 80% Ordinary Concrete
= 0 0.2 0.4 0.6 0.8 g 70% at T=20°C
RELATIVE HUMIDITY [-] 3§ 60%
'g 50%
O 40%
T 30% /4/ ~
% 20% r—
0 10%
T 0%3/
§ /ag 0% 20% 40% 60% 80% 100%
: Relative humidity [%]
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Structure of porous materials

Simplified models of porosity

Simplified model

Physical reality

vapour flow

capillary + vapour flow

capillary flow

Fig. 2. S.E.M. image of porous paste of Type III cement at 28 days A=C—
S—H, B =ettringite, C=Ca(OH),.




CUMUL. PORE VOLUME
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Structure of porous materials

Mercury Intrusion Porosimetry

Cumulative & differential pore size distribution curve

0.30
A |
A L f}\ )
/ = 0.25 [ \
> |
- o 020
W= 015
8_' 0.10 4 }’
AT o
o & f
/ = 0.05 ;
0.00
0 0.01 01 1 10 100 1000 0.001 0.01 0.1 1 10 100 1000
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Description of porosity structure

Pores clasiffication

Pore designation

Diameter

Micropores
Mesopores
Macropores

voids
Entrapped air

voids
Pre-existing

microcracks

2.5-50 nm (25-500 A)

<2.5nm (<25A)
50nm-10 um }

\

10 yum—0.1 mm

Remarks

Part of C-S-H
Capillary pores

el pores

Not directly linked to
shrinkage mechanisms
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Moist material as multi-phase medium

Phases & constituents

» solid matrix |
> chemically bound water Solid phase

» physically adsorbed water

» capillary water (free water) Liquid phases

» water vapour
> dry air } Gas phase = moist air




Inter-Material Transition Zone

Experimental Study

Exterior plaster
Inter-material transition zone

Wall material (ceramic brick, concrete blocks




Inter-Material Transition Zone

Experimental Study

Inter-material transition zone

\3 0,07 .

£ 0,06

LLl

S 0,05 / "

D) — o

= Yo

O 0,04

t [/

UZJ 0,03 / 7

— / —=— mortar matured at RH= 75%
i 0,02 —— mortar matured in water

% 001 —o— IMTZ - stucco at a ceramic brick
D) ’ —+— [MTZ - stucco at a AAC brick
O o ‘. —

%x““”h,a 0,001 0,01 0,1 1 10 100 1000
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Inter-Material Transition Zone

Experimental Study

Ca 500 UM 0 p——— 14
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Inter-Material Transition Zone

Experimental Study

Scanning Optical Microscopy analysis of the porosity for the
stucco/material IMTZ (based on the EN 480 - 11)




Inter-Material Transition Zone

Experimental Study
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—o— porosity < 300 microns

Aya /[ /-o\\ e OO N L

12 16 20 24 28 32
DISTANCE [mm]

Scanning Optical Microscopy analysis of the porosity at
the stucco/AAC IMTZ (based on the EN 480 - 11)




Material properties

Different properties of the materials & IMTZ

Total Apparent Intrinsic Thermal

Material | porosity densit:}/ permeability | conductivity
[%] | [kg/m’] [m”] [W/m-K]

AAC 70 400 50x 10 0.14
Stucco 17 2200 9.0x 10 0.80
IMTZ 25 1990 2.4 x10™° 0.80

Young | Poisson | Compressive Tensile
Material | modulus ratio strength strength

[GPa] [-] [MPa] [MPa]
AAC 2.4 0.20 4.50 0.50
Stucco 8.0 0.175 7.40 0.82
IMTZ 7.8 0.175 7.04 0.78
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Pull off test
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Freezing of water in porous materials
Cyclic freezing /thawing test
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Modeling

Phenomenological & mechanistic approach

Phenomenological approach

- description of the final results of the process only, without
profound entering into details of the physico-chemical
phenomena involved and their interactions

usually based on Thermodynamics (of Irreversible Processes)
often uses inverse solution technique

(assumed model vs. experimental results = model parameters)

Mechanistic approach

description of the physical processes involved, taking into
account their complicated interactions, effect of the material
structure, phase changes of particular constituents etc.
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Modeling

Modeling coupled heat, air, moisture & chemicals
transport (CHAMCT) in porous materials

Phenomenological approach Mechanistic approach
Luikov - 1966

Y v Slattery - 1967

Y Harmathy - 1969 v Whitaker - 1977

v Bazantetal. -1971-2006 v Hassanizadeh & Gray - 1979, 1990
v' Krischer - 1978 v' Bear, Bachmat - 1986

v" Huang — 1979 v" Nasrallah & Perre - 1988

v' Bazant & Wittmann - 1982 v" Gawin & Schrefler — 1996, 1999

v Gawin - 1991 v Lewis & Schrefler — 1998

v Coussy — 1995, 2004, 2010 ¥ Gawin - 2000

v Ulm & Coussy - 1995 v' Gawin, Pesavento, Schrefler

v' Sercombe, Hellmich, Ulm, Mang — 2003-2012

— 2000
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Modeling material degradation (cracking + chemical)

Modeling calcium leaching Modeling material degradation
v" Adenot and Buil - 1992 - damage theory:

Gerard - 1996 v' Mazars - 1984

Ulm, Torrenti, Adenot - 1999 pijaudier-Cabot & Mazars - 1989
Kuhl, Bangert, Meschke - 2004 v pijaudier-Cabot, Gerard, Molez— 1998
Kuhl & Meschke — 2007

N N NN

] _ _ - chemo-poro-plasticity:
Nonequil. Calcium leaching . uim, Torrenti, Adenot - 1999

v" Gawin, Pesavento & Schrefler

-2008, 2009 - theory of reactive porous media:
Frost damage v' Kuhl, Bangert, Meschke - 2004
v' Bazant — 1998

Scherer — 1999, 2005, 2010 Modeling salt transport & precipitation
Setzer — 2001 v Samson et al. - 2007

