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Sammanfattning

Denna rapport beskriver genomforande och resultat av SBUF-projektet som motsvarar den
andra delen av forskningen bakom Dr Marcin Stelmarczyks avhandling ”Applied Modeling of
Moisture Phenomena in Concrete”. I avhandlingen, som bifogas, presenteras en ny modell for
hydratationsgrad och kemiskt bundet vatten. Hydratationsgraden berédknas direkt utan
anviandning av mognadsalder och modellen for kemiskt bundet vatten tar hiansyn till
temperaturens inverkan pa hur mycket vatten som binds per miangd hydratiserat bindemedel.
Vidare presenteras i avhandlingen tva familjer av modeller, for sorption respektive transport
av fukt. Biagge modellfamiljerna innehaller modellvarianter for isoterma, forenklade icke
isoterma samt generaliserade icke isoterma forhallanden. En rad olika anpassningsmetoder for
modellparametrar till mitdata redovisas ocksa. Slutligen innehéller slutrapporten dven
slutsatser och rekommendationer for framtida projekt baserade péd de presenterade
forskningsresultaten.
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1 Inledning

Detta projekt ar ett foljdprojekt till SBUF 13140 Tilldmpningsmodellering av fuktfenomen i
betong for modern uttorkningssimulering, som i syfte att forse den tilltdnkta utbyggnaden av
mjukvaran Produktionsplanering Betong (PPB) i separata projekt, med reviderade
materialmodeller for fuktfenomenologi i betong. Detta behov identifierades tidigt inom SBUF
13064 Forstudie Fukt PPB. Detta projekt ér alltsd en forsdttning pa detta arbete och omfattar
andra delen i samma doktorandprojekt.

Denna rapport redovisar projektetens genomférande och resultat.

1.1 Rapportens struktur
Denna rapport omfattar f6ljande 5 kapitel:

e Inledning — detta kapitel.

e Projektets genomforande — hir redovisas det arbetet som utfordes under projektet.

e Resultat — hir redovisas en dvergripande bild av resultaten.

e Slutsatser — hir presenteras de slutsatser som gar att dra av projektresultaten

e Rekommendationer avseende framtida projekt — hér diskuteras framtida behov av
vidare arbete inom samma och anslutande omraden

Den innehaller dven sjélva doktorsavhandlingen som bilaga 1.

2 Projektets genomforande

Forskningsarbetet inklusive framtagning och forsvar av avhandling utfordes av doktoranden
Marcin Stelmarczyk vid LTU under handledning av prof. Andrzej Cwirzen samt adj. prof.
Hans Hedlund. Nyckeldelar av forskningen i doktorandprojektet hade redan utforts inom
ramen av SBUF 13140. Planeringen av de aterstdende delarna inklusive fardigstillande av
avhandlingen drvdes ocksa fran SBUF 13140. Darfor begransades projektstyrningen till
doktorandens ledning fran handledare samt att styrgruppen holls I6pande underréttad om
projektets framskridande. Referensgruppen anvéndes endast vid behov. Ett styrgruppsmote
dgde rum 2024-03-18 da styrgruppen bestidmde att acceptera den forsvarade avhandlingen,
avsluta projektet samt godkdnna denna slutrapport.

2.1 Samarbete med SBUF 13711

Samarbete med SBUF 13711 Fuktomfordelning i golvsystem i Produktionsplanering Betong
har skett lopande under projekttiden. Detta projekt forsag 13711 med materialmodeller och
berdakningsmetodik for implementation i PPB rorande fuktférhallanden i golvavjamning samt
fuktutbyte med lim och ytskikt.

2.2 Spikning av avhandling
Avhandlingen spikades 2023-12-13.



2.3 Forsvar av avhandling
Avhandlingen forsvarades 2024-01-26 med deltagande:

e Opponent:
o Prof. Klaas van Berugel, Faculty of Civil Engineering and Geosciences, Delft
University of Technology
e Betygskommitté:
o Prof. Barbara Klemczak, Faculty of Civil Engineering / Department of
Structural Engineering, Politechnika Slaska
o Assoc. Prof. Guang Ye, Faculty of Civil Engineering and Geosciences, Delft
University of Technology
o Assoc. Prof. Didier Snoeck, Building, Architecture and Town Planning
(BATir) Department, Universite Libre de Bruxelles

3 Resultat

Avhandling innehaller nya och forbittrade modeller, baserade pé tillimpad forskning som
kombinerar numerisk modellering och materialforskning inom hydratation och kemisk
bindning av vatten, sorption av fukt och transport av fukt i betong.

Den presenterade modellen for hydratation och kemisk bindning av vatten dr baserad pa
generell modellering av kinetik och berdknar hydratationsgraden direkt utan anvéindning av
mognadsélder. Den hanterar beroenden av temperatur samt tillgénglighet av bade bindemedel
och vatten. Den modellerar dven fordrdjning av reaktionen i borjan av hydratationen samt
mojliggor for linjart temperaturberoende av hur mycket vatten som binds per mangd
bindemedel, vilket hanterar korsningseffekter i utveckling av kemiskt bundet vatten som
funktion av alder mitt vid olika hydratationstemperaturer.

Inom sorption av fukt presenteras en familj av modeller. Dessa bygger pa doméinbaserad
modellering kombinerad med explicit representation av koncentrationen av sorptionsenheter
for varierande desorptions- och absorptionsvillkor i form av en matris av anpassningsbara
varden. De foreslagna modellerna erbjuder en spline-liknande mojlighet att vélja antalet
anpassningsbara parametrar och dirmed modellens precision. Tva modellvarianter
presenteras:

e en modell for isoterma forhdllanden
e en modell for icke isoterma forhallanden

En uppsittning av metoder for anpassning av modellparametrar till uppmaétta data foreslds for
olika scenarier, dven hir for bade isoterma och icke isoterma forhallanden. Deras egenskaper
verifieras till viss grad matematiskt och deras modelleringsformaga diskuteras.

Inom transport av fukt presenteras en familj av modeller, konceptuellt liknande de foreslagna
modellerna for sorption. Dessa bygger ockséd pd doménbaserad modellering kombinerad med
explicit representation av koncentrationen av bidrag till den totala transportenegenskapen for
varierande desorptions- och absorptionsvillkor i form av en matris av anpassningsbara varden.
De foreslagna modellerna erbjuder en spline-liknande mgjlighet att vilja antalet



anpassningsbara parametrar och dirmed modellens precision. Tre modellvarianter
presenteras:

e en modell for isoterma forhdllanden

e en generaliserad modell f6r icke isoterma forhallanden

e en forenklad modell for icke isoterma forhdllanden, dér kapillért undertryck antas
dominera transporten

En uppsittning av metoder for anpassning av modellparametrar till uppmétta data foreslas for
olika scenarier for samtliga tre modellversioner. Deras egenskaper verifieras till viss grad
matematiskt och deras modelleringsférméga diskuteras.

3.1 Industriell tillampning

Ett flertal av de presenterade modellerna anvinds redan i det branschgemensamma
berdkningsverktyget Produktionsplanering Betong (PPB). Den forsta tillimpningen skedde
inom ramen for SBUF 13197 Utveckling av berdkning av uttorkning i programmet
Produktionsplanering Betong, dar grundberdkning av uttorkning av betong implementerades 1
PPB och SBUF 13198 Inmdtning av Bascement for uttorkningsberdkning i
Produktionsplanering Betong, dir materialegenskaper for betong med Bascement maéttes in
for vidare anvéndning i PPB. Vidare tillimning har dven skett inom SBUF 13711
Fuktomfordelning i golvsystem i Produktionsplanering Betong, dir fuktberékningen i PPB
utokades till att omfatta dven fuktsamverkan med golvavjdmning samt palimmat ytskikt.

4 Slutsatser

Den framlagda och vetenskapligt forsvarade avhandlingen presenterar forskningsresultat som
l16ser de formulerade forskningsproblemen. Nya och/eller reviderade modeller for hydratation
och kemisk bindning av vatten, sorption och transport av fukt i betong gors tillgdngliga for
tillampning inom modellering av dessa fenomen 1 betong.

Samverkan mellan dessa doktorandprojekt, dvs del 1 SBUF 13140 samt del 2 SBUF 13766,
samt PPB:s utvecklingsprojekt SBUF 13197 & 13198 samt 13711 har méjliggjort en direkt
industriell tilldmpning av forskningsresultaten. Detta har skett i form av fuktsimulering och
uttorkningsberikning for betonggolv med eller utan golvavjdmning och/eller palimmat
ytskikt.

De framlagda forskningsresultaten utgor vidare en grund for framtida forskning inom
omradet, se girna diskussion i kap. 5 i doktorsavhandlingen, bilaga 1.

5 Rekommendationer avseende framtida projekt

Detta projekt vill slutligen peka ut tva omraden diar omedelbar framtida forskning &r av
intresse. Vidareutveckling av hydratationsmodellen samt dess koppling mot andra
hydratationsrelaterade egenskaper som genererad varme och tryckhallfasthet ar av primért
intresse. Detta dels for att sékerstdlla samma modelleringsbas for berdkning av dessa variabler



under en simulering och dels for att underséka om den gemensamma grunden kan utnyttjas
for forenklingar inom uppmétning av fuktrelaterade egenskaper. Det skall nimnas att detta
omrade redan dr adresserat inom ramen for det pagaende projektet SBUF 14165 Férenklad
inmdtning av vdarme- och fuktbeteende i betong for PPB.

Det andra omradet av omedelbart intresse 4r sammankopplingen av presenterade modeller for
sorption och transport med modellen for hydratation och kemisk bindning av vatten. Detta bor
ske 1 syfte att aterspegla dynamiken i porsystemets utveckling under tiden som betongen
hydratiserar. Sorptions- och transportmodellerna dr idag statiska och beskriver huvudsakligen
egenskaper som baserar sig pa mitningar pa mogen betong, d& dessa métningar tar for lang tid
att utfora for att man skall hinna utféra dem under pidgaende hydratation. Utveckling av den
efterfrigade sammankopplingen av modellerna behdver dirfor basera sig pa en mer avancerad
teoretisk bild av porsystemets utveckling och ett fital egenskaper som gar att méta eller
berdkna under pdgdende hydratation
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Abstract

Abstract

This thesis contains new and improved calculation models, based on applied research merging
numerical modeling and material research, in the areas of hydration and chemical binding of
water, sorption of moisture and transport of moisture in concrete.

The proposed model for hydration and chemical binding of water is based on general kinetics
modeling and calculates degree of hydration directly, without using of equivalent time of
maturity. It handles dependencies on temperature as well as availability of binder and water. It
models the dormant phase in the beginning of hydration. It allows also for linear variability
with temperature of how much water is bounded per amount of binder, which models cross-
over effects in development of chemical binding of water, measured at different temperatures.

In the area of moisture sorption a family of models is proposed, building on a domain-based
approach combined with explicit modeling of sorption site concentration for various
desorption and absorption conditions by a matrix of adaptable values. The proposed modeling
idea offers a spline-like possibility of choosing the amount of adaptation parameters and the
precision of the model. Two formulations of the sorption model are presented — for both
isothermal and non-isothermal conditions. A selection of methods to adapt the parameters to
measured data is proposed for various situations, also covering both isothermal and non-
isothermal conditions. Their properties are to some degree mathematically verified and their
performance is discussed.

In the area of moisture transport, a family of models is proposed, conceptually similar to the
proposed sorption models. It also builds on a domain-based approach combined with explicit
modeling of concentration of contributions to the overall transport, for various desorption and
absorption conditions by a matrix of adaptable values. The proposed modeling idea offers a
spline-like possibility of choosing the amount of adaptation parameters and the precision of
the model. Three formulations of the transport model are presented — one for isothermal
conditions, one generalized for non-isothermal conditions and one simplified for non-
isothermal conditions where capillary suction is assumed to dominate transport phenomena. A
selection of methods to adapt the parameters to measured data is proposed for various
situations, covering all three proposed model versions. Their properties are to some degree
mathematically verified and their performance is discussed.

Keywords: Concrete, Modeling degree of hydration, Modeling chemically bounded water,
Modeling moisture sorption, Modeling moisture transport, Hysteresis
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Sammanfattning

Sammanfattning

Denna avhandling innehaller nya och forbattrade modeller, baserade pé tillimpad forskning
som kombinerar numerisk modellering och materialforskning inom hydratation och kemisk
bindning av vatten, sorption av fukt och transport av fukt i betong.

Den presenterade modellen for hydratation och kemisk bindning av vatten &r baserad pa
generell modellering av kinetik och berdknar hydratationsgraden direkt utan anvidndning av
mognadsalder. Den hanterar beroenden av temperatur samt tillgdnglighet av bade bindemedel
och vatten. Den modellerar dven fordrdjning av reaktionen i bérjan av hydratationen samt
mojliggdr for linjart temperaturberoende av hur mycket vatten som binds per mingd
bindemedel, vilket hanterar korsningseffekter i utveckling av kemiskt bundet vatten som
funktion av alder métt vid olika hydratationstemperaturer.

Inom sorption av fukt presenteras en familj av modeller. Dessa bygger pa doménbaserad
modellering kombinerad med explicit representation av koncentrationen av sorptionsenheter
for varierande desorptions- och absorptionsvillkor i form av en matris av anpassningsbara
vérden. De foreslagna modellerna erbjuder en spline-liknande méjlighet att vélja antalet
anpassningsbara parametrar och ddrmed modellens precision. Tva modellvarianter presenteras
— en for isoterma och en for icke isoterma forhédllanden. En uppsittning av metoder for
anpassning av modellparametrar till uppmatta data foreslas for olika scenarier, &ven hér for
bade isoterma och icke isoterma forhallanden. Deras egenskaper verifieras till viss grad
matematiskt och deras modelleringsformaga diskuteras.

Inom transport av fukt presenteras en familj av modeller, konceptuellt liknande de foreslagna
modellerna for sorption. Dessa bygger ocksé pa doménbaserad modellering kombinerad med
explicit representation av koncentrationen av bidrag till den totala transportenegenskapen for
varierande desorptions- och absorptionsvillkor i form av en matris av anpassningsbara vérden.
De foreslagna modellerna erbjuder en spline-liknande méjlighet att vélja antalet
anpassningsbara parametrar och ddrmed modellens precision. Tre modellvarianter presenteras
— en for isoterma forhallanden, en generaliserad for icke isoterma forhallanden samt en
forenklad for icke isoterma forhallanden dér kapilldrt undertryck antas dominera transporten.
En uppséttning av metoder for anpassning av modellparametrar till uppmiitta data foreslés for
olika scenarier for samtliga tre modellversioner. Deras egenskaper verifieras till viss grad
matematiskt och deras modelleringsférmaga diskuteras.

Nyckelord: Betong, Modellering av hydratationsgrad, Modellering av kemiskt bundet vatten,
Modellering av sorption av fukt, Modellering av transport av fukt, Hysteres
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Notation

Notation

Scalar values use font with normal thickness. Vector values use bold font. If multiple
explanations are given, see specification beside specific equation.

General variables:

A; j(Step,) — area of cross-section between the integration domain of step x in the
history of meniscus curvature and the corresponding model matrix element for
sorption or transport coefficients [1/m?]

Ai-“ ;(Step,) — area of cross-section between the integration domain of step x in the
history of meniscus curvature and the corresponding model matrix element for
permeability [1/m?]

A}” ;(Step,) — area of cross-section between the integration domain of step X in the
history of meniscus curvature and the corresponding model matrix element for
fraction of medium cross-section available for vapor diffusion [1/m?]

a — adaptation parameter [-]

B; ; — coefficient of linearity for adaptation of model matrix elements for sorption or
transport coefficients by linear regression [1/m?]

Bl-’fj — coefficient of linearity for adaptation of model matrix element for permeability
[1/m?]

BZ’ ; — coefficient of linearity for adaptation of model matrix element for fraction of

medium cross-section available for vapor diffusion [1/m?]

b; j — coefficient used for substitution during adaptation of model matrix elements by
linear regression, unit depending on use

b — adaptation parameter [-]

b, — adaptation parameter [h]

bgqj —adaptation parameter [h]

b. — adaptation parameter [h]

bs:qrt — adaptation parameter [h]

C — cement contents [kg/m’]

¢ — heat capacitivity [J/kg K] or adaptation parameter [-]

¢(¢, T) —hydraulic curvature of meniscus [1/m], a function of relative humidity and
temperature

¢, — hydraulic curvature of meniscus [1/m], a variable controlling absorption condition

cq — hydraulic curvature of meniscus [1/m], a variable controlling desorption condition

c; — relative concentrations of reactants or products of a chemical reaction [-]

¢; ; — coefficient used for substitution during adaptation of model matrix elements by
linear regression, unit depending on use

D, — diffusivity of water vapor in air [m?/s]

d — proportion of capillary pores filled with water [-]

E, — activation energy [J/mol]
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Notation

E; — heat of adsorption for the first layer [J/mol]

E; — heat of liquefaction [J/mol]

F, — gravity field [m/s’]

F, ; — z-component of the gravity field [m/s?]

f(...) —a general function with indicated variable dependencies

f (@4, ¢4) — concentration of sorption sites [kg/m?]

faa(@, T) — adsorption modeling function describing the dependency on relative
humidity and temperature [-]

fec — compressive strength [MPa]

fec28a — 28 days compressive strength [MPa]

feerey — reference strength, without reduction due to high temperatures [MPa]

f¥ — function of state variables or their gradients [kg/m* s] giving the transport
contribution from capillary suction when multiplied with intrinsic permeability

fY — function of state variables or their gradients [kg/m?s] giving the transport
contribution from vapor diffusion when multiplied with the cross-section factor
for a medium

g — the field of moisture flow [kg/m?s]

Jx.m — measured value of moisture flow [kg/m?*s] in the x-direction

g(x) — an example function of one variable

Hist[X] — some kind of description of history of variable X

H; — history j of hydraulic curvature

h(x) — an example function of one variable

p — pressure in general or partial pressure of water vapor [Pa]

h — heat transfer coefficient [W/K m?]

h, — water vapor transfer coefficient [m/s]

L —length [m]

k — intrinsic permeability of a medium [m?] or reaction kinetics parameter dependent on
temperature [ 1/s]

k,,, —value for intrinsic permeability of a medium [m?] corresponding to a measurement
of a transport coefficient

ko fser — offset value for intrinsic permeability of a medium [m?]

k, — rate parameter for reaction speed

L —length or characteristic linear dimension [m]

m; ; —model matrix element for sorption [kg/m] or transport coefficient [m*s]

m{f ; —~model matrix element for permeability [m*]
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m; ; —model matrix element for fraction of medium cross-section available for vapor

diffusion [-]
p — full set of model parameters being adapted
p; — adaptation parameters in linear regression, unit depending on use
ps — partial pressure of water vapor at saturation [Pa]
pc — capillary pressure of water [Pa]
Q — volumetric flow rate [m®/s]
Qy — generated heat of hydration per volume [J/m?]



Notation

Qu max — generated heat at full hydration per amount of cement [J/kg]
q — flux field of a fluid [m/s]

R — the gas constant [J/K mol]

R, — the gas constant for the water vapor [J/kg K]
Re — Reynold’s number [-]

r —radius [m]

7, — capillary radius [m]

1y, — hydraulic radius [m]

7 —normalized neck radius of pores [-]

s — adaptation parameter [-]

T — absolute temperature [K]

T,n» — temperature of environment [K]

T, — reference temperature [K]

Tempp — adaptation parameter [°C]

t — time or age [s], other units can be used for specific equations, see explanation below

resp. equation

t, — adaptation parameter [h]

t, — adaptation parameter [h]

t, — equivalent time of maturity [h]

timep — adaptation parameter [h]

V, — amount of adsorbed water [kg] or [m?]

V;,, — amount of water adsorbed in a filled monolayer [kg] or [m?]

v — velocity field of a fluid [m/s]

w — water contents [kg/m?]

w, — amount of physically bounded water at absorption [kg/m?]

Wgaq — amount of adsorbed water [kg/m?]

Waq,1 — amount of water adsorbed in a filled monolayer [kg/m”]

w,, — amount of blending water [kg/m?]

W, — amount of capillary condensed water [kg/m’]

wg — amount of physically bounded water at desorption[kg/m?]

Wiy, j — measured amount of physically bounded water [kg/m?] corresponding to a
hydraulic curvature history j

Wp}, - physically bounded water contents [kg/m?]

Wph,iso — Physically bounded water contents in isothermal conditions [kg/m®]

Wph,max — physically bounded water contents at saturation [kg/m’]

Wpnni — Physically bounded water contents in non-isothermal conditions [kg/m’]

Wph,stop — Physically bounded water contents limiting hydration [kg/m?]

Wcy, — chemically bounded water contents [kg/m?]

Wenm — measured chemically bounded water contents [kg/m’]

Wch res — adaptation parameter [kg/m?]

x — adaptation parameter [-] or length coordinate [m]

X; — Full set of environmental conditions defining measurement point i
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z — length coordinate [m]

Z7 — heat resistance [K m%/W]

Z,, — water vapor resistance [s/m]

a. — hydration degree of cement [-]

Q¢ max — Maximum hydration degree of cement [-]

ac y — hydration degree of cement, based on generated heat of hydration [-]

acw — hydration degree of cement, based on comparison of consumed water [-]

a; — orders of dependency [-]

ay —adjusted or water oriented degree of hydration [-]

Baaj — adjustment factor for water-oriented or adjusted degree of hydration [-]

B; — factors influencing rate of hydration [-]

Bstare — factor modeling an initial delay in hydration rate due to the dormant phase in
reaction [-]

Br — temperature factor [-]

B,, — moisture content factor [-]

B, —hydration degree factor [-]

Ba — general speed factor [h]

B, — moisture content factor [-]

Iy o — part of boundary with no heat flow, i.e. adiabatic

I’y ¢ — part of boundary with convective heat flow

I'y r — part of boundary with fixed temperature

Iy ,0 — part of boundary with no moisture flow

[y ¢ — part of boundary with convective moisture flow

Iy ¢ — part of boundary with fixed water vapor content

Yremp — temperature dependent reduction function for strength [-]

Yrime — age dependent reduction function for strength [-]

¥, — fraction of medium cross-section available for vapor diffusion [-]

Yv,of fset — Offset value for fraction of medium cross-section available for vapor
diffusion [-]

AE — heat of sorption difference from the condensed liquid to the secondary sites
[J/mol]

AE, — heat of sorption difference from the condensed liquid to the primary sites [J/mol]

AG — free energy of the secondary adsorbed molecules [J/mol]

AG, — free energy of the primary adsorbed molecules [J/mol]

A p 284 — adaptation parameter giving maximum relative reduction for strength at
28d, [-]

AS — entropy difference from the condensed liquid to the secondary sites [J/mol K]

AS, — entropy difference from the condensed liquid to the primary sites [J/mol K]

At, o — start value of equivalent time of maturity, used to adjust for admixture effects [h]

8arop — current reduction factor for strength [-]

Oref — maximum reduction factor for strength [-]

& — moisture transport coefficient for gradient in temperature [kg/K m s]



Notation

8, — moisture transport coefficient for gradient in water vapor contents [m?/s]

8y iso — moisture transport coefficient for gradient in water vapor contents in isothermal
conditions [m?/s]

8y,iso,0f fset — Offset value for moisture transport coefficient for gradient in water vapor
contents in isothermal conditions [m?/s]

6y m — measured value of moisture transport coefficient for gradient in water vapor
contents [m?/s]

¢ — proportion factor giving amount of water bounded by per amount of cement [kg/kg]

0rer — adaptation parameter that can be interpreted as activation temperature [K]

K — thermal conductivity [W/m K]

K, — adaptation parameter [-]

K, — adaptation parameter [-]

K3 — adaptation parameter [-]

K. — adaptation parameter [-]

Kremp — adaptation parameter [-]

Krime — adaptation parameter [-]

k,, — adaptation parameter [-]

A, — adaptation parameter [-]

Up — dynamic viscosity [Pa s]

Uy — kinematic viscosity [m?/s]

v — water vapor contents [kg/m’]

vs — water vapor contents at saturation [kg/m?]

p — density [kg/m?]

pw — density of water [kg/m?]

p —normalized body radius of pores [-]

o — surface tension [N/m]

Tsrart — adaptation parameter [-]

¢ — relative humidity [-]

@, — relative humidity variable controlling absorption condition [-]

@4 — relative humidity variable controlling desorption condition [-]

@stop — relative humidity level limiting hydration, adaptation parameter [-]
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Introduction

1. Introduction

1.1 Background

While making concrete, at least three key functional components are mixed with each other.
These are binder or binders, water and aggregate or aggregates. Simplifying the material
interactions, the main function of aggregates is to fill majority of the space and the main
function of binders and water is to react with each other, forming a solid that holds the
aggregates together and fills the remaining space in between them. The chemical reaction
between the binders and water is typically referred to as hydration. During it a part of the
blending water, i.e. the initial amount of water, is chemically bounded to binders and forms a
new solid. This is chemical binding of water. The resulting solid does not fill all the space
between the aggregates. Some space remains and forms a system of pores of various sizes —
the pore system. A part of the pore system is empty, i.e. it contains air. Another part is filled
with the remaining water, that was not chemically bounded in the hydration of binders. This
water is by multiple mechanisms physically bounded in the pore system of concrete and can
by multiple mechanisms be transported within concrete as well as in and out of it.

The solid that is formed as a result of hydration of binders, contain salts that are partially
dissolved in the water in the pore system. This raises the pH of the concrete to high levels of
about 12 to 14, making it strongly alkalic. The hydroxide ions, dissolved in the water in the
pore system, are mobile, can be transported to the surface of the concrete and can interact
with any adjacent material. If concrete is used as a base for a floor, there are typically other
materials on top of it, forming the surface of the floor. One example often used is a plastic
carpet that is glued on top of the concrete floor. This creates a situation where hydroxide ions
from the concrete can migrate to the glue and the plastic carpet and cause a chemical reaction
referred to as alkalic hydrolysis with binders in the glue and softeners in the plastic carpet.
Beside partial degradation of the glue and the surface layer, this unwanted reaction can
produce so called volatile organic compounds (VOC), typically various alcohols, that can
penetrate the surface layer, evaporate into the air in the space above the floor and make people
there feels sick.

The transport of the hydroxide ions to the surface layer on top of the concrete is dependent on
the availability of the medium in which the ions can move, i.e. on water. Thus, the amount of
water in the pore system of concrete controls indirectly the intensity of possible degrading
reaction with glue and surface layer. This amount of water is affected by various phenomena.
The already mentioned blending water is a starting point. The hydration with its chemical
binding of water contributes to so called self-desiccation and reduces it. Possible drying of the
concrete by diffusion of water into the surrounding air reduces further the resulting amount.
Use of water-based glues under the surface layer of the floor increases it. Use of self-leveling
screed between the concrete and the surface layer of the floor with its drying procedure affects
it as well. Finally, the pore system with its various pore shapes and sizes and connections
between the pores affects also how the water behave in the concrete and how it can be utilized
for the transport of the hydroxide ions.
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The ability to predict and control behavior of moisture in concrete floors is therefore of value
for avoiding the problems connected to the undesired alkalic hydrolysis in the surface layer of
the floor. Simulation of construction performance requires models of material behavior in
general, van Breugel 2018. In this particular case, simulation of moisture behavior of concrete
requires adequate models for the contributing phenomena such as chemical binding of water,
physical binding of water in the pore system of concrete, so called sorption, and transport of
moisture in concrete. Providing such applied models for full-scale simulation of water
behavior in concrete floor is the aim of this research.

1.2 Scope of the thesis

This work is a typical example of problem-solving research and addresses three connected
research problems. All of them deal with proposing an applied model or models, describing
the behavior of moisture in concrete. Each research problem targets one of the following three
phenomenology areas:

1. Chemical binding of water including hydration causing it.
2. Sorption of moisture, i.e. physical binding of moisture in the pore system of concrete.
3. Transport of moisture

Each research problem is subject to various requirements. The research results presented in
this thesis cover beside the proposed models also various levels of validation of their
mathematical properties, direct or indirect connection to underlying physical phenomenology
and modeling at a deeper level as well as a presentation of their use in practice by adaptation
to measured properties from various scientific and industrial sources and comparison to other
relevant models.

The scope of this research does not cover performing any measurements of material properties
used for the proposed models. The work reuses, for model validation, material properties from
existing sources.

For more specific formulation of the targeted research problems see section 1.8.

For the background to the research problems and an analysis explaining to why they are
formulated as they are, see sections 1.4 to 1.7.

1.3 Structure of the thesis
The thesis is subdivided in the following chapters:

e Chapter 1 — an introduction, explaining background to this thesis, its scope and
structure, analyzing the application area behind this research and specifying the
targeted research questions.

e Chapter 2 — a literature study of the three phenomenological areas of this research, i.e.
hydration and chemical binding of water, moisture sorption and moisture transport.

e Chapter 3 — proposed solutions for the research problems in all three
phenomenological areas of this research including presenting of various levels of
validation of the models.
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e Chapter 4 - discussion of the presented word and conclusions that can be drawn on the
basis of it.

e Chapter 5 - identification and discussion of desirable future research based on and
complementing the presented work.

1.4 Moisture safety in concrete floors in Sweden

1.4.1 Drying requirement at equivalent depth

The key to understanding the approach of the construction industry in Sweden towards safe
handling of concrete moisture in floor systems is the idea of so-called equivalent depth,
Nilsson 1979. 1t is based on the observation that after drying, the concrete floor has a certain
moisture contents profile. When a tight surface layer, carpet of some kind, is glued on the
concrete, a redistribution of moisture will occur and the relative humidity of concrete in
contact with the surface layer and/or the glue will after the redistribution be higher than
initially. This will increase the transport of hydroxide ions from the concrete to the glue and
the surface layer, increasing the risk of alkalic hydrolysis of binders in glue and/or softeners
in the surface layer and connected emissions of volatile organic compounds (VOC), Bornehag
1994 and Alexandersson 2000. In order to gain practical control of the highest relative
humidity of concrete exposed to glue/surface layer and by that also control of the risk for
hydrolysis, measuring of relative humidity prior to application of the surface layer is required,
RBK 2023. The equivalent depth, at which the measurement is required, is defined so that the
relative humidity measured there before redistribution shall be the same as the relative
humidity measured under the surface layer after redistribution. The depth is chosen so that the
moisture buffering capacity of the dryer concrete above the depth will balance out the excess
moisture below, see Figure 1.1.

The standard equivalent depth is calculated and specified for a few of the most common
structures and drying cases, RBK 2023. For the specific case, material properties used and
chosen circumstances see Nilsson 1979.

The requirement for the maximum relative humidity, measured on the equivalent depth,
indicating that the concrete is dry enough not to cause migration of hydroxide ions and
hydrolysis in the glue/surface layer, is commonly based on a practical investigation Wengholt
Johnsson 1995. A number of slabs were dried to various levels of relative humidity, the
surface layer was applied and emissions of results of possible hydrolysis were measured.
Other studies added further understanding how the emissions are affected by concrete
moisture, Sjéberg 2001. This together resulted in today’s default limit of 85% RF at 20 °C,
Svensk Byggtjdnst 2018, if not specified otherwise by the manufacturer of the glue or the
surface layer. Some exceptions to that rule apply, e.g. regarding use of water-based glue
directly on concrete with a low water-cement-ratio.



Introduction

OPC w/c 0,40
0.12

01—
0.08 ™~
006/- === === mmmmmmmmm e mmmmmm o — =

Equivalent depth \

004} N

Height coordinate in the floor [m]

0.02

60 65 70 75 80 85 90
RH (%]

Figure 1.1, Moisture distribution in a slab after self-desiccation to approx. 90% RH and one-sided drying
towards air with 60% RH. The dashed line indicates the equivalent depth. The blue arrow indicates the following
redistribution of moisture in the slab after adding on top an impenetrable surface layer.

For more complex situations than covered by the precalculated equivalent depths, RBK 2023
opens up for recalculation of the equivalent depth by a simulation of moisture redistribution
for the specific case. This requires of course access to relevant material properties.

1.4.2 Existing simulation tool

During 1990-ties a software tool named TorkaS was developed for simulation of drying of
concrete slabs. The tools was updated a few times since and has at the time of writing a
version 3.2 that was released 2012, Arfvidsson et al 1998-2012.

The manual gives some theoretical background to how the tool calculate drying of concrete.
However, the provided documentation is partial, sometimes ambiguous and not stringent
enough to give what could be considered as a complete explanation to the performed
simulation. On one hand, clear references to material properties and some models are given,
e.g.

e General moisture modeling is based on Kirchoff’s potential described in Arfvidsson
1998

e Transport properties are based on Hedenblad 1993

e Sorption properties are based on Nilsson 2006 and their modeling is based on Mjérnell
1994 and Mjornell 1997

On the other hand, there are also parts of the documentation that are incomplete, e.g.

e Material data for and modeling of chemically bounded water is not explicitly
described nor referenced to any external source. Only an indirect reference is given to
modeling of hydration in Mjornell 1997 without further explanation to how it is used.
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e A dependency of self-desiccation on the temperature is an early phase of hydration is
observed in measured relative humidities in concrete samples on which the material
data are based. It is then stated that the calculation of hydration in the software has
been adjusted to take this into account but not based on any existing theory. There is
no further explanation to how this is done.

e A calculation of the temperature of the concrete slab is implemented in the last version
of the tool, however it assumes that the slab is thin enough to eliminate any
temperature variation across it, i.e. the slab’s temperature varies only with time and is
constant in space.

More detailed analysis of how TorkaS is simulating the moisture state of concrete during
hydration and later drying is not possible to do with respect to the incomplete available
documentation. The following conclusions are the ones that can be drawn with reasonable
certainty:

e Only desorption is considered. There is no attempt to model scanning.

e Transport properties are dependent on moisture state only, not on moisture history.

e Modeling of hydration and chemically bounded water is not possible to analyze. There
is no complete modeling framework. Only most fundamental equations are presented.
Statements are made regarding some dependencies without further references or
unambiguous explicit documentation.

e Material data are based on measurements of fundamental properties of sorption
transport (and probably chemical binding of water) from 1980-ties and early 1990-ties.
The only modern data that influence the tool are measurements of relative humidity in
various drying situations for concrete with new cements, i.e. measurements of the total
result of the simulation.