Coussy — 2005, 2006, 2007 v Koniorczyk & Gawin —2008, 2011, 2012
Pentalla — 1998, 2002, 2006 v' Koniorczyk — 2009, 2010, 2012

AN N NN




Modeling

Balance equations & evolution equation
v" Dry air mass balance

v Water species mass balance

v Salt mass balance

v Multiphase medium energy balance

v" Multiphase medium momentum balance

v" Multiphase medium angular momentum balance

v" Second law of Thermodynamics for multiphase medium

WUy,

23

v" Evolution equation for deterioration (chemical, thermal...)

v" Evolution equation for damage (cracking)

v" Evolution equation for chemical reaction / phase change




Modeling

State variables & internal variables
v’ Dry air — gas pressure
v' Water — moisture content, capillary pressure, relative humidity
v’ Salt — salt concentration
v Heat — temperature
¥ _Electricalel lectrical o
v Mechanical equilibrium — strain tensor, displacement vector
v" Angular momentum — summetry of stress tensor

v 2nd law of Thermodynamics — restrictions for constitutive relations

WUy,

23

v' Damage (mechanical, chemical, thermal, ...) parameter

v" Mechanical damage parameter

v Chemical reaction / phase change — degree of advancement
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Phase changes in porous materials

Ymv = Yvs = Vv

Less —» more wetting phases: vapour, ice, water

B: Collapse of the non-welling phase (N) and formation of the

from nonwetting
to wetting phase

> o
5.
%: Stable phase
: o change at equil.
3 N L
; —" H conditions:
! Ao RN
adsorbed layer. 8 [Setzer — 2001] - Condensation of vapor

- Thawing of ice
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Modeling

Phase changes in porous materials

Ymv = Yvs = Vv

Less —» more wetting phases: vapour, ice, water

A: Progress of the non-wetting phase.

A 1: Change of the free area of
wetting / non-wetting interface

A 2: Progress of the non- .
wetting phase along the from wetting

matrix interface - percolation tg nonwetting phase

el SORETS ISR NN\ N\ i T T, IR
e . s NN "N S . ,:‘_‘1‘\\ \\
ﬁng{;gﬁ\\\\\\\\\j R MANNNN)
e N AN
RN Unstable phase
NN .
1 *\ﬂb\\\\\\ change below equil.
RN conditions:
AR ;
A M NN

- Evaporation of water
- Freezing of ice




Modeling

Mass transport mechanisms

Capillary water (free water):

advective flow (water pressure gradient)

Physically adsorbed water:

diffusive flow (water concentration gradient)
Chemically bound water:

no transport
Water vapour:

advective flow (gas pressure gradient)
diffusive flow (water vapour concentration gradient)

Dry air:
advective flow (gas pressure gradient)

diffusive flow (dry air concentration gradient)
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Moisture trnasport in porous materials - summary

1) 0% < @ < ~20%
2) vapour + mono-layer of physically adsorbed water
3) adsorption <> desorption
4) diffusion and advective flow of vapour
+ surface diffusion in adsorbed water film

1) ~20% < ¢ < ~60%
2) vapour + poly-layer of physically adsorbed water
3) adsorption < desorption
4) diffusion and advective flow of vapour
+ surface diffusion in adsorbed water film

1) ~60% < ¢ < ~95%
2) capillary water + vapour + poly-layer of physically adsorbed water
3) capillary condensation <& evaporation & adsorption <« desorption
4) ,,condensation — capillary flow - evaporation”

+ diffusion and advective flow of vapour

1) Relative humidity, 2) moisture forms, 3) phase changes,
4) mechanisms of moisture transfer,

WUy,

23




BEST *

CONFERENCE

Building Enclosure Science & Technology

M4,

n
4’03 &

WUy,

23

Moisture trnasport in porous materials - summary

Modeling

b

{
.--"“"\‘:ul""'lllu lﬁl- ..... |
‘%H" .,,.1’
oy l’”., 1 e
¢

1) ~95% < @ < ~99%
2) capillary water + vapour

3) capillary condensation «» evaporation &
4) capillary & advective flow of capillary water
+,,condensation — capillary flow - evaporation”

4 ‘////////////
‘t” (P
Ve

(/
/I/// ’///
) wim ////
/// / ///

1) ~99% < @ < 100%

2) free water + vapour

3) capillary condensation < evaporation
4) capillary & advective flow of free water

1) ¢ = 100%
2) free water
3) -

4) advective flow of free water

1) Relative humidity,

2) moisture forms, 3) phase changes,

4) mechanisms of moisture transfer,
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Modeling

Phase changes of water

ice + energy = capillary water \

SoLio

capillary water = ice + energy

> Thawing:

> Freezing:

> Evaporation: capillary water + energy = water vapor

> Condensation: water vapor = capillary water + energy

> Desorption: phys. adsorbed water + energy = water vapor

> Adsorption: water vapor = phys. adsorbed water + energy




Modeling

Phase changes of water

WUy,

Microscopic balance equations
(differential equations)

Macroscopic balance equations
(differential equations)

~ microscopic

F.E. model
(algebraic equations)

macroscopic view of
averaged overlapping

continua
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I Modeling
Numerical solution
op? op°® 0Cc oT ou _ _ _ —
Cog = el Coc = ra Cys ata +Cgyt =+ Cqu i KggP? + KgoP® + KgsTea + Ky T =1
op° oc? oT ot
Cec %+ CCSWJF Co — = +Cy — ~* Kegh? + KeoP® + K€ + K T =1,
op° ot oT ou
Cic gt + Ci ot Cit ot +Cuy = ot + thp + KioP® + KsCPK, T =1,
op° oc? oT ou
Coo o+ Coo o+ Cot S+ Cay S+ KgP? o+ KoP® + KT + K T =1
op? op oce? oT _
Cug 5+ Cuc apt +Cos =+ Cy S+ Cuy S+ Kyl = 1,
where K; - related to the primary variables
C. - related to the time derivative of the primary variables
uc
< 4” f. - related to the other terms, eg. BCs (ij=g,c.t,5,u)




Modeling

Physical origins of shrinkage

B-B Forces:
i p*>0 in water
p'<0 | Capillary pressure
c Solid skeleton Disjoining pressure
(adsorbent grain) A-A e
te

p*>0 in_skeleton

i

t

Disjoining pressure

Moist air
(water vapour + dry air)gg#”

t

. Physically adsorbed water
/ s

. Yws
- Capillary water

-




Modeling

Material strain decomposition

€mech = €tot — €c — &th — €ch

> free thermal strain
» chemical strain
» creep strain
» mechanical strain (caused by mechanical load and shrinkage)
Shrinkage strain Free thermal strain strain
- _ (04 WS C _
£ =~ 30 (7"ap°)I g = B AT 1
or Chemical strain

gn = (SsnAp)I €ch = Beh Lchem 1
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Modeling

Shrinkage / swelling strains

Effective stress principle:

0.0008 \
0.0007

~=J

o:ooos \‘\\

“Jod =6° +alp®

Shrinkage strain [m/m]
o
o
o
o
D

0.0003
& experimental results \
0.0002 1
——theory by Coussy
S WS ~C t
p — p g — XS p 0.0001 +— =theory by Schrefler & Gray \
; R AN
0% 20% 40% 60% 80% 100%
»[Gray & Schrefler, 2001] Relative humidity [% RH]

»[Gray & Schrefler 2006]

where X:"is the solid surface fraction in contact with the wetting film,
| - unit, second order tensor, a - Biot’s coefficient,
ps - pressure in the solid phase  and pcis given by pc =TI1" - SWgJ\)'\,Vg

with TI' - disjoining pressure




Modeling
Material damage (cracking)

Non-local isotropic damage theory

[Mazars & Pijaudier-Cabot, 1989]

\ d = Oltdt + Otcdc
5= (30,

WIK_IIM

50 = ix) [W(x-9)i(s)dv

w9 ovon{ 2




Modeling

Chemical deterioration and Total damage

_ EO (Fleach )
Ey(Deacn =0)

each

Joint effect of mechanical and chemical damage

[Pijaudier-Cabot, Gerard, Molez — 1998]

D=1

_ E (rleach ) —1— E (Fleach ) E0 (Fleach ) —1— (1 —d )(1_\/ )
Eo(Tieacn = 0) Eo(Tieacn) Eo(Dieacn =0)

each each

o=(1-d)1-V)Ag:e® =(L—D)Ag: €
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Modeling
Chemical deterioration and Total damage

lons diffusion lons thermo-diffusion

9,0E-10 | | | s 5,0E-10 I I I
—_ — i i i
@ \ i I Y ——T=208.15K
“‘ - ——T=208.15K ~ : /
E 8,0E-10 E 40E-10 T= 283.15 K pd
N T= 283.15K JOE- 7
> 0E10 ) u —T=31315K yd
- — ——T=313.15K T =
> — )
B 60510 — O 30E-10 —
2 z -
L 50610 TS g
fa) E 2,0E-10
0 I e S
Z 4,0E-10 2
o o
h = 1,0E-10
I 3,0E-10 +
© | . m
O ‘ (@)
2,0E-10 : - 0,0E+00 +—=——
0 2 4 6 8 10 12 14 16 18 20 22 ¢ 0 2 4 6 8 10 12 14 16 18 20 22

Ca'" IONS CONCENTRATION [mol/m?] Ca'" IONS CONCENTRATION [mol/m?]

D =D§*1 =nS, 7D -exp| A, (T T, ) |1

DS = p&| =n§, 7 DE? C;a explay (T-T, )1

[Samson et al. - 2007]
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Material shrinkage
Tests of Bryant and Vadhanavikkit (1987)

Slab — thickness=30 cm

Material: concrete C50
> final porosity: 0.122, density: p= 1900 kg/m3,
> intrinsic permeability: ko= 5-10-1° m?,
» Young modulus: E= 49.2 GPa,
>  water/cement ratio w/c=0.45.

Initial conditions: T,=293.15K, ¢,= 99.8% RH, T, ;,=0.3;

Boundary conditions:

Shrinkage (from day 7)
» convective heat exchange: o =5W/m?K; T, ,=293.15K;
» convective moisture exchange: 3.=0.002m/s; RH,,,=60%
> surface mechanical load: unloaded or load=7 MPa at 8,28,84,182 days

Sealed (for the first 7 days and basic creep)
»  convective heat and mass exchange: o .=5W/m?K; sealed
»  surface mechanical load: unloaded or load=7 MPa at 8,28,84,182 days




BES

CONFERENCE

T

Building Enclosure Science & Technology

4

WUy,

AREEDS
2

\/"'17 J k’

TOTAL STRAIN [-]

Tests of Bryant and Vadhanavikkit (1987)

Material shrinkage

L] . ’
Drying & Load Pickett’s effect (8 days)
0.0E+00 0.0E+00
>,
-2.0E-04 } '\.1\ -2.0E-04 g RN
4.0E-04 X " -4.0E-04 R
\
X - -
-6.0E-04 \\ ‘ ‘ ~— | 6.0E-04 *A-T
U\ u v | 8.0E-04 ™
-8.0E-04 = g ;
=Sl N ¢ 10803 °
-1.0E-03 o exp.8days N - \
ERS R NN, | -1.2E-03 \
i N <
12E-03 4 | —tomi2sdae |\ S&HHH e .
R - - ] p. Sealed - load
%?8%%%%5 \‘\‘\ N 14E-03 ——sealed - load e N
-1.4E-03 Y e e ' -1.6E-03 - _4_cxp. shrinkage
N » * ex tot%?creep \‘\o
- - p. \
1.6E-03 N -1.8E-03 1 ——drying & load h
-1.8E-03 AN -2.0E-03 [ [ [T
1 10 100 1000 1 10 100 1000
TIME [days] TIME [days]