1.4.3 Material development

Since the measurements of fundamental moisture properties for concrete such as transport or
sorption behind the simulation tool described above, a significand development of the
material has taken place in the Swedish construction industry. During 1990-ies the almost
exclusively used binder was Ordinary Portland Cement (OPC). Since then until the start of
this research work, a number of major changes in the composition of concrete has taken place,

e.g.

¢ Routine use of 4-5% exchange of OPC for limestone filler in almost all cements.

¢ Introduction of Byggcement, CEM II/A-LL 42,5 R, an OPC with ~15% limestone
filler

e Introduction of Bascement CEM II/A-V 52.5 N, an OPC with ~15% fly ash and 4%
limestone filler

During the latter part of the same period of time, there has been an increasing amount of
observations of problems connected to drying of concrete. The main two problems were
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e Longer real drying times needed to fulfill a requirement of specific relative humidity
on an equivalent depth of a slab, compared to predicted by simulation

e Lack of response in drying when additional measures, e.g. drying of surrounding air,
were applied after the initially planned time point for screeding or gluing of a surface
layer was missed.

This information has been available unofficially for a period of time. It has been investigated
and documented in parallel with this work and presented officially in Svensson Tengberg
2018.

Based on the material development and the application problems observed, it was concluded
that the material data, material models and the simulation method used in the existing tool
might be in need of revision, renewal and/or further development.

1.4.4 Investigation of the needs

The situation resulted in a pre-study, done in co-operation between industry and academia,
regarding development of a new simulation tool. It focused on the investigation of the
situation and its aim was to reach conclusions regarding a new tool and what research and
development efforts were necessary to deal with the, at time, present situation. It was
executed during 2015 and published a report Stelmarczyk et al 2015 at the end of that year.
The pre-study investigated mainly the two areas:

e what was expected from a new tool for prediction of drying in concrete from the
applicational point of view
e what the identified need of simulation implied in the areas of:
o simulation methodology
o used material models
o used material data

The results of the first area are presented in detail in chapter 1.6. The second area was
investigated only up to the point when conclusions were drawn about input to the following
projects that addressed the necessary research and development. Regarding material data,
conclusions were drawn, that formed input to the development project that performed
measurements of material properties:

e New measurements of fundamental moisture properties, such as sorption, transport
and chemical binding of water, have to be done. Measuring relative humidity only, in
a number of cases, is not considered to be enough. Changes to the contents of concrete
are suspected to affect the fundamental moisture properties largely enough to make the
latest measurements of them inadequate for the application.

e Measurement of properties has to cover the entire sorption context and not only
desorption, i.e. also absorption and scanning. Drying of concrete in practice is almost
never performed without some additional wetting due to rain and there is also an
interest in simulation of moisture redistribution in concrete due to screeding and
gluing of surface layers.
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The conclusions regarding simulation methodology and material modeling will be presented
in the following sections, where they fit naturally into the context.

1.5 Context of this research

In Sweden there is a history of cooperation between the academia and industry resulting in
development and use of software tools in order to simulate and predict behavior of concrete in
production. When it comes to the temperature and strength development in concrete, this
starts during 1980-ties with a simple text-based tool for MS-DOS compatible personal
computers and continues with Hett5 released 1991, Jonasson & Stelmarczyk 1991, as the first
Windows-based tool, Hett97 released 1997, SBUF et al 1997, and finally with
Produktionsplanering Betong (PPB) released 2014, Byggforetagen & SBUF 2013-2023. For
predicting early cracking the history starts during mid 1990-ties with Hett2DL & Tempstre
and continues 1998 with ConTeSt, JEJMS Concrete AB 1999. For drying of concrete, a tool
TorkaS was released in 1998, Arfvidsson et al 1998-2012, and PPB v 2.0, released 2018 as a
result of this project.

Around 2014 a need for further developing the moisture simulation capability was loosely
identified. The new tool for simulation of concrete behavior in production, PPB, was initially
intended to cover all three simulation areas (temperature/strength, moisture and early
cracking) and therefore a pre-study project was executed during 2015. After closer
investigation, Stelmarczyk et al 2015, three work packages were started to cover the entire
identified need:

e Work Package 1 — a research project with a goal of revision of material modeling in
the area, in order to extend the simulation capacity to cover new materials, larger set
of environmental circumstances and phenomenology. This work package resulted in
this thesis.

o  Work Package 2 — a development project with a goal of measuring various moisture
and hydration properties of concrete with a selected, market dominating cement. This
work package resulted in input to the other two work packages.

e  Work Package 3 — a development project with a goal of implementing the simulation
of moisture behavior in concrete as an extension of the existing tool PPB. This work
package resulted in a new version of the simulation tool.

These work packages were executed more or less in parallel. The flow of the generated results
is shown in Figure 1.2. There was also a considerable level of coordination in between.
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Figure 1.2, Collaboration between the three work packages.

1.6 Applied simulation need

To support adequate planning of effective and safe execution of concrete floor production, a
simulation fool for predicting the moisture state of concrete is required. This section describes
what was expected from a new such tool, as identified by the pre-study Stelmarczyk et al
2015. This tool shall mainly handle two different types of simulation goals/situations.

1.6.1 Drying of concrete

The key scenario is drying of concrete. This starts with casting of concrete into the formwork.
It continues further through hydration of concrete and in later stages drying by diffusion or
other moisture exchange with the environment. The goal here is to find out when the concrete
will be dry enough to continue the construction of the floor system. Normally the drying
criterion is a certain relative humidity at the so called equivalent depth, introduced in chapter
1.4.1. Still a simulation and presentation of the moisture state in the entire structure is of a
great value for understanding of what is going on in the concrete and possible adjustment of
material selection and/or drying method in order to achieve required drying results in required
production time.

1.6.2 Moisture in entire floor systems
A complementary scenario for the simulation is drying of concrete extended further with
simulation of later stages in the construction of the floor system, see e.g. in Figure 1.3.

| |
i Air | | Air |
! ! ! !
Surface 1 Surface 1
urface layer _— urface layer s
Screed
Concrete Concrete

i i i i

Figure 1.3, Two types of floor systems, with and without screed.
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These stages typically consist of application of

e Primer (optional)
e Screed, including drying (optional)
e Surface layer with glue or without

Here, the goal is to simulate the entire redistribution of moisture, coming from various
sources, such as concrete, primer, screed and glue. The key objective is to monitor the level of
relative humidity in concrete and possible screed, that is in contact with glue/surface layer.
Beside this, the moisture state in the entire floor system during the production stages is of
interest, as in the drying case, for general understanding and a possibility of effective planning
and adjusting material choices and working methodology.

1.6.3 Various geometrical cases

1.6.3.1 One-dimensional geometry

The most simplified case is the one-dimensional. This corresponds to a middle section of a
large structure with constant thickness. Some typical variants of one-dimensional geometry
are shown in Figure 1.4.

h1 A hl

h2

*—t

Figure 1.4, Examples of one-dimensional computation geometries: slab, slab on pre-casted concrete, slab on
ground with and without insulation in between.

The simulation has to cope with variation of moisture state along the thickness dimension, the
only space dimension, beside the time dependency. These cases are also easily extended to the
later stages of floor production, while screed and surface layers normally cover the entire
floor, i.e. do not affect the one-dimensionality of the moisture variation in space. The majority
of applied moisture problems is well described by these cases.

1.6.3.2 Two-dimensional geometry
Some aspects of the moisture state of a concrete floor are not adequately described by the
one-dimensional geometry. In Figure 1.5 some typical examples are shown.

In such cases a two-dimensional geometry of problem must be used. This does not make the
conceptual problem more complex, regarding principal moisture interaction or modeling of
material properties. However, it requires more advanced computation algorithms and typically
more computation power and memory.
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Figure 1.5, Examples of two-dimensional computation geometries.

1.6.4 Materials

When it comes to material behavior and properties in these simulations, the main focus is on
concrete, initially hydrating and later just drying. However other materials, such as old
concrete (non-hydrating), screed, floor surface etc. may be present in more advanced cases.

1.6.4.1 Concrete

Drying in concrete phenomenologically consists of both self-desiccation due to hydration of
the binders and of possible diffusive drying, i.e. exchange of moisture with the surroundings.
Simulation of this requires simulation of the hydration behavior of the concrete with its
consumption of water (chemical binding of water) as well as both sorption and transport of
water in concrete. One shall also observe that due to hydration and transition of concrete from
a liquid to a solid state, there is a significant change in structure of the material resulting in
dynamics of material properties for phenomena such as sorption and transport.

Simulation of old concrete (non-hydrating) allows a simplification of the above. No water
consumption needs to be simulated because there is no hydration going on. Also, material
properties regarding sorption and transport are normally assumed to be constant, despite some
slow-rate changes occurring due to e.g. carbonation.

1.6.4.2 Screed
Screed is basically very similar in behavior to concrete. However, some aspects of its drying
differ:

e High level of fluidity, required for achieving self-leveling properties, normally gives a
low level of self-desiccation.

e Combined further with larger amounts of aluminate cements in the binder mixture it
results in a very fast hydration process.

10
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e Screed is applied in inhouse conditions, which gives a much more stable hydration
process that for concrete, with much less varying hydration results.

These facts are usually used as reasons for simplifying of the modeling of screed behavior.
The hydration process and the chemical binding of water is sometimes not simulated at all. A
result of this process, constant sorption and transport properties for moisture and a starting
relative humidity, are assumed as starting conditions for a simulation of moisture sorption and
transport only. Sometimes a simple model for chemical binding of water is used. For details
see Anderberg & Wadsé 2007.

1.6.4.3 Floor surface layers

The capabilities of storing moisture in floor surface layers, e.g. plastic carpets, are negligible
in comparison to concrete or screed. What is of importance in the simulation is its transport
properties. Therefore, this part of the floor is simulated as an infinitely thin insulation layer
with a certain resistance to vapor transfer. This property is not necessarily constant. It may
vary with relative humidity and/or temperature. Temperature variation is normally omitted in
this simulation due to the fact that surface layers are applied and used in in-house conditions
with low variation of temperature.

1.6.4.4 Glues and primers

To ensure the bond strength of connection between different layers of the floor system, glues
and primers are used. These are typically various polymer dispersions with initially a high
moisture content to ensure fluidity during application and an even distribution on a large floor
surface.

They have naturally both sorption and transport properties for moisture. These change as a
result of drying of these substances. Normally what matters is their high initial water content
and simulation of these substances is mainly focused on the amount of moisture they add to
the floor system. Later in the simulation, these layers are typically simulated in the same way
as a floor surface layer, i.e. as infinitely thin layers with a certain resistance to vapor transfer.

1.6.5 Environment and execution of concrete works

1.6.5.1 Casting conditions

Simulation of hydration of concrete requires full understanding of the temperature during this
process. The kinetics of the chemical reactions involved are typically temperature dependent.
The reactions are exothermic, i.e. producing heat. There is heat exchange with surroundings
such as, adjacent structure, formwork, possible insulation and/or covering etc. The weather
conditions are also of importance, especially in Scandinavian climate when winter condition
can affect uninsulated structures strongly.

1.6.5.2 Weather conditions during drying

During the hydration phase and thereafter, both heat and moisture exchange can take place
between the structure and the surroundings. The temperature of the structure is initially a
function of both hydration heat and the heat exchange with surroundings. After the hydration
peak and some cooling, the temperature of the structure typically follows the average
temperature of the surroundings, due to lack of heat of hydration. The moisture is exchanged
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with surrounding air. There is a possibility of sucking in rainwater that can accumulate on the
unprotected surface of the concrete.

1.6.5.3 Weather protection and inhouse conditions

Sooner or later in the process of floor production, some kind of weather protection will be
installed and inhouse conditions will take place. In Sweden there are typically three possible
stages of this applied on the construction sites:

e Weather proofing — roof above the structure and walls around, eliminating effects of
rain and wind

e Drying conditions — artificially constructed conditions intended for creating a specific
environment for diffusive drying of the concrete floor, typically a “tight house”
reinforced with heaters and dehumidifiers resulting in stable increased temperature
and removal of moisture from the ambient air, creating a significant gradient in water
vapor contents between the air and the concrete

¢ Inhouse conditions — similar to drying conditions but based on the fact that the
construction is entering its final stages of production, not specifically intended to
reinforce drying process

The weather protection described above is affects typically the environmental conditions for
the concrete floor by altering the outside weather, eliminating some of its elements and/or
creating entirely controlled conditions.

1.6.6 Limitations

Planning of casting and drying of concrete is a typical task executed at offices or construction
sites. This simulation will be performed by use of a MS Windows-based personal computer
with a performance and capacity not exceeding a better office PC or a simpler workstation.
The acceptable computation time for one simulation can typically be in a range up to several
minutes but preferably not more.

Another practical limitation that exists but is a little difficult to estimate more precisely is the
cost and time necessary to measure material properties necessary for a new concrete mixture.
Full scale measurements of fundamental moisture properties such as sorption, transport and
hydration with chemical binding of water take time and money. As already mentioned in
section 1.4.4, a necessity of such measurements had been identified and a decision had been
taken to perform them in a parallel work package. A summary of the measurement data,
supported by the parallel work package 2 is given in section 1.7.3.4.2 and Table 1.1 The
output of work package 2 will be used in this work as a source of data for validation of the
proposed models as a complement to material data from other sources.

1.7 Analysis of the applied simulation problem

In order to satisfy the identified need for simulation of drying in concrete, the simulation
problem will in this section be analyzed. Typical physical descriptions of the phenomena in
question will be presented together with some basic considerations regarding modeling of
material behavior as well as various boundary conditions. Finally some initial decisions
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regarding the simulation method are presented. These are strongly influenced by the
conclusions from the pre-study, Stelmarczyk et al 2015, regarding computation methodology:

e New computation approach has to be used, allowing more flexible modeling of
properties. The use of Kirchioff’s potential in the old calculation tool does not give the
possibility of modeling scanning and dependency of sorption and transport properties
on it.

e The moisture computation has to be combined with a heat simulation of concrete in
order to correctly handle the hydration temperature and its impact on moisture
properties.

It shall be understood that the analysis below is not regarded in this context as research. It
simply does not contain new material enough. It is an application of existing knowledge and
methodology in order to understand and identify what research is necessary in the area of
material modeling in order to fulfill the requested requirements and simulation need. The
identified research problems are presented in section 1.8 and the research challenge is
addressed in chapters 2 and 3.

1.7.1 Core problem

The first question to be addressed is regarding the physical level of simulation. Earlier the
material was treated as a continuum with the problem expressed as mass flow of
water/moisture through it. There are possibilities to model this phenomenology on a deeper
level. E.g. the mass flow can be subdivided in various phases of water and utilize more
classical fluid mechanics in a more specific/localized description of a pore system, e.g.
Johannesson 2000b. This level require however a lot of material data consisting of the
geometry of the pore system and also raises some problems regarding adequate setting of
boundary conditions for the flow simulation, as mentioned in the reference above. Finally, the
cost of simulation below the level of continuum-based mass flow is not suitable for the
intended computers and expected computation time, see section 1.6.6. The general conclusion
is that the continuum level with the classical mass flow differential equation is appropriate for
this problem. The main differences from the earlier approach are that the transport
formulation has to be treated in a more general way and the entire mass flow equation has to
be solved for a non-isothermal case.

Regarding simulation of temperature and hydration, a similar argumentation is adopted. There
are possibilities to simulate hydration on a molecular level, e.g. Lothenbach & Winnefeld
2006. In order to be representative for the entire concrete floor, this approach is not practical
on targeted computers. A similar continuum approach with the heat flow differential equation
is much more appropriate, as long as it takes into account the spatial variation of temperature
and hydration state, as required by the pre-study.

1.7.1.1 Moisture state and flow

Moisture state in a body is governed by the mass-balance equation. It is a differential equation
that can be used to describe other substances as well. It requires balance between three
fundamental phenomena: storage, flow and creation/consumption of a substance. Being a
differential equation, it has to be fulfilled for entire space and time domain in question, i.e. for
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the entire body of interest and during the entire time period of interest. There are various ways
of expressing the mass balance equation, e.g. Luikov 1980. One typical way of expressing it is
given in equ. (1.1).

owph _ . Owch
> = V-g o (1.1)

where

Wpy, - is the moisture content of the material, i.e. physically bounded water, [kg/m?]
Wcp, - is consumed moisture, i.e. chemically bounded water, [kg/m®]

g — is the field of moisture flow, [kg/m?s]

To the left of the equality sign the time derivative of storage is found. The right of the
equation is a sum of the divergence, i.e. source density, of the flow field and the time
derivative of the creation or consumption depending on the sign.

The creation/consumption term is probably easiest to evaluate. The only case of the problem
described in section 1.6 implying some kind of creation or consumption of moisture by
volume is chemical binding of water due to hydration in concrete. It will be explored further
in section 1.7.3.1.2.

When it comes to transport and storage one normally describes them indirectly using some
kind of potential describing the concentration or contents of the substance in question. For
moisture one can choose in general between vapor content, moisture content, partial vapor
pressure, relative humidity or, for porous materials with capillary condensation of water,
capillary pressure. However, there are differences between them and choosing one or the
other can have some consequences for the solving of the problem.

Choice of moisture contents is preferably avoided when more than one material can occur in
the simulation. Moisture balance over a boundary between two materials implies equality for
most potentials, except the moisture contents, due to its dependency on sorption properties of
materials. Relation between vapor contents, partial vapor pressure and relative humidity is
simply scaling by vapor contents at saturation or partial vapor pressure at saturation,
Arfvidsson et al 2017, see equ. (1.2).

p=—=7 (1.2)
where
@ - is the relative humidity, [-]
v - is the vapor content, [kg/m’]

Vs - is the vapor content at saturation, [kg/m?]

p - is the partial vapor pressure, [Pa]
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Pps - 1s the partial vapor pressure at saturation, [Pa]

Connection to the capillary pressure is more complicated and under the common assumption
that the wetting angle between water and inner surface if concrete porous structure is
effectively zero, Arfvidsson et al 2017, is govern by equ. (1.3).

Pe = pwRyTIng (1.3)
where

Pc - is the capillary pressure, [Pa]

Py - is the density of water, [kg/m?]

Ry - is the gas constant for the water vapor, [J/kg K]
T - is the absolute temperature [K]

In an isothermal case this allows a relatively free choice of potential for the mass-balance
equation. Due to the fact that most materials used as layers on the boundaries are described by
a vapor resistance in terms of a difference in vapor contents, this potential is commonly used
and gives the version of the mass-balance equation shown in equ. (1.4).

Owpp 0V _ __Owen
T V- (6,Vv) ot (1.4)

where
8, - is the transport coefficient for vapor content, [m?*/s]

Here the storage term is now expressed as a product between a moisture capacity with respect

to vapor contents

i . . .
VaVPh and the time derivative of the vapor contents. The transport term is

v
based on the expression of the transport field as proportional to the gradient of the vapor

contents, most often with transport coefficient varying with vapor contents.

When the situation changes to non-isothermal, which is implied by the applied problem
formulation, some complications occur. The moisture potential is suddenly not the only state
variable. The is one more, independent from moisture — temperature. For the storage term,
addition of another state variable results in equ. (1.5).

owpp v owpp OT
v at aT ot (1.5)

2 wen(v,T) =
This simply expresses that the moisture contents of a material is not only dependent on vapor
contents but also on temperature, which is the case for porous materials due to both capillary
condensation and adsorption as will be investigated in chapter 2.2. The time derivative of the
moisture contents becomes a sum of a term due to change in vapor contents and a term due to
change in temperature.

The flow term might also change due to the varying temperature. Here the main question is
what gradient is really driving the flow. If it is the gradient of vapor content, there will be no
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complications. If it is a gradient of another moisture potential or a combination, the translation
between can get complicated due to the fact that the saturation conditions are temperature
dependent. This will be further explored in chapter 3.4. Let for now just acknowledge the fact
that transferring gradient between moisture potentials can result in a sum of a vapor contents
gradient and a temperature gradient, each with a transport coefficient possible dependent on
both vapor content and temperature.

This gives together the non-isothermal version of the mass-balance equation, see equ. (1.6).

dwpp, 0v dwpp 0T __ . _ owch
wendy | Men Il — - (8,Vv + 6,VT) — 2 (1.6)

where
O - is the moisture transport coefficient for temperature gradient, [kg m/s K]

1.7.1.2 Heat state and flow

The differential equation governing heat state and flow is similar to the mass-balance
equation. It is the heat equation. It balances in similar way storage, flow and
creation/consumption, however not of a physical substance but of thermal energy, Luikov
1980. A typical form is shown in equ. (1.7).

pesl=—v - (kVT) — 22 (1.7)
where
p - is the material density, [kg/m’]
c - is the heat capacitivity, [J/kg K]
K - is the heat conductivity, [W/m K]

Qy - is the generated hydration heat per volume, [J/m?]

There are some differences between this and the mass-balance equation for moisture. In the
case of heat the temperature is the given potential for calculation. The storage is based on a
heat capacity, that for the current applied problem is considered constant, i.e. not dependent
on either temperature or moisture state. The transport may be driven by a both a temperature
gradient and a moisture gradient. However the influence of the later one is typically
considered as negligible, Klemczak 2011, so the transport description is reduced to being
driven by the gradient of only temperature. It has been observed that the heat conductivity has
a dependency on age/maturity for concrete, mainly connected to the change of state from
liquid to solid and the connected chemical binding of water.

Regarding the creation/consumption term, a significant heat contribution during the early
phase of concretes life is the hydration heat. Later on, phase change of water, between
condensed state, adsorbed state, and/or vapor, might case a contribution depending on where
the change takes place.
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1.7.2 Boundary Conditions

1.7.2.1 No Flow

One of the simplest boundary conditions to handle is no flow at all. In the case of moisture, a
sealed boundary is not unusual in this problem domain. A non-removable formwork for a slab
is a typical example. For heat, the fully insulated conditions are normally not corresponding to
a physical boundary, due to the fact that that high level of insulation is not a part of the
applied problem. On the other hand, when only a part of a structure is studied, due to
symmetries, the cross-section cut, ending such a part is chosen to be in a place where there is
no flow, i.e. it has the very boundary condition in question. This can apply to both heat and
moisture.

A typical way for expressing this type of boundary condition is requiring the flow field to be
zero on that part of the boundary, see equ. (1.8) for the heat case and equ. (1.9) for moisture
case.

VT =0onlyg (1.8)
6,V + 67VT =00n Ty, (1.9)
where
[y o - is the part of boundary where there is no heat flow

Iwp - is the part of boundary where there is no moisture flow

1.7.2.2 Convective Flow

Convective flow is probably the most commonly used boundary condition in the problem
type. It describes interaction with a fixed value of the potential in question over one or a set of
resistances. In the heat case the flow is driven by the temperature difference between the
surrounding temperature and the boundary temperature with a heat transfer coefficient or a
heat resistance, see equ. (1.10).

KVT = hy(Teny — T) = i(Tenv —T)only,c (1.10)

where

[y ¢ - is the part of boundary where there is convective heat flow
Tenv - 18 the temperature of the environment, [K]

hry - is the heat transfer coefficient, [W/K m?]

Zt - is the heat resistance, [K m?/W]

In the case of moisture, the flow is driven by the vapor contents difference between the
surrounding air and the inner side of the boundary with a vapor transfer coefficient or a vapor
resistance, see equ. (1.11).
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Vv + 6¢VT = hy(Veny — V) = Zi(uem, —v)on . (1.11)

where

Iwc - is the part of boundary where there is convective moisture flow
Ueny - is the vapor content of the environment, [kg/m?]

h,, - is the vapor transfer coefficient, [m/s]

Z,, - is the vapor resistance, [s/m]

An important aspect of the specification of the resistance is that resistances of multiple layers
on the same boundary are additive, Arfvidsson et al 2017, see equ. (1.12). This applies to both
vapor and heat.

Zrot = N2 (1.12)
Ztot - 1s the total resistance
Z; - is the resistance of layer i

When the boundary conditions are describing interaction with air, an important aspect of this
interaction is movement of the air, i.e. wind impact. When the air is standing still, the heat or
vapor exchange affects the layers of air closer to the boundary and changes their initial
temperature of vapor contents. If the air is moving, more fresh air comes in contact with the
boundary and the effect of changing the temperature or vapor content of the surrounding air is
decreasing with the increasing wind velocity. In reality this affects Ty and/or vg, but this
effect has been successfully modeled for both heat, Jonasson & Stelmarczyk 1991, and vapor,
Zhang 2014, transfer by defining a transfer coefficient based on the wind velocity and adding
it to the layer structure while keeping the surrounding temperature or vapor content constant.

1.7.2.3 Fixed Value

One possible boundary condition is a fixed value for the potential, temperature for heat, see
equ. (1.13), and vapor contents for moisture, see equ. (1.14). This is a very special boundary
condition, implying potentially unlimited flow of heat or vapor over the boundary, if needed
to really hold the boundary level of the potential fixed. This corresponds to very few real
situations and requires large reservoirs of heat or moisture to be in contact with the boundary.

T=Teponlyp (1.13)
U=Ugppyonlyp (1.14)
where
[y p - is the part of boundary where the temperature is fixed

[ F - is the part of boundary where the vapor content is fixed
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In the heat case, one example of such a case is the temperature deep enough in ground below
a structure. In Sweden, the temperature at around 2 m depth or deeper is typically not affected
by variations in weather, Jonasson & Stelmarczyk 1991, and if a heat simulation shall include
ground under a slab, one way of simulating it may be to include 2 m of ground in the heat
simulation and set the lower boundary condition as fixed temperature.

In the case of moisture, a good candidate for such a situation is direct suction of condensed
water from the boundary surface, e.g. accumulated there after rainy weather.

1.7.3 Material Properties

In section 1.7.1 necessary, material related, properties were identified as significant parts of
the differential equations describing the problem concerned. Some of them require little
attention due to their simplicity and few dependencies, such as heat capacity and thermal
conductivity, as stated before. Below, the investigation of the other, more complicated ones
continue.

1.7.3.1 Hydration

Hydration is the most dynamic phase of a concrete’s existence. Phase change from liquid to
solid takes place due to a set of chemical reactions. This has consequences for almost all
material properties.

1.7.3.1.1 Heat

The nature of the chemical reactions involved in hydration of cement is exothermic. The
accumulated enthalpy of the reactions in question forms what is commonly named as heat of
hydration. Handling of this in the heat equation requires expressing the phenomenon as
amount of generated thermal energy per time and volume [J/m3s]. This term will typically
vary. Initially it will be low. It will then rise with the hydration intensity and later on decline
when the hydration is over, see detailed discussion in chapter 2. This indicates that the
temporary value of this term will typically depend not only on the momentaneous value of the
temperature and vapor content but also on the hydration history, i.e. the history of both
computation potentials, see equation (1.15).

"ait” = f(T,v, Hist[T], Hist[v]) (1.15)

where

f(, ...) — is a general function with indicated variable dependencies
Hist[X] — is some kind of description of history of X since casting

1.7.3.1.2 Chemical binding of water

Further insight in the nature of the chemical reactions involved in hydration of cement,
reveals, as the word ‘hydration’ indicates, reaction with and binding of water to a resulting
solid phase of the concrete. This will be referred to as chemical binding of water, as opposed
to physical binding i.e. sorption. The required mathematical description of the phenomenon
for handling in the mass-balance equation is similar to the case of hydration heat - a term
representing amount of water being chemically bounded per time and volume [kg/m>s]. This
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term will also behave in a similar fashion to the hydration heat, see detailed discussion in
chapter 2, and will depend on a history of temperature and moisture state in concrete, see equ.
(1.16).

6wCh

prak f(T,v, Hist[T], Hist[v]) (1.16)

1.7.3.1.3 Compressive strength

Compressive strength of the concrete is not directly involved in the problem description and
the governing differential equations. However, removal of formwork, sometimes including a
considerable amount of thermal insulation, is often connected to achieving a certain level of
strength in the structure. This implies that growth of compressive strength in some
simulations will affect change of boundary conditions for both heat and moisture, indirectly
affecting the problem in question.

The phenomenology of strength growth is connected to the hydration of the concrete. It is a
result of the phase change and typically growths with varying speed during the hydration
process. Of similar reason as for heat of hydration and chemical bounding of water, the value
will depend on the history of temperature and moisture state, see equ. (1.17).

fec = f(T,v, Hist[T], Hist[v]) (1.17)
where

f.c — is compressive strength, [MPa]

1.7.3.2 Sorption

Reversible storing of moisture in a material is referred to as sorption. It is based on physical
binding of water, which is a looser binding than chemical binding. Typical mechanisms for
sorption in concrete are capillary condensation and adsorption, see detailed discussion in
chapter 2.2. The moisture content is easily affected by the moisture potential and by the
temperature. Due to some mechanisms there is also a memory effect involved - a hysteresis.
Two states with different history can have different moisture content despite having the same
temperature and vapor content. For a static pore system, this can be summarized
mathematically in equ. (1.18).

wpp, = f(T,v, Hist[T], Hist[v]) (1.18)

In concrete, the pore system is not static. It changes rapidly during the first days of hydration.
The rate of change decreases then, but there is evidence that the change continues for months
ahead, Olsson et al 2018. This adds some type of age dependency and possibly also a
dependency on the course of hydration. The pore systems may be different depending on how
the hydration proceeded and not only to what age.

Beside this it is important to note that the mathematical expression of moisture contents is not

enough. The main use in the differential equation of the storage description is in form of its

ath ath
and temperatur .
P d temperature pos

partial derivatives with respect to vapor contents
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1.7.3.3 Transport

Transport properties, especially during non-isothermal conditions require careful and detailed
study, which is done in chapter 2.3. At this stage of investigation of the problem it is enough
to observe that moisture can be transported both as vapor and in its condensed state. Due to
the large difference in concentration [kg/m’] of those two phases, the filling state of the pore
system can rightfully be suspected to strongly influence the transport properties. This
connects the transport properties to the entire sorption phenomenology. This should be no
surprise due to the fact that both phenomena take place in the same pore system. This results
in the same suspected dependencies for the transport coefficients, see equ. (1.19) and (1.20).

&y, = f(T,v, Hist[T], Hist[v]) (1.19)
6r = f(T,v,Hist[T], Hist[v]) (1.20)

The dependency on age and course of hydration applies even here. Some simplification,
compared to sorption, is that the values of the transport coefficients are used directly in the
differential equation and no further differentiation is necessary.

1.7.3.4 Limitations of Measuring Material Properties

1.7.3.4.1 Physical Limitations

Measuring properties in a material that changes can be challenging. There are two techniques
to deal with the change. Either the change is stopped, and the properties of the material frozen
during the measurement or one has to perform the measurement quickly enough compared to
the change rate of the material for the properties to be approximately constant during the
measurement. Both techniques can sometimes be impossible to perform practically.

Measuring of concrete properties at early age, i.e. during hydration present this kind of
challenge. Many methods for stopping hydration have been developed in order to make
execution of slower measurements possible. Almost all of them involve removal of
chemically unbounded water from concrete, Zhang & Scherer 2011 and Collier et al 2008.
This poses a problem for measurement of sorption and transport properties for moisture,
where measurement methods require presence of chemically unbounded water in the
measurement object.

An alternative to removing water has been developed by partial exchange of cement with
similar size of particle inert to concrete constituents, Termkhajornkit et al 2015. Due to lack
of proof that the sorption and transport properties in such a pore system remain unaffected
compared to a similar hydration degree of real concrete, the method was rejected. In case of
mixed binders, where the degrees of reactions or each binder are not following each other, the
method is impractical, which added as an argument to the rejection decision.

As a consequence of above, there will be no knowledge of sorption and transport properties
during approximately two first weeks of the hydration. This has to be considered during
further modeling.
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1.7.3.4.2 Practical Limitations
Another set of limitations for the modeling attempt is connected to practicalities of the

measurement work package, providing the measured values as input for the modeling and this

research. Table 1.1 gives an overview of the performed measurements and provided

measurement.

Table 1.1 Overview of measurements and measurement conditions in parallel work package 2, intended to be
targeted by the modeling in this research work.

Type of data / status

Curing conditions

Measurement conditions

Moisture transport

Transport coefficients
for vapor contents /
Measured

Sealed curing at 20 °C,
ages 6 and 12 months

Connected RH-intervals forming an
entire curve, at 20 °C for both
desorption and absorption

Moisture sorption

Moisture contents /
Measured

Sealed curing at 20 °C,
ages 6 and 12 months

RH-levels forming an entire curve, at 20
°C for both desorption and absorption
and some scanning under desorption

Moisture contents /

Sealed curing at 20 °C,

At capillary saturation

water / Measured

35 and 50 °C, various
ages up to 6 months

Measured ages 6 and 12 months
Hydration
Chemically bounded | Sealed curing at 5, 20, | Hydration stopped by fast drying to

11% RH at 20 °C with following TGA
analysis

Chemically bounded
water / Measured

Curing at 5 and 20 °C,
at capillary saturation,
various ages up to 6
months

Hydration stopped by fast drying to
11% RH at 20 °C with following TGA
analysis

Hydration heat /
Measured

Sealed curing at semi-
adiabatic conditions

Semi-adiabatic calorimetry

Compressive strength

Curing in water-baths at
5,20, 35 and 50 °C,
various ages up to 3
months

10 cm cubes

The initial ambition of work package 2 was to also perform measurements in the areas of
sorption and transport at other temperatures than 20 °C. This was intended in order to enable
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modeling in non-isothermal conditions. For chemically bounded water, there was an intention
to use samples that had been cured in more combinations between different temperatures and
moisture conditions. The work package did not manage to perform these measurements,
which affected the scope of research described later in this thesis and the validation basis for
the proposed models.

1.7.4 Initial decisions

Below a few necessary initial decisions are given and motivated. These mainly affect the
necessary generalization level of the problem and the understanding of the requirements
regarding modeling on the sub-problem level. Modeling can be performed at many levels,
with various aims and enabling various types of use, van Breugel 2015. The purpose of the
initial decisions is to simplify identification of a suitable level of modeling within this
research.