T,= 20°C
RH,= EN-13788
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Material hygro-thermal strains

AAC wall exposed to the climatic conditions of Poland

Boundary conditions:

_ = 0,023 m/s

B,= 0,008 m/s 41 em Be= 0,

h=7.7 W/(mX) 1 | he= 23.3 W/(m*K)
T.= TMY (incl. solar

rad.)
RH.= TMY (incl. rain)

Initial conditions: RH =50%; T= 20°C;

Considered cases:

> AAC wall with external stucco and internal plaster;

> Brick wall with external stucco and internal plaster;

> Two levels of internal air humidity

> Considering & neglecting IMTZ in the stucco & plaster
> Climatic data of Warsaw, Cracow & Kolobrzeg
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Material hygro-thermal strains

Wall exposed to the climatic conditions of Poland

Climatic data & location

Kolobrzeq: at the seaside of the Baltic Sea

aunas
-

B‘-/dg.cszcz :
Warsaw:
Wioctawek » ———
| central part

Polska P'ur;k__v_‘.a.v, et :
T of Poland

FPoland

Poznan

todz ?

eqgnica ~
» o Wroctaw,
*

Cracow:
foreland of the
Tatra Montains

Ceska Republika
Czech Republic

Slovensko
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Wall exposed to the climatic conditions of Poland

Kolobrzeg

Cracow

Warsaw

&“ U 64/./ Pld.Za
o
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5

Pld_Za

5

RUEET

h.

Pld_Za

5

Wsch.
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Total solar energy [kWh/m?2year] and wind driven rain [mm/m?2year] (from WUFI)




Material hygro-thermal strains
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Wall exposed to the climatic conditions of Poland
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Material hygro-thermal strains

Wall exposed to the climatic conditions of Poland
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Wall exposed to the climatic conditions of Poland

TEMPERATURE [°C]

N
o

w
o

N
o

[IEN
o
1

o

[N
o

)
o

1 ' Ilullllli,. I.;
240
K [
£ 22
g I
=, 200
= TALina
g L)
= 160 |
8 1ol | \ i \
8 140 \
—swcormd oL VA Y
I I I w M\ N \v‘v W \r \M W
0 30 0 o0 120 150 180 210 ; 100 e et i ||
0,8 | | | | | | | ' /JAAC interface atx=0,401m
—— stucco / AAC interface at x=0,401m ZiO 2;10 2;0 360 3:;0 360
0,4 |
E Iay]
= 00 i h I
0
%)
LW 04 - .
i
l—
%)
038 | ik
Kolobrzeg
1,2
0 30 60 9 120 150 180 210 240 270 300 330 3s0 | western facade
TIME [day]




WUy,

v,
79,

AREEDS
2

Material hygro-thermal strains

Wall exposed to the climatic conditions of Poland
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Wall exposed to the climatic conditions of Poland

Warsaw:
» southern vs. western fagade of the building
» model considering vs. neglecting IMTZ (on western fagade)

260 I I I I I I 460 17 — _
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Simulations




Warsaw:

» southern vs. western fagade of the building
» model considering vs. neglecting IMTZ (on western facade)
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Wall exposed to the climatic conditions of Poland
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Material hygro-thermal strains

Wall exposed to the climatic conditions of Poland

Location Orientation Fl\r;llga] Fl\r/lnilga] I[\rllf]r
Warsaw S 0.60 -1.21 0
Warsaw W 10.76 -1.17 0
Cracow S 7 £0.65 % 133 |0
Cracow W / 1070 1]-135 (58 )
Kolobrzeg | S / 045 ||-1.18 |0 |
Kolobrzeg |W / 048 | -1.14 |0

WUy,
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an

the highest tensile stresses on the W-fagade
the highest tensile stresses on the S-fagade |
possible frost damage

Simulations
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Wall exposed to the climatic conditions of Poland

Correlation of stresses & temperature (western facade):
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Material hygro-thermal strains
Wall exposed to the climatic conditions of Poland

illary pressures (western facade)

f stresses & cap

IONn O

Correlat

y:_

0,0762x + 0,4822
R?=0,4418

D
YA
SR INRN A ©
35 SRR EORS
R S S RISIRAD
BN N
NIRRT K

K

RRELDED
R ENROSLPN
RPRZILL
23 X9

2

RTINS
CRIARYLER
SR S

SABLODOOXS)

S S,
SIERIR oo
QIRLRRE
SRR
R
ROBAREEATLS
WAL T «oowooxw%nﬁ
PRI S
520N

6 7Y N /.&f/»

R0,

R SRR X SWILOC

AR KRB A %8 ¥ 4

FEIRALIIRRENS
AR

REIIIOORE
RIS ¥ .uo. .WNMMNUWW%,\
KRR R BN
TR 89549 49

SIS P07
RSN

4

78
P

3
KA

",:\\:A
oS
Rt
AN
<3
G
D
&
%;
X

$%
0‘& X
P
L
Zog

16

12

3
o
%

SR
%
S

JARY PRESSURE [MPa]

) K
ISR ,wwxvo.o
D P IRARAR
SN, 435 [

&

&7

0,5 1

054x + 0,3088
34

=-0,
RZ

y

R
R e
o 9,0.05%
o SOUNDS e
SNREED

A,

AN
LRSI
SXTCTIE
SRR ISTELNC Y
BRI

BN N
SR RLA LI NIRCREIS
AR RO
B IS

BRI

253

0,0476x + 0,

y=-

1634

=0

RZ

Ry <o
Sl B

¢

<7

s S A
KB
‘x..ﬁ«@»««

<7

A502 ARG
XS AAACRSRISA A
SRS 2883 $RES 75 04523,
R AR I RASHIRC YIRS B
AR A I IV AIAINR
SHEAA TN DR SONSH
S I BSHEEEK, @«
RN
AR RN o
LI RIL .3