1.7.4.1 The differential equations

The main choice regarding the differential equations in question is how generalized version of
the mass flow to apply. After the discovery how important the temperature and its history is
on one hand for all the parameters directly connected to hydration results, such as heat or
chemical binding of water, as well as later for hysteresis in both sorption and transport
properties, the non-isothermal version of the mass-balance is chosen.

1.7.4.2 The material types

Materials with significant storage capabilities for heat and/or moisture has to be simulated as
computational objects taking up geometrical space and modeling the storage capabilities. In
this class of materials there are two sub-classes identified. There are materials undergoing
significant changes during the first period of time, i.e. concrete, due to hydration. In this case
the various aspects of hydration such as generated heat and consumed water has to be
modeled. For these materials there shall also be some kind of modeling of change in other
parameters, such as sorption and transport, due to age. There are also materials that can be
simulated as having constant sorption and transport properties and not contributing to
generation of heat nor chemical binding of water. For these materials, such as old concrete,
there shall be no simulation of hydration.

Regarding screed, both mentioned material modeling approaches may be actual. Some
products have a very rapid hydration process and regarding desiccation rely mainly on
diffusive exchange of moisture with surrounding air. In such a case, sorption and transport
does not have to vary with age. Modeling of chemical binding of water, due to short
hydration, can be simply expressed as a starting humidity or water contents, lower than
saturation. In other cases, some kind of modeling of chemical binding with respect to age and
temperature might be necessary to describe the behavior of the screed accurate enough for the
application. Such cases are considered outside scope of this thesis.

Materials with insignificant storage capabilities for heat and/or moisture are typically
simulated as objects occupying no space, i.e. infinitely thin layers, possessing resistance to
transfer of heat and/or moisture. Regarding moisture, it is important to remember that the
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resistance is not necessarily constant but can be dependent on the temperature and/or vapor
contents of the layer.

1.7.4.3 The boundary conditions

The main key to flexibility in simulation of various boundary conditions is convective flow in
combination with support for multiple layers of resistance and modeling of wind impact as
additional layers. This method will be complemented with zero boundary flow. The latter case
is important when sealed conditions occur in the case of moisture as well as when cross-
section boundaries are used for limiting the computation area due to symmetries.

When it comes to the condition of fixed value, the only identified case of possible interest is
capillary suction of condensed water from surface, e.g. during and after rain. However, this
case can also be simulated using convective flow and selecting a large enough transfer
coefficient. It is left for the later implementation of the simulation to select a specific method
for this purpose.

1.7.4.4 Selection of calculation potential for moisture

As mentioned earlier, the selection of the computation potential for the mass balance equation
can be done in various ways. The reasoning given in section 1.7.1.1 is still applicable. No new
aspects of this question have been found during the analysis of the other aspects of the applied
problem. The three key issues are:

¢ Potential continuity over material boundaries
e Formulation of the convective flow on the boundaries
e Formulation of the transport term in non-isothermal conditions

Regarding the first two, the vapor content is the preferable choice. The transport formulation
in the non-isothermal case is not a trivial task and it needs further investigation into the
transport phenomenology and the driving mechanisms. However, assuming as in equ. (1.6)
use of a combination of gradients of both vapor content and temperature will ensure a
possibility of using gradients of various moisture potentials as well as temperature and
translating them to the used, double-gradient form in the equation.

1.7.4.5 Computation method

As stated in the beginning of section 1.7, a computation method for the problem was
requested, that allowed a more flexible handling of moisture sorption and transport, compared
to the Kirchoff’s potential formulation used with finite differences in previous modeling,
Arfvidsson et al 1998-2012. The approach chosen here is based on the Finite Element Method
(FEM), Zienkiewicz et al 2013, for the spatial dependency of the partial differential equations
involved in combination with a finite difference scheme for the time dependency. The FEM
approach allows for simple and flexible treatment of various geometries:

e For 1D two-node elements with linear shape and weight functions can be seen a
standard approach to all geometries. A flexible choice of integration points for Gauss
Quadrature approach to evaluation of integrals of non-linear element properties allows
for adjustment of computational stability’s spatial dependencies.
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e For 2D three-node triangular elements with linear shape and weight functions can be
seen a standard approach to all polygonal geometries and allowing for good
approximation of other geometries. A flexible choice of integration points for Gauss
Quadrature approach to evaluation of integrals of non-linear element properties allows
here also for adjustment of computational stability’s spatial dependencies.

The used of finite differences in time, more specifically a weighted sum of forward and
backward differences, gives a base for computational stability. Further the selection of time
steps can easily be adapted to various combinations of storage and transport capacity for each
element so that the requirement for the shortest time step is respected during the computation.

Another advantage of this approach is the possibility of use of a multiple iteration approach
for each time step. This is done in order to deal with the non-linearities in the hydration
modeling as well as non-linearities and hysteresis effects in the transport and sorption
properties of moisture.

The final remark regarding computation method considers the fact that two partial differential
equations shall be solved on the same domain and under the same circumstances. As clearly
seen in the analysis above, there is a cross-dependency between the equations. The mass-flow
of moisture is connected to the temperature of the structure as well as to the hydration and its
chemical binding of water. The heat equation is connected to the moisture state through its
dependency on hydration, which in turn is dependent on available water. However these two
dependencies are not computationally equal in strength. There is a significant difference in
speed for the dependencies where moisture phenomenology is clearly the slower one
compared to heat. This allows for handling of both equations with separate FEM-
formulations, coordinated in space by the same element decompositions and in time by the
same time steps, where for each time step the heat problem is solved first and the moisture
problem is solved thereafter. In this way solving of combined system of linear equations for
two fundamentally different types of variables can be avoided without introducing
computation errors due to the cross-dependencies.

1.8 Research problems

As a result of the input and analysis given in this chapter, based on the application need and
by the pry-study expressed requirements, research problems are formulated for three different,
however as the literature study will show, connected areas. The research problems are
formulated below.

1.8.1 Hydration and chemical binding of water

The key goal of the research problem regarding hydration and chemical binding of water is to
propose a model for calculation of the amount of chemically bounded water per amount of
cement (kg/kg):

wey, = function of (T, v, Hist[T], Hist[v]) (1.21)

. . . .. D
Also allowing for evaluation of it derivative ‘g:h.
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The following dependencies were to be addressed:

e Temperature
o The influence on rate of reaction
o The influence on how much water is actually bounded per kg binder and the
end level of self-desiccation
e Moisture
o The limiting influence on the rate of reaction and end of hydration

The following additional requests were also to be taken into account:

e The model for chemical binding should be preferable based on a model of hydration.

e The model of hydration should have a level of generality allowing for using it as a
base for further formulation of connected models heat of hydration and development
of compressive strength. The modeling of heat shall not cover the initial dissolution
peak, but start in the dormant period, i.e. correspond more closely to heat generated at
and after casting and not during blending.

These requests were not considered as a primary goal of the research problem, but as a
secondary and optional outcome of the research.

1.8.2 Sorption of moisture

The key goal of the research problem regarding sorption of water is to propose a model for
calculation of the amount of physically bounded water per amount of cement (kg/kg), i.e. the
moisture contents:

wpy, = function of (T,v, Hist[T], Hist[v]) (1.22)
. . . . . ath Bth
allowing also for computation of partial derivatives ™ and 7

The key dependencies to be addressed were relative humidity (or any other vapor potential)
and temperature under the circumstances of desorption, absorption and scanning. The
dependency on temperature was initially intended to be handled as a key dependency. Due to
lack of measurement data regarding this influence, that limited the validation base for a
proposed model, this requirement was limited to optional with an ambition to build in some
temperature dependency based on theory.

1.8.3 Transport of moisture

The key goal of the research problem regarding transport of water is to propose a model for
calculation of the transport term in the temperature dependent version of the mass balance
equation:

dwpp, 0v dwpp 0T __ . _ owch
wenly | Mendl — —p - (6,Vv + 6,VT) — 2ot (1.23)

expressing it by use of gradients of vapor contents and temperature and corresponding
transport coefficients:
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&, = function of (T, v, Hist[T], Hist[v]) (1.24)
&r = function of (T, v, Hist[T], Hist[v]) (1.25)

The key dependencies for the transport coefficients to be addressed were relative humidity (or
any other vapor potential) and temperature under the circumstances of desorption, absorption
and scanning. The dependency on temperature was initially intended to be handled as a key
dependency. Due to lack of measurement data regarding this influence, that limited the
validation base for a proposed model, this requirement was limited to optional with an
ambition to build in some temperature dependency based on theory.
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2. Literature study

The goal of this literature study is to provide an understanding of the scientific background of
the research problems formulated in section 1.8, in order to facilitate formulation of their
solutions. The study contains therefore both an overview of the phenomenology involved as
well as earlier modeling attempts. However, these are limited regarding the level of
information. As mentioned, the purpose of the study is to facilitate a specific problem solving.
Hydration of concrete and moisture behavior in it are large and deep scientific areas that has
been and are studied both in large and in a great detail. It is not a purpose of this chapter to
provide an, in any way, complete picture of all underlaying phenomenology or of all scientific
work regarding various levels of modeling of it.

The use of terms “cement”/ “binder” and “water-cement-ratio (w/c)”/“water-binder-ratio
(w/b)” requires a clarification. In this document both will refer to the total amount of binders
used in a specific concrete. In construction industry, attention is given to whether a
supplementary cementitious material (SCM), being part of a concrete mixture, is added to the
mix by the cement manufacturer as a part of cement or binder production or by a concrete
manufacturer exchanging cement for an SCM as a part of concrete production. This is
strongly connected to the governing standards for cement and concrete. For this work
however, the question who added the SCM and what product testing according to which
industrial standard did the binder mixture pass simply makes no difference, because it doesn’t
affect the properties of the end product.

2.1 Hydration and its effects

The use of cementitious materials in construction as mortar and/or concrete has been practices
for millennia. Various materials has been used as binders. Research and development
regarding new binders is an ongoing process. The purpose of this chapter is to focus on a
selection of materials, that can be used as binders, and their behavior. First the composition of
binders, chemical reactions and the resulting reaction products are presented for Ordinary
Portland Cement (OPC) and some supplementary cementitious materials (SCM). Later a
selection of knowledge regarding reaction kinetics is presented. The last step of the literature
study focuses on modeling of the hydration and some of the resulting concrete characteristics.

There has been a large amount of scientific work presented on the area of hydration of OPC
and SCMs, from the more pioneering works of Powers and Brownyard, Brouwers 2004 &
2005, to more recent of Scrivener and Lothenbach among many others, e.g. Scrivener &
Nonat 2001, Scrivener et al 2015 and Lothenbach et al 2011. Majority of the results are
available as textbooks. The overview in the first two sections of this chapter is mainly based
on such a comprehensive material as Hewlett & Liska 2019, Taylor 1997 and Kurdowski
2014. Specific references will be used occasionally to emphasize specific details in these two
sections.
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2.1.1 Hydration reactions, reactants and products

2.1.1.1 Clinker materials — Ordinary Portland Cement

OPC, with its binding clinker materials, containing a dominating amount of alite, has been
produced since early 19" century. This is connected to development of technique got heating
of cement kilns to a process temperature exceeding 1400 °C, which is necessary for the
formation of alite. The production process today uses limestone as a main source of calcium
and materials containing clay as complementary source of aluminosilicate. The burning
process is typically divided into two stages, a calcination at a temperature of above 600 °C
and later sintering at about 1450 °C. After a cooling stage the resulting material goes through
grinding in order to reach desired grain size distribution and specific surface. The
composition of the clinker materials may vary regarding the proportions between the
components and content of small amount of additional material from the production process.
However, it is based on the 4 main clinker components described below.

2.1.1.1.1 Components

Alite is one of the two calcium silicate components of OPC. It is the impure version of tri-
calcium-silicate, with chemical formula (CaO)s - SiOz, and in cement chemist notation CsS.
Although CsS is in general not thermodynamically stable under the temperature of 1250 °C,
its decomposition is typically restricted by fast cooling, resulting in polymorphic transitions to
phases stabilized by presence of impurities, e.g. MgO. Due to its relatively high CaO content,
alite is the most reactive of the calcium silicates.

Belite is the other of the two calcium silicate components. It is the impure version of di-
calcium-silicate, with chemical formula (CaO)2 - SiOz, and in cement chemist notation CaS. It
forms more easily than alite but it’s also dependent on quenching and impurities for
stabilization of its hydraulically important polymorph. It is not as reactive as alite.

Calcium aluminate is one of the two aluminum compounds present in the OPC. Its chemical
formula is (CaO)3 - Al203, and in cement chemist notation C3A. It’s also stabilized by
impurities, about 6% Na20. This component is very reactive with water and alone gives an
early increase in strength of concrete. This can result in too fast setting of the concrete and is
normally controlled by addition of gypsum, CaSOs4 - H20, that changes the reaction and slows
down the kinetics, see further the next section.

Calcium aluminoferrite is the other aluminum compound present in clinker. Its chemical
formula is commonly noted in cement chemist notation C4AF. In practice the composition is
varying, and a better description is given by Caz(AlxFe1-x)20s, where x varies around 0.5
(different limits given by different sources). This is close in composition to the commonly
used C4AF.

2.1.1.1.2 Composition
Typical composition of cement clinker is given in Table 2.1. Beside the main components and
gypsum lower amounts of other compounds are also present.
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Table 2.1. Typical composition of clinker components in OPC

Clinker component Formula Typical mass (%)
Alite CsS 45-75%

Belite C,S 7-32%

Calcium aluminate C3;A 0-13%

Calcium aluminoferrite C,AF 0-18%

Gypsum CSH, 2-10%

2.1.1.1.3 Reactions

Due to the fact that the clinker components are not pure versions of the key chemical
compounds and both impurities and varying polymorphs are parts of the hydration, the full
picture of the chemical reactions is complex and may vary between different clinkers. Below
the dominating, key reactions are discussed.

Both calcium silicates react in similar way with water resulting in portlandite and so called C-
S-H-gel, see equ. (2.1) and (2.2).

C3S+@B—x+y)H - C,—S—Hy, + (3—x)CH 2.1)
C,S+(@2—-x+y)H - C,—S—Hy,+ (2—x)CH (2.2)

As the proportions between components in the C-S-H-gel and the structure of the gel are
varying, the reaction formulae are using parameters instead of numerical values.

The main reaction pattern of the aluminate phase is more complex, and it depends on the
presence of other molecules. In OPC, the main reaction takes place in presence of gypsum and
results in formation of ettringite, see equ. (2.3). When the gypsum is consumed, the aluminate
continues to react with ettringite and water to form the monosulphate phase, see equ. (2.4) .
When ettringite is consumed the reaction can continue further, however the two first steps are
normally considered most important.

C3A +3CSH, + 26H — CcAS3Hs, (2.3)
2C3A + CeAS3Hyy + 4H — 3C,ASH, (2.4)

The reaction pattern of the ferrite is analogue to the aluminate, forming products with not only
aluminum oxide in the structure but also iron oxide, see further discussion regarding clinker
reaction products in section 2.1.1.1.4.

2.1.1.1.4 Products

The main product of the calcium silicate reactions is the C-S-H phase or C-S-H gel. It is an
amorphous or nearly amorphous hydrate with the general formula (CaO)x - SiOz - (H20)y,
where x and y can vary significantly. The structure of the phase can be characterized by
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identification of SiOs4 tetrahedra, and their connections to between 0 and 4 neighboring
tetrahedra through Si-O-Si bonds. This enables both amorphous structuring of the phase as
well as some degree of polymerization and crystalline structures such as 1.4nm tobermorite
and jennite, see Figure 2.1, and explains the large variability in proportions between the
constituents of the phase.
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Figure 2.1, Schematical structure of 1.4nm tobermorite and jennite.

The gel is the dominating hydration product and typically responsible for the majority of
properties of the cement paste and the concrete, such as strength and chemical binding of
water. Due to its intrinsic porosity, it also contributes to the physical binding of water in gel
pores, see further discussion about pores in section 2.2 in general and section 2.2.3.2 more
specifically.

Many has studied the properties of the gel. Authors has identified different kinds of this phase
depending on whether it’s formed inside or outside the cement grain, inner or outer product,
Taylor 1997 and Scrivener et al 2015. Other has identified variation in density and adopted
nomenclature of subdivision into low and high density, Tennis & Jennings 2000. There are
also findings of differences in the gel formed at various temperatures, Gallucci et al 2013.
The gel can also form as a result of other reactions in concrete, see further discussion on
SCMs in this chapter.
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From the moisture perspective, one remarkable property of the gel is the capability of
chemical binding of varying amounts of water. Variation of this, together with other
properties of the gel, as a result of the temperature during formation of the gel, has been
studied by a variety of methods in Gallucci et al 2013. It has been found that the water
content, in proportion to the SiO2, has an almost linear correlation to the temperature in the
interval between 5 and 60 °C, see Figure 2.2.
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Figure 2.2, H/S ratio as function of hydration temperature, measured by TG and RD at 90 days of hydration,
from Gallucci et al 2013.

The other product of the calcium silicate hydration is portlandite, or in its pure form calcium
hydroxide Ca(OH).. It is a crystalline phase forming in concrete a plate-like crystals. Its
contribution to the majority of properties of the paste and concrete is not as large as for C-S-H
gel. There is mainly one exception to this rule. Due to its solubility in water, portlandite is the
main phase responsible for the high pH of concrete and through this for corrosion protection
of concrete reinforcement.

The product phases of the aluminates and ferrites are similar in structure, and in concrete
chemistry are described by the same formulae: AFm and AFt. The letters A and F indicate if
aluminum oxide or iron oxide is the basis of the structure and the letters m (mono) and t (tri)
indicate the number of sulphates attached — one for monosulphate and three for ettringite.
Both of them form rather different, crystalline structures. Due to the small amount in which
they are present, their contribution to the physical properties of the cement paste is normally
small. One exception to this may is late ettringite formation that may occur as a consequence
of hydration at high temperatures (> 70 °C) in its initial stages.

2.1.1.2 Supplementary Cementitious Materials

There is a whole range of materials that can be used in addition to OPC to facilitate binding of
aggregate in concrete. These materials are commonly referred to as supplementary
cementitious materials (SCM). Despite the fact that many of them can be used as binders
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without OPC, e.g. by use of other activators, the most common use of them today is as
replacement for OPC when a lower carbon dioxide footprint of concrete is desired.

2.1.1.2.1 Glasses and the pozzolanic reaction

A large variety of supplementary cementitious materials fall under the category of pozzolans
or half-pozzolans. The common denominator for these materials is significant content of
reactive glass phase, mainly based on amorphous silica but possibly also containing other
materials such as aluminum oxide and iron oxide. These materials are used as binders in
mortar and concrete. The nature of their reaction is different from the reactions of typical
clinker components. The very simplified idea of the pozzolanic reaction is given in equ. (2.5).

S+xCH+yH->C,—S—H,+(x+y—2)H (2.5)
A few principles for this reaction can be observed here:

e Reactive silica is needed.

e The reaction is activated by hydroxides, OH", and not water.

e Additional calcium has to be supported to form C-S-H-.gel.

e Additional water can be bounded but it can also be released by this reaction, see
further section on silica fume.

Although portlandite is a good source of both hydroxide ions for activation and calcium, both
can be supplied by other sources.

It shall also be mentioned that the presence of other metal oxides, e.g. aluminum and/or iron,
in vicinity of calcium, silica and water enables, as well, formation of ettringite, monosulphate
and possibly other aluminate or ferrite hydrates depending on availability of sulfates.

The true nature of reactions of a specific pozzolanic or half-pozzolanic SCM will be highly
dependent on the mixture of its constituents and the nature of its activation. The possible
spectrum of various content is wide. There are many natural pozzolans based on pyroclastic
rocks or naturally burnt clays, with a significant historical use. There are also many artificial
pozzolans such as fly ash, silica fume or burnt shales and clays. The resulting products will be
mainly same or similar to the reactions of clinker components. The sections below present
three artificial SCM, their properties and reaction characteristics when mixed with clinker.

2.1.1.2.2 Fly ash

Fly ash is a waste product from burning of pulverized coal in power plants. Due to high
temperature of burning and sudden cooling, spherical glass particles are formed. Their
composition depends strongly on the mineral composition of the coal and can vary
significantly even between two different batches of coal from the same mine. Normally a
larger amount of silica and significant amounts of aluminum and iron oxide are present, but
oxides of calcium, magnesium, potassium, sodium as well as other constituents can also be
present.

Fly ashes are classified into two classes F and C, ASTM C618-15, with increasing contents of
calcium. Here siliceous class F is considered further. The content of glassy silica is used for a
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pozzolanic reaction. Activation of this is dependent on clinker reactions to first produce
portlandite that can later be used as source of hydroxide ions for activation as well as calcium.
Fly ashes containing aluminum and iron contribute to additional forming of other phases than
C-S-H. Fly ash is not regarded as a highly reactive pozzolan and its reaction is beside the
necessity to wait for the portlandite to form, relatively slow as such and results seldom in
higher degrees of reaction, i.e. not all fly ash is consumed in blended cements. A fraction of
small particles of fly ash can on the other hand have an accelerating impact on the clinker
reaction by acting as nucleation kernels for the clinker reaction products. Fly ash reaction
result in chemical binding of relatively small amounts of water.

2.1.1.2.3 Silica fume

Silica fume is a biproduct from manufacturing of silicon metal and ferrosilicon alloys. Fumes
from furnaces used for this purpose contain very small particles of amorphous silica, that are
later cooled and condensed. Even names such as micro-silica and condensed silica fume are
used. This SCM has a high content of amorphous silica and due to its very small particle size
a very high specific surface area enabling a very high reactivity.

The reaction patter is the typical pozzolanic, however without the contributions from other
metal oxides, as found for fly ash. Silica fume consumes considerable amount of portlandite
and results in a negative net binding of water, i.e. parts of water bounded earlier in portlandite
are released to its original state, Helsing 1993 and Mjornell 1997.

2.1.1.2.4 Slag

Blastfurnace slag is a biproduct from iron manufacturing. It contains pozzolanic material in
form of silica, solidified into glass by a fast cooling process. However, a significant amount of
calcium oxide is also present in slag, making it partially hydraulic. The combination of those
potential reaction patterns causes slag to be classified as a half-pozzolan.

Composition of slag varies. The main constituents are calcium oxide and silica. Some
presence of aluminum and magnesium oxides is also common. The reaction patter differs
from the pure pozzolanic. The presence of calcium oxide enables the hydraulic reaction
forming portlandite, see equ. (2.6).

Ca0 + 2H,0 - Ca(OH), (2.6)

In reality a combination of the hydraulic and the pozzolanic reactions occur with contributions
from the other metal oxides present in the slag. Although in theory slag can activate itself, by
the hydraulic reaction first followed by the pozzolanic, it is normally activated by an earlier
clinker reaction. The calcium content of slag significantly decreases the amount of portlandite
consumed, which makes it possible for much higher amounts of slag to be blended with
clinker, compared with fly ash. It also increases the net chemical binding of water to a
moderate level — higher than fly ask but lower than clinker. Slag is more reactive than fly ash
but much less than silica fume. It can interfere with clinker reaction depending on its contents.
An observed effect is of slowing down or temporarily inhibiting of belite reaction.
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2.1.1.2.5 Limestone filler

Earlier presented SCM:s contribute significantly to the chemically activity in the binding
reaction of concrete. In contrast to that, there is at least one commonly used material that in
most of its use in OPC-based concrete is often regarded as “almost” chemically inert. It is
limestone filler. The material typically is added during grinding. Due to its softness, compared
to the clinker materials, limestone gets grinded to a very high specific surface, i.e. very small
size. Being chemically inert is not truth. There is evidence that the presence of the SCM
affects composition of the main reaction products, Lothenbach et al 2008. It is or can be
chemically active both as a source of calcium oxide as well as carbonates. On the other hand
is seems not to add any new reaction patterns on its own. Even if these particles are not taking
a major chemical role in the binding reaction, they participate on a large scale physically by
acting nucleation sites for the precipitation of the hydration products. The typical use of it
today consists of routine replacement of approx. 4% of OPC for limestone filler. There are
also cements where the replacement is considerably higher.

2.1.1.3 Chemical binding of water

As previously described, considerable amounts of water are chemically bounded in the
products of binder reactions. Water molecules are part of almost all involved reactions. Some
examples of their binding in the C-S-H-gel has been shown earlier in Figure 2.1. The structure
of the reaction products has been an area for research for some time now with many
contributions. Various models for the structure has been proposed and refined, e.g. Jennings
2000, Tennis & Jennings 2000 and Jennings 2008. It is not the intention of this study to
present deeper results of this work. From intended level of applied research, it is however
important to realize that all water molecules are not bounded equally strong. Two typical
examples of this are:

e Hydroxide ions, embedded in the structure of e.g. C-S-H-gel or as a part of portlandite
crystals

e So called interlayer water or crystal water, consisting of water molecules sitting
between layers or sheets of the reaction products, typically attached stronger that
adsorbed molecules on the pore walls but considerably weaker than the previous
example.

This results in a somehow ambiguous border between what is considered as chemically versus
physically bounded water. Measurement methods regarding these two types of water in
concrete can tell various stories. Chemically bounded water is sometimes interpreted as non-
evaporable water. This is typically measured by drying concrete to remove evaporable water
at approx. 105 °C and then performing a themo-gravimetric analysis (TGA), e.g. Helsing
1993. Sometimes the TGA is performed from lower temperatures in combination with various
water removal methods used to arrest hydration before the analysis, e.g. De Weerdt et al 2011.
A typical analysis of physical water contents in various conditions consists of finding weight
of a sample under specific relative humidity and temperature, Baroghel-Bouny 2007a. Even if
isotherms are typically measured at room temperature, lower levels of relative humidity may
be enough to remove not only capillary water and adsorbed molecules but also some
molecules from the reaction products, e.g. Feldman & Ramachandran 1971 and Baquerizo et
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al 2016. This poses some challenge is comparing various research results. A more important
observation in the framework of this work is that a clear border between what is considered as
chemically versus physically bounded water has to be adopted. This boundary definition has
to work for measurement methods used in both areas and has to be taken into account while
modeling.

2.1.2 Reaction Kinetics

2.1.2.1 Relative Reactivity of Different Clinker Components

As mentioned earlier the reactivity of the four clinker materials differ. Figure 2.3 shows
development of degree of hydration for the pure materials as a paste at room temperature.
The first 10 hours are clearly dominated by the aluminates and ferrites, if not moderated by
gypsum. This is the reason why gypsum is added to slow down these reactions, which is
shown in Figure 2.3 only for the aluminate phase. This adjustment brings down the intensity
at start and enables the concrete to keep its fluid consistency for a few hours. The main
intensity increase is observed later mostly due to the reaction of the alite followed by the
aluminate. The slowest relative kinetics are show by the belite.
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Figure 2.3. Typical hydration kinetics of pure clinker materials (calcium aluminate with and without gypsum) in
paste at ambient temperature, after Hewlett & Liska 2019.

2.1.2.2 Main Phases of Clinker Reactions

In the beginning, the clinker materials come in contact with blending water and start to
dissolve. The initial peak in heat intensity, shown in Figure 2.4, is the corresponding
dissolution heat. After dissolution slows down, a dormant period, also called induction period,
of various length takes place. There is almost no precipitation of solid reaction products
during this period of time, which prevents concrete from stiffening. There have been multiple
explanations to this phenomenon, e.g. buildup of thin layers of reaction products on the
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cement grains, inhibiting temporarily the reaction has been proposed, e.g. Gartner & Jennings
1987 and Bullard et al 2011. Another explanation is a temporary lack of nucleation sites for
precipitation of C-S-H and ettringite causing the slowdown of dissolution due to saturation.
The dissolution however doesn’t stop which eventually causes the solution to go to a
supersaturation state and further causes creation of enough of nucleation sites to transfer the
entire reaction process into acceleration, e.g. Juilland et al 2010 and Bullard et al 2011.
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Figure 2.4, Overview of typical evolution of hydration heat rate for OPC, after various authors.

After the dormant period, the acceleration of the hydration takes place leading to the main
reaction intensity peak, shown in Figure 2.4. The clinker material mainly responsible for this
is alite, due to its high reactivity and large amount present. During this period the concrete
sets and starts to grow significantly in strength. This is also accompanied by chemical binding
of significant amount of water and the first part of the development of the pore system.

Sometimes there is visible a second intensity peak just after the main one. The cause of the
intensity peak is a secondary dissolution of calcium aluminate, Bullard et al 201 1. Initially the
dissolution rate of calcium aluminate in presence of sulfate ions is decreased after some time.
When all the sulfate ions from gypsum are consumed, the dissolution increases again which
corresponds to the secondary peak. Various explanations to the delay has been proposed
involving formation of layers on the aluminate grains that slow down the dissolution, e.g. by
temporary adsorption of sulfate ions. Depending on the hydration temperature as well as the
composition of the clinker this peak may sometimes be too low to be noticed against the
intensity of silicate reactions.

After the main hydration peak a general decline in the total intensity of the clinker reactions
takes place. Here the intense reaction of alite is successively replaced by the slower reaction
of belite. The decline is also caused by decline in availability of clinker, water and possible
precipitation surface, due to consumption of these in the hydration reactions.

Regarding simulation of temperature development from casting, the heat generated during
dissolution is normally not of modeling interest. Before the concrete is casted on site it will be
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subject to internal heat development as well as heat exchange with surroundings during
transport. This is difficult to describe adequately for a general simulation. A more stable and
practical starting point for a simulation is casting temperature, i.e. the temperature of the
concrete immediately after being poured into formwork. This temperature is usually also
measured on site.

During the decline of the main reactions another small and not especially distinctive peak in
intensity of heat generation may be observed. This corresponds to transition of ettringite to
monosulphate phase and the second stage of the reaction pattern of aluminates and ferrites in
the presence of gypsum.

2.1.2.3 Addition of Supplementary Cementitious Materials

Supplementary cementitious materials exhibit a behavior different from OPC and depending
on which SCM is considered, Lothenbach et al 2011. Summarizing the key aspects of their
behavior, SCMs alter the total hydration reaction mainly in three ways:

¢ Diluting the clinker concentration and reaction
e Adding own reactions
o Interfering with or affecting clinker reaction

Effect 1 in Figure 2.5 concerns changes to the dormant period. The dilution of the clinker,
caused by all SCMs, tends to prolong this period — the more dilution the longer the period.
Addition of small particles that can act as nucleation sites helps to shorten it.

Y

N

Heat evolution rate

10 20 30 40 50
Time (h)
Figure 2.5, Examples of influence of SCM:s on the hydration of OPC. For details, see text.

Effect 2 in Figure 2.5 is a possible further acceleration of the acceleration period. Presence of
more nucleation sites contributes to this as well as interference from fast reacting silica fume.

Effect 3 in Figure 2.5 is a general lowering of the overall intensity of reaction. This is the
most common effect due to dilution of clinker and the fact that all SCM:s more or less relay
on the clinker reaction or are less reactive themselves.
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Effect 4 in Figure 2.5 is common for slag. The presence of hydraulic CaO interfere with
silicate reactions of clinker and tend to prolong the lowered main peak area in time.

Effect 5 in Figure 2.5 is the late pozzolanic reaction. This can go on for long time and result in
late generation of heat, chemical binding of water and growth of strength after the clinker
reaction has basically stopped. This is very typical for fly ash.

2.1.2.3.1 Comparison of SCM Reaction Kinetics

As mentioned earlier, the SCMs have varying reactivity. This difference is clearly seen also
when studied as a part of concrete with clinker as the dominating binder. In Figure 2.6 a
comparison is given for the degree of pozzolanic reaction for three different blends. As clearly
seen, silica fume is the most reactive and fly ash the least.

0.7

0.6
O 75% OPC+25% FA

+ 75% OPC+25% GGB
X 90% OPC+10% SF

0.5-

0.41

0.3

10*

Figure 2.6, Degree of pozzolan reaction for three blends of OPC and SCM:s, from Pane & Hansen 2005.

How a specific blend between clinker and a SCM behaves is not only dependent on the choice
of SCM, the amount of it and the chemical composition of both clinker and the SCM. A
common practice in industry is to compensate for the lost total reactivity, due to dilution of
OPC, by finer grinding. This applies to OPC and possible to the manufacturing process of the
slag. Silica fume has already a very large specific surface and grinding of fly ash would
destroy the spherical shape of the particles, contributing to workability of the final concrete.
Increasing the specific surface of the cement will speed up the initial reaction, as it’s a
common technique in production of fast hardening cements.

2.1.2.4 Availability of the reactants

Availability of the reactants is a key factor in the kinetics of hydration. As mentioned earlier,
the formation of hydration products has been shown to take place both inside (inner product)
and outside (outer product) the cement grains. Formation of the outer product is based on
dissolution of cement in water and precipitation in the space between the cement grains, e.g.
on the surface of a cement or aggregate grain. Formation of the inner product assumes
transport of water into and chemical binding of it inside a partially dissolved cement grain. At
the start of hydration both can occur easily due to immediate contact between cement and
water. As the reaction proceeds, a layer of reaction products builds up around the unhydrated
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part of cement grains and continuation of the reaction is based on transport of unhydrated
cement and water through that layer. The reaction in its later stage becomes affected by
mobility of the reactants.

Whether the cement or the water becomes a limiting factor depends on their proportions. For
OPC-dominated binder combinations, it is generally accepted that there is a limit around
water-cement-ratios 0.38-0.4. For w/c-ration above that limit the cement is the limiting factor.
Below the limit, water acts as a limiting factor. When availability of water limits hydration,
all blending water doesn’t become chemically bounded, Mjornell 1994. There will still be
both moisture and water left in the pore system of the concrete. Depending on the structure of
the pore system, there will be pores without condensed water — typically larger pores with
larger openings. Presence of water as vapor or as few molecules adsorbed to the surface of the
inside of the pore is not enough to support further hydration.

Another scenario proposed by Bullard et al 2011 is the availability of space for formation of
reaction products. If a pore is simply not large enough, the reaction will not occur despite
presence of condensed water.

2.1.2.5 Temperature dependency of reaction speed

Another important aspect contributing to the kinetics of hydration is its temperature
dependency. In the case of an exothermal reaction, there is an energy barrier to be overcome
before reactants can form products, see Figure 2.7.

A

Activation energy

Reactants

Potential energy

Products

Y

Figure 2.7, Activation energy barrier for an exothermic reaction.

Through use of the Boltzmann distribution to describe the temperature dependency of the
distribution of energies among molecules of the reactants, one arrives at the Arrhenius
equation expressing the basic temperature dependency of the rate constant for the reaction in
question, see equ. (2.7).

k, = Ae~Ea/RT (2.7)
where
k. — is the rate constant
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A —is an adaptation parameter

E, — is the activation energy [J/mol]
R —is the gas constant [J/K mol]

T — is the absolute temperature, [K]

Hydration of cement is exothermic and has activation barriers, however it consists of not one
but many reactions with different characteristics and different activation energies. This
complexity of temperature dependency requires a more complicated description, which has
been successfully done by use of Arrhenius equation with an activation energy that changes
with temperature, see further section 2.1.3.6.

2.1.3 Earlier models of maturity, hydration and connected properties

Modeling of hydration and its results starts with an interest in strength growth. The earliest
attempt to take the hydration temperature as a factor can be found in McDaniel 1915 with
results presented as diagrams. The first model explicitly taking time and temperature into
consideration was presented in Mclntosh 1949. Further research Nurse 1949 and model
development Saul 1951 resulted in the Nurse-Saul maturity function. A more detailed history
of the modeling development can be found in Fjéllstrom 2013.

In general one can subdivide modeling of hydration in concrete into two groups. The first tries
to describe the state of the concrete by preferably only one variable or at most a very few.
Here, the earlier maturity functions or some general degree of hydration come typically to
use, see further sections. Due to the complexity of chemical reactions involved and their
various sensitivities, this level of modeling has a limited capacity to cover all known
phenomenology in the area.

As a result of development in both measurement methods as well as in computers and
simulation capability, greater insight into chemistry of hydration has been achieved together
with more detailed models of various aspects of hydration, Lothenbach & Winnefeld 2006.
This forms the second group of models, where thermodynamics and kinetics on molecular
level are a key part in modeling and allow simulations taking into account various details not
possible to model in the first group, e.g. specifics of binder compositions.

There are applicational advantages and disadvantages with models of both groups. The more
detailed modeling is applied, the more information can be simulated, which is positive. On the
other hand, this requires more detailed input, i.e. more measurements of material properties,
and more computation power simulations. Due to the level of modeling identified in the
formulated research problems in section 1.8.1, the second group of modeling is considered to
be too detailed for the purpose of this work. The following section will focus on the first
group, i.e. the macro-scale models used today.

2.1.3.1 Temperature equivalent time of maturity

The maturity measure that is most commonly used today in industry is the temperature
equivalent time of maturity, initially proposed by Freiesleben Hansen & Pedersen 1977. Its
definition is given below, see equ. (2.8).
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to(t) = Ateo + Jy Brade (2.8)
where
te(t) — is the equivalent time of maturity [h]
At o — is the equivalent time of maturity at start, [h]
Bt — is the temperature factor [-]
B — is a general constant speed factor [h]

Defined this way time of maturity is a maturity measure that is different from the degree of
hydration. However, it is used as a “working replacement” and many other properties of the
young and old concrete are connected to it by used models. In order how it works, a closer
look is needed at its constituents. The definition of the temperature factor was proposed by
Freiesleben Hansen & Pedersen 1977 and is given in equ. (2.9).

br = e |2 (s~ s )| (2.9

Tref+273  T+273
where

Trer — 1S a reference temperature normally chosen to 20 [°C]
T — is temperature [°C]

By this definition, the factor is an Arrhenius type of temperature dependency for kinetics of
the reaction, related to a reference temperature, i.e. by definition 1 at 20 °C. The activation
energy is as earlier mentioned, temperature dependent, which was proposed by Jonasson 1984
and is given by equ. (2.10).

Ea

30 \"3
F =0 = Qref (m) (2]0)

where
O,cr — is an adaptation parameter that can be interpreted as an activation temperature [K]
K3 — is an adaptation parameter [-]

The factor B, together with the starting value At, o are normally set to 1 resp. 0 but
sometimes are used to shift the kinetics of the reaction to model the effects of accelerating or
retarding admixtures.

This form is frequently used as a description of the maturity development during hydration
and a lot of other parameters, as shown in subsections later, base their modeling on it. It can
be assumed to work well during the early phase of hydration, when the temperature seems to
be the main controlling factor for the kinetics, i.e. during the acceleration period. The
induction period can be modelled to a certain degree by use of the starting value. However,
the main problem with this definition is that the equivalent time of maturity continues to
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growth infinitely with time. It is simply a clock with a temperature dependent speed. Thus, it
is not a property that can be regarded as equivalent in some general sense to the degree of
hydration or describing hydration other than partially. As it can be seen from the definitions
of some hydration dependent properties in the later sections, all models based on temperature
equivalent time of maturity have to deal with the problem of infinite growth of it with time
and provide their own mechanism for stopping of growth of their own values.

2.1.3.2 Degree of hydration

2.1.3.2.1 Definitions of degree of hydration
The fundamental definition of the degree of hydration is related to the amount of cement that
has hydrated, see equ. (2.11).

_
@) =1-55 2.11)

where
a¢(t) —is the degree of hydration, as a function of time, based on consumed cement, [-]
C(t) — is the cement content, as a function of time, [kg/m?]

As measuring the true cement contents is not as simple as measuring generated heat or
chemically bounded water, two more definitions has been and are used, see equ. (2.12) and
equ. (2.13), based on ratios between generated heat and generated heat when all cement is
hydrated and similar for chemically bounded water.

_ 1 _ wcn(t)
acw(t) =1—— oo (2.12)

_ 4 ___Qu®
acn(t) =1= 5 (2.13)

where

acw(t) —is the degree of hydration, as a function of time, based on chemically bounded
water, [-]

o g (t) —is the degree of hydration, as a function of time, based on generated heat, [-]

As findings in Gallucci et al 2013 imply the amount of chemically bounded water for the
same degree of hydration can vary significantly. This puts in question both measurements
based on this assumption as well as models. It is also reasonable to raise the same question for
the heat based definition. Varying amount of water molecules being bounded in the C-S-H
phase, i.e. entering a different, more stable and lower energy state than as condensed water,
will most probably affect the enthalpy of the reaction and make it temperature dependent.
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2.1.3.2.2 Modeling of degree of hydration

The modeling of the degree of hydration has been connected to the equivalent time of
maturity. One way was proposed by Byfors 1980 and adjusted by Jonasson 1984, see equ.
(2.14).

ac = exp [—Al (ln (1 + z—:))_’q] (2.14)
where
A, —is an adaptation parameter, [-]
t; — is an adaptation parameter, [h]
K; — is an adaptation parameter, [-]

Another one is found in Freiesleben Hansen 1978 and Freiesleben Hansen and Pedersen
1984, see equ. (2.15).

ac = exp [— (%)KZ] (2.15)
where
t, — is an adaptation parameter, [h]
K, — is an adaptation parameter, [-]

It should be observed that both models simply propose curves that fit experimental data
without further interpretation of the involved parameters. They also make use of exponential
functions with negative arguments approaching zero as the time of maturity grows. This is the
beforementioned necessity of implementing a stopping mechanism when temperature
equivalent time of maturity is used as a variable.

2.1.3.3 Compressive strength

There has been a number of models trying to express the strength development in concrete.
The mostly used approach is based on time or equivalent time of maturity, e.g. Byfors 1980
and Carino 1982. The currently used model in Eurocode is given by equ. (2.16).

fre = freasaewn{s[1 - (2) "]} (2.16)
where
fee — 1s the compressive strength, [MPa]
fec28q — 1 the 28 days compressive strength, [MPa]
s —is an adaptation parameter, [-]

t — is the age of concrete having an average temperature of 20 °C, [days]
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The more generalized version of the same formula, used currently in Sweden, is given in
Fjdllstrom 2013, where time has been replaces by the temperature equivalent time of maturity
and a small modification has been introduced for ages before final setting in order to be able
to model the early strength more precisely for calculation of surface treatment times.

The common property of all these is that they are based on a simple expression of the state of
concrete without taking under consideration which temperature history that brought the
concrete in question to the specific value of equivalent time of maturity or degree of
hydration. However, it has been observed that high curing temperatures may cause a
sometime considerable degradation in strength. The earliest observations date to the time of
planning of the Hooved dam, Davis et al 1933, followed by other partial observations Saul
1951 and MclIntosh 1956. The so called cross-over effect in strength was fully demonstrated
for temperature between -4 and 49 °C by Klieger 1958. Since late 1980-ies there has been a
development of various models reducing the strength based on the temperature. The model
used currently for concrete hardening simulation in Sweden was developed by Jan-Erik
Jonasson and is described in Fjéllstrom 2013:

Jec = fcc,ref — Ydrop A?r%);,ZSd fcc,28d (2.17)
where
— is the reference strength calculated as above without any reduction, [MPa
ccref g y

drop,28d — 1s an adaptation parameter giving maximum reduction factor at 28d, [-]

Yarop — 18 a current relative reduction factor (0-1), [-] given by:

S,
Yarop = ;:;p (2.18)

where §4r0p and 8y.f are current and maximum reduction respectively:

Sarop = Iy Yremp¥rime 35~ dt'e (2.19)
Sror = Iy Vrime 3o dt'e (2.20)
based on reduction functions of temperature and age:
Vremp = exp |~ (7o) ] (2.21)
pme = e[ ()™ o

where

Tempp — is an adaptation parameter, [°C]
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Kremp — 18 an adaptation parameter, [-]
timep, — is an adaptation parameter, [h]
Krime — 18 an adaptation parameter, [-]

The strength reduction model above is clearly an empirical construct. It is based on an idea of
accumulation of strength loss due to temperature over the duration of the hydration process. It
has also the possibility to adjust to some degree how strong the temperature impact will be
depending at which age of concrete it occurs. It is intended to fit the measurement data.

2.1.3.4 Heat of hydration

Modeling of heat of hydration is generally based on the assumption of proportionality to the
degree of hydration, compare with equ. (2.13). By use of this and some of the models of the
degree of hydration results in equ. (2.23).

Qn = @cQumaxC (2.23)
where
Qu max — 1s the heat generated at full hydration per amount of cement, [J/kg]
ac — is the degree of hydration, calculated by use of equ. (2.14) or equ. (2.15), [-]
C — is the cement content [kg/m®]

There is discussion about the correspondence between the maximum value of the heat of
hydration adapted to measurements of specific heat developments, its material based final
value and the fact that the maximum degree of hydration not always reaches the value of 1,
Mills 1966 and Jonasson 1994.

2.1.3.5 Chemically bounded water

The general modeling of chemically bounded water is also based on the degree of hydration
and the assumption of equ. (2.12). This was initially stated in Powers & Brownyard 1948 and
is expressed by the equ. (2.24).

WCh = {a’cc (224)
where

¢ — is a proportion factor describing how much water get bounded per kg of hydrated cement,
[-]

Typical values for ¢ in literature vary between 0,19 and 0,25 and the variation is assumed to
reflect the varying properties of the cement. There is in general no indication of a temperature
dependency despite findings in Gallucci et al 2013.

2.1.3.6 More general equivalent time of maturity
Attempts have been made to extend the dependencies of the maturity measure beyond
temperature. One example is given in Liao et al 2008, where a moisture dependency is
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introduced and calibrated to measurements of strength. However, a more interesting and
wider generalized approach is given in Mjornell 1997. A model for time of maturity and
degree of reaction for two binders, OPC and silica fumes, in parallel is formulated. Below, a
version of this model for only one binder will be presented and discussed. The key idea is that
two additional factors governing the growth of the time of maturity are introduced, see equ.
(2.25).

to(t) = Ateg + [ BrBoBabadt (2.25)
where
B — is the moisture content factor [h]
B« — 1s the factor dependent on degree of hydration [h]
The moisture factor is a limiting factor between 0 and 1. Its definition is further given as:

By =d* (2.26)

where
d — proportion of capillary pores filled with water, [0-1] [-]
x — is an adaptation parameter [-]

A formula for calculation of d is also proposed. It’s based on an isotherm and assumptions
that the isotherm and the proportional amount of water in the gel pores are not temperature
dependent and that the chemically bounded water is only a function of the degree of
hydration. These assumptions, as mentioned earlier, can be questioned on base of findings in
Gallucci et al 2013, however the idea of dependence on the availability of the condensed
water in the pore system seems definitely reasonable.

The degree of hydration factor is meant to limit the growth of the time of maturity due to
phenomena such as lower amount of cement available, larger mobility challenge for cement
and water to penetrate the layers of reaction products around the unhydrated cement and
smaller amount of space available, where only the last phenomenon is mentioned in Mjornell
1997. The following formula for the factor is proposed.

Bo = (M)a (2.27)

acmax

where
0cmax — the maximum degree of hydration, [-]

a — is an adaptation parameter [-]
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Use of the maximum degree of hydration as a limiting parameter allows capturing by the
model that not all cement in some mixtures will hydrate. This formula makes use of the
degree of hydration that is calculated by use of equ. (2.14).

In the opinion of the author of this thesis, there are two main problems with the proposed
model and the proposed adaptation of parameters. The first problem is connected to multiple
stopping mechanisms. The proposed factors 8, and B, will act limiting on the growth of the
time of maturity and have the capacity to stop it completely. This is a conscious intention in
order to capture the phenomenology behind. At the same time, the used formula for the degree
of hydration assumes an infinitely growing time of maturity as input. It also implements its
own stopping by used of exponential function with negative argument approaching zero as the
time of maturity grow, as mentioned in section 2.1.3.2.2, without mathematically separating
causes for the hydration to slow down and stop. This implies that the proposed model runs
two mechanisms on separate levels, both intended to model the same phenomenon in some
sense.

This overlapping of responsibility for modeling causes a challenge in adaptation of data. In
Mjérnell 1997 it is stated that the parameters for the equation describing the degree of
hydration are “obtained by fitting the Equations 2.5 and 2.6 to probable development of
degrees of reactions of cement and silica fume of a hypothetical composition in which all
cement becomes hydrated and all silica fume reacts”, equation references pointing to
equivalents of equ. (2.14) for respective binder. No further details on this adaptation nor its
results, i.e. the values of the adapted parameters, are presented in the work. This
incompleteness in description of the method makes it impossible to use or verify as it is
described.

The second problem of the proposed model and adaptation method is more of a structural or
mathematical character. As seen, this model of the equivalent time of maturity builds on the
idea that the influences of these factors are separable, i.e. the rate of change can be modeled
as a product. This assumption is clearly stated in on page 6 in Mjérnell 1997. 1t is then further
used in order to capture the dependency of the modeled hydration on temperature, moisture
and space/binder-related phenomenology separately. The temperature dependency for cement
reaction is referred to parameters that can be found in literature, where there were adapted to
measurements without taking the other dependencies into consideration. Measurements and
adaptation of parameters for the other two dependencies are performed separately. However,
the definition of 8, as a function of the degree of hydration, having at the same time the
degree of hydration defined as a function of the time of maturity that depends on f,is a clear
circular dependency. This makes the assumption that 8, will be independent of the two other
limiting factors invalid. As consequence of this the assumption about the independence
between the factors will be invalid. It cannot be used to claim validity of the combined
adapted results, where the dependencies were captured by measurements and parameter
adapted independently of each other.
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2.2 Sorption of moisture

Various mechanisms can be used to store water molecules in a porous solid. Strong chemical
bonds, as in form of OH", as well as slightly looser, so called interlayer water are normally
associated with chemically bounded water and were already described preceding sections.
Here, the two remaining, adsorption and capillary condensation will be discussed together
with the properties of the pore system in which they take place.

2.2.1 Adsorption

Adsorption is the phenomenon of loose attachment of gas or vapor molecules on a surface of
a solid. It occurs due to lack of thermodynamic equilibrium between the empty surface and
the gas or vapor. There is a dynamic process of molecules attaching to the surface and of
molecules detaching and leaving it. The equilibrium is achieved by balancing these two
changes, resulting in a constant average amount of gas or vapor adsorbed on a surface under
specific conditions, partial pressure of gas or vapor and temperature.

A typical way of describing the effect of adsorption at constant temperature is by an isotherm.
It is a curve describing the relation between the gas/vapor potential, e.g. partial pressure or
content, and the amount of attached gas/vapor, e.g. volume or weight. Brunauer 1945
identifies five principal types of isotherms, based on their shapes.
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Figure 2.8, Brunauer’s five types of adsorption isotherms, after Brunauer 1945.
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2.2.1.1 Models

2.2.1.1.1 Langmuir

The simplest model for an adsorption isotherm was initially given by Langmuir 1918. It
describes adsorption of molecules in only on layer on a surface — monolayer adsorption, see
Figure 2.9.
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Figure 2.9, Monolayer adsorption.

It is based on the general idea of thermodynamic balance between the attaching and detaching
molecules and relates their relative amounts to the partial pressure of the gas/vapor. The
model equation is given in equ. (2.28).

be_y (2.28)

V. =
a 1+bg m

where
V, — is the amount of adsorbed gas/vapor, [m°] or [kg] same as V,,,

Vi, — is the total possible amount of adsorbed gas/vapor adsorbed in the monolayer, [m?] or
[kg] same as V,

b — is an adaptation parameter [-]

The Langmuir isotherm is of the type 1 according to the Figure 2.8. Its applications are
limited due to the fact that in most practical cases the adsorption takes place in more than only
one layer, as it does in concrete. It is however used in the lower regions of the relative
gas/vapor potential in order to calculate the monolayer capacity from sorption measurements.

2.21.1.2 BET

A considerable extension of the Langmuir isotherm is the BET isotherm, presented in
Brunauer, Emmett & Teller 1938. 1t is based on similar assumptions as the Langmuir.
However it describes adsorption in not just one but multiple layers, see Figure 2.10.

The first layer is strongly bound. The higher layers assume bonding equivalent to condensed
phase. The model equation of this isotherm is given by equ. (2.29).

_ by
Va = (1-9)A+bp—p) Vi (2.29)

This isotherm is capable of describing of both type 2 and 3 from Figure 2.8 and is used more
frequently than Langmuir.
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Figure 2.10, Multilayer adsorption.

2.2.1.1.3 Dent

Another important and useful isotherm for the multilayer case was proposed by Dent 1977.
Here two different bonding energies are assumed for the first and the higher layers, but
presence of two adaptation parameters in the equation allows for explicit control of both. The
model is described by equ. (2.30).

e
Vo = (1-bp)(1-be+byp) Vin (2.30)

where
b, — is an adaptation parameter [-]

There is a larger range of applications for the Dent isotherm, which was initially developed by
to the poor fitting to experimental data by Langmuir and BET isotherms.

2.2.1.2 Temperature dependency

Due the thermodynamic base of the equations in Langmuir, BET and Dent isotherms, there is
a possible interpretation of the adaptation parameters involving a temperature dependency.
Due to the limited use of Langmuir, the temperature interpretation for this isotherm is
skipped. For BET the adaptation parameter can be interpreted according to equ. (2.31).

b = ceF1=ED/RT (2.31)
where
E, — is the heat of adsorption for the first layer [J/mol]
E, — is the heat of liquefaction [J/mol]
¢ — is an adaptation parameter|-]

For Dent the adaptation parameters can be interpreted according to equ. (2.32) and equ.
(2.33).

by = e~4Go/RT (2.32)

b = e 4G/RT (2.33)
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where
AG — is the free energy of the primary adsorbed molecules [J/mol]
AG — is the free energy of the secondary adsorbed molecules [J/mol]

This enables further interpretation of the dependency by equ. (2.34) and equ. (2.35).

mbo = () - (%) 6) 2.3
mb = (%) - (%)) (239
where
AS, — is the entropy difference from the condensed liquid for the primary sites [J/mol K]
AS — is the entropy difference from the condensed liquid for the secondary sites [J/mol K]
AE, — is the heat of sorption difference from the condensed liquid for the primary sites [J/mol]

AE — is the heat of sorption difference from the condensed liquid for the secondary sites
[J/mol]

This enables a possible adaptation of these isotherm models to measurements where not only
the vapor potential is varied but temperature as well, giving adsorption models that can be
used in non-isothermal conditions.

2.2.1.3 Geometric constraints

One disadvantage on the existing adsorption models is the fact that they assume a flat
adsorption surface as a geometry. This implies that the maximum size of the layers is the
same for all the layers. This will not be the case of the adsorption surface is curved.
Depending on the curvature the layers can increase or decrease in size, see Figure 2.11.
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Figure 2.11, Comparison of adsorption layers on flat surface and a surface curved inward.

In concrete, as discussed later in section 2.2.3.2, there is a considerable volume of gel pores
with sizes comparable to a few water molecules. This implies presence of significant
curvature that will affect the layer capacity. Due to the geometrical fact that the curvature has
to form closed cross-sections, the capacity of each higher layer will be smaller than for the
layer closer to the surface. Only in large pores, the effect of the surface curvature will be
small. Unfortunately, this property of small pores is not accounted for in the isotherm models.
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2.2.2 Capillary condensation

Beside adsorption, capillary condensation is responsible for physical storage of water in the
pore system of concrete and other cement-based materials. This section gives a brief
explanation of the phenomena and its dependencies. It also presents an investigation of a few
situations that can occur in a pore system and draws some practical conclusions.

2.2.2.1 Thermodynamic basis

Capillarity is based on a combination of two types of interaction. The first one concerns a
liquid, in this case water, and a solid, in this case concrete, in contact with each other. The
type of contact is characterized by the solids resistance to wetting by the liquid — in case of
water and cement how hydrophilic or hydrophobic concrete is. This is governed by a balance
of cohesive forces, holding a substance together with itself, and adhesive forces, holding the
liquid and solid to each other. A variety of cases illustrating this is shown in Figure 2.12.

Hydrophobic solids: 6 > 90° Hydrophillic solids: 6 < 90°

~ 180° 0 =90° 0 = 45° 0=0°

J,AAA

Figure 2.12, Various angles of contacts between a liquid and a solid.

The angle of contact is usually taken as a measure of how hydrophilic (8 < 90°) or
hydrophobic (6 > 90°) a material is. Cement-based materials are considered very
hydrophilic, so that the angle of contact in calculation is most often assumed to be zero.

The other key interaction behind capillarity is between the liquid and the gas/vapor. The
molecules inside of the condensed phase have other molecules in close vicinity from all sides
attracting each other. Molecules on the surface of the liquid lack neighbors on the gas/vapor
side of the surface, experiencing a net force pulling them into the liquid, i.e. away from the
surface. This force is commonly referred to as surface tension and is typically dependent on
the type and the temperature of the liquid.

Putting these two phenomena together gives raise to capillarity. This is illustrated in Figure
2.13.

The surface tension will cause a force on the meniscus from the walls of the tube, depending
on the contact angle. In order to keep the meniscus in mechanical balance, a negative capillary
pressure, i.e. suction, will form and deliver a counteracting force on the meniscus. The
balance of these two, assuming zero angle of contact, gives the famous Young-Laplace
equation covering different meniscus shapes, as shown in Figure 2.14.
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Figure 2.13, Capillarity illustrated by a water meniscus in a tube.

20 _

p=2—g (L + 1) (2.36)

Te T
where

p. — 18 the capillary pressure [Pa]

o — is the surface tension [N/m]

r — are the meniscus radii according to Figure 2.14 [m]

Figure 2.14, Radii for different shapes of a meniscus

This further combined with the Kelvin equation, see equ. (2.37),

pe = ewR,T In(p) (2.37)

results in an equation sometimes referred to as YL-K equation, describing a relation between
the relative humidity, temperature and the pore radius, see equ. (2.38) or equ. (2.39).

20

In(p) = T uRT (2.38)
- 20 239
Te = —owRyT In(p) ( ’ )

For water this relation is visualized in Figure 2.15,
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Figure 2.15, Relation between the meniscus radius of capillarity and relative humidity and temperature, left —
curves of radius as a function of relative humidity for different temperatures, right — surface plot of 10-
logarithm of the radius as a function of both relative humidity and temperature.

In a pore system, the meniscus radius is normally connected to a certain pore size and defines
which part of the pore system is filled under which conditions, characterized by temperature
and relative humidity. The characterization of the state by a momentaneous value of
temperature and relative humidity is not sufficient to describe what part of the pore system is
filled due to hysteresis, which is described further in section 2.2.2.2. However, let’s for now
put aside the hysteresis in order to visualize a more fundamental way how the relation in equ.
(2.39) works in practice in a pore system in concrete.

Assuming a balance between the three variables, a certain part of the pore system is filled
with water under certain temperature and humidity conditions. Given this there are three
fundamental change scenarios, one for each variable in the relation:

e A uniform change in temperature will result in some water molecules changing
phase in order to keep the meniscus forces in balance. This is partially due to the direct
temperature dependence in equ. (2.39) but also to indirect dependence through surface
tension and the vapor conditions at saturation. Thus, there will be a shift in relative
humidity. On the other hand, the amount of water changing phase is negligible from
the condensed phase point of view, which means that the change in the meniscus
radius will most probably not be noticeable.

e A change in the amount of condensed water, resulting in change of the radius, can
be supported by transport through capillary suction. In such a case a significant
amount of water molecules is transported due to the fact that the transport involves the
condensed phase. Assuming that there is no large temperature difference between the
store and the newly transported water, i.e. no convective transport of heat, the
temperature will not change significantly. The amount of heat stored in the solid part
of concrete is much larger than the amount needed for smaller phase changes to
correct relative humidity into balance. On the other hand, the relative humidity will
have to change in order to keep the meniscus forces in balance.

e A change in relative humidity, can be caused by vapor diffusion in the unfilled
pores. In such a case, a change in temperature will be insignificant by the same
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reasoning as for the previous change case. In order to keep the meniscus in balance
some water molecules will change state, i.e. condense or evaporate, causing a
secondary counterchange in relative humidity and adjusting the condensed water in the
pore a little. However, the amount of change in the radius will be very small compared
to the secondary change in relative humidity and if the vapor transport does not
continue, a transient change in relative humidity will be “swallowed” by the
condensed water. In order to achieve a significant change in the amount of condensed
water, the vapor transport has to continue. That may in turn result in a local
temperature change due to the phase change heat of water.

2.2.2.2 Pore models and hysteresis

There are pore shapes that have the same behavior during drying and wetting, but there are
also many pore shapes that have not, resulting in a hysteresis in behavior. Below some of the
most commonly used pore shapes in modeling are shown and their behavior is presented
together with a more general picture of the hysteretic behavior.

2.2.2.2.1 Ink-bottle pore

One of the popular pore models is the ink-bottle pore. The idealized version of this pore is a
cylindrical pipe section with constant radius, closed in one end and having an opening in the
other with a bottleneck and a radius of its own, see Figure 2.16.

Desorption Absorption

—

—
A4
= A4

Figure 2.16, Desorption and absorption in an ink-bottle pore.

During desorption, the pore and the bottleneck are initially filled. In order to empty the pore,
the bottleneck has to be emptied first. This will require a low relative humidity because the
radius of the bottleneck is small. When the bottleneck is emptied the rest of the pore will be
emptied as well, because if the relative humidity is too low to support a meniscus with the
radius of the bottleneck it will certainly not support a meniscus with a radius of the larger pore
body.

During absorption, the situation looks different. When relative humidity rises, it will first cone
up to a level supporting the meniscus in the bottleneck. At that time the small volume of the
bottleneck will fill, but nothing more. Due to the fact that the pore body is empty, filling of it
will require formation of a meniscus with a radius of the entire pore body and at that point the
relative humidity is not high enough to support it. So the rest of the pore volume remains
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empty until relative humidity reaches a level supporting a meniscus with a radius of the pore
body and then the entire pore is filled.

Summarizing the behavior of the ink-bottle pore, two different meniscus radii are controlling
emptying and filling of the main volume of the pore. Desorption is controlled by the smaller
radius of the bottleneck. Absorption is controlled by the larger radius of the pore body. This
causes a hysteresis in behavior requiring at constant temperature a lower relative humidity for
desorption and a higher for absorption.

One should observe that the special case of both radii being equal to each other or the opening
being larger than the body will result in a behavior without hysteresis, that can also be present
in a pore system.

2.2.2.2.2 Open vs closed pipe section

Presence of ink-bottle pores is not a necessity for hysteresis, which can be caused in simpler
ways in cylindrical pores as well. Comparing the sorption phenomenology of a closed and an
open pipe section of the same radius will give the necessary insight. The behavior of the close
pipe will be the same as an ink-bottle pore with equal radii of opening and pore body, i.e. no
hysteresis. The desorption behavior of the open section will also be similar with two menisci
of the same radius as the pipe section. The difference here is in the absorption. When the open
pipe section is empty the meniscus will have to start forming from the walls. This will result
in a meniscus with the rightmost shape from Figure 2.14, where one radius is the pipe radius
and the other radius is infinite. This will give a behavior for the open pipe section where the
desorption is controlled by the radius of the pipe but absorption is controlled by the double
radius of the pipe, compare with equ (2.36).

2.2.2.2.3 Special cases of isotherms

Hysteresis results in different behavior during wetting and drying. Trying to plot the relation
between the moisture content of the material and relative humidity in isothermal conditions,
i.e. drawing the isotherm, will not result in one curve see Figure 2.17.

Assuming uninterrupted drying from complete saturation to completely empty material a
desorption isotherm will be obtained. Assuming uninterrupted wetting from completely empty
material to complete saturation, an absorption isotherm will be obtained. Changing between
desorption and absorption will put the material into so called scanning and results in a
scanning isotherm.

Two additional observations regarding hysteresis are important to be made:

e Asa consequence of hysteresis all moisture states between the desorption and the
absorption isotherm can be possessed by the material, depending on the history of
wetting/drying.

e Due to the dependency of the meniscus radius on the temperature, a change in
temperature can also drive drying or wetting and put the material into scanning.
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Figure 2.17, Example of isotherms for desorption (green) and absorption (blue) with scanning loops.

2.2.3 Pore structures

2.2.3.1 Porous materials

Porous materials can be found in nature, e.g. porous rocks, as well as constructed artificially,
e.g. bricks and concrete. The complexity of the pore system in them can be virtually
unlimited, with a large variety of unregular pores and connections in between them. Figure
2.18 gives an example of a 2-dimensional cross-section through a porous material. The
present pores are not regular in shapes. The interpretation of pore body and neck and their
sizes is difficult and mainly based on the principle that all bottlenecks can be interpreted as
opening to pores on both sides, depending on from where the drying or filling is proceeding in
the system.

ab

Figure 2.18, Example of an irregular pore system.
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Some regularity in the pore system can be arranged in artificially constructed materials, e.g.
by regular packing of same size particles, but this is more of an exception that the rule. The
ideal situation with well-defined pores, unambiguous sizes and clear connections is seldom
found.

An example in how such pore system can be filled with water is shown in Figure 2.19. There
are adsorbed water on the walls. Some smaller pores or neck are filled with water. Some
larger are empty. Some larger pores are held filled by menisci at their small necks. There is
also a possibility of unconnected pores, containing a constant amount of water and not
participating in changes of water content.

Figure 2.19, Example of water filling of an irregular pore system, with both adsorbed water on boundaries as
well as capillary condensed water.

2.2.3.2 Concrete

The pore system in concrete is definitely one of the more difficult to characterize. It is formed
by the walls of hydration products and aggregate. Some of the hydration products are
crystalline with needle or plate-like structure resulting in significant complexity for the pores
they enclose, see Figure 2.20 for example.

Figure 2.20, Microstructure (ESEM, fractured surfaces) of Portland-Limestone cement mortar samples hydrated
for 91 days at A) 40 °C and B) 5 °C, from Lothenbach et al 2007, showing various structures (bulk, hexagonal,
needle) of hydration products such as C-S-H, calcite, and ettringite.

The structure of concrete in general and especially the hydration products with main focus on
the C-S-H phase is under continuous research since Powers pioneering work in the 1940-ies.
There has been a number of interpretations, especially regarding C-S-H proposed lately, e.g.
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Feldman & Sereda 1970, Tennis & Jennings 2000, Jennings 2008 and Espinosa & Franke
2006. 1t is not a purpose of this work to investigate these details. The necessary conclusions
regarding water storage mechanisms connected to these structures are the following:

e The most strongly bounded water is present in the products as OH™ and is clearly
regarded as chemically bounded.

e Many crystalline and sub-crystalline structures are formed in adjacent layers with
more loosely bounded water molecules in between the layers, so called interlayer
water or crystal water. This water can be removed by drying to levels < 11 % relative
humidity. This water is sometimes regarded as chemically bounded because it is a
direct result of the hydration reactions. It is sometime regarded as physically bounded
because it can be removed by drying.

e There are pores in and between the hydration products, as well as larger voids, in
which water can be adsorbed to walls as well as capillary condensed if conditions are
appropriate for the size of the pore in question. All this water is considered to be
physically bounded.

Investigating the pore system of concrete, the focus is on the last mechanism of water storage,
i.e. the clear physical binding in the pores without the interlayer water.

In general, there is a distinction made between a few types of pores, however with ambiguous
subdivision in size — varying data from varying authors. Inside the hydration products, mainly
the C-S-H- gel, so called gel pores are found. These are the smallest pores in the concrete, that
are considered from the moisture perspective and are normally < 5nm in size. The space
between the hydration product grouped around cement grains of aggregate pieces is up to a
size of around 100 nm called capillary pores. This name is a little misleading in the sense that
not only capillary pores can by a place of capillary action. Large gel pores can that as well.
On the other hand, the capillary action weakens considerably in larger voids and can be
neglected. Growing further in size one finds air voids, that are commonly present in concrete
and even larger compaction voids, i.e. places that the concrete didn’t fill during compaction.
Table 2.2 summarizes the pore types in concrete, the rough subdivision in sizes, possible
storage mechanisms for water and connected active interval of relative humidity regarding
desorption and absorption.