WA A
SAARKE RS

&
20Ky
PRI Aboe f YONX

AR vﬂ% LA

0,58
o $0%

PEINAR
RN
SRS

ERENTIRR
RS R SKAY
RIIRBN

14

10

<
R

e,
s

9
e

%
2%

e

95
5

SIS
SN SN
RGP LR

\svx“,. ?A/v Vo #4
SR
. 7

-0,4
-0,8

[edIN] SSTYILS

-1,2

CAPILLARY PRESSURE [MPa]

PN 2
wo.mu?ou 0%
7y S
S LSS

);«

%%

[edIN] SS3HLS

CAPILLA

BEST *

CONFERENCE
Building Enclosure Science & Technology




Salt crystallization

Effect of salt on sorption isotherms

Maximum radius
of saturated pores
(Laplace’ equation)

alternatively: Raoult’s law

20 c0os(@)

- va

—RT’OW In Py +RT’OW In x
W

va IVIW

(0 — XW¢K

WUy,
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Water content [Vol-%]

40

30

20

10

0

I |
Salt content [M-%]
4.0

__/ /0,4

B0 70 80 90 100
Relative Humidity [%]

Clay brick [ P.K. Larsen]




Salt crystallization
Effect of salt on permeability

SEM photographs and EDS analysis Pore size distribution curves
S 1,E-18
o NE' _
— 1 E-19
> \
= \
—
g 1,E-20
CCCCC | s N
& 1,621 N
o \
F 1,E-22

0 0,2 0,4 0,6 0.8 1
PREC. SALT REL. VOLUME [-]
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Salt crystallization
Osmotic pressure & osmotic flow

The Van’t Hoff equation:
(for dilute solutions)

WUy,

[I=CcRT

II— osmotic pressure
¢, - salt molar concentration

Osmotic flow of solvent

<

1

Semipermeable membrane

Semipermeable membrane
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Salt crystallization

Effect of material microstructure
(wide pores = no osmosis)

Capillary suction experiment:
[Rucker, Krus, Holm - 2003]

Sandstone sample

Capillary forces

Initial conditions: A currece
> S,, = 0,068; e
> T =23°C;

® = 0,26 [kg/kgl.




Water content [M %]

Salt crystallization

Effect of material microstructure
(wide pores = no osmosis)

Water content

¢ 8hlexp]
6 ® 22 h[exp]
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Salt crystallization

Effect of material microstructure
(narrow pores = o0smosis)

hhhhhhhhhh

Dispersive & advective
It flow
(c-membrane)

Capillary water flow

Osmotic water flo Salt ,flow” die to osmosis

Water content [M %)]
Salt content [M %]

Distance [m] Distance [m]

material with very fine pores (e.g. gel pores) = semipermeable membrane

(lower permeability for the solvated ion groups than for water due to the
»~double layer” effect)




Salt crystallization

Effect of material microstructure
(narrow pores = o0smosis)

Capillary suction experiment:
[Cerny, Pavlik, Rovniakova - 2004]

Cement mortar sample

(CEM I 42.5 R Lafarge)

water flow

saIt flow

Unax= = 0,007 [kg/kg]

Omax = 0,003 [kg/kg]

0.001 001 0.1 10 100 1000

PORE SIZE [um]

DIFF. PORE VOLUME  [ml/g]
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23] Salt crystallization

Effect of material microstructure
(narrow pores = o0smosis)

The results with and without osmosis

Water content Salt content
8 0,35 -
N ——— N0 OSMOsSIS
A — NO OSMOsSIs ] )
7 ¢ A A — with osmosis | | 0,3 ____\__W'th OSmMosIS |
— \NNM B RN
°\°6 N\ . ~ °30,25 \\ \\‘
=, ‘\T \\ N 3 ‘R
500\ N\ g\ \
c 4 \ €
1\ LN soel T\ I\
= 3 * et
1R A N R A
© » 01
Sk N R NARANEA
| Als ¢ T A\ M 008 L
1 A
= [ * * .
0 0 T T T
0 0,02 0,04 0,06 0,08 0,1 0,12 0,14 0 0,02 0,04 0,06 0,08 0,1 0,12 0,14
WUl Distance [m] Distance [m]
o

3 Reflection coefficients 6=0.4 (osmosis) and =0.0 (no osmosis.
(3]




RH|= 500/0

Salt crystallization
Effect of salt presence on wall drying

Initial conditions: Considered cases:
> > no salt effects (pure water);
_ 02 / > effect of prec. salt on permeability (Sp);
" /o > effect of prec. salt on permeability and
005 J{// sorption isotherms (Sp + Sw)
S ke 2 cases of the salt (NaCl) binding isotherms of

the Freundlich type: S,= A, »* and S,= Ag ©®

Boundary conditions:

B;= 0,008 m/s 4 10 cm . Be=10,023 m/s
h= 8 W/(mZ2K) | | h.= 23 W/(m2K)
T.= 20°C T.= TMY (Warsaw)
| RH,= TMY (Warsaw)




Salt crystallization
Effect of salt presence on wall drying

— Pure w ater

—— Solution Sp(w 4)
= Solution Sw +Sp(w 4)

—— Solution Sp(w 8)

= Solution Sw +Sp(w 8)

TOTAL MASS OF WATER [kg/nf]

N g vy~ A _n.‘)’
8,5 - M Y .
8 ] ... "
7,5
7 I I I I I
0 200 400 600 800 1000
wies,, TIME [days]




Salt crystallization
Effect of salt presence on wall drying

—— Inner surface

—— Quter surface

N
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Salt crystallization
Kinetics & crystallization pressure

Rate type model

dS, | S,K(@—A®,,)", >0,

Crystalization pressure

dt -S,Klo-Aa,, " o<o,,ArS, >0

L RT

a _ dA
| o Ap=—1n —7cd o
-Primary crystallization A" > 1 Vi dVv

- Further crystallization A'=1
120

(salt present in the pores)

where L —
A’ — the supersaturation parameter; 190 T
Omax — Maximum salt concentr. at temp. T; 7
p — process order ; %0 O R R A
a - equilibrium activity of a salt crystal; T ,-/ T
vq - Mean surface free energy of the crystal- 2 °° AT

liquid interface; K ' //’—
m/m, - relative molality 0 Il - mimO=1.37 T

’. ,'f' / ----- m/m0=1.25
20 : ,r'/ —— mmo=1.136



Salt crystallization

Effect of material microstructure

Initial conditions: Considered cases: o S
FRH=099,  brick wal - e
> T=20°C > concrete wall % o7 — Ch approximaton
> w =0,15 [kg/kg]. =2
Boundary conditions: §
beeeoooaaa C R L*
/l 0.125m : B.= 0,008 m/s
h.= 8 W/(m2K)
12 of the wall = symmetry T= 20°C

RH= 60% for concrete wall
RH= 85% for brick wall
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Salt crystallization
Effect of material microstructure

Moisture content
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Salt crystallization
Effect of material microstructure

Salt supersaturation degree
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Salt crystallization
Effect of material microstructure

Salt content (degree of saturation with salt)
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Salt crystallization

Effect of material microstructure

Salt crystallization pressure)
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Material deterioration

Mercury Intrusion Porosimetry tests

Washburn equation:

d = _2ycoso

— Mag= 10.00 KX LEO 1530- CBW PAN : P
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BES], Material deterioration

Two-cycle MIP tests

First intrusion Extrusion Second intrusion
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Material deterioration

Two-cycle MIP tests

Cement mortar composition

Symbol CM0 | CMO0.1 | CMO0.2
CEM1325]([g]| 450 450 450
Sand [g] 1350 | 1350 | 1350
Water [g] 203 203 203
AEA [g] 0 0,45 0,9

Contribution of ink-bottle type pores
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Material deterioration

Sodium Sulphate crystallization

Temperature cycles

35
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Samples initially saturated with
25% Na,S0O, water solution

Crystallization pressure
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Material deterioration

Sodium Sulphate crystallization

Microstructure change due to salt crystallization of CMO

—— CMO before crystallization 1st intrusion
—— CMQO before crystallization 2nd intrusion
— + — CMO after crystallization 1stintrusion

— — — CMO after crystallization 2nd intrusion

——— CMQO before crystallization
— — — CMO after crystallization
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Material deterioration

Sodium Sulphate crystallization

Microstructure change due to salt crystallization of CMO.2

—=— CMO.2 before crystallization 1stintrusion

—— CMO.2 before crystallization 2nd intrusion
— & — CMO0.2 after crystallization 1stintrusion

———-CM0.2 after crystallization 2nd intrusion
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Material deterioration

Sodium Sulphate crystallization

Experimental setup for capillary suction test

<90

- - Moisture
- transport

Am - mass change of sample sample

A - area of the cross-section of the sample

Ceap - Capillary suction coefficient

t - time
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Material deterioration

Sodium Sulphate crystallization

Capillary suction coefficient

v

B

Am
A Gt
The coefficient of capillary CMO e CMO.2
tion C AEA=0.0% | AEA=0.1% | AEA=0.2%
SHEHON "cap [kg/(h®Sm2)] | [kg/(h®5m2)] | [kg/(h®5m?)]
Before crystallization test 0.484 0.463 0.424
After 10 crystallization cycles 0.570 0.514 0.465
Increase 18% 10% 9%
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Material deterioration

Sodium Sulphate crystallization

Pore microstructure

CMO CMO0.1 CMO0.2
Material parameter AEA=0.0% BAfEA=0.1% AEA=0.2%
Before | After eeor After | Before | After
Total pore area [m2/g] 898 | 893 | 743 6.99 7.03 8.59
Bulk density [g/ml] 2.20 | 2.10 | 2.22 2.25 2.21 2.18
Apparent density [g/ml] 2.53 243 | 2.61 2.61 2.68 2.63
Porosity [%] 13.10 | 13.80 | 14.74 | 13.99 17.52 | 17.35

v

B
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Freezing of water in porous materials
Equilibrium during freezing/thawing

WATER SATURATION DEGREE

1,0
0,9
0,8
0,7
0,6

0,5

0,4
0,3
0,2
0,1
0,0

~

S~

= unconfined freezing

confined freeing

]

\

\.

._\
TN

S —

\x

~—

I———

0,0

5,0 10,0

15,0

SUPER-COOLING TEMPERATURE [K]

20,0

$29- equilibrium water saturation

Xy - entropy of water freezing

Yw/ice - Surface tension at water-ice interface

pore radius where water is in equilibrium with ice




Freezing of water in porous materials
Equilibrium during freezing/thawing

0,1

0,09 e T //
0,08 g /
0,07 /
0,06 ¥
! /
’
0,05 £

0.04 X
) /
003 |+
! / —FREEZING
002
) / - - - THAWING
0,01 -4

, Experimental data

VOLUME OF ICE [mL/g]

0 | ' | from DSC calorimeter
0 -5 -10 -15 -20
TEMPERATURE [°C] 5
7/w/ W
eq _ g
S - equilibrium ice saturation S (T ) =S ( re (T )
fr

1}erq - pore radius where water is in equilibrium with ice at temp. T

Yw/ice - Surface tension at water-ice interface




Freezing of water in porous materials
Kinetics of freezing/thawing

4,0E+07
A & 3,5E+07
. 3,0E+07

o

1
B RTz,

melting A= exp.
melting A= 0.5

freezing

1-_‘fr

@ 2,5E+07

)

_ Vy, p?r - p?r,eq gl 2,0E+07
RT Te 8- 1,5E+07
g LOE07

o ! 5,0E+06

T’

0,0E+00

1;‘fr =

0 2 4 6 8 10 12 14 16 18
OVERCOOLING [K]

Vice, c  _ *
pf = ——p° Ptreqg = Zm (Tm _T)
w,g
Trr - Characteristic time of water freezing

Agy - chem. affinity for water freezing Yy - €ntropy of water freezing
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% | Kicew -curvature of pore interior

Freezing of water in porous materials
Equilibrium crystallization pressure

7/vaplw

pore

rpore

ew L/

q Kice,w

A(SW):erpore 2/

Tg - pore entrance radius
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Freezing of water in porous materials
Average pore crystallization pressure

Hcryst ( Sw ) — <Sice pcryst > _

J.l_SW( p° ) 7/vap/w apc

Yicelw pc (1_ Z)asw dpc

1,0E+06

9,0E+05
8,0E+05

7,0E+05

—— LAMBDA= EXP.