2.2.3.3 Bi-variate pore size distributions

Pore systems are difficult to describe. One way of doing it is the bi-variate pore size
distribution, e.g. Dullien & Dhawan 1975 and Dullien 1992. In its simplest form it is a matrix
with different sizes of pore entries for each row and different sizes of pore bodies for each
column. The matrix elements describe the pore volume for each combination of entry and
body sizes. One such example is shown in Figure 2.21.
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Table 2.2, Characterization of various types of pores from the point of view of physical binding of water.

Type of Size (approx..) | Active RH-interval (approx.)

pore/storage

Compacting voids Several mm Adsorption, almost never condensed water
Air voids 10um-1mm Adsorption, almost never condensed water
Capillary pores 5-100 nm Adsorption + condensed water > 80% RF
Gel pores < 5nm Adsorption + condensed water 30-80% RF
(Crystal water) E.g. 0-11% C-S-H gel, 0-30% ettringite

Such a description is probably not a perfect picture of the real pore system. However, it is
useful from a functional perspective. If the sizes are interpreted as Kelvin radii, see equ.
(2.39), for absorption and desorption, such a matrix gives a good description of the hydraulic
properties of a pore system for calculation of water contents for any wetting/drying history.
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Figure 2.21, Example of a bi-variate pore-size distribution, volume density and fractional volume density in
parenthesis as functions of pore diameter D and pore entry diameter De, from Dullien & Dhawan 1975.

2.2.4 Modeling
In order to describe physical binding of water in a pore system, both adsorption and capillary
condensation has to be considered. Adsorption will take place on the walls of the empty pores.
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This can result in filling of pores that are small enough. Otherwise, capillary condensation can
fill some of the larger pores and leave some empty. Depending on the state variables and their
history, there will be a combination of both phenomena defining the momentary moisture
content of the pore system.

2.2.4.1 Isotherms

The simplest modeling of sorption is done by mathematically describing an isotherm. More
fundamental mathematic approaches such as interpolation between measurement point,
splines or curve fitting based on the shape of measured data or adaptation of one of the
common adsorption isotherm models from section 0 can be used. Various attempts to base the
curve form on some material reasoning has also been made, e.g. for concrete Jonasson 1994.
The main characteristic of this approach is that the model describes only one isotherm and
doesn’t consider hysteresis nor temperature dependency.

2.2.4.2 Models with hysteresis

Hysteresis is a phenomenon observed in many fields and attempts to model sorption with
hysteresis goes back to 1930-ies, when the first description of it was published by Haines.
Even here there are empirical models, designed to fit experimental data, e.g. Li 2005, Wei &
Dewoolkar 2006 and Nyman et al. 2006. There are also conceptual models, based on
assumptions of material characteristics. These are mainly adopting a domain-based approach,
where sorption sites, so called domains, are the base of reasoning. These correspond normally
to groups of pores. They can be dependent or independent in their behavior. Pioneering work
was initially done for the independent domain modeling by Everett 1954a, 1954b and 1955
and others. Due to discrepancies with experimental data further development occurred with
other proposed models, e.g. Mualem 1974 and Derluyn et al 2012.

The main concept of the domain based modeling is well illustrated by the model proposed by
Mualem 1974. Here sorption sites are described by a water distribution function f (7, p) where
the variables are normalized neck and body radii of the pores. Calculation of water content is
based on integration over feasible parts of the total domain. It further assumes that the
distribution is separable in each variable, enabling separability during integration, see equ.
(2.40).

wpn = [[ f(7,p)d7dp = [ 1(p)dp [ h(F)dF (2.40)

Based on how the entire domain is filled and emptied during the history of wetting and
drying, see Figure 2.22, and by use of integration and a calculation scheme, the model derives
a way to calculate the moisture content by use of data from desorption and adsorption
isotherms only.
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Figure 2.22, lllustration of successive domain coverage by steps in a drying and wetting process, top row:
changes in RH; middle row: changes in the 2D domain (potential during absorption vs. desorption); bottom
row: sorption curve RH vs. mass content; from Derluyn et al 2012.

There has been further refinement of this model by Mualem and Dagan 1975 by introducing
of weighting function into the main integral in equ. (2.40) to deal with discrepancies from
experimental data.

Derluyn et al 2012 adopts a similar approach. However, the domain is not allowing pore
necks with radii larger than pore bodies, corresponding to setting the distribution function to
zero on half of the main domain. There are no direct assumptions made about the distribution
function as such. By integration and a similar calculation scheme a more fundamental
representation of the necessary model information is formulated and a mathematical
representation for curve fitting is proposed. 7 parameters are adapted and necessary to
describe the entire model with full capacity to calculate desorption, absorption and scanning.

Other approaches to modeling of sorption are also available. One mathematically based model
is presented in Deeb et al 2023, using axisymmetric and homotopic properties of curve
transformation to construct sorption and scanning curves from measured absorption and/or
desorption curve. Also attempts to take in effects of varying temperature has been made, e.g.
by developing water retention models, Cai et al 2921, or/and adapting models for adsorption
isotherms to hysteresis and temperature effects, Hefti & Mazzotti 2014.

The value of modeling of hysteresis and/or temperature effects on sorption is of course
dependent on the situation and conditions simulated. When cycles of wetting/drying and or
non-isothermal conditions are implied, the importance of modeling of these phenomena is in
general recognized, e.g. Busser et al 2019 and Bashir et al 2009.

2.3 Transport of moisture

2.3.1 Different phases

The physically bounded water is present in concrete in condensed and adsorbed form as well
as vapor. Transport of water in concrete is mainly involving only two of them. The adsorbed
molecules can contribute with a surface flow, Cunningham & Williams 1980, but it is
considered negligible compared with the flow of the other phases. The remaining two phases
do not follow the same laws of transport and are not affected in the same way by temperature.
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The net transport is a combination of their contributions, according to the filling state of the
pore system discussed earlier in chapter 2.2.

The next two sections present transport phenomenology and modeling for each of the two
phases. The last section of this chapter focuses on the combined transport.

2.3.2 Condensed water transport

2.3.2.1 Navier — Stokes
The most general transport formulation for an incompressible fluid is the Navier-Stokes
equation, with one of its forms given in equ. (2.41).

v _

1
o Fg—;Vp+yKl72v—(v-l7)v (2.41)

where

v — is the velocity field of the fluid [m/s]

F 4 —is the gravity field [m/s’]

Uy — is the kinematic viscosity of the fluid [m?%/s]

This formulation is capable of capturing both laminar and turbulent flow but requires a
detailed information about the shape of the pore system, in order to specify the correct
boundary conditions. Johannesson 2000a proposes an even more advanced approach taking
into account not only interaction between the fluid and the solid but also displacement and
stress of the solid. By using various thermodynamical and material-related arguments the
equations are simplified to a level when one-dimensional percolation of water into mortar by
capillary suction is simulated. However, even in a problem such heavily simplified
Johannesson 2002a concludes difficulties with finding appropriate boundary conditions.

2.3.2.2 Hagen - Poiseuille / Darcy
For a laminar flow in a straight tube, see Figure 2.23, a simplified flow law is known as
Hagen-Poiseuille, see equ. (2.42).

Ap

Figure 2.23. Laminar flow in a straight tube.
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(2.42)

where

Q —is the volumetric flow rate [m?/s]
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r — is the tube radius [m]
L — is the tube length [m]
Ap — is the pressure drop over the tube length [Pa]

The field version of the fluid flow through an isotropic medium is the generalized version of
the Darcy’s law given by equ. (2.43), e.g. Bear 1972.

k
q=—-—V(p+FE,0u2) (243)

where

q — is the flux field of the fluid [m/s]

k — is the intrinsic permeability of the medium [m?]
Up — is the dynamic viscosity of the fluid [Pa s]
Fg, —is the gravitational force z-component [N/kg]

z — is the height coordinate [m]

2.3.2.3 Deviations from Darcy
Validity of Darcy’s las requires flow slow enough not to become turbulent. This is controlled
by the Reynold’s number, given in equ. (2.44).

Re =22 (2.44)
KD

where
v — is the velocity of the fluid with respect to the medium [m/s]
L —is a characteristic linear dimension [m]

The region of laminar flow is considered to end for Re somewhere between 1 and 10, Bear
1972.

Validity of Darcy’s las is also limited from below by the so called minimum gradient. Various
explanations have been proposed for this effect, see discussion in Bear 1972. The effect is that
below a certain gradient there is simply no net flow and in the vicinity of the threshold, the
flow is not considered linear.

The flow in concrete that is not a result of external pressure is normally not considered to be
fast enough to result in turbulence. The effect of minimum gradient only very small flows and
this deviation is considered also to have insignificant effect on the overall moisture flow in
concrete.

2.3.2.4 Temperature Dependency
Due to the dependency of sorption conditions on the temperature, a thermic change will have
an impact on the transport conditions. The thermodynamic balance in capillary forces can
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cause the capillary pressure to change due to a change in temperature, which in turn will
imply a different pressure gradient and change the driving force of the Darcy flow.

However, if the pressure gradient is assumed to be constant, the only change in Darcy’s law is
the temperature dependent viscosity of the water.

2.3.3 Vapor transport
Vapor transport follow partially different laws. This section presents two main mechanisms,
diffusion and convection, as well as some special cases of deviations from the general rules.

2.3.3.1 Diffusion
Diffusion is the process of molecular transport, driven by differences in concentration. An
illustration is given in Figure 2.24.
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Figure 2.24. Diffusion of gas/vapor molecules

On the left side there is a higher concentration of the molecules and they collide more
frequently with each other. On the right side the concentration is lower and the collisions are
fewer. The net force originating from the difference in colliding will push molecules from the
higher concentration to the lower. This principle is described mathematically by Fick’s law
and shown in equ. (2.45).

g=-D,Vv, (2.45)
where
g — is the field of moisture flow [kg/m?’s]
D, — is the diffusivity [m?/s]

Combined with the ideal gas law, the flux can also be expressed as driven by gradients of
partial pressure and temperature, see equ. (2.46).
Dy

DU v
9=—7rVps+ RV%VT (2.46)
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2.3.3.2 Convection

Convection is another possible transport mechanism for vapor. In such a case the air
containing vapor is moving, driven by a gradient in total pressure and the containing vapor is
travelling along. The movement of air and the contained vapor follows typically Navier-
Stokes equation, but for compressible media instead of incompressible, as the case was in
section 2.3.2 with condensed water. Possible simplification to Darcy’s law may apply if the
flow isn’t turbulent. However, it has been found that the pressure differences in in pore
system of concrete under normal conditions for moisture transport are small enough to neglect
this transport mechanism for vapor, Zhang 2014.

2.3.3.3 Deviations

Molecular motion in vapor due to diffusion in vicinity of a water surface is governed by the
evaporation of water. A transport of vapor causes a back transport of air due to the constant
total pressure. However, the air is not absorbed by the water surface, which causes a small
convective flow transporting the mixture of vapor and air from the water surface. This
phenomenon is sometimes referred to as Stefan flow, Fuchs 1959. Its importance in the pore
system is small due to its local effect around the water surfaces only and the limited amount
of contact surfaces between condensed water and air.

Knudsen diffusion, also referred to as Klinkenberg effect or slip phenomenon, occurs when
the diameter of the pores approaches the same size as the mean free path of the water
molecules. Collisions with the walls of the pores will simply start to have a significant effect
on the net forces from the collisions, that will no longer be random and dependent
only/mainly on the vapor content. This results in some increase in the diffusive flow in the
pore system. In concrete this effect takes place in both gel pore and smaller capillary pores
Zhang 2014.

Due to molecular interactions in gas mixtures, various effects can occur for the molecules of
the different gases. The diffusion in a binary gas mixture does not only occur due to the
difference in concentration. Pressure diffusion caused gases with heavy and light molecules to
move to the regions of high and low pressure respectively. Forced diffusion occurs when there
is a force per unit mass that acts differently on the molecules of the two gases. Thermal
diffusion causes the heavier molecules to migrate towards the cooler regions of the flow and
act in the opposite direction to pressure diffusion during an expansion, Bird 1994.

2.3.4 Combined transport

The pore system in concrete can be filled, partially filled or empty, depending on the
conditions and their history. These three situations interpreted locally in just one pore may
result in three types of moisture flow, see Figure 2.25.
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Figure 2.25. Three types of moisture flow in a tube pore, depending on geometry and filling state, enabling
simple flow, combined flow in series and combined flow in parallel.

The two extreme cases are flow of condensed water in a filled pore and flow of vapor in an
empty pore. These are easily described by Darcy’s las and Fick’s law with possible
adjustments to some of the deviations. The third alternative in the partially filled pore gives a
mixture of the two flows, connected in series.

In order not to model what happens in each single pore one can adopt a continuous approach
to the moisture flow in concrete. This implies looking at a control volume of concrete of a
size large by an order of magnitude or two compared to the typical capillary pore sizes, i.e.
around 10-100 um. In such a case, pore sections shown in Figure 2.25 will be facilitating a
potential flow in parallel. One has also to take into account that many pore are interconnected
with each other so that connections in series and in parallel mix.

2.3.4.1 Geometry of the pore system

The geometry of the pore system is a challenge in understanding and modeling of the
moisture flow through it. One aspect that differ from idealized picture of the straight piece of
tube is what is called tortuosity, see Figure 2.26.

Figure 2.26. Examples of two bodies allowing molecules to pass through, however with significantly different
path length for the same body thickness.

In mathematical sense it is a property of a curve, describing how curvy it is from the transport
efficiency point of view. Normally it is defined as a ratio between the curve length and the
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distance between its end points. In a pore system, the tortuosity factor is defined as a mean
length of path of fluid molecules passing through, divided by the thickness of the porous
material in the direction of the pressure gradient.

Another geometrical aspect of the complexity of the pore systems is the fact that the pores
seldom have constant radius, see example of idealized tubes with varying radii in Figure 2.27.

Figure 2.27. Two examples of parallel tubes with varying radii.

Attempt has been made to describe the transport and permeability in idealized versions of
radius variation as well as by constructing cells with tube bundles in all three dimensions and
investigating the flow in various direction through such a system Dullien 1975a and Dullien
1992.

Further challenge originates in the connectivity of the pores. Here attempts have been done,
e.g. Koplik 1982 to investigate the transport with respects to various networks, as examples of
regular connectivity, see Figure 2.28. Experimental investigations of permeability of porous
networks in concrete have shown dependencies on various aspects of the porous system, e.g.
Ye 2004. 1t is in general recognized that different types of pore networks have impact on
transport and drying of porous media, Surasani et al 2010.

Figure 2.28. Examples of 2D network models, hexagonal, square and trigonal.

2.3.4.2 Dependency on the state of the pore system

The most fundamental aspect of the dependency of the moisture transport on the state of the
pore system is based on the subdivision by condensation, i.e. in filled and empty pores. This
controls whether vapor transport by Fick’s law or liquid transport by Darcy’s law are
applicable.
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2.3.4.2.1 Moisture potential and temperature

The two different flow laws will result in different dependencies and flow characteristics.
Expressing Darcy’s law, equ. (2.43), with translating the capillary pressure into vapor
contents and temperature, by use of equ. (1.2), and neglecting the gravitational effects gives:

v = -2 p(Ting) = -2 1o VT + TV (In 9)]
UD UD UD

_ _ kowRy T _ _ kewRy T (vsVv—vVug)
= [ln<p VT + " V(p] = [ln<p vT +—52 ]

— _kowRy Ty — Tv_dvs — _kewRy [T V) _Idvs

- Up [ln VT + v v Qus2 dT VT] - up [v Vv + (ln (Us) Ug dT) VT]
Multiplying by density, in order to get the rate of mass flow per area, and by exchanging
dynamic viscosity divided by density for kinematic viscosity, this results finally in equ.
(2.47).

g:quz_Mvv_ki—T(ln(u)_lﬁ)W (2.47)

UKV u_s vg dT
Comparing it further to Fick’s law in equ. (2.48), clearly identifies significant differences.
g=-D,Vv (2.48)

One major difference is between the transport coefficients for the gradient in vapor contents.
Another large difference is the presence of the temperature gradient in the Darcy’s law as a
complement to the driving vapor content gradient with a coefficient dependent on both vapor
contents and temperature.

To this adds the temperature dependency of properties such as vapor diffusivity in air and
dynamic viscosity of water. There is also a possibility of dependency on either or both
potentials through deviations from the ordinary transport mechanisms, described in section
2.3.23and 2.3.3.3.

2.3.4.2.2 State history and hysteresis

The hysteresis of sorption, described earlier in 2.2.2.2 and 2.2.4.2, has also an impact of the
transport. This is natural, because the basic impact on the filling state of the pore system
affects which pores are filled and which are not. Thus, the subdivision of the moisture
transport between the different mechanisms and how they interconnect and cooperate to
produce a total transport effect is affected.

An empirical example of this is given in Saeidpour & Wadsé 2016, where different transport
coefficients were measured during desorption and absorption conditions in the concrete
samples, see Figure 2.29.
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Figure 2.29, Transport coefficients for vapor contents as function of relative humidity during desorption (black)
and absorption (red) for OPC mortar w/b=0.4 from Saeidpour & Wadsé 2016.

The position of the coefficients in the Figure 2.29 clearly resembles the form of typical
desorption and adsorption isotherms. It is reasonable to expect scanning effects on the
transport properties similar to the scanning in sorption, making the transport coefficients in
reality dependent on the entire moisture and temperature history of the concrete.

2.3.5 Modeling

Depending on the application and involved conditions and requirements, different models for
moisture transport in porous media have been used. On pore level there are examples of
capillary-dominated transport, exploring different angles of contact for various fluids and
porous media, Singh et al 2019. A more fundamental approach using chemical potential for
vapor transport in partially saturated pores is another example of pore level modeling, Addassi
et al 2016. Connecting of pore-level phenomenology with macro-scale modeling can be done
by using of cell on the micro-level and, by periodic repetition, connecting its properties with
the macro-scale modeling of transport, Bennai et al 2016.An example of microstructure-based
modeling of permeability in cementitious materials is given by Zhang et al 2013

An approach, more typical for concrete, is to handle the medium on macro-scale. This
involves a selection of driving potential for the moisture flow and can result in either one
potential or a combination of two or more, with transport coefficients being typically non-
linear functions of the state of the medium, such as moisture contents and temperature.
Examples of these approaches are given by Pesavento et al 2016, Vu & Tsotsas 2018, Vasil ev
et al 2015, Seredynski et al 2020 and Johannesson 2000b.
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3. Modeling

3.1 Scope and limits of models

This section specifies some early decisions regarding scope and limits of models proposed
later. This is done in order to not model unnecessary conditions as well as to make sure that
models in different areas are compatible and can be used with each other.

3.1.1 Start of hydration

As described in sec. 2.1.2.2, hydration start when water comes in contact with cement during
blending of the concrete mix, which results immediately in dissolution of some part of the
cement and generates an initial peak in the heat intensity. At this stage of the process very
little if any compressive strength is gained and there is almost no precipitation, thus almost no
chemical binding of water. All of this happens during blending and is not of modeling interest
to someone interested in simulating concrete behavior after the concrete is put into formwork,
i.e. from casting.

That first stage of hydration is followed by a dormant period with a time span regulated by
addition of admixtures in order to get the concrete to the building site and into the formwork
before setting. During the dormant phase casting takes place, i.e. the concrete is poured into
the framework. This moment is considered as the start of the simulation, that the hydration
model in this research is intended to be used in. In order to cope with these requirements,
following decisions are made:

e Modeling of hydration shall start in the dormant phase. The intensity of the reaction,
i.e. the time derivative of the degree of hydration, shall at casting be close to zero and
allow for a very slow start.

o The initial heat peak due to mainly dissolution heat during blending will not be
covered by the total heat modeling.

e All chemical binding of water must be modeled from the initial water contents in the
blend.

e Strength development before casting will not be modeled here.

3.1.2 Chemically vs. physically bounded water

Water can be bounded in concrete in many ways. The chemical reaction with cement will
result in incorporating water into the solid products of the reactions. This can result in quite
strong bonds like for OH". Weak bonds are also possible and are mostly found in the area of
physical binding such as adsorption of water molecules to the surface of the air filled pores.
There are various ways of subdividing these phenomena. The previously mentioned. i.e.
chemically vs. physically, used type of bond as a criterium. Subdivision into evaporable vs.
non-evaporable water is more oriented after measurement methods and uses drying at 105 °C
as separation.

In the area of simulation of drying and interaction with other materials in a typical
construction site application, the main purpose of such a subdivision is to separate water that
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will be stored irreversibly from water that can be moved in and out of the material. This has to
take into account typical conditions that concrete can be subjected to. Strong chemical bonds
are reversible, but only when the reaction products are heated to considerable temperature
levels (e.g. thermos-gravimetric analysis) that typically do not occur in construction
application of concrete. Such bonds has to be treated as irreversible in this application. On the
other hand, storage in form of capillary condensed and adsorbed water is reversible and
directly connected to the relative humidity and temperature of the material in ranges occurring
in the application.

A perfect drying technique, preserving the microstructure of concrete does not exist according
to Snoeck et al 2014. The same seems to be valid for the subdivision between chemically and
physically bounded water. The challenge in this subdivision is to find a reasonable definition
of the border between the reversible and irreversible storage that describes the
phenomenology of the material close enough and is also practical from the measurement
perspective. Some of the water bounded due to the hydration of binders can be removed
without use of high temperatures. The so called crystal water or the C-S-H-gel is one
example, where lowering relative humidity below 11 % at 20 °C can result in removal that
will not be replaced by new water molecules if the relative humidity is increased, Feldman &
Ramachandran 1971 and Collier et al 2008. Also ettringite, binding 32 water molecules per
molecule, give away some of its water easily, already at about 30 % RH, Baquerizo et al
2016.

In order to describe such a border between the two types of water for one reaction product, a
curve in the space spanned by relative humidity and temperature would be necessary. This
gets even more complicated when various reaction products are involved. This situation calls
for some kind of practical compromise where:

e reversible storage conditions are really giving reversible storage, without change in the
irreversibly stored water that could result in a shift between desorption isotherms

e subdivision does cover all water, i.e. same criterium is used as a limit in measurements
of both type of storage

o there is no overlap in modeling, i.e. same water does not appear in measurements of
the two types of water.

Such a border criterium is proposed by Feldman & Ramachandran 1971, by discovering that
drying to 11 % RH at 20 °C does not change the desorption isotherms, i.e. does not affect
significantly chemically bounded water of the reaction products. Relative humidities below 11
% do typically not occur at construction sites or during use of a concrete structure. Thus this
criterium is acceptable from the application point of view and will be used during the rest of
this thesis. The consequences for the measurements of so called chemically and physically
bounded water become:

e Chemically bounded water, or irreversibly stored water, is water that is measured by a
thermos-gravimetric analysis (TGA) on a sample that has been previously dried in an
environment of 11 % RH and 20 °C to a stable weight. There is no lower temperature
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limit for the TGA in this measurement but care has to be taken to separate weight loss
of water from carbon dioxide.

e Physically bounded water, or reversible stored water, is water that is measured by a
sorption scale between saturation of a material sample and 11 % RH as the driest
condition at 20 °C.

3.1.3 Saturation Limit

Concrete at saturation has neither 100 % RH nor the entire pore system filled with water. The
presence of dissolved binders and/or end products of hydration in the pore water (e.g. OH,
Ca?', K, Na") decreases the water activity and the corresponding RH to somewhere between
95 and 98 %, Hedenblad 1987, depending on the binder composition, water-binder-ratio and
temperature. At the same time there are pores, €.g. compaction and air pores, that the capillary
forces are too week to fill.

There are various mechanisms that can be applied to limit the relative humidity at saturation
in concrete in a simulation. One way of dealing with this is to simply move the saturation
conditions to 100 % RH and accept the errors this will imply in modeling of sorption and
transport in the moisture range close to saturation. In the targeted area of application, such
conditions are not a large part of the simulation. In order to dry concrete effectively, an effort
is normally made to protect it from high surrounding relative humidities and/or direct contact
with water. Another approach to the problem is setting the moisture capacity, i.e. the slope of
sorption curves, to a very low value between the real saturation and 100% RH. Letting the
moisture capacity vanish completely is numerically inconvenient. A low value will on one
hand allow relative humidity in concrete to rise beyond its real saturation limit but the extra
amount of stored water will be very low. Regarding transport properties, the maximum value
is then used both at saturation and 100 % RH, giving a constant section on the curve of
transport coefficient as a function of relative humidity.

The models proposed in this thesis for transport and sorption shall support both methods
described above.

3.1.4 Sorption and Transport During Early Hydration

During hydration the pore system of concrete is changing. Water penetrates and form gel
pores in the inner product areas or former binder grains. In outer product areas the porosity
between the binder and aggregate grains decreases and pores change shape, volume, opening
sizes and connections. This has of course an impact on sorption and transport properties.
Measuring these is however a large challenge. Sorption and transport measurements require
significant time for the water to interact with the pore system. During that time, the properties
of the pore system change if the hydration is ongoing.

Arresting hydration may be a tempting option to handle this challenge. Most such methods
require removal of water from concrete, Zhang & Scherer 2011 and Collier et al 2008. This
gives a nice and controlled stop of hydration at various times or ages. However, these
methods cannot be used in measuring water sorption and transport because the later
measurement requires interaction between water and the pore system of concrete, which will
immediately restart the earlier arrested hydration.
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Partial replacement of cement by similarly sized, chemically inert material is another way to
arrest hydration at various stages, Termkhajornkit et al 2015. A certain fraction of total
amount of cement is replaced by inert material. The mixed concrete is given time enough to
reach full hydration. The result is assumed to be equivalent to concrete without replacement,
reaching only degree of hydration corresponding to the fraction of the cement replaced. This
method allows for presence of water in the pore system of concrete, which will enable
measurements of sorption and transport. There are however other considerations complicating
this approach. Whether the formed pore system is significantly close to the concrete without
cement replacement but at a certain degree of hydration, can be questioned. In one case all
cement grains will be partially hydrated. In the other case some will be fully hydrated and
some not at all due to the replacement. The amount of hydrated cement and chemically
bounded water will possibly be the same. This enables the total porosity to be equivalent in
both cases. However, the geometrical distribution of the hydration products will definitely
differ, probably affecting the distribution of the total porosity into single pores and the
connections between them. Another complication with this method is current use of more than
one binder in modern cements and concretes. Various binders typically react in different time
scales and a partial replacement corresponding after full hydration to a real case with
hydration arrested at a specific age becomes very difficult to perform reliably.

As age dependency for sorption and transport was not considered as primary goal of this
work, this area will be left for future research. The proposed models shall address sorption
and transport properties constant with regard to age.

3.1.5 Low Temperature Domain

As modelled in the currently applied temperature equivalent time of maturity, see equ. 3.8-
3.10 or Freiesleben Hansen & Pedersen 1977 and Jonasson 1984, the water in pore system of
concrete does not freeze at 0 °C due to the impact of dissolved ions and capillary forces.
Instead it takes part in hydration. Currently, as described in section 2.1.3, the temperature
equivalent time of maturity grows at temperatures above -10 °C. This modeling decision is
based on previously acquired measured data. Different binder combinations used today may
have an impact on this through different chemistry and/or different pore system formed.
However, at the time of writing this thesis, reliable data regarding hydration performance at
temperatures below 0 °C is not available to any larger extent. Due to these circumstances, it is
assumed that the current hydration limit in the low temperature range shall be reused in the
proposed models.

3.2 Modeling of hydration and connected properties

The general strategy behind the proposed model is to eliminate the currently used mid-
variable — the temperature-equivalent time of maturity. This variable serves as a maturity
measure, grown out of earlier summations of temperature-weighted hydration time. It is not
physically interpretable, thus not measurable even in theory. Instead the proposed model uses
as core variable a degree of reaction for the cement, also called cement-oriented degree of
hydration. The theoretical advantages of this choice are:
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o This variable is easy to interpret. It goes from 0 to 1. 0 means that no cement has
reacted. 1 means that all cement has reacted.

o This variable does not continue to grow infinitely, which means that any variable
based upon this works with a direct reaction measure and does not have to invent its
own stopping mechanism.

e This variable can be measured, even if with larger effort that chemically bounded
water or compressive strength.

e If more than one binder with significantly different reaction characteristics are used,
this model can easily be extended to cover the situation.

Connected properties such as chemically bounded water will be based on the cement-oriented
degree of hydration.

3.2.1 Degree of hydration (cement oriented)

The complexity of kinetics of the cement hydration has already been presented in the earlier
literature study, see section 2.1.2. Proposing a model adequately taking into account all
involved mechanisms during different phases is beyond the level of this work, nor necessary
to solve the current research problem. The starting point of this model is a general reaction
kinetics formulation, connecting rate of change in concentration of one component to a
product of powers of concentrations of other components and a parameter, typically
dependent on temperature, see equ. (3.1).

dcj a;
d_tj = kHl Ci (31)

where

c; — are the relative concentrations of reactants and/or products [-]
a; — are the orders of dependency [-]

k — is the parameter, typically dependent on temperature [1/s]

dej . .
d—ct' — is the rate of change of concentration j [1/s]

This model works according to the following principles:

e The parameter k gives the basis for the rate of reaction
e The concentrations on the right side of the equation work as controlling factors,
conceptually independent of each other but in practice dependent on reaction itself and
possible transport processes etc.
o Reactant concentrations go from higher to lower values and by use of positive
exponents imply successive change from enabling to inhibiting the reaction
o Product concentrations, if present, go from lower to higher values and by use
of negative exponents imply successive change from enabling to inhibiting the
reaction
e The parameter k is typically not a constant but varies with temperature, thus
describing the temperature dependency of the reaction.
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The structure of this equation is used to propose below a similar equation for the cement-
oriented degree of hydration:

&% _ 11, 8; (3.2)

dt
where

a. — are the degree of hydration for the cement [-]
B; — are factors influencing the rate of change of the degree of hydration of the cement [-]

The differential formulation above requires of course integration to evaluate the degree of
hydration, as shown below together with the specific influencing factors defined and
presented in the following sections:

ac(®) = [, LAt dt' = [} BrBuBeBstarcdt’ (3.3)

At this stage it is of value to observe some similarities and differences between the formula
above and both the temperature-equivalent time of maturity and the generalized time of
maturity proposed by Mjornell 1997:

e All models build on a differential formulation and require numerical integration (time
step summation) to evaluate their values.

e All models use a product of factors as the integrand, thus insinuating an apparent
separability of factors both as a concept and in adaptation. The conceptual
interpretation here is that the factors represent controlling mechanisms that work
independently of each other. One typical approach for construction of such model is
to:

o Let one factor give some base
o Let other control it by
= inhibiting it (factor range 0-1)
= regulating it versus some reference conditions (factor 1 for reference
conditions and variation around it).

e Only the proposed model delivers degree of hydration. The other two require a further
calculation by a function with adapted parameters to calculate the degree of hydration.

e The true separability is valid only for the temperature-equivalent time of maturity
being dependent on temperature, i.e. no cross-dependencies by default.

e The generalized time of maturity uses a factor dependent on the degree of hydration,
which is itself modeled as a function of the equivalent time of maturity. This
introduces a direct circular dependency and destroys the separability between the
factors, see reasoning in the literature study, sec. 2.1.3.6.

o The same lack of mathematical separability is valid for the proposed model above,
thus to the use of degree of cement hydration in one of the factors. The apparent
separability can only be considered on a conceptual level in the interpretation of the
model. It cannot be used as a simplification in measurements or adaptation of
parameters.

78



Modeling

3.2.1.1 Availability of cement
This factor is one of the two factors corresponding to the concentration of reactants and is
selected to be the basic rate factor for the model and its formula is given by equ. (3.4).

B = b (“eme=ce)” (.9

aCmax
where
b. — is a rate adaptation parameter [-]
K. —is an order of dependency, adaptation parameter [-]
Q¢ max — 1 the maximum value for the hydration degree [-]

This factor gives the basic rate of reaction and it goes from b, to 0 as the degree of hydration
goes from 0 to its maximum value. How fast the factor changes with the degree of hydration
is regulated by the order of dependency k.. The maximum value for the hydration degree

Q¢ max 1s implemented to allow for modeling of situations where there is knowledge that all
the cement will not react and no other mechanisms are used to model the stop of hydration.
For closer discussion on how to use the factors together see sec. 3.2.1.5.

An observation shall be made in comparison to the use of a similar parameter construct in
Mjérnell 1997, which states that the factor describes the successive decrease of space for the
products to precipitate. Author of this thesis wishes to challenge this interpretation. First and
forward this factor is a typical measure of concentration of a reactant and directly expresses
the reactants availability for the reaction. Precipitation can take place on any chemically
compatible surface, which in practice will by beside cement grains also possible aggregate
surfaces and reaction product surfaces. The total area of this surface varies during the
precipitation, typically increases in the acceleration period and decreases later. Such a
variation is not described by the proposed control factor. One could argue that there is some
limited correlation between the control factor and the later part of development of the size of
the precipitation surface. What is possibly more interesting to express in some way beside the
precipitation area is the volumetric interpretation of the “space for precipitation”, which takes
place indirectly in the next control term, describing primarily the availability of water for the
reaction.

3.2.1.2 Availability of water

This is the other factor describing the influence of concentration of reactants, in this case the
water. The idea is the same as earlier proposed for the water corresponding term in the
externed model of time of maturity in Mjérnell 1997. Beside the fact that the term here is used
in modeling of the degree of hydration of the cement and not in calculation of a time of
maturity, there is also another difference. The earlier construct uses, as a measure for
concentration of water available for the reaction, the relative amount of water available in
capillary pores. The formula below proposes a slightly more generalized formulation where
the relative amount of water in the part of the pore system corresponding to an upper section
of the desorption curve is used, with the region limit to be adapted as a parameter.
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B, = ( Wph=Wph,stop )KW (3.5)

Wph,max—~WPh,stop
where

Wpy, — is the amount of physically bounded water in the system [kg/m?], a function of the
relative humidity history as well as temperature history

Wphmax — 15 the amount of physically bounded water in the system at saturation [kg/m?’]