6,0E+05

— LAMBDA= 0.5

5,0E+05
4,0E+05

3,0E+05

2,0E+05
1,0E+05

N~

AVER. CRYSTAL. PRESSURE
[Pa]

T "‘I--“'
"'--._______%

0,0E+00
0,3

0,4

0,5

0,6 0,7 0,8 0,9 1
SATURATION [-]

SW( p° ) water saturation, sorption isotherm of a material
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Freezing of water in porous materials
Effect of the pore structure on the crystallization pressure

AVER. CRYSTAL. PRESSURE [Pa]

1,8E+06

Sorption isotherm 2 60501

Sw(P°)

1,0E+00
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Freezing of water in porous materials

REL. PORE SIZE DISTRIBUTION -]

1,00
0,90
0,80
0,70
0,60
0,50
0,40
0,30
0,20
0,10

0,00

Deterioration of pore structure

k —|d=U.U ||
{ el
h
\ Ty
\
\ A
\\_______QQB&)EL\\ Experimental dgta
B from MIP porosimeter
8 7 -6 5 4 3

10"PORE ENTRY [m]

d — damage parameter (= % decrease of compresive strength)




20,00
18,00
16,00
14,00
12,00
10,00
8,00
6,00
4,00

2,00

CRYSTALLIZATION PRESSURE [MPa]

0,00

d=0.0, eq.(5)

. B —O— d=0.55, eq(5)
bngfb —aA— d=0.72, eq.(5)
\\\\ "

s
i,

20 -18 -16 -14 -12 -10 -8 6 -4 -2 0

TEMPERATURE [°C]

Freezing of water in porous materials
Crystallization pressure in deteriorated material

Calculated with using
pore size distribution
from MIP porosimeter

d=0 — undamaged mat.
d=0.55 — after 25 cycles
d=0.72 — after 50 cycles

d — damage parameter (= % decrease of compresive strength)
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Freezing of water in porous materials
Model validation

0,12

0,1

o
o
o)

0,04

ICE CONTENT [mL/g]
o
f=)
o

0,02

— A
— A

——
—0—
——
——

experiment_cool
experiment_warm
m=0.3_cool
m=0.3_warm
m=0.5_cool
m=0.5_warm
m=0.8_cool
m=0.8_warm

258
TEMPERATURE [K]

Experimental data

from DSC calorimeter
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Freezing of water in porous materials
Model application — concrete wall cyclic freezing /thawing

298 —rtemp. In the sample's center 0.6
' =—=ice content on the surface's surface
290 ——temp. on the sample's surface . .
05 —jce content in the sample's center
] A =
285 E
¥ = 0,4
% 280 o)
2 1 03
<C
% 275 5
% = 0,2
|— (2
E 270 \ i
Ll
o
265 v 01 |
0 50 100 150 200 ° | '
0 50 100 150 200
TIME [hours] TIME [hours]

Temperature & Ice content vs. Time
during cyclic freezing / thawing
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VOLUME AVER. CRYSTALLIZATION

Freezing of water in porous materials
Model application — concrete wall cyclic freezing /thawing

PRESSURE [Pa]

1,6E+07 -

1,4E+07

1,2E+07

1,0E+07

8,0E+06

6,0E406 -

4,0E+06

2,0E+06

0,0E+00

THICKNESS 0.0; I
0,9 - p_cryst(T,d)
—0s8 THICKNESS 0.07; [
" p_cryst(T,d) '_,
E o7 ,
m
5 06
o5
(@]
O 0,4
LIJ ——
003
S
02 4o e e
<
Qo1
T T 0 B T T T Ll
50 100 150 200 0 50 100 150 200

TIME [hours] TIME [hours]

Crystallization pressure & Frsot damage vs. Time
during cyclic freezing / thawing




T Material deterioration

Cyclic freezing / thawing tests

Casting
Water storage (28 days)

Drying until constant mass ——» MIP

Freeze/thaw cycles

MIP

Drying until constant mass —— 5>

ALY
2

The samples of series F-01,F-02,F-05 and F-06 after 100 freeze-thawing cycles

n
4’09 ?5

WUy,
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Material deterioration

Cyclic freezing / thawing tests

F-01 (w/c=0.5)

F-05 (AEA=0.1%)

Material parameter
0c. | 25c. | 50c. | Oc. 25c. 50c. (100c.
Total pore area [m?/q] 594 | 8.75 | 844 | 5.93 | 7.91 6.93 | 8.04
Bulk density [g/ml] 2.03 | 2.04 | 1.88 | 2.10 | 2.04 2.05 | 1.87
Apparent density [g/ml] | 2.51 | 2.57 | 249 | 2.53 | 2.58 2.52 | 2.52
Porosity [%] I] 19.04 | 20.70 | 24.51 {16.93 | 21.02 | 18.90 | 25.95
F-02 (AEA=0.0%) F-06 (AEA=0.2%)
Material parameter
0c. | 25c. | 50c. | Oc. 25c. 50c. |100c.
Total pore area [m?/g] 5.67 | 6.01 | 7.21 | 5.78 | 7.87 8.26 | 8.02
Bulk density [g/ml] 2.10 | 2.20 | 2.04 | 1.81 | 1.79 1.84 | 1.80
Apparent density [g/ml] | 2.51 | 2.56 | 2.52 | 2.60 | 2.57 2.51 | 2.56
Porosity [%] | 16.44 [14.11]18.93 [[27.49 | 30.38 | 26.68 | 29.36




Material deterioration

Cyclic freezing / thawing tests

F-01 (w/c=0.5)

F-05 (AEA=0.1%)

Material parameter
0c. | 25c. | 50c. | Oc. 25c. 50c. (100c.
Total pore area [m?/q] 594 | 8.75 | 844 | 5.93 | 7.91 6.93 | 8.04
Bulk density [g/ml] 2.03 | 2.04 | 1.88 | 2.10 | 2.04 2.05 | 1.87
Apparent density [g/ml] | 2.51 | 2.57 | 249 | 2.53 | 2.58 2.52 | 2.52
Porosity [%] 19.04 | 20.70 | 24.51}{ 16.93 | 21.02 | 18.90 | 25.95
F-02 (AEA=0.0%) F-06 (AEA=0.2%)
Material parameter
0c. | 25c. | 50c. | Oc. 25c. 50c. |100c.
Total pore area [m?/g] 5.67 | 6.01 | 7.21 | 5.78 | 7.87 8.26 | 8.02
Bulk density [g/ml] 2.10 | 2.20 | 2.04 | 1.81 | 1.79 1.84 | 1.80
Apparent density [g/ml] | 2.51 | 2.56 | 2.52 | 2.60 | 2.57 2.51 | 2.56
Porosity [%] 16.44 | 14.11 | 18.93 | 27.49 | 30.38 | 26.68 | 29.36
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Material deterioration

Cyclic freezing / thawing tests

—8— (cycles, 1 stintr. »
Ocycles, 2ndintr. F-01 @
=& = 25cycles, 1 st intr.
— + = 25cycles, 2nd intr. - 0.
===r==50cycles] stintr. )
------ S0cycles, 2nd intr. s
— ‘ e 0.
0.
0.
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1000000 10000 100 1
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—&— 100cycles, 1 stint. P j
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Material deterioration

Cyclic freezing / thawing tests

Ocycles
— + —25cycles
------ 50cyrcles
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Material deterioration

Cyclic freezing / thawing tests

Capillary suction coefficient

Am
A Cat
Material o F-01 (w/c=0.5) F-05 (AEA=0.1%)
parameter Oc. | 25c. | 50c. | Oc. | 25c. | 50c. | 100c.
Ccap [kg/(h®>m2)] | 1.983 | 2.723|8.254| 1.01 | 1.176| 1.879 | 4.847
Material o F-02 (AEA=0.0%) F-06(AEA=0.2%)
parameter Oc. | 25c. | 50c. | Oc. | 25¢c. | 50c. | 100c.
Ccap [kg/(h%>m2)] | 1.119 | 1.543|1.699| 0.55 | 0.730 | 0.747 | 0.767

v

B
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Material deterioration

Cyclic freezing / thawing tests

Capillary suction coefficient

v

B

Am
A Cat
Material T F-01 (w/c=0.5) F-05 (AEA=0.1%)
parameter Oc. | 25¢c. | 50c. | Oc. | 25c. | 50c. | 100c.
Ccap [kg/(h%->m2)] | 1.983 | 2.723 | 8.254 | 1.01 | 1.176| 1.879 | 4.847
Material Unit F-02 (AEA=0.0%) F-06(AEA=0.2%)
parameter Oc. | 25¢c. | 50c. [ Oc. | 25¢c. | 50c. | 100c.
Ccap [kg/(h%->m?2)] |{1.119 | 1.543 | 1.699|/0.55 | 0.730| 0.747 | 0.767
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Calcium leaching in cement paste
Chemical reactions leading to calcium leaching process

> Portlandite dissolution
(calcium hydroxide) t '
C‘~32+

2+ —
Ca(OH), < Ca“" + 20H |
| ENED

> Ettringite dissolution
Ca,Al,0,(SO,), -32H,0 < 6Ca* +2AI(OH), +3SO;” +40H "~ +26H,0

» dissolution of different phases of CSH gel

nCaO- SiO, -nH,0 < nCa® + H,SiO,; +[2n—-1]H,0
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Calcium leaching in cement paste

Kinetics of calcium leaching process

ds 1 A
— ==|RTIn(c/c,)- [ (5)ds
dt
7 S
8- § R — universal constant of gas,
eq o e s
S| D) Kk — process equilibrium const.,
ul—Z'l n - parameter dependent on
Y T T~ e~
= c,.s C“)‘ micro-diffusion of, Ca2*
Sy
r =1 .
o ST RT characteristic time
@)
i
QQ“ IONS CONCENTRATION

[Gawin, Pesavento, Schrefler — J. Solids Struct. 2008]
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Calcium leaching in cement paste
Effect of temperature

Specimen (bar, 16 cm) — uniform temperature

CCCI
]-'leach
Convective ions exchange with the environment: Cini= Cequi [MOI/M?3]
C .= Ceguy— 1 [Mol/m3] in 7,,.,,=1000 days; Temperature fixed on the surface:
5=10~ kg/m?s, ¢,,,=10000 days T4, =25°C=const
Temperature fixed on the surface: OR
T 4,p=25°C=const OR T7,,=60°C= const 74,,=60°C= const

- Initial porosity = 12.2%
- Material properties according to [Kuhl, Bangert, Meschke, 2004]

- Characteristic time of the process: t.= 2 hours




Calcium leaching in cement paste
Effect of temperature

Equilibrium curves at different temperatures

Solid Ca concentr. [kmol/m3]
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Ca ions concentr. [mol/m®]
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[Gawin, Pesavento, Schrefler — J. Solids Struct. 2008]
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Calcium leaching in cement paste
Effect of temperature

Liguid calcium concentr.
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Calcium leaching in cement paste
Effect of temperature

Liguid calcium concentr.

Ca IONS CONCENTRATION [mol/m?]
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