Wph,stop — 1S the amount of physically bounded water in the system [kg/m*] below the limit
when water does not longer take part in the reaction.

K,, — is an adaptation parameter [-]

Definition and calculation of these terms is connected to the sorption model presented in sec.
3.3, where the amount of physically bounded water is modeled as a function of history in RH
and temperature:

wpp(t) = Wen([L, @1, ., @, [To, To, oon, Te]) (3.6)

where

[1, @4, ..., @] — is the history of changes in relative humidity from saturation to the current
value [-]

[Ty, Ty, ..., Tt] — is the history of changes in temperature from casting to the current value [°C]

The limit for the amount of water that doesn’t take part in the reaction is defined as:

Wenstop = Wen([1, @stop], 20 °C) (3.7)
where
@stop — is an adaptation parameter [-]

As a consequence of this, the water that is available for the reaction is the water that is
desiccated during pure desorption from saturation to @, at a temperature of 20 °C. The

concept behind this definition is the same as in the earlier model proposal, however the limit
is not connected to water in capillary pore only or a specific model of capillary porosity.

This term is intended to start at 1 and decrease asymptotically towards 0 as available water is
consumed by the reaction. Whether it reaches 0 or not is dependent on if water or cement is
the limiting factor in hydration. A practical problem may occur in evaluation of the term at
early ages. If the sorption model behind the function of physically bounded water, used above,
is based on measured sorption data, i.e. desorption/absorption/scanning curve, these cannot
usually be measured at early ages, see the discussion in sec 3.3.13, which gives a sorption
model with validity that does not cover early hydration. This may result in the fact that the
maximum amount of physically bounded water at saturation that the model can handle may be
smaller than the amount of blending water decreased by chemically bounded water. In such a
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situation a practical solution is adopted where the control term is set to 1 due to the fact that
the water contents has not yet become a limiting factor for the reaction.

Bw =1if Wphmax < Wp — Wcp (3.8)
where

wy, — is the amount of blending water [kg/m?]
Wy, — is the amount of chemically bounded water [kg/m?]

The obvious interpretation of this term is of course expressing the availability of water.
However, due to the recognized fact that all capillary condensed water is not available for the
reaction, Mjornell 1994, this term indirectly also expresses the limiting condition regarding
volumetric space available for precipitation of reaction products. Not all water contents
contributes to this term — only water in a part of the pore system with the largest pores/pore
openings. This observation completes the comparison with the space limitation expression in
the model proposed earlier in Mjornell 1997, started in the end of section 3.2.1.1.

3.2.1.3 Temperature dependency of reaction velocity

The temperature dependency of the reaction rate is modeled in the same way as in the case of
the temperature equivanet time of maturity. It describes a temperature dependency of
Arrhenius type with an activation energy that is dependent on the temperature, see previously
described in sec. 2.1.3.1. It is simply a reuse of a model that has worked well for many years.
The formulae are given by the equ. (3.9) and equ. (3.10).

1 1
Pr = exp [0 (Tref+273 B m)] (3.9
30 \/3
6 = Orer (775) (3.10)

where

0er — i an adaptation parameter [K]
K3 — is an adaptation parameter [-]
Tyef — is a reference temperature chosen to 20 [°C]

3.2.1.4 Dormant phase delay

This factor is a pure mathematical construct for inhibiting the growth of the degree of
hydration from the beginning of the simulation. As stared earlier, see 3.1.1, the modeling shall
start in the dormant period with low intensity of the reaction and a certain delay. When that is
over a smooth transition to high growth of reaction rate is desirable. This is achieved by using
the term given by equ. (3.11).

Bstart = 1 — bsiart@xp(—Tsare®c) (3.11)
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where
bstqre — is an adaptation parameter [-]
Tstqrt — 18 an adaptation parameter [-]

A diagram of fs;4,+ as a function of the degree of hydration for a typical choice of the
adaptation parameters is shown in Figure 3.1.

. . 1 . . . \
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Hydration degree (-)

Figure 3.1. The delay factor Bgiqre as a function of the degree of hydration for an example choice of parameters
bstare = 0.99999 and 144+ = 8 in a typical range of adaptation.

3.2.1.5 How the factors work together
The general roles in this model are:

* [, is the basic rate factor (value between 0 and b,)
®  [sare and B, are limiting factors (values between 0 and 1)
e [ is aregulating factor (reference value of 1 and variation around)

As stated earlier in the formulation of the research problem, this model is intended to start
modeling of the hydration process in the dormant period and not from the initial dissolving of
the cement. This is achieved by a combination of 3, as the general speed factor at its
maximum value from the beginning and S+ at very low values at the beginning of the

hydration, later growing rapidly to 1.

The general temperature dependency is implemented by S and is affecting all stages of
reaction in the same way. It uses 20 °C as a reference (factor value 1) with decreasing below
and increasing above. This factor can temporarily stop the growth of degree of hydration if
the temperature drops low enough, which corresponds to freezing the capillary water.

Limiting and permanent stopping of the reaction can be caused by one of two factors, 5,
and/or f,,, depending on which is the limiting component in reality, i.e. the initial water-to-

binder-ratio of the concrete.
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There are two ways of running and adapting the model, depending on if information on the
moisture conditions is present. If it is, f,, is used in its full definition to model limitations by
water availability and the maximum degree of hydration a4, is set to 1 in . If the water
does not become limiting then all the cement will eventually hydrate and the hydration degree
will grow to 1, limited by S,. If the water will become limiting then f,, will inhibit the
growth of the degree of hydration and it will reach whatever its maximum value will be,
somewhere below 1.

If there is no moisture information available, the model can still be run by setting 3, to 1 and
using @ mqy as a control parameter for stopping the reaction. If it is set to 1 then the cement
availability will be the limiting factor in reality and all cement will be eventually hydrated. If
it is set lower than 1 then other factors will limit and stop the reaction in reality not allowing
the hydration degree to raise all the way to 1. This situation corresponds to water being the
limiting factor without explicitly modeling the moisture conditions.

3.2.2 Adjusted degree of hydration (water oriented)

In order to capture that the amount of water chemically bounded per amount of cement varies
with temperature, Gallucci et al 2013, a new value is introduced in the model. This value is
calculated in parallel with the hydration degree of the cement and can be interpreted as a
water oriented equivalent or degree of hydration. However, this value is not an absolute
measure of consumed water. It is defined by its time derivative in a fashion relative to the
time derivative of the hydration degree of the cement, see equ. (3.12).

day _ dac
= Paaj 7 (3.12)

where
ay, — is the adjusted or water oriented degree of hydration [-]

Badj — is the temperature dependent adjustment factor given by

Baaj = [1 = baa; (T — 20°C)] (3.13)
where
bgqj — is an adaptation parameter [-]

T — is the hydration temperature [°C]

The consequence of these definitions is that a,, is a measure relative to a.. At 20 °C these two
values will increase at the same rate. If the temperature is higher, the increase rate of a,, will
be lower than a, and the opposite will be valid if the temperature is lower. The adjustment
factor is linear with temperature, precisely as the results from Gallucci et al 2013 indicate. In
order to evaluate the full value of a,, an integration has to be performed:

() = J Baaj Sl dt’ = [ BaajBrPuBeBstarcdt (3.14)
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Due to lack of data outside the temperature range of 5-60 °C, the variation of B,4; cannot be
assumed to follow the same linear characteristics as within the range, examined in Gallucci et
al 2013. In order not to overestimate the effects of temperature on the amount of chemically
bounded water, the values of ,4; outside the mentioned temperature range are limited by use

of constant extrapolation instead of equ. (3.13).
3.2.3 Connected properties

3.2.3.1 Chemically bounded water
Connecting the amount of chemically bounded water to the model already defined is straight
forward by the use of equ. (3.15).

Wch = Wenref Qw (3.15)
where

Wcp, — is the amount of chemically bounded water [kg/m?]
Wchref — 1S an adaptation parameter [kg/m?’]

It shall be noted that the adaptation parameter wcy, ref is the amount of water chemically
bounded per amount of cement at full hydration at a temperature of 20 °C.

3.2.3.2 Compressive strength

Although the main goal of this work is not to propose a model for the compressive strength, is
has been required that the hydration model has a generality that allows for construction of
such a connection later. The argument that is does centers around the two values . and a,,
that together possess both:

e much stronger correlation to the state of hydration than the temperature equivalent
time of maturity, on which today’s model for strength is build

e ameasure of how temperature has influenced not only the rate of reaction but also is
some sense the quality of it, while it is known that such an influence is clearly present
for compressive strength

Having in mind observations of an almost linear correlation between development of the
degree of hydration and compressive strength at constant temperature, it should be possible to
successfully propose a model for strength based either on a direct connection:

fee = g(ac) + h(ay) (3.16)

or a differential one

(5 +1(5) a1

dt

where

g(x) and h(x) — are two functions, not deviating especially much from linearity at least in the
differential case.
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3.2.3.3 Hydration heat

In case of the heat of hydration, a very similar approach, as for compressive strength, is
adopted. Although the evidence for temperature variation of the average heat of hydration per
increase in the degree of hydration of the binder is yet to be presented, it can be argued that
this should be the case due to different amount of water per increase in the degree of
hydration of the binder changing state during the reaction resulting is different enthalpy
release. This implies a reasonable probability of successful model development for this
variable in the same manner as proposed above for the compressive strength.

3.2.4 Adaptation to measured data

Due to the circular dependency on the degree of hydration in the model, separation of
dependencies cannot be applied during adaptation of the parameters. This together with the
non-linearities in the proposed functions for the various influencing factors eliminate
possibilities for applying linear regression. Instead an error function for the adaptation is
formed, based on the measured data:

Error(®) = Si[wenm @) — wen @, %] (3.18)
where

X; — is a full set of environmental conditions defining one measurement point

Wcnm (Xi) — is the amount of water chemically bounded [kg/m®], measured at the
environmental conditions specified by X;

p — is a full set of model parameters being adapted

wer (P, X;) — is the amount of water chemically bounded [kg/m?], calculated using the model
and the set of parameters p for the environmental conditions specified by X;

E(p)- is the adaptation error for the set of parameters p

The adaptation becomes then an optimization problem, in this case minimizing the sum of
squares of errors in each measured point:

min Error(p) (3.19)
P

If measurements of various variables are used during the adaptation, e.g. chemically bounded
water, heat of hydration and compressive strength, the squares of errors of the various
variables are typically normalized per variable or weighted with some different strategy
before summed. There are also constraints to this problem. All parameters introduced so far
are required to be positive. The requirements may be stricter than that. The parameter wep, y¢f
is due to earlier measurements by various sources, see e.g. Powers & Brownyard 1948 or
Helsing 1993 expected to be somewhere in the area of 0.19 to 0.25.

In order to find a feasible minimum to the error function, numerical methods for non-linear
optimization problems have to be used. It is not the intention of this thesis to go in deep into
this area of mathematics, however a few word on how to practically deal with this challenge
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are given in this section. In order to get a more complete and deeper picture of mathematical
optimization theory in general and the connected numerical methods in particular see for
instance Nocedal & Wright 2006.

Numerical methods for non-linear problems consists of algorithms starting at a selected
parameter value and executing a search for a better point, lower value of the error function, in
the parameter space. Some of them are guaranteed to deliver a local minimum, but there are
no methods that for sure deliver a global minimum. What is delivered is typically dependent
on the selection of the starting point for the search. The methods make different assumptions
about information available regarding the error function. Simplest assumption is only
evaluation of the error function at any given point in the parameter space, resulting in a class
of methods referred to as Derivative-Free Optimization (DFO). One easily available example
is the implementation of fininsearch function in Matlab (R2021b), using a DFO simplex
search method, which unfortunately is not guaranteed to deliver a local minimum.

More advanced approaches are typically combinations of a method for selection of a search
direction in the parameter space with a method of performing the search by some structured
stepping along the selected direction with, in this case, control of the parameter constraints — a
so called Line Search. Selection of the search direction uses typically more information about
the error function. Conjugated Gradient methods use typically the gradient of the error
function, i.e. its first order derivatives with respect to the adaptation parameters. Newton’s
method uses second order derivatives in the form of a Hessian matrix, which is the inverse of
the matrix of the second order derivatives, i.e. the Jacobian. In this work a middle approach
between the two has been used. There is a class of methods called Quasi-Newton Methods,
where the idea is to only use the gradient information in each point when choosing the search
direction, but at the same using an approximation of the Hessian to select better directions and
speed up the search. In this work one of the original methods in this class, Davidon-Fletcher-
Powell, is used.

3.2.5 Model validation

Adaptations to measured chemically bounded water for three mortars are presented below.
For each one a comparison is made to what is considered the current reference model on this
level of applied modeling. Due to the facts that the proposed model can be run with or without
moisture information from a sorption model and that the reference model does not model any
moisture influence, the comparison is done for two cases:

e one with measurements on only sealed samples and without modeling of moisture
influence in the proposed model (8,, = 0)

e one with measurements on both sealed and saturated samples, including explicit
modeling of moisture influence in the proposed model

Data used for model validation and comparison are taken from Stelmarczyk et al 2019. Due to
the fact that the referenced report is in Swedish, a brief summary of the used material and
methods will be given below.
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The measurements were done on samples consisting of mortar based on a commercial CEM
II-A/V. Three different water-binder ratios were used: 0.32, 0.40 and 0.55. The mixes were
based on commercial style concrete mixes with crushed aggregate only, a consistency class
S4 and a D-max of 16mm. However, for the mortar only aggregate fractions up to 1 mm were
used. The specimens were cured in temperature-controlled and seal or saturated conditions.
Drying in 11% RF at 20 °C was later used to remove the physically bounded water according
to the earlier decision for how to interpret the border between the chemically and physically
bounded water, see sec. 3.1.2. Finally the chemically bounded water was determined with a
TGA-analysis.

3.2.5.1 Reference model for comparison

An obvious candidate for model comparison at this level of applied modeling is the hydration
model mentioned earlier in the literature study sec. 2.1.3.6 with its connection to chemically
bounded water according to sec. 2.1.3.5, proposed in Mjornell 1997. The faulty assumption
regarding separability of the influencing factors, proposed in the adaptation for the old model
can easily be overcome by use of same non-linear adaptation methodology as described above
for the proposed model. However, as pointed out in detail in earlier discussion in section
2.1.3.6, there are still two problems with this adaptation. The lack of explanation for how to
subdivide the responsibility for double stopping mechanisms in the total model as well as the
incomplete description of how to handle parameter adaptation for the hydration degree
function would simply require too much of guessing how to perform the adaptation. Due to
the above, the model proposed in Mjérnell 1994 was abandoned in this comparison.

The second best option is to fall back on the ordinary model for the temperature-equivalent
time of maturity according to section 2.1.3.1, being a base for the degree of hydration
according to section 2.1.3.2.2 and its connection to chemically bounded water according to
section 2.1.3.5. This adaptation is typically done in two steps. First an adaptation of the
maturity function is traditionally done against strength data, using the model connection
according to section 2.1.3.3. Later an adaptation of all parameters for the degree of hydration
and chemically bounded water is done simultaneously by use of the non-linear adaptation
described above.

3.2.5.2 Modeling with moisture variation

The diagrams in Figure 3.3 and Figure 3.4 compare adaptation of the proposed (new) and the
reference (old) model to measured chemically bounded water at different times after casting
for both sealed and saturated samples of concrete with w/c=0.32, hydrated at various
temperatures, with R>-values for the adaptations.
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Figure 3.2. Adaptation of the proposed model with explicit modeling of moisture to measurements at different
times after casting, on sealed and saturated samples, cured at different temperatures. Water-binder ratio 0.32.
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Figure 3.3. Adaptation of the reference model to measurements at different times after casting, on sealed and
saturated samples, cured at different temperatures. Water-binder ratio 0.32. Amount of chemically bounded
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The diagrams in Figure 3.5 and Figure 3.6 compare adaptation of the proposed (new) and the
reference (old) model to measured chemically bounded water at different times after casting
for both sealed and saturated samples of concrete with w/c=0.40, hydrated at various

temperatures, with R%-values for the adaptations.
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Figure 3.4. Adaptation of the proposed model with explicit modeling of moisture to measurements at different
times after casting, on sealed and saturated samples, cured at different temperatures. Water-binder ratio 0.40.
Amount of chemically bounded water per amount of binder as a function of time after casting.
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Figure 3.5. Adaptation of the reference model to measurements at different times after casting, on sealed and
saturated samples, cured at different temperatures. Water-binder ratio 0.40. Amount of chemically bounded
water per amount of binder as a function of time after casting.

The diagrams in Figure 3.6 and Figure 3.7 compare adaptation of the proposed (new) and the
reference (old) model to measured chemically bounded water at different times after casting
for both sealed and saturated samples of concrete with w/c=0.55, hydrated at various
temperatures, with R2-values for the adaptations.
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Figure 3.6. Adaptation of the proposed model with explicit modeling of moisture to measurements at different
times after casting, on sealed and saturated samples, cured at different temperatures. Water-binder ratio 0.55.
Amount of chemically bounded water per amount of binder as a function of time after casting.
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Figure 3.7. Adaptation of the reference model to measurements at different times after casting, on sealed and
saturated samples, cured at different temperatures. Water-binder ratio 0.55. Amount of chemically bounded
water per amount of binder as a function of time after casting.

3.2.5.3 Modeling without moisture variation

The diagrams in Figure 3.8 and Figure 3.9 compare adaptation of the proposed (new) and the
reference (old) model to measured chemically bounded water at different times after casting
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for sealed samples of concrete with w/c=0.32, hydrated at various temperatures, with R%-

values for the adaptations.
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Figure 3.8. Adaptation of the proposed model without modeling of moisture to measurements at different times
after casting, on sealed and saturated samples, cured at different temperatures. Water-binder ratio 0.32. Amount
of chemically bounded water per amount of binder as a function of time after casting.

0.25

o
- ()] N

o
o
a

Chemically bound water (kg/kg binder)

Old model w/b=0.32
T

R?=0.9238

O 5° C measured

5° C model

©  20° C measured
20° C model.
35° C measured
35° C model.

O 50° C measured
50° C model.

Il ! L J
107 10° 10’ 102
Time (d)

Figure 3.9. Adaptation of the reference model to measurements at different times after casting, on sealed and
saturated samples, cured at different temperatures. Water-binder ratio 0.32. Amount of chemically bounded
water per amount of binder as a function of time after casting.

The diagrams in Figure 3.10Figure 3.3 and Figure 3.11 compare adaptation of the proposed
(new) and the reference (old) model to measured chemically bounded water at different times
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after casting for sealed samples of concrete with w/c=0.40, hydrated at various temperatures,

with R2-values for the adaptations.
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Figure 3.10. Adaptation of the proposed model without modeling of moisture to measurements at different times
after casting, on sealed and saturated samples, cured at different temperatures. Water-binder ratio 0.40. Amount
of chemically bounded water per amount of binder as a function of time after casting.
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Figure 3.11. Adaptation of the reference model to measurements at different times after casting, on sealed and
saturated samples, cured at different temperatures. Water-binder ratio 0.40. Amount of chemically bounded
water per amount of binder as a function of time after casting.

The diagrams in Figure 3.12 and Figure 3.13 compare adaptation of the proposed (new) and
the reference (old) model to measured chemically bounded water at different times after
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casting for sealed samples of concrete with w/c=0.55, hydrated at various temperatures, with
R2-values for the adaptations.
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Figure 3.12. Adaptation of the proposed model without modeling of moisture to measurements at different times
after casting, on sealed and saturated samples, cured at different temperatures. Water-binder ratio 0.55. Amount
of chemically bounded water per amount of binder as a function of time after casting.
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Figure 3.13. Adaptation of the reference model to measurements at different times after casting, on sealed and
saturated samples, cured at different temperatures. Water-binder ratio 0.55. Amount of chemically bounded
water per amount of binder as a function of time after casting.
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3.2.5.4 Result summary
The coefficients of determination for all adaptations are summarized in Table 3.1.

Table 3.1. Coefficients of determination for all adaptations in this chapter.

Water-binder ratio | With moisture data Coefficient of determination R?
and modeling in
proposed model Proposed model Reference model
(see section 3.2.5.1)
0.32 Yes 0.9563 0.8461
0.40 Yes 0.9490 0.9383
0.55 Yes 0.9635 0.8892
0.32 No 0.9791 0.9238
0.40 No 0.9849 0.9514
0.55 No 0.9826 0.8911

Based on the result diagrams, the proposed model seems to work as intended. The following
observations summarize a few more specific aspects of the adaptations and the model
comparison:

e Temperature crossover — the phenomenon of low temperature leading to low
reaction rate but high end value of amount of chemical bounded water and high
temperature to the opposite is well modeled for all water-binder ratios as well as for
both the case with and without moisture control. This phenomenon is not modeled at
all by the reference model.

e Moisture control — here the clear difference between the models is visible for water-
binder ratio of 0.32. This is understandable due to the fact that this is the only case
where water is clearly the limiting factor for the reaction.

e Coefficients of determination — the differences show clearly that the proposed model
offers a better adaptation to the measured data. It shall also be observed that the higher
levels of R2 for the non-moisture case are a result of a smaller data set, where only
sealed samples were taken into the adaptation comparison.

3.3 Modeling of sorption

As earlier stated in sec. 1.8.2, the key goals of the desired sorption model are modeling of
desorption, absorption and scanning with a primary dependency on a moisture potential and a
secondary dependency on temperature not assuming access to measurements under different
temperatures but only being based on theory. Construction of the proposed model fulfilling
this requirements is based on the following steps:

1. Use of domain-based approach to sorption modeling.
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2. Use of a matrix formulation of a bi-variate sorption site distribution with a flexible
approach to number of adaptable parameters instead of a mathematical function with
just a few.

3. Choice of a control variable, for description of wetting and drying history, connected
directly to the properties/size of menisci defining the border between capillary
condensed water and air in the pore system instead of a moisture potential.

4. Continuous formulation of the entire model utilizing integration over domains
corresponding to the submatrices of the bi-variate sorption site distribution in order to
evaluate the contents of physically bounded water for isothermal conditions

5. Extending the isothermal model to cover non-isothermal conditions

The following sections will describe in detail each step of the model building. Further some
key computation and adaptation aspects will be presented as well as model validation based
on a few sets of data.

3.3.1 Domain-based approach

The proposed model adopts a so called domain-based approach, a technique mentioned earlier
in sec. 2.2.4.2. It uses a description of a concentration of sorption sites ordered in two
dimensions according to two variables describing a desorption and an absorption condition,
see equ. (3.20).

f(@a, ®a) (3.20)

where

f (@4, @g) — is the concentration of sorption sites [kg/m?]

Administrating a history of state changes gives a possibility for integration of contributions
from the sorption sites in various parts of the entire domain, corresponding to the specific
state changes, as indicated in equ. (3.21).

Wen = Juistory(oapany | (@t Pa)d9ada (3.21)

This enables full-scale modeling of desorption, absorption and scanning. Typical application
of this approach uses relative humidity or some other moisture potential as the type of
controlling variable for administration of desorption and absorption conditions. This does not
take temperature into account. The proposed approach is different, in order to enable
modeling of temperature dependency, which will be explained in section 3.3.3.

3.3.2 Bi-variate distribution

Two classes of proposed descriptions of the population of sorption sites have been proposed
in literature, as already mentioned in the literature study in sections 2.2.3.3 and 2.2.4.2. One
can build a model by proposing a specific mathematical function describing the sorption
density for integration. Another approach is exemplified by the bi-variate pore size
distribution, Dullien & Dhawan 1975, making use of a table or matrix, explicitly specifying
volumes/masses of water involved for various combinations of pore sizes and pore entry sizes
or, in a more generalized way, desorption and absorption conditions. The later variant is
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chosen as a base for the proposed sorption model, mainly due to the larger amount of
flexibility. In a matrix formulation, the number of rows/columns can be adapted to the
resolution of the sorption curve measurements and give a large number of possible degrees of
freedom in the model, as shown in Figure 3.14.

Saturation
0 0 0 0
0 0 0
0 0 . . . Desorption condition
0 f(@apa)| -

v
Lower limit
Lower limit Absorption condition Saturation

Figure 3.14. Matrix layout of the sorption site distribution with indicated interpretation of desorption and
absorption conditions as well as the zero elements preventing mathematical reversing of hysteresis. Arrows are
indicating the change of control variables during absorption and desorption.

One restriction that is adopted is that all matrix elements with a corresponding hydraulic pore
radius smaller than the hydraulic entry radius are by definition zero. This is done to prevent
modeling of absorption taking place at a lower humidity that at desorption, i.e. mathematical
reversing of the hysteresis. Such a situation would imply that a sorption site, e.g. a pore, is
both empty and filled at the same time, due to contradicting conditions for desorption and
absorption.

3.3.3 Choosing meniscus property as dependency variable

In a domain based model, there is a need to administrate changes in drying/wetting of the
concrete, in order to be able to evaluate the modeled value, see equ. (3.21). In isothermal
conditions the typical choice of the variable to administrate the state changes of desorption
and absorption is relative humidity. It is easy to handle during measurements and is
mathematically well defined and easy to model. This results in a wetting/drying history being
described as a set of steps in desorption and absorption, e.g. History(@g4, ¢q, ---). In general,
any variable being a monotonous function of any vapor potential, i.e. unambiguously
describing wetting/drying change of state, will do. Because the goal of modeling is to in a
later stage allow for taking temperature variation in account, a different choice of control
variable is done.

As earlier mentioned in section 2.2.2, the physical border between the empty and water filled
parts of the pore system is defined by menisci holding the capillary condensed water in place.
The size of meniscus that is supported by the conditions is by equ. (2.36) dependent on
capillary pressure, a function of temperature and relative humidity, and surface tension of
water, a function of temperature. This makes the size of meniscus a good expression of
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wetting/drying condition in non-isothermal conditions. It captures the underlying
thermodynamical dependencies by being an unambiguous function of both involved
potentials, i.e. relative humidity and temperature, and each pore has meniscus radii
corresponding to filling and emptying of the pore.

To later allow for accurate modeling of hydraulic condition for capillary condensation and
thus separating influence of adsorption and capillary condensation, some size property of the
hydraulic radius corresponding to the temperature and relative humidity or any other vapor
potential is favorable to be selected as control variable. A sorption site will typically have a
desorption value and an absorption value for the selected radius property. The exact
geometrical interpretation will of course depend on the pore shape/type behind, but that
doesn’t have to be known by the model as long as there is site density connected to the
desorption and absorption criteria expressed in radii. In such a case, the criteria will
automatically become a function of both relative humidity and temperature, according to the
earlier equation (2.39) given also below as equ. (3.22). One should observe that the surface
tension of water o in the equation above also has a dependency on the temperature.

20
—owRyT Ing

(e, T) = (3.22)
However, the direct choice of the hydraulic radius is not problem free from the point of view
of mathematical modeling. The hydraulic radius of the condensed water at a relative humidity
of 100% is by definition infinite and infinities are not well suited for numerical calculations.
In order to avoid this situation but still work with a value describing the same criterion, some
other property of the meniscus, connected to the radius has to be used.

In mathematics, while describing geometrical properties of plane curves, two measures are
used to express how much the curve tends to bend. One is curvature and the other is radius of
curvature, see €.g. Rdde & Westergren 2004. Beside the fact that curvature has a sign and
indicate both in which direction and how much the curve bends but the radius is only a
positive value indicating in a different way how much the curve bends, they are inverses of
each other. This relation will be used to select a mathematically convenient control variable in
the domain based model in this thesis.

In order to avoid handling infinite meniscus radii, the inverse of the radius is chosen as a
control variable for administrating wetting/drying history. Inspired by the mathematical
relation for plane curves, the variable will be referred to as hydraulic curvature of the
meniscus, or simplified meniscus curvature, and is given by equ. (3.23).
_ l _ —owRyTIng
clp,T) = =—"— (3.23)

¢(@, T) — hydraulic curvature of meniscus [1/m], a function of relative humidity and
temperature

The value of the meniscus curvature at the endpoint at 100% RH becomes zero and the
modeling of the other end of the RH scale, i.e. 0% RH that would result in an infinity, is not
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of interest in the intended application. Some principles, regarding how this new variable
works in reality, are summarized below:

e Saturation is equivalent to no meniscus curvature at all, i.e. ¢ = 0.

e The driest condition modeled has to be chosen. Here, the border condition between
chemically and physically bounded water is used Cp,q = ¢(11% RH, 20 °C).

e The spanning interval for ¢, on which absorption and desorption will be described by
the matrix entries becomes [0; Cpax]-

e Desorption implies increase of ¢, i.e. ¢y = ¢yy1 Where ¢y < Cyyq

e Absorption implies decrease of c, i.e. ¢y = cxy1 Where ¢y > 441

For the isothermal case, this will just be an unusual choice of a control variable reflecting only
changes in relative humidity. For the non-isothermal case, modeling of a border between parts
of pore system that are filled with condensed water resp. empty with adsorbed water on the
walls, will be enabled as shown further in section 3.3.13.

3.3.4 Continuous formulation for isothermal conditions

To ensure a smooth result in evaluation of the physically bounded water with respect to
continuity of both its value and derivatives, a continuous formulation is adapted. The matrix
representation of the bi-variate sorption site distribution does not represent amount of
physically bounded water, but a second order mixed derivative of the amount of physically
bounded water with respect to both sorption conditions modeled as the dimensions of the
matrix, see Figure 3.15.

Cmax 4
a* Wph,iso | - . 0
dcg0cy

Cq 0 0
c, 0 0 0

€1
0 0 0 0

0

0 c c, Crmax
Ca

Figure 3.15. Proposed matrix layout of the sorption site distribution as a function of desorption and absorption
conditions described with meniscus curvature of capillary condensed water. Observe that the dimensions have
new direction and the zero elements new positions in the matrix, compared to Figure 3.14.

In this matrix layout, each column corresponds to an interval between two absorption
conditions, i.e. two meniscus curvature values, and each row to an interval between two
desorption conditions. The entire matrix spans from meniscus curvature of 0, corresponding
to saturation, to a maximum meniscus curvature of ¢y,.x, corresponding to 11% relative
humidity at 20 °C as defined in section 3.3.3. The borders between the rows and columns are
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given by the selection of meniscus curvature values [ 0, ¢y, €y, ... Cmax]- Each entry in the

. 2w
matrix defines the constant value of p Ph

— for the domain corresponding to the combination
adtd

of absorption and desorption meniscus curvature intervals for the entry’s row and column
borders.

This arrangement allows for integration in two dimensions over the matrix as a domain in
order to evaluate the amount of physically bounded water for any sorption history, as
indicated in equ. (3.24).

a2WPh,iso
Wph,iso = J-History(cd,ca,...) dcadcq dCadCd (324)

where
Wph,iso — 18 physically bounded water in isothermal modeling conditions [kg/m?’]

The evaluation procedure is based on Derluyn et al 2012. Here it is adapted to the new
definition of sorption coordinate and the fact that modeling always start from saturation for
drying concrete. In the next section a step by step approach to an example drying and wetting
history is given, in order to visualize how the procedure works. Further sections formalize the
procedure into an algorithm for administrating and updating the state history as well as for
integral evaluation of a generalized state history.

3.3.5 Evaluation from a simple history

The starting step of an evaluation is always saturation. This state corresponds to the integral
of all sorption sites, i.e. over the entire domain except for c, > cq, which prevents inverted
hysteresis. The situation is shown in Figure 3.16.

o 0 hoocy 1 ;(p
¢(c,,20°C) 9(c,,20°C) ¢(c,20°C)

0

Figure 3.16. State of full saturation. Sorption isotherms at 20 °C to the left and integration domain to the right.
Black dot marks the state in the isotherm diagram and the red area in the domain diagram.

The state history has by this received its starting step, absorption to meniscus curvature 0.

History= [Abs - 0] (3.25)
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The corresponding total amount of physically bounded water consists of one integral term and
is given by equ. (3.26).

92
Wpniso = fcmax J‘Cmax a‘;VPahCLsod dCa (326)

The second step is the start of desorption and it takes the meniscus curvature down to c;, see
Figure 3.17.

N
(€.,20°C) 0 ocy 170
» o(c, 20 C) q)(c 20°C)

Figure 3.17. First desorption step to c,. Sorption isotherms at 20 °C to the left and integration domain to the
right. Thick part of the isotherms marks the history in the isotherm diagram and the red area the corresponding
domain in the domain diagram. Observe that the integration domain is now reduced by a triangle from 0 to c;.
The updated state history has now two steps, as seen below.

History= [Abs — 0,Des — ¢,] (3.27)

The corresponding total amount of physically bounded water has now two terms, each
corresponding to the two steps in the history:

_ (Smax Cmaxa WpHhiso C1 Cla WpPh,iso
WPh,iso_f f dcqdcy dcddca f fca dcqdcy dc dca (3~28)

In the third step, the desorption continues further down to a meniscus curvature of c5. This
does not imply a new step in the history or the integration. The last step describing desorption
is simply enlarged from the earlier limit of c; to the new limit of c3, as seen in Figure 3.18.

The updated state history reflects this change:
History= [Abs — 0,Des — c5] (3.29)

as well as the total amount of physically bounded water:

c, [of 9%wpp, c3 rcg 02 Wph,
th'iso — f maxf max ac aClSDd dCa f 3fa3 acaaclsod dCa (3'30)

100



Modeling

‘max

I | I
I | I
I | I
I | I
I ] I
| | |
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Figure 3.18. Second desorption step to c5. Sorption isotherms at 20 °C to the left and integration domain to the
right. Thick part of the isotherms marks the history in the isotherm diagram and the red area the corresponding
domain in the domain diagram. Observe that previous triangle that reduced the integration domain is now
enlarged to a triangle from 0 to c3.

In the fourth step, absorption up to c; is performed. This takes the system into scanning
along a scanning isotherm, as clearly seen in Figure 3.19. A corresponding triangular region
between c3 and c; is added to the integration domain to reflect this change.

o
Q

‘max

o

I 1 I

I I I

I I I

| | |

: : | | 1
o 50 o 1 ] 0 c ¢ c c c
Lp(C3,20 C) tp(c2,20 C) (p(cl,20 C) 1 3 ‘max a

©

Figure 3.19. Absorption step to c,, taking the system into scanning. Sorption isotherms at 20 °C to the left and
integration domain to the right. Thick part of the isotherms marks the history in the isotherm diagram and the
red area the corresponding domain in the domain diagram. Now a red triangle from c, to c5 is added to the
previous integration domain.

The state history receives a new step to describe the change of direction in sorption:
History= [Abs — 0,Des — c3,Abs - ¢;] (3.31)

The total amount of physically bounded water consists now of three integrals, one for each
step in the history:

_ (Smax CmavaWPh,iso C3 (C3 azWPh.,iso
Weniso = Jo " ), Senge, dcadca ) e, Sende, dcadca +
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C3 92 O"Wph,iso
fcl fa Feadcs dcgdc, (3.32)
The fifth step consists of a desorption to a meniscus curvature of c,. The system is still in
scanning, but now drying, see Figure 3.20. The corresponding triangle between c; and c;, is
now removed from the integration domain.

Figure 3.20. Desorption scanning step to c,. Sorption isotherms at 20 °C to the left and integration domain to
the right. Thick part of the isotherms marks the history in the isotherm diagram and the red area the
corresponding domain in the domain diagram. A new triangle from c; to c, is removed from the previous
integration domain.

The state history receives a new desorption entry and consists now of four steps:
History= [Abs — 0,Des — c5,Abs = ¢;, Des — ¢,] (3.33)

The total amount of physically bounded water has consequently four corresponding integral
terms:

Cmax fcmaxa WPh,iso d c3 (c3 9% O”"WpPh,iso
=/, cadea— [ [ dcgde, +

Weh,iso dcgdcy Ca dcqdcq
€3 €3 92 WPh,iso ¢z (C2 8% O"Wphjiso
fclf Seade ——LEhbse ge deg — f fa Seade dcydc, (3.34)

The sixth step, last in this example, continues the desorption all the way to c5. This closes the
scanning loop and brings the system back to the desorption isotherm. Accordingly, the
integration domain is restored to the same as for the initial desorption to c3, see Figure 3.21.

The last desorption step in the previous state history is enlarged all the way down to c3. But
there is already a preceding desorption step to this meniscus curvature, which means that the
history can be simplified by removing the steps after the first desorption to cs, i.e. eliminating
the scanning loop:

History= [Abs — 0,Des — c3,Abs — ¢,,Des — c¢3] = [Abs - 0,Des - c3] (3.35)
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C4

‘max

Figure 3.21. Further desorption step to cs, returning to the desorption isotherm and effectively removing the
scanning loop. Sorption isotherms at 20 °C to the left and integration domain to the right. Thick part of the
isotherms marks the history in the isotherm diagram and the red area the corresponding domain in the domain
diagram. The earlier integration domain corresponding to desorption to c3 is now restored.

The corresponding total amount of physically bounded water is after the simplification of the
state history by elimination of the scanning loop, again given by two integral terms:

Wph,iso = fcmax fcmax aa‘;VPahclso dcd dca fC3 f:: aa:/Pahclso dcd dca (3~36)
It is important at this stage to notice that the model above lack some possibility to direct
physical interpretation. The history of the control variable will correctly describe on the
integration domain the functional border between the part of the pore system that is filled will
capillary condensed water and the part that is not. This however does not imply that the
sorption site concentration, that is integrated in order to evaluate the amount of water,
corresponds to capillary condensed water only. The integral expresses the total amount of
physically bounded water, i.e. both capillary condensed water on one side of the functional
border as well as adsorbed water on the other. In the isothermal case, this model is simply a
convenient way of flexible modeling of variation of active sorption sites as a function of
wetting/drying history due to both physical phenomena involved at the same time. This will
however change in the non-isothermal case, as later shown in section 3.3.13.

3.3.6 Administrating state change

In practice the state changes are normally described as changes in the moisture potential A@
and in the non-isothermal case also the temperature AT. As both these values contribute to the
change in meniscus curvature, a new meniscus curvature value has to be calculated and the
total change in the meniscus curvature value decides if the state change is absorption or
desorption.

Ac =c(p + Ap, T + AT) — c(p,T) (3.37)

Administrating the state change follows a few basic principles. It starts at saturation. If there
is a change between wetting and drying, a new step is added. If drying or wetting continues,
the last step is simply adjusted to a new meniscus curvature. After all changes, an attempt to
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simplify the history is done in order to try to eliminate possible closed loops, i.e. scanning or a
full absorption to saturation again. The formal algorithm is given below:

e Start
o Starting state of the history is always saturation History= [Abs — 0]
e Desorption ¢y = cyyq Where ¢y < Cyyq
o If the preceding step is desorption, i.e. History= [..., Des — ¢]
= Enlarge the last desorption step by changing ¢, to Cxyq.
= No new step.
= Try to simplify.
o Ifthe preceding step is absorption, i.e. History= [..., Abs — ¢]
» Add a new desorption step, i.e. History= [..., Abs = ¢y, Des = cy4].
= Try to simplify.
e Absorption ¢y = ¢y, 1 Where ¢y > Ccxiq
o Ifthe preceding step is absorption, i.e. History= [..., Abs — ¢]
= Enlarge the last absorption step by changing c, to ¢y 1.
= No new step.
= Try to simplify.
o If the preceding step is desorption, i.e. History= [..., Des — ¢]
= Add a new absorption step, i.e. History= [..., Des = ¢y, Abs = cy41].
= Try to simplify.
e Simplification
o Ifthe last step is desorption and there is a previous desorption step with a
meniscus curvature equal to or smaller than the last step, i.e.
History= [...,Des - ¢y, ...,Des = cy] where Cy = Cx
= Remove all steps after the older desorption step Des — ¢y, adjusting its
meniscus curvature to ¢y if ¢, > ¢y, i.e.
History= [...,Des =y = cy—Des——»ey] = [...,Des - cy]
=  Try to simplify again.
o Ifthe last step is absorption and there is a previous absorption step with a
meniscus curvature equal to or larger than the last step, i.e.
History= [...,Abs = Cy, ..., Abs = cy] where Cy < €
= Remove all steps after the older absorption step Abs — ¢y, adjusting its
meniscus curvature to ¢y if ¢y < ¢y, i.e.
History= [..., Abs = ¢y = ¢yrerdbs—€5| = [..., Abs - ¢}
= Try to simplify again.

3.3.7 Evaluation from a general history

As seen in the earlier example in sec. 3.3.5, each step in the state history results in an integral
over a triangular domain and the sum of all contributions gives the total amount of physically
bounded water. Generalization of this approach to any given history is given as a summation
formula in equ. (3.38).
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aZWPh,iso
Wphiso = instory(cd,ca,...) dcqdcy dcadcd = ZHistory(cd,ca,...) AWPh,iso (Stepx) (3‘38)

The contribution for the starting step of absorption to saturation is:

2 .
AWpp iso(Abs: 0) = [ f;’"“"%dcd deg (3.39)
The contribution for a desorption step is:
2 .
Awppiso(Des:cy) = — [ fc"mdcd dc, (3.40)

Cx—1YCq 0dcqlcqy

The contribution for an absorption step is:

MWpriso(Abs: ) = 570 [ % dey de, (3.41)
3.3.8 Adaptation to measured data — initial considerations

The presented model allows mathematically for a significant number of degrees of freedom.
All diagonal elements and all elements on one side of the diagonal of the matrix can be
adapted. For a matrix of dimension n this gives (n + 1)n/2 elements. Another element of
choice in the adaptation is the sequence of meniscus curvature values, used as a base for the
matrix interpretation and defining the dimension of the matrix. The situation can be
summarized as a potentially undetermined mathematical problem —with more degrees of
freedom than a typical amount of constraints from sorption measurements. This opens up for a
multitude of adaptation methods. It is not the ambition of this work to take a, in any sense,
complete look at this adaptation problem. Below, some observations about some aspects of
the matrix are done. These are further used to propose two adaptation methods for two
specific situations regarding availability of measurement data, see section 3.3.9 and 3.3.10.
Later, a flexible manipulation operation on an existing matrix is defined that can be further
adapted to adjust the matrix elements to scanning measurements, see section 3.3.11. Finally, a
generalized approach to adaptation in isothermal conditions is investigated, see section 3.3.12,
and some considerations regarding necessary model extensions to fully cover non-isothermal
conditions from phenomenological perspective are discussed, see 3.3.13.

Two observations are fundamental, to easily populate the matrix elements with values based
on the probably most common sorption measurements — desorption and absorption curves.
There is a structural correspondence between these two curves and the matrix of the proposed
model. Assuming the same set of meniscus curvature steps for both curves

[0, ¢4, ) Cmax]
let the corresponding water contents for the desorption curve be given by
[wa(0), wq(cr), .., wa(Cmax)]
and for the absorption curve by
[ Wa(0), Wa (1), --r ) Wa(Emax)]
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The structural connection to the model matrix is that the integration of the water contents over
each row of the matrix gives the water contents difference between the corresponding
desorption steps and the integration of the water contents over each column of the matrix
gives the water contents difference between the corresponding absorption steps.

In order to visualize this, five desorption steps and their corresponding domains of integration
are shown in Figure 3.22, starting at saturation and ending at an empty pore system at the
chosen meniscus curvature ¢,,,,. The integrals over the matrix giving the water contents at
the desorption steps are:

Cmax Cmax a 0 0 62
Wph,iso Wph,iso
wy(0) = j f A, ————dcgdc, — EPER dcgdc,
Ca d
0 cq @
Cmax Cmax
WPh iso
f f —————dcydc,
dc,0cy
Cmax Cmax a €1 €1 a
Wphp,iso Wphp,iso
wy(cy) = f f dc.dc —————dcgdc, — FEER —————dczdc,
Ca a¥td
0 c¢q 0 cq
Cmax Cmax Cz C2

0%w
Wph,iso Ph,iso
wy(cy) = f f Bcaacd ————dcydc, — jf dc,9c, dcgdc,
Cmaxcmax c3 C3
2w
Wd(C3)—f f ac, Phlsod 1 dCq — ff 7 F;”:odcddca

Cmax Cmax Cmax Cmax

0w
Wph,iso Ph,iso _
Wa(Cmax) = f f dc.0c, ————dcgdc, f f dc.9c, ————dcydc, =0
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Figure 3.22. Integration domains corresponding to the desorption steps wq(0), wq(cy), wa(cz), wy(cs) and
Wq (Cmax)-
Taking the differences between these equations gives:

€1 €1
0? Wph,iso

wgq(0) — Wd(Cl)—f f de.9e, ———2dcydc,

1 €1 az Cy Cp aZ
w i w .
wg(c) —wy(cy) = —j Jﬁdcd dc, +j jﬁdc‘i dc,
0 cq avhd 0 cq attd
c3 C3
0w 0w
wy(cy) —wy(cs) = f f FE F;”SO dcgdcg + f FE F;”SO dcgdc,
0 ¢q d 0 cq d
C3 C3 Cmaxcmax
62 PhlSO Ptho
wq(c3) — wq(Cmax) = 3c,9¢, ————dcgdc, + 3.0, ———dc, dc,
a a
0 cq

which is the explicit connection between the desorption steps and the contents integrals over
each row of the matrix, as visualized by the integration domains in Figure 3.23.
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Figure 3.23. Integration domains corresponding to the differences between the desorption steps wy(0) —
wa(c1), waler) — walez), waler) — wales) and wa(cs) — wy(Cmax)-

A similar explanation can be given for the absorption case, with five steps shown in Figure
3.24. The integrals over the matrix giving the water contents at the absorption steps are:

Cmax Cmax

Wa(cmax) f J- 0 Wehiso dCd dCa =0

Cmax Ca

Cmax Cmax

We(cs) = f f ac‘;“c‘;"dcddca
a

Cmax Cmax

Wph,iso
wa(c) = f f S e dey
avtd
Cmax Cmax

02
w,y(cy) = f f awlzl L:O dcgdc,

Cmax Cmax

w,(0) = f f EP Pahcl:" decgdc,
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Figure 3.24. Integration domains corresponding to the absorption steps Wq (Crmax), Wa(€3), We(¢2), wo(cy) and
wg (0).

Taking the differences between these equations gives:

Cmax Cmax Cmax Cmax
a WPh iso a Wph,iso
W(O)—W(C)=f f ——————dcy dc J j ————dcydc
a ai1 J ) 9cadeq @ dcadcy 2
Cmax Cmax Cmax Cmax
*w
h, h,
wa(cy) —wy(cy) = f f 9 2;;0 dcgdc, — f f FE gcl:o dcgdc,
a a
Cmax Cmax Cmax Cmax
2%w 0%w
we(cy) —wy(cz) = J f e zh l:" degdcg — J j 9 ghcjo decgdcg
a
c

Cmax Cmax

Wa(c3) Wq (Cmax) f f ac Iz—;lcl;o dcd dca
a

Ca

which is the explicit connection between the desorption steps and the contents integrals over
each row of the matrix, as visualized by the integration domains in Figure 3.25.
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Figure 3.25. Integration domains corresponding to the differences between the absorption steps w,(0) —
Wa(c1), wa(cr) — walcr), wa(cr) — walcs) and wa(cs) — wq(Cnax)-

Summarizing the reasoning above gives the following conclusions:

e Each cell of the matrix corresponds to a rectangular integration domain in the space
spanned by ¢, and cg.

e Only elements on one side of the diagonal are used to prevent mathematically
reversing the hysteresis.

e Integration domains for the diagonal elements are thus only half compared to the
ordinary non-zero cells, i.e. are corresponding to only one side of the diagonal.

e Integrating the sorption density (constant in each cell) over the domain of the cell
gives the corresponding water amount.

e Summing up water amount over an entire row gives the difference between water
amounts for the corresponding desorption steps.

e Summing up water amount over an entire column gives the difference between water
amounts for the corresponding absorption steps.

These conclusions shall be used below in construction of algorithms for selection of matrix
elements and adapting the model to measured data.

3.3.9 Adaptation to one sorption isotherm

A typical, simple set of sorption data is only one sorption isotherm, used as both desorption
and absorption. In such a case there is no data supporting hysteresis and a reasonable
conclusion of that is that the model should not produce any scanning effects. As will be
shown below, this is not possible with the proposed model. The model will, due to its
mathematics, always produce some hysteresis and scanning, at least between the measurement
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data. This is simplest to visualize by a short illustration of a test set of data given based on
only two meniscus curvatures [0, ¢,,4,] having the water contents [ w(0), w(cpax) = 0],
assuming equality between desorption and absorption measurements. i.e. w,(c) = wy(c) =
w(c). For this situation, let’s use the simplest model representation by a matrix of only one
element, where the column and row borders correspond to the only two meniscus curvature
values from the measured data [0, ¢4, ] This situation is illustrated in Figure 3.26, where the
corresponding integration domains for successive absorption and desorption steps are shown.

Figure 3.26. Successive decrease of integration domain during desorption (lower row) and increase during
absorption (upper row) for a model with one element sorption site matrix. Observe that the integration domain
increases or decreases with the area of a triangle with both base and height equal to the change in the control
variable (meniscus curvature), which implies quadratic dependency of the constant integral over the region on
the control variable.

The matrix is containing only one element. In order to get the measured water contents at full
saturation, i.e. for the integration over the entire triangular region between 0 and ¢, 4, to give
w(0), the only one matrix element representing the concentration of the sorption sites

9?wpp,; . . 2w(0 . . T . .
(%;[)h:m will obviously have to be C‘Z—() As shown in the visualization in the integration
adtd max

domains in Figure 3.26, there is a quadratic relation between the area of the integration
domain and the control variable which together with constant sorption site concentration give
the result value the same dependency. During desorption this results in small changes of water
contents close to saturation end of the meniscus curvature interval and large in the empty end.
The opposite is true for the absorption stepping. This will result in different absorption and
desorption curves in the middle of a meniscus curvature interval, even if both curves meet at
the end points — a numerical hysteresis.

In practice, more than two points are typically used as measured data. While given a larger set
of measurements of water content as a function of relative humidity, the typical approach will
be to use the meniscus curvatures of the measurement points as the borders for the matrix
rows and columns. In order to minimize the effect of the hysteresis from the integration, the
obvious idea is to set all non-diagonal elements of the matrix to zero. This will reduce the
dependency of how the integration domain evolves during wetting or drying. The entire water
contents will then have to be represented by the diagonal elements of the matrix. This is easily
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done by extending the approach above to each step in sorption data, giving for column/row

corresponding to change in meniscus curvature between c,, and ¢, a matrix element with

2(w(cx)-w(cx+1))
(ex—Cx+1)?

exact representation of all measured data, however with some hysteresis in between.

value of . This approach result in a fully determined problem and results in

Figure 3.27 visualizes an example of how this works in practice for measurement input of
only one sorption curve, measured at 20 °C, showing the resulting desorption and absorption
curves from the adapted model in the corresponding sorption plane [ ¢(c, T = 20°C), w(c)].
The sorption data are taken from Olsson et al 2018. Tt should be noted that the materials in the
reference most probably had hysteresis in their sorption behavior, but the measurements were
done only during desorption conditions. The use of this data as an example is intended to
show how the proposed model behaves with only one sorption curve as input data and does
not reflect the full behavior of the materials used in Olsson et al 2018.
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Figure 3.27. Example of adaptation to only one sorption curve at constant temperature. Data taken from Olsson
et al 2018 for desorption of OPC, w/c=0.38 at the age of 8 months.

As expected, model curves for absorption and desorption respect exactly all the measured
data. This gives a coefficients of determination equal by definition to 1. In between the
measured data, there is, as expected, some hysteretic behavior. As also clearly seen, the
hysteretic behavior decreases in strength with decreasing distance between the input data —
compare small hysteresis in the high relative humidity region (85-100%) with the low-mid
humidity region (11-75%).

This is however only an example of a simplified use of the proposed model. The model is not
developed intentionally for modeling of non-hysteretic behavior. The only reason for
presenting this example is to understand some of the properties of the proposed model and the
methods for selection of the matrix elements.
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3.3.10 Adaptation to absorption and desorption isotherms without scanning
data
Adapting exactly to desorption and absorption data by use of correspondence between amount
summing over row and columns of the model matrix can be used in a more general situation.
Assuming desorption and absorption isotherms for the same set of n conditions gives for a
model matrix of n rows/columns a mathematical problem of adapting (n + 1)n/2 potentially
non-zero elements to 2n measured values. Combining these two numbers into an inequality
and solving for n gives that the adaptation problem is:

e overdetermined forn < 3
e determined forn = 3
e underdetermined forn > 3

This means that in most cases there will be more than one way of choosing the matrix
elements so that the desorption and absorption measurements are fitted exactly. One simple
way of achieving such an adaptation is distributing equally water amount contributions
between the elements. This can be done in two steps:

e For each row distribute the water amount of corresponding desorption step equally
between all non-zero elements of the row.
e For each column except last one, starting at the column with only one non-zero
element
o Calculate the water amount of the column, which will most probably differ
from the corresponding absorption step
o Calculate multiplicative factor to correct the water amount to be equal to the
corresponding absorption step. Multiplicative factor is used to not disturb
proportions of elements within the column.
Correct the column by use of the calculated factor.
Distribute the difference between the uncorrected, i.e. old, and the corrected
column values equally to remaining uncorrected columns so that the water
amounts corresponding to rows remain unchanged by the column correction
e The last column will not require any correction. Its corresponding water contents will
be equal to the last absorption step after correction all the preceding columns.

Validity of this algorithm is proved by simple reasoning. The subdivision for each row results
in filling the matrix with parameters in such a way that each row corresponds to a connected
desorption step and the entire matrix corresponds to the total amount of stored water at
saturation. Successive adjusting columns makes sure that the amount of water for each
column but the last one, is made to correspond to the connected absorption step. Two facts
shall now be observed:

e The column adjustments are performed in such a way that the water corresponding to
the rows is not changed, i.e. the rows still correspond to the connected desorption steps
and no water is neither added nor removed from the matrix.
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e The sum of all desorption steps and the sum of all absorption steps is equal. It
corresponds to the total amount of water at saturation.

These two facts imply that after correcting all columns but one, the last column must
represent the difference between the total amount of water at saturation and the sum of all
water represented by all the other columns, i.e. the last absorption step, and does not need any
correction.

An example of such an adaptation is shown in Figure 3.28. As expected, the curves fit exactly
all the measured values. The figure also shows two examples of scanning loops from the
desorption curve. By choosing another way of distributing the water amounts between the
matrix elements, one can change the scanning performance. As long as the water amount of
the matrix rows and columns continue to correspond to the desorption and absorption steps,
the two sorption curves will not be affected, i.e. such changes will adjust scanning
performance only.
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Figure 3.28. Example of adaptation to both desorption and absorption data at constant temperature. Data from
Nilsson 2021 for w/c=0.6. Adjustment of data performed due to selection of 10% RH as empty conditions.

3.3.11 Adaptation to absorption and desorption isotherms with scanning data
One way of handling the situation when desorption, absorption and scanning data are
available is to use the previously presented algorithm to adapt precisely to desorption and
absorption curves without use of the scanning data and simply compare how well the model
approximates the scanning measurements. The result will of course be dependent on how the
water amounts from the sorption steps are subdivided between the elements of the model
matrix. One example of this is given in Figure 3.29, where the algorithm from section 3.3.10
was used to adapt to only desorption and absorption data. The figure shows the adaptation
including how it simulates two scanning loops, for which there are measured data. As a
comparison, similar use of another method is shown in Figure 3.30, where algorithm from
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Mualem 1974 is used as model. For more explicit definition of algorithm see Zhang 2014,
algorithm referred to as Mualem Model II. The presented coefficients of determination are
based on all measured data covering desorption, absorption and scanning.
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Figure 3.29. Example of adaptation according to section 3.3.10 to both desorption and absorption data at
constant temperature and comparison of model performance with scanning data as well. Data from Stelmarczyk
et al 2019 for w/c=0.40 at an age of 6 months. Value at 100% RH corresponds to saturation.
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Figure 3.30. Example of adaptation model in Zhang 2014 referred to as Mualem Model II to both desorption
and absorption data at constant temperature and comparison of model performance with scanning data as well.
Data from Stelmarczyk et al 2019 for w/c=0.40 at an age of 6 months. Value at 100% RH corresponds to
saturation
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One way to take the scanning data into account when adapting the matrix elements is to use
an adjustment cell. This concept is based on the earlier observation that if meniscus curvature
boundaries of the rows and columns correspond to the data points in the desorption and
absorption curves and a change of element value does not affect the amounts corresponding to
whole rows and columns, the desorption and absorption performance remains unchanged.
Such an adjustment is typically applied to four elements forming an intersection of two rows
and two columns. That pattern forms what is referred to as the adjustment cell. The proposed
adjustment is shown in Figure 3.31.

G
+ Aw Aw
miyp + ——m—m—————— . |my = ———————
! (Ci1 = €i)(Cra1 — Ck) ' (Cir1 —c)(Crer — 1)
Cis1
G
Aw + Aw
mjy ————— . |MjyF——
J (Cj+1 - Cj)(ck+1 - ) J (Cj+1 —c)(Ce1— 1)
C.
j+1
o Cir1 Cy Ciis

Figure 3.31. General adjustment cell in the model matrix m for rows i and j and columns k and I, where any
choice of Aw, not making any element negative, will not affect total column or row amounts.

The idea is to adjust the sorption concentrations with an amount change +Aw divided by the
area of each cell in such a way the net change for each column and/or row remains zero. This
is achieved by using the positive sign of change along one diagonal of the cell and a negative
along the other. As long a history of meniscus curvature consists only of desorption or
absorption steps, the corresponding amount of water will not be affected by the change due to
the uniform movement of the integration border, a straight line, in either one or the other
dimension. On the other hand, when a change from wetting to drying or vice versa occurs, i.e.
scanning, a corner will be formed on the border of the integration area, e.g. see Figure 3.19
and Figure 3.20. In that situation it will be possible to choose an adjustment cell with a
corresponding total area that intersects the corner in question, which will allow the adjustment
Aw to affect both sides of the integration area differently and thus change the scanning
performance. This concept assumes of course that the adjustment Aw is chosen in such a way
that neither of the affected elements becomes negative.

Based on this idea one can construct a method of adaptation containing two steps:

e Exact adaptation to the desorption and absorption data.
e Successive adjustment by use of various choices of the adjustment cell above, until
some satisfaction criteria is fulfilled.

This work does not present such a method. This remains as a topic for future research.
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3.3.12 General approach to adaptation in isothermal conditions

There is a more holistic approach to the entire adaptation problem in isothermal conditions.
This is based on the insight that using a piece-wise constant sorption site concentration,
described by a matrix of elements, will result in an amount of water for any meniscus
curvature history, dependent linearly on the matrix elements. This can be shown by
investigation of equ. 3.38:

aZWPh,iso
Wph,iso = instory(cd,ca,...) dcqdcy dcgdeg = ZHistory(cd,ca,...)AWPh,iso (Stepx) (3.42)

0*wpp
dcqdcy
model matrix m, the amount of water from each step becomes a weighted sum of the elements
of the model matrix

Reusing the fact that

is a piece-wise constant function, described by the elements of the

Awpp iso(Stepy) = X j Ay j(Step,)m; (3.43)

where Ajj (Step,) is the area of the cross-section between the domain corresponding to the
matrix element m;; and the integration domain for step x, with a sign indicating wetting or

drying. Summarizing over all steps of the meniscus curvature history, the total amount of
water is clearly linearly dependent on the coefficients of the model matrix:

Wphiso = 2ij|Mij Dhistory(caca..) Aij(Step)] = i ymy By (3.44)
with the coefficient of linearity given by
Bi,j = ZHistory(cd,ca,...)Ai,j (Stepy) (3.45)

Before continuing with the general approach to adaptation let’s change and simplify the

nomenclature of the problem by replacing the two dimensional indexing by a one

dimensional. Let adaptation parameters py, where k = 1..s5 = n(n;l), replace the elements

m; ; of the model matrix that are by definition none-zero and n is the number of columns/rows
of the model matrix. Let further coefficients by, where k = 1..s, replace the corresponding
coefficients B;; for a given meniscus curvature history. This transform equ. 3.44 into

Wpn,iso (H) = Xi=1Dibi (3.46)

where H; is a history of meniscus curvature and b; ; is the set of corresponding linear
coefficients of the adapted parameters.

Now, assuming that there is a set of measured amounts of water wy, ; with corresponding
meniscus curvature histories H;, where j = 1..q, it is possible to formulate a measure of an
adaptation error by calculating the sum of squares of differences for each measured value.

Error = Z?zl[wph,iso (Hj) - Wm,j]2 (3.47)
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For this function to reach a global minimum, all its partial derivatives with respect to all
parameters py have to vanish:

aipkError = aaTk(szl[wph,iw (H) = W) = 0, k= 1.5 (3.48)
Calculating further with use of equ. 3.46 gives
a%Error =2 Z‘f[wph_iw(Hj) - Wm'j]bk'j =2 Z?zl[Zle pibij — Wm_j]bk’j =0(3.49)
This gives a system of s equations linear in the parameters p:
o 1pLZ 1bijbyj = Z] 1Wmjbj, k=1.5 (3.50)

or in matrix notation
q
Yjoqbyjbyj - bSJbIJH ] [ 1Wm1b11

: (3.51)
Yi_1byjbs,;

1Wm1 s.j

The set of parameters, solving this system of equations, gives the minimum for the error in the
adaptation and can be chosen as the elements of the model matrix m. In theory, this makes the
approach above a general method of adaptation of model matrix elements for a given set of
meniscus curvature boundaries and any type of measured data.

It is however not guaranteed that such a solution exists. s linear equations and s unknowns
implies existence of a solution only and only if the equations are linearly independent.
Recalling earlier adaptations to desorption and absorption curves, it is obvious that
undetermined situations exist and these will result in lack of linear independency between all
the equation in the system, i.e. the corresponding main matrix of equ. 3.51 not being of full
rank. Fixing this problem can be done by:

e Reducing the size of the matrix and the amount of parameters to be adapted

¢ Selecting different meniscus curvature boundaries for the matrix columns/rows
e Increasing the number of measured data

e Selecting different meniscus curvature histories behind the measured data

e A combination of all above

Due to the fact that the main matrix of the equ. 3.51 is not dependent on measured values, i.e.
water amounts, but only on the meniscus curvature boundaries for the matrix columns/rows
and meniscus curvature histories to be used as measuring conditions, the main matrix can be
calculated before measurements are executed. This allows for adjustment of the model and/or
measurement plan in order to avoid underdetermination of the entire adaptation problem.

Another possible complication in this approach is the possibility of receiving a set of adapted
parameters p, with at least one parameter negative. Although mathematically possible, such
set of parameters lacks appropriate physical interpretation, indicating a negative concentration
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of sorption sites under some conditions. In the authors opinion, such a solution shall be
interpreted as an inappropriate choice of matrix size and meniscus curvature boundaries
versus the number of and meniscus curvature histories behind the measured data and not used.
Adjustments proposed for solving the problem of linear dependence in the adaptation
equation above may be used to solve this problem as well, at least regarding changes in the
matrix size and meniscus curvature boundaries. Any changes to the measurement conditions
are unfortunately impractical, due to the fact that the adapted parameters are dependent on the
measured data and such an adjustment would require execution of new measurements to
reflect the changes in measurement conditions. It is also possible to take the constraint p, = 0
into account from the beginning by use of optimization methods for constrained problems.
For the constrained approach, the reader is referred to textbooks in optimization theory, e.g.
Nocedal & Wright 2006.

3.3.13 Formulation for the non-isothermal case

As earlier mentioned, the history of the control variable is directly describing the functional
border between the part of the pore system that is filled will capillary condensed water and the
part that is not, on the integration domain. However, working with only one site
concentration, as in the isothermal version of the model above, will imply the same
dependency on the moisture potential and temperature for all the physically bounded water.
This will introduce an error in the non-isothermal case due to phenomenological differences
between the behavior of capillary condensed and adsorbed water in the pore system. In order
to handle this challenge, a split in modeling of the total amount of water into the two
contributions is introduced in the non-isothermal case.

Wpnni = Wee + Waa (3.52)
where
Wppni — is physically bounded water in non-isothermal modeling conditions [kg/m’]

W, — is capillary condensed water, i.e. water in the filled part of the pore system [kg/m?]

W,q — 1s adsorbed water, i.e. water molecules of the walls of the empty part of the pore system
[kg/m?]

Modeling of capillary condensed water is done in exactly the same way as earlier modeling of
physically bounded water in isothermal conditions with the exception that the sorption site
concentration now describes only capillary water and not all water as a function of the
absorption and desorption conditions. The corresponding model matrix is shown in Figure
3.32 and the equations defining the evaluation of the value is given below:

0%wee
Wee = instory(cd,ca,...) dcqdcqy degdeg = ZHistory(cd,ca,...) Awec (Stepx) (3.53)

where

Aw,.(Step,) —is a contribution from each step in the history of meniscus curvature [kg/m?]
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The administration of the meniscus curvature changes, now including the varying

temperature, is done as described in section 3.3.6 and evaluation of the step changes and the

summation is done as described in section 3.3.7, using the matrix with

concentrations.
Cmax 4
?wee |- . 0
dcg0cy

Cq . . . 0 0
cy ) . 0 0 0

€1
0 0 0 0

0

0 c c, . Crmax
Ca

Figure 3.32. Proposed matrix layout of the sorption site distribution for capillary condensed water as a function

of desorption and absorption conditions described with meniscus curvature.

Modeling of adsorbed water is in general described by the formula:

Wagq = faa (@, T)Wad,l

where

Wqq,1 — is water adsorbed in the monolayer of the empty part of the pore system [kg/m?]

(3.54)

f.a(@, T) — is a suitable modeling function dependent on which basic adsorption model from

section 0 is used [-]

If one prefers to use BET, using equations 3.29 and 3.30, the modeling function will be:

— be
Jaal@:T) = G5 avmpg)

where

b = ceE1—ED/RT
If Dent is preferred, the modeling function will be

_ bogp
faa(@: 1) = Gy a-bproem)

where

by = @—4Go/RT
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b = g~4C/RT (3.59)

The size of the monolayer will of course vary due to the variation of which part of the pore
system is filled with capillary condensed water and which is not. Here, the administrated
history of meniscus curvature comes to use because it describes the border between these two
parts of the pore system on the domain of desorption and absorption control variables. A new
model matrix is used with the site concentration describing only the water adsorbed in the
monolayer of an empty pore system is used, see Figure 3.33. The difference from previous
uses of this model idea is that the integration shall be performed over the empty part of the
domain is stead of, as earlier, the filled one. This is easily done by taking the difference
between the integral over the entire domain and the integral performed as earlier.

9*wad, 92wad1
Wad1 = Sgneire aomain geger 4a¢a = Suistoryteace. ) 3o ger dada  (3.60)
Waa1 = AWad,1 (Abs:0) — ZHistory(cd,ca,,,,) AWad,1(5ter) (3.61)
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Figure 3.33. Proposed matrix layout of the sorption site distribution for the monolayer of adsorbed water as a
function of desorption and absorption conditions described with meniscus curvature.

This model enables a physical interpretation of the contributions of the physically bounded
water. The history of the meniscus curvature describes a border between the filled and the
empty part of the pore system. Integration on each side of this border of the model matrices,
with respective sorption site concentration, gives contributions from capillary condensed
water and adsorbed water based on thermodynamically interpretable models of each
phenomenon.

It shall also be mentioned that the matrices expressing the site concentration for capillary
condensed water and the monolayer of adsorbed water does not need to be of the same size
nor use the same border subdivision of meniscus curvature between rows/columns. The
common part of the modeling is the use of the history of meniscus curvature, which is
independent of how the matrices approximate the modeled site concentrations, as long as they
cover the same total span of interest of the meniscus curvature [0; Cpax]-
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3.3.14 Adaptation to data in non-isothermal conditions

The cost of a structurally flexible model, that is interpretable in phenomenological terms, is
often it’s complexity, especially when it comes to adaptation to measured data. This statement
is definitely valid for the proposed model for non-isothermal conditions. Introduction of the
second model matrix for the adsorption monolayer capacity increases the number of
parameters to adapt. This is however not the worst problem. The adsorption model function
f.qa(@, T) destroys the linearity between the resulting water amount and the adaptation
parameters, that was present in the isothermal case. From a general point of view, the
adaptation can still be performed by searching for a minimum of an adaptation error:

Error = X0, [Wppni(H;) = W] (3.62)

With the difference that methods for non-linear problems from optimization theory have to be
used due to lack of linearity in dependencies. There are however some observations that can
simplify the adaptation problem.

A closer look at the adsorption part of the model reveals that the matrix based modeling of the
monolayer capacity describes the structural aspects of the pore system while the model
function describes the physical properties of the adsorbent and the surface to which it
attaches. In a situation when already having the parameters for the model function for one
material and assuming that another material differs mainly in structural properties of the pore
system, the model function can be reused. This will transform the problem back to the linear
version, as in the isothermal case, but with more parameters from two matrixes to adapt. In
such a case the adaptation method from section 3.3.12 can be used.

Another simplification, this time reducing size of the problem, can be based on assumption
that the functions describing sorption site concentrations, for capillary condensed water and
for the adsorbed monolayer, are not independent of each other. This would enable a
description of one as a function of the other, e.g.:

aZWad,l _ [ azwcc ]
dcgdcq (Ca: Cd) - f dcqdcqy (Ca' Cd) (363)
Such an assumption will eliminate an entire matrix of adaptation parameters to the cost of
adding a few for the function f. This approach has however to be investigated further and the
validity of the assumption and a suitable choice of the transfer function has to be shown.

3.3.15 Variation in time/age/degree of hydration

The pore system is a result of the hydration of cement and forming of products of cements
reaction with water. Thus a development of the pore system takes time during hydration. This
implies that the pore system does not in general have a constant distribution of sorption sites
with respect to absorption and desorption conditions. In order to describe this variation a
variable matrix or a sequence of constant matrices with some kind of interpolation between
are necessary. Due to the fact that this variation is not a primary goal of the research problem
and practical limitations, the scope of this work does not cover such a solution. It will form a
part of the proposed future research.
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3.3.16 Calculation of computational parameters

For the computation not only the amount of physically bounded water is needed but also its

O0wpp
v

Owpp
aT

partial derivatives with respect to vapor content and temperature . These are

Ath
AT
and AT with respect to how fast the state changes during a simulation.

approximated by finite differences, i.e. by A‘Z—sh and , based on a suitable choice of Av

A complication shall also be mentioned to any evaluation of the partial derivatives, not only
approximated by finite differences, in a model allowing scanning and not only following one
isotherm. The values of the partial derivatives are direction dependent. They are not the same
for an absorption change and a desorption change, even if infinitesimal. This is due to
different slopes of base and scanning isotherms. When the direction of the change is known,
this is not a problem. During a simulation however, this is not the case and a choice has to be
made without this knowledge. A statistically recommended approach is to use the same
change direction as in the preceding computational step or iteration for the section of material
in question. A typical simulation of concrete after casting with some interaction with
surroundings contains a limited number of changes between drying and wetting if any. With
reasonably small time steps the chances are simply much larger that the material will continue
with what is does in the next step or iteration in the computation.

3.3.17 Model validation

Previous sections covering model formulation and adaptation of model parameters have
already presented multiple contributions to the validation of the proposed model in various
situations. The contributions has mainly been of three kinds:

e Mathematical, i.e. model performance has been mathematically derived or proven.

e Physical, i.e. parts of model are directly based on underlying physical models of
relevant phenomena.

e Shown in adaptation to measured data and/or comparison with other model.

The presented material is summarized in Table 3.2.

Table 3.2. Summary of proposed models and adaptation methods for sorption and their validation status.

Case / measured data Model/method properties | Validation

Isothermal, measured data | Passing exactly through Derived/proven mathematically
forming one sorption measured points and some and shown in adaptation

curve, section 3.3.9 scanning in between

Handles underdetermined
situation with fewer
measurements than
adaptation parameters
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Case / measured data

Model/method properties

Validation

Isothermal, measured data
forming desorption and
absorption curves, section
3.3.10

Passing exactly through
measured points and
scanning in between

Handles underdetermined
situation with fewer
measurements than
adaptation parameters

Derived/proven mathematically
for a family of method for
adaptation of parameters. One
specific method proposed and
shown in adaptation.

Isothermal, measured data
forming desorption,
absorption and scanning
curves, section 3.3.11

Passing exactly through
measured points, scanning
in between, no specific
adaptation to scanning data

Handles underdetermined
situation with fewer
measurements than
adaptation parameters

Derived/proven mathematically
for a family of method for
adaptation of parameters. One
specific method proposed, shown
in adaptation and compared to
other relevant model.

Adjustment cell that can be
used to adjust scanning
performance without
changing exact passing
through measured
desorption and absorption
points

Adjustment cell effect
derived/proven mathematically.

Isothermal, generalized
case, section 3.3.12

General adaptation for
determined and
overdetermined situations,
giving possibility to test
determination status for a
measurement layout

Derived/proven mathematically.

Non-isothermal,
generalized case, section
33.14

General adaptation for
determined and
overdetermined situations

Based directly on physical
modeling of underlying
phenomena.

3.4 Modeling of transport

3.4.1 Formulation for the isothermal case
A number of facts shall be observed for the isothermal case, as already stated in the literature
study, see section 2.3. When the temperature is constant, the translation between the different
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moisture potentials, except water content, becomes simplified. This implies that as long the
transport coefficient is allowed to vary non-linearly with the moisture state, it doesn’t matter
which potential is chosen to drive the transport. In most cases, the measurements of transport
properties are expressed as coefficients for vapor transport according to Fick’s law. This
harmonizes with the requirements from section 1.8.3 on the desired transport model so the
intention here is to use that approach.

Further observation of typical measurements of this coefficient, e.g. Hedenblad 1993, Olsson
et al 2018 or Saeidpour & Wadsé 2016, shows a monotonously growing dependency on the
relative humidity at constant temperature. Saeidpour & Wadsé 2016 and Stelmarczyk et al
2019 shows hysteretic properties by measurements of the transport coefficient in both
desorption and absorption. This indicates a dependency on the filling state of the pore system,
somehow similar as for the total water contents.

Based on these observation, the proposed model for the transport coefficient for moisture
transport in the isothermal case follows the transport formulation of Fick’s law:

g =—0i50VV (3.69)

and reuses the same mathematical model as for sorption in the isothermal case, see sections
3.3.4-3.3.7. This means that the matrix elements for the transport model contain the

o L . . 828,50 -
contributions to the transport properties divided by both sorption state variables ac—';"cs" instead
a0ta
. . . - %wpp;
of sorption site concentration contribution to water amount %;C'LSO.
adta
Cmax 4
a%s, |. . 0
dcg0cy
Cq . . . 0 0
cy . . 0 0 0
€1
0 0 0 0
0
0 C1 cy Cmax
Ca

Figure 3.34. Proposed matrix layout of the transport coefficient contributions as a function of desorption and
absorption conditions described with meniscus curvature .

The meniscus curvature history, describing the wetting and drying of the material is reused as
it is. The evaluation of the total value of the transport coefficient is done in the same way as
for the water amount:

azsv,iso

+) dcqdcy

617,150 ‘Sv,iso,offset + instory(cd,ca,. dcgdey (3.65)
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8v,iso = ‘Sv,iso,offset + ZHistory(cd,ca,...) A(Sv,iSO(Stepx) (3'66)

where 8,5, offset 18 the starting value for the transport coefficient at ¢4, which does not
have to vanish as it did in the sorption case.

3.4.2 Adaptation to data forming one transport curve

Dealing with transport data measured in one set of moisture conditions only, normally
desorption, the adaptation procedure for a similar case in sorption modeling from section
3.3.9 is used. Here a similar result is obtained with exact representation of the measured
values and some hysteresis effects in between. Figure 3.35 shown an adaptation of such kind
to transport coefficients from Hedenblad 1993 concrete with OPC only for w/b = 0.60. Figure
3.36 shows another such adaptation to transport coefficients from Olsson et at 2018 for
concrete with OPC + 5% silica fume and w/b = 0.53.
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Figure 3.35. Adaptation of isothermal transport model to transport coefficients measured under one set of
conditions (desorption) from Hedenblad 1993, water-binder ratio 0,6, last value at 97.6 % RH used also as
value at saturation.

3.4.3 Adaptation to transport data in desorption and absorption

In the situation of having measured coefficients in both desorption and absorption, the
adaptation procedure for a similar case in sorption modeling from section 3.3.10 is used. Here
a similar result is obtained with exact representation of the measured values (input data in
figures) and modeling of scanning effects based on the distribution method for the
contributions to the transport coefficient in the row and columns of the matrix. Figure 3.37
shows an adaptation to transport coefficients from Saeidpour & Wadsé 2016, for concrete
with OPC and w/b = 0.5. Figure 3.38 shows an adaptation to transport coefficients from
Stelmarczyk et al 2019, concrete with CEM II-A/V w/b=0.55. Both figures show two
scanning loops from the desorption curve. These scanning curves do not correspond to any
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values measured in scanning. They are shown to visualize the performance in scanning of the
model adapted to values measured only in absorption and desorption.
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Figure 3.36. Adaptation of isothermal transport model to transport coefficients measured under one set of
conditions (desorption) from Olsson et al 2018, OPC with 5% SF water-binder ratio 0.53, values from figure 3a.
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Figure 3.37. Adaptation of isothermal transport model to transport coefficients measured under desorption and
absorption from Saeidpour & Wadso 2016, OPC water-binder ratio 0.5, values from figure 5a at the middle of
resp. RH-interval, desorption value of highest RH-interval used as common value at saturation, absorption value
of lowest RH-interval used as common value at lower border of lowest RH-interval. Two scanning loops (85%-
95% and 75%-85%) for model performance from desorption curve shown.
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Figure 3.38. Adaptation of isothermal transport model to transport coefficients measured under desorption and
absorption from Stelmarczyk et al 2019, water-binder ratio 0.55. Two scanning loops (85%-95% and 75%-85%)
for model performance from desorption curve shown.

3.4.4 Adaptation to transport data in desorption, absorption and scanning

In the situation of having measured coefficients in desorption, absorption and scanning, the
adaptation procedures from similar cases in isothermal sorption modeling can be adapted. For
closed details see sections 3.3.11 and 3.3.12.

3.4.5 Simplified formulation for the non-isothermal case
Simplified formulation for the non-isothermal case builds on the idea of choosing a
dominating phenomenology to approximate the full behavior. As stated in section 1.6, the
purpose of the models proposed in this thesis is to enable simulation of drying in concrete and
moisture exchange with other material while drying. This implies that the state of concrete
will, during simulation, be in the part of the moisture spectra close to the saturation end.
Taking into account that many desorption curves for moder concrete indicate quite high water
contents at relative humidities as low as 75-80%, the capillary suction will probably dominate
the transport behavior due to the fact that the majority of the transport ways in the pore system
will be filled with water. This implies to choose capillary suction as the dominating
phenomenology for transport modeling in the simplified non-isothermal case. Reusing the
translation of the transport term for capillary suction into gradients of vapor content and
temperature from equ. 3.47 and rearranging gives:
_ kowRyT kowRy v T dvug
g= ——VU—T(ln(—)———) VT (3.67)

UKV Vs vs dT

g = —kowR, [.Vu —_VT] (3.68)
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In the last equation, the terms forming the transport coefficients for the driving potential
gradients has been separated into three multiplicative parts:

e Turquoise — constants or approximated as constants

Of these, the green permeability is the only one directly connected to which parts of the pore
system are filled with water. This make it a logical choice to model by reuse of the sorption
model for the isothermal situation, see sections 3.3.4-3.3.7, or as for the entire transport
coefficient in the isothermal case in section 3.4.1. This means that the matrix elements for the
transport model contain the contributions to the permeability term divided by both sorption

state variables instead of sorption site concentration contribution to water amount

dcgdcy
aZWPh,iso
dcqdcy
Cmax 4
%k . . 0
dcg0cy
Cq 0 0
cy 0 0 0
€1
0 0 0 0
0
0 €1 2 Cmax
Ca

Figure 3.39. Proposed matrix layout of the permeability contributions as a function of desorption and absorption
conditions described with meniscus curvature .

The meniscus curvature history, describing the wetting and drying of the material is reused as
it is. The evaluation of the total value of the permeability is done in the same way as for the
water amount, with the correction for a non-vanishing starting value of Kqgrget:

3%k
k = kogfser + instory(cd,ca,...) mdcadcd = ZHistory(cd,ca,...) Ak(Stepx) (3.69)

In this way calculated permeability is then used together with the remaining terms from the
equ. 3.67 to calculate the transport coefficients for both potential gradients:

kowRy,T
5, = 17 (3.70)
_ kewRy () (V) _ T dus
6T T ouk (ln (vs) vg dT) (3.71)
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3.4.6 Adaptation of the simplified formulation to isothermal data

The adaptation problem is for this model formulation limited only to the matrix adaptation of
the permeability. The rest of the terms in the transport coefficient are either constants,
approximated as constants, state variables of function of state variables. While using transport
data measured in isothermal conditions, the adaptation problem is simplified further by
vanishing of the temperature gradient term. The measured transport coefficients have to be
recalculated to corresponding permeabilities:

kmowRyT
Som = ;’T (3.72)
8ymUkv

The permeabilities from the measurements are then used for the adaptation of the matrix
elements. In the situation of having measured coefficients in both desorption and absorption,
the adaptation procedure for a similar case in sorption modeling from section 3.3.10 is used.
Here a similar result is obtained with exact representation of the measured values and
modeling of scanning effects based on the distribution method for the contributions to the
transport coefficient in the row and columns of the matrix, as seen in Figure 3.40 and Figure
3.41.

As seen in Figure 3.40, there is a possibility of a strange interpolation effect, where small
temporary decrease can be seen in the adapted transport coefficient for vapor contents
gradient, when relative humidity is increased. In order to understand this phenomenon, one
has to compare the mathematical interpolation in this model with the isothermal model. In the
isothermal case the model matrix represents contributions to &, directly and with positive
matrix elements there is no mathematical possibility for the interpolated value to decrease
with decreasing meniscus curvature , i.e. increasing relative humidity at constant temperature.
In the simplified non-isothermal case, the matrix elements represents contributions to
permeability. Looking closer at the equ. 3.70 reveals that the connection between 6, and k at
constant temperature involves linear scaling with vapor contents as factor. The interpolation
result on the matrix model, with contributions to the permeability, is linear in meniscus
curvature , i.e. non-linear in relative humidity or vapor contents at constant temperature. This
combination of linear pre-scaling and non-linear interpolation with respect to vapor contents
and relative humidity is the searched explanation. The observed effect is purely mathematical.
It is most easily observed when there are large distances between the measured values and on
isotherm sections with low slope. As shown in another adaptation in Figure 3.41, when
number of measured points is increased, this effect disappears.
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Figure 3.40. Transport coefficient for vapor contents gradient, adaptation of simplified non-isothermal transport
model to transport coefficients measured under desorption and absorption from Saeidpour & Wadso 2016, OPC
water-binder ratio 0.5, values from figure 5a at the middle of resp. RH-interval, desorption value of highest RH-
interval used as common value at saturation, absorption value of lowest RH-interval used as common value at
lower border of lowest RH-interval. Two scanning loops (85%-95% and 75%-85%) for model performance from
desorption curve shown.
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Figure 3.41. Transport coefficient for vapor contents gradient, adaptation of simplified non-isothermal transport
model to transport coefficients measured under desorption and absorption from Stelmarczyk et al 2019, water-
binder ratio 0.55. Two scanning loops (85%-95% and 75%-85%) for model performance from desorption curve
shown.
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The simplified non-isothermal model supports not only modeling of the transport coefficient
for vapor contents gradient but also for the temperature gradient and the temperature and
temperature history variation of both. Figure 3.42 and Figure 3.43 shows the same
combination of isotherms for desorption with scanning loops and absorption for both transport
coefficients at three different temperatures.

One should remember here to not interpret transport contributions from these two terms
separately. They are together a result of using capillary suction model as basis for the
transport simplification in this model variant and they together represent the transport driven
by the gradient of capillary pressure.

If measured transport coefficients during scanning are available as well, the methodology for
adaptation of the matrix elements from sections 3.3.11 and 3.3.12 can be used.

If measured transport coefficients are available only for desorption conditions, the
methodology for adaptation of matrix elements from section 3.3.9 can be used.
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Figure 3.42. Transport coefficient for vapor contents gradient at different temperatures, adaptation of simplified
non-isothermal transport model to transport coefficients measured under desorption and absorption from
Stelmarczyk et al 2019, water-binder ratio 0.55. Two scanning loops (85%-95% and 75%-85%) for model
performance from desorption curve shown.
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Figure 3.43. Transport coefficient for temperature gradient at different temperatures, adaptation of simplified
non-isothermal transport model to transport coefficients measured under desorption and absorption from
Stelmarczyk et al 2019, water-binder ratio 0.55. Two scanning loops (85%-95% and 75%-85%) for model
performance from desorption curve shown.

3.4.7 Generalized formulation for the non-isothermal case

Using parallel models for capillary suction and vapor diffusion and summing up the result
transport has earlier been proposed and shown in e.g. Johannesson 2002. This approach
seems more general and it can be applied with the flexibility of the newly proposed models.
The capillary suction part can be taken directly from section 3.4.5. The vapor term should
follow the basic vapor transport model, i.e. Fick:

g=-D,7v (3.74)
where
D, —is the vapor diffusivity in air, a function of temperature [m%/s]

What is missing in this term is the reflection of the fact that the space in general is restricted
by concrete and only a small fraction of it, i.e. the pore system, is available for vapor
diffusion. Assuming some level of homogeneity of the structure of the pore system, the details
of its size distribution and connectivity do not have to be modeled, but can be replaced by a
continuous formulation for the entire volume of the concrete by introducing a factor y,, that
gives the fraction of the entire cross-section through the volume of concrete that is available
for vapor diffusion:

g = —VY,D,Vv (3.75)

This factor, y,, [-], is typically a function of how large part of the pore system is filled with air
and not condensed water that will stop the diffusion of vapor. For modeling of such a property
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with a direct dependence on the wetting/drying history the matrix formulation in the proposed
model for adsorption monolayer size from section 3.3.13 can be used, with a correction for a
non-vanishing stating value of y;, oftset-

— %yy *yy
Yo = Voorfser + fEntire domain dcydcy dcgdcq — instory(cd,ca,...) dcqdcqy dcgdeq (3.76)
Yv = Vvoffset T Ay, (Abs: 0) — ZHistory(cd,ca,...) Ay, (Step,) (3.77)
Cmax 4
%y, |. . 0
dc,0cy
Cq . . . 0 0
ol |- . 0 0 0
€1
0 0 0 0
0
0 c c, Crmax
Ca

Figure 3.44. Proposed matrix layout of the cross-section contributions to the vapor diffusion as a function of
desorption and absorption conditions described with meniscus curvature .

This will after summarizing with the transport term for the capillary suction give:

_ _ [kewRyT _ kowRy v\ _ Tdys
g =" +y,p,|vv - 22 (1n (U) - ) T (3.78)
where the capillary suction permeability k and the diffusion cross-section y,, are modeled by
one matrix each and the other terms are direct functions of the state variables. The transport

coefficients for the respective gradient become:

5, = XewkT o p (3.79)
HKV
_ kewRy () (v _ T dvg
or = ug (ln (vs) vg dT) (3.80)

3.4.8 Adaptation of the generalized formulation

Adaptation of a transport model for gradients in both vapor content and temperature in non-
isothermal contains the task of subdividing of the total transport into two parts, driven by
respective potential. In the section 3.4.5 a simplified model was used, where the adaptation
parameters didn’t require transport measurements with a temperature gradient. The transport
coefficient for the temperature gradient could by the model simplification be calculated from
data adapted to isothermal transport, see section 3.4.6. This is not the case in the general
approach. Subdivision of the total transport into driven by respective potential gradient has to
be a part of the adaptation procedure. This implies that the measured data do not consist of
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transport coefficients measured in various conditions but total transport terms measured in
various conditions regarding both potential values, their history or more specifically the
history of the meniscus curvature and potential gradients g,,(v, T, Hist(c), Vv, VT), or

simplified into just a one-dimensional case g, ., (v, T, Hist(c), % , %). The equation for the

adaptation becomes:

o= [ |20 ()27 s

Ugv Uk Us vs dT

and after some rearrangement:

Gxm = f¥k(Hist(c)) + f7y,(Hist(c)) (3.82)

where
e (n(2) - 15 aa9
Fr = —Dv% (3.84)

are functions of state variables or their gradients and are known constants for each measured
transport value. As already shown in section 3.3.12, a value evaluated from a matrix in the
proposed model for any given history of the meniscus curvature is a linear combination of the
matrix elements. Assuming some feasible selection of meniscus curvature boundaries for the
matrix structure (row/columns), this results in the adaptation equation 3.82 being linear. This
can be shown by use of derivation of equ. 3.42 — 3.45 from section 3.3.12 together with
equations giving k(Hist(c)) and y,,(Hist(c)), i.e. 3.69 and 3.77. These together result in:

k(Hist(c)) = koggser + Xijmi;Bf; (3.85)
Yo(Hist()) = Voofrser + i m]i/_jBi},,j (3.86)
with the coefficients of linearity are given by
BY; = Tuistory(caca..) At j(Stepy) (3.87)
Bi],/j = ZHistory(cd,ca,...)A}i/,j(Stepx) (3.88)

For permeability calculation based on model matrix m¥, Allfj (Step,) is the area of the cross-
section between the domain corresponding to the matrix element mf_ ; and the integration
domain for step x in the history of meniscus curvature , with a sign indicating wetting or
drying. For calculation of y,, based on model matrix m?, A{j (Step,) is the area of the cross-
section between the domain corresponding to the matrix element m{ ; and the integration

domain for step x, with a sign indicating wetting or drying. Observe that here the integration
domain corresponds to the empty part of the pore system instead of the part filled with
capillary condensed water, as was the case for permeability calculation.

135



Modeling

Now, let’s change and simplify the nomenclature of the problem by a substitution replacing
the two dimensional indexing by a one dimensional and putting all adaptation parameters and
their coefficients into two indexed variables.

Let:

e adaptation parameter p; = Kygrset

e adaptation parameters py, where k = 2..7 + 1, replace the elements m{f ; of the model
matrix for permeability, that are by definition none-zero, where r is their number

e adaptation parameter p,., = ¥y offset

e adaptation parameters p, where k = r 4+ 3..s + r + 2, replace the elements m]l-f ;of

the model matrix for y,,, that are by definition none-zero, where s is their number
Let further:

e coecfficient b; = 1
e cocfficients by, where k = 2..r + 1, replace the coefficients B}‘l for the non-zero

elements mﬁf]- from the equ. 3.85

e cocfficient by, = 1
e coefficients by, where k = r + 3..s + r + 2, replace the coefficients B{ j for the non-

zero elements m}/j from the equ. 3.86

Let finally:

e coefficient ¢; j = fjkbi, where i = 1..7 + 1 and f]-k is a function of state variables
according to equ. 3.83 corresponding to state and meniscus curvature history H;

e coefficient ¢;; = f]-ybl-, wherei =7+ 2..s +r + 2 and ij is a function of state
variables according to equ. 3.84 corresponding to state and meniscus curvature history

H;

This transform equ. 3.82 into

— yStrt2

Gxm,j = Li=1  PiCij (3.89)

for any measured total transport coefficient g, , ; corresponding to state and meniscus
curvature history H;. Calculating the adaptation error for an entire set of measurements g, , ;
with corresponding state and meniscus curvature histories H;, where j = 1..q, gives:

2
Error = Z?:l T pici; — Gemy] (3.90)

For this function to reach a global minimum, all its partial derivatives with respect to all
parameters p;, have to vanish:

a ad 2
3y Error = E(Zj?:l[ V2 picii = Gxmj) ) =0, k=1l.s+r+2 (3.9])
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Calculating further gives
3
a—pkError = 22 1[ S pic — gx‘m‘j]ck,j =0 (3.92)
This gives a system of s+r+2 equations, linear in the parameters p:
St Z;Ll CijCrj = Z;Ll GxmjCrj, k=1.s+r+2 (3.93)

or in matrix notation

Z?:lcl,jcl,j 27 1Cs+r+2]C1] ] 1gxmjclj
: [ ] (3.94)
Ps+r+2

q q
2]’:1 C1,jCs+r+2,j " Z] 1 Cs+r+2]cs+r+2] J 1gxmjcs+r+2]

The set of parameters, solving this system of equations, gives the minimum for the error in the
adaptation and can be chosen as the corresponding values for kqeset, ¥y offset and elements of

the model matrices m ; and m ; according to the substitution above.

Summarizing, this linear regression method, previously given in section 3.3.12 can be adapted
and applied to this problem, with the differences that:

o the adaptation will occur for the elements in two matrices and their offset values
simultaneously

o the basic evaluation formulae for these two will differ in the sense that one matrix will
use contributions on one side of the boundary, defined by the meniscus curvature
history, and the other matrix on the other side

e calculation of the elements of the final matrix equation 3.94 contains pre-scaling of
coefficient contributions by functions of state variables for each measurement
condition used, according to the final step in the substitution given above

All conclusions from section 3.3.12 regarding determination of the adaptation problem and
existence of a solution are valid in this case as well, when corrected for the differences above,
due to their dependence on the linearity of the problem.

3.4.9 Model validation

Previous sections covering model formulation and adaptation of model parameters have
already presented multiple contributions to the validation of the proposed model in various
situations. The contributions has mainly been of three kinds:

e Mathematical, i.e. model performance has been mathematically derived or proven.

e Physical, i.e. parts of model are directly based on underlying physical models of
relevant phenomena.

e Shown in adaptation to measured data and/or comparison with other model.

Due to basing large parts of the transport modeling on the matrix-based, abstract model
underlying proposed sorption model, parts of the validation were already presented in section
3.3. The presented material is summarized in Table 3.3.
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Table 3.3. Summary of proposed models and adaptation methods for transport and their validation status.

Case / measured data

Model/method properties

Validation

Isothermal, measured data
forming one curve with
transport coefficients,
section 3.4.2

Passing exactly through
measured points and some
scanning in between

Handles underdetermined
situation with fewer
measurements than
adaptation parameters

Basic validation see 3.3.9.

Application to transport shown in
adaptation.

Isothermal, measured data
forming curves with
transport coefficients for
desorption and absorption,
section 3.4.3

Passing exactly through
measured points and
scanning in between

Handles underdetermined
situation with fewer
measurements than
adaptation parameters

Basic validation see 3.3.10.

Application to transport shown in
adaptation.

Isothermal, measured data
forming curves with
transport coefficients for
desorption and scanning,
section 3.4.4

Passing exactly through
measured points, scanning
in between, no specific
adaptation to scanning data

Handles underdetermined
situation with fewer
measurements than
adaptation parameters

Basic validation see 3.3.11

Adjustment cell that can be
used to adjust scanning
performance without
changing exact passing
through measured
desorption and absorption
points

Basic validation see 3.3.11.

Isothermal, generalized
case, section 3.4.4

General adaptation for
determined and
overdetermined situations,
giving possibility to test
determination status for a
measurement layout

Basic validation see 3.3.12.
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Case / measured data

Model/method properties

Validation

Simplified non-isothermal,
measured data in
isothermal conditions
forming one curve with
transport coefficients,
section 3.4.6

Passing exactly through
measured points and some
scanning in between

Domination of transport by
capillary suction assumed

Handles underdetermined
situation with fewer
measurements than
adaptation parameters

Basic validation see 3.3.9.

Simplified non-isothermal,
measured data in
isothermal conditions
forming curves with
transport coefficients for
desorption and absorption,
section 3.4.6

Passing exactly through
measured points and
scanning in between

Domination of transport by
capillary suction assumed

Handles underdetermined
situation with fewer
measurements than
adaptation parameters

Basic validation see 3.3.10.

Application to transport partially
shown in adaptation.

Simplified non-isothermal,
measured data in
isothermal conditions
forming curves with
transport coefficients for
desorption and scanning,
section 3.4.6

Passing exactly through
measured points, scanning
in between, no specific
adaptation to scanning data

Domination of transport by
capillary suction assumed

Handles underdetermined
situation with fewer
measurements than
adaptation parameters

Basic validation see 3.3.11

Adjustment cell that can be
used to adjust scanning
performance without
changing exact passing
through measured
desorption and absorption
points

Basic validation see 3.3.11.
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Case / measured data

Model/method properties

Validation

Simplified non-isothermal,
measured data in
isothermal conditions,
generalized case, section
3.4.6

General adaptation for
determined and
overdetermined situations,
giving possibility to test
determination status for a
measurement layout

Domination of transport by
capillary suction assumed

Basic validation see 3.3.12.

Non-isothermal,
measurements of transport
in non-isothermal
conditions with
temperature gradient,
generalized case, section
348

General adaptation for
determined and
overdetermined situations

Basic validation see 3.3.12.
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4. Discussion and conclusions

4.1 Hydration and connected properties

The proposed model of hydration offers the possibility to model the degree of hydration of the
binder directly, without the middle-step of temperature-equivalent time of hydration. The
differential modeling follows in structure a well-known basic model of kinetics and uses
separate influencing factors that are natural to interpret from the phenomenological point of
view. Most of the adapted parameters have physical interpretations with exception of the
factor for the initial slow start of the hydration, which is a pure mathematical construct. This
interpretation possibility is not given for an important part of the reference model, where all
parameters of equ. (2.14), translating temperature-equivalent time of maturity to the degree of
hydration, have purely mathematical meaning.

Further, the proposed hydration model and its direct application to calculation of chemically
bounded water forms a modeling platform that can be used to connect further values. As
mentioned before, the immediate candidates are heat of hydration and compressive strength.
This can result after further research in one model structure for all hydration-dependent
properties of interest.

Together with the outline of non-linear methodology for parameter adaptation, the model
offers a variety of ways to adapt the parameters. An adaptation to chemically bounded water
measurements is shown in section 3.2.5, where the degree of hydration of the binder is not
measured but handled as a variable internal to the model. This adaptation is presented in two
versions, one with and one without explicit modeling of moisture influence. Another approach
would be to adapt the parameters more directly to measured degree of hydration, possibly also
in combination with chemically bounded water. In such a scenario the amount of
measurements could be more balanced between the two measured variables.

A more direct quality difference between the proposed and the reference model is seen in the
capability to model the dependency on temperature of the formed reaction products, in the
presented case in amount of chemically bounded water per amount of hydrated binder.
Measurements presented in section 3.2.5 clearly show a cross-over effect of temperature,
where low temperature gives initially slow rate of growth but high final value and high
temperature gives the opposite. The reference mode lacks the mathematical capability to
model that phenomenon, which is clearly seen in the diagrams. The proposed model captures
the phenomenon much better, which is clearly seen in both diagrams and in the comparison of
coefficients of determination in section in section 3.2.5. This advantage is present both in the
case of modeling with explicit influence of moisture and adaptation to values from both
sealed and saturated samples, as well as in the case of modeling without moisture influence
and adaptation to value from sealed samples only.

The implemented moisture control is based on a domain-based sorption model and as
assumption that the amount of physically bounded water from saturation down to a certain
level of desorption is available for hydration. This is implemented by using a limit expressed
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as relative humidity under desorption at room temperature. This may not be the most optimal
way of formulating the limiting criterion. For ink-bottle pores, a desorption condition
correspond to the hydraulic radii of openings of the pores and not the pore sizes. If the
volumetric space availability is the most limiting factor for the availability of condensed water
for hydration, then the hydraulic radii of corresponding to the pore sizes could prove to give a
more adequate limit of availability. On the other hand, if other forms of pores are dominating,
this may not necessarily be true. This area is probably worth further investigation.

The proposed model is limited to deal with one binder. However, it can easily be extended to
explicitly model hydration for more than one binder in a mix. This can be done by modeling
one degree of hydration for each binder, e.g. @)1, @), etc. Use of separate equations defining
the rate of change of the degrees of hydration allows for extending these by influencing
factors describing how the presence of one binder or its reaction products affect the reactions
of the other binders. This approach has already been used in Mjérnell 1997 to model a
combination of OPC and silica fumes by use of two times of maturity and two degrees of
hydration, however with the disadvantages earlier pointed out in section 2.1.3.6.

One more observation regarding the proposed model has to be made. Despite of all its
flexibilities, at the time of writing this model has a very limited validation base. The reason
for this is simply availability of measurements of chemically bounded water in varying curing
conditions, according to the adopted definition of the border between chemically and
physically bounded water. Older, more extensive measurements of chemically bounded water
for Swedish binders are available in Mjornell 1997 as well as Helsing 1993. However, these
are based on an initial drying at 100-105 °C to remove what is defined as evaporable water,
which makes them incompatible with the adopted definitions in this work. In order to gain
more confidence in the applicability of this model, a further validation using other concrete
mixes should be performed.

The conclusion from the discussion above can be summarized by following:

o The proposed hydration model is based on classical kinetics modeling, directly giving
the degree of hydration of the cement, without using equivalent time of maturity as a
middle step.

e The proposed model uses influence of availability of cement, availability of water and
Arrhenius type of temperature dependency of the reaction rate.

o The proposed model starts modeling in the dormant phase of hydration and allows for
adaptation of a feasible mathematically delayed start of the main reaction.

o A further connection to chemically bounded water is proposed utilizing a temperature
dependent amount of water being bounded per amount of cement.

e The proposed model is shown to perform better that the reference model on a
measured set of values for chemically bounded water in various moisture and
temperature conditions for a set or w/b-ratios and one binder combination. The
proposed model’s capacity to capture a cross-over effect in temperature for chemically
bounded water is demonstrated, as well as its capacity to capture the influence of
either cement or water as the limiting factor for the reaction.
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4.2 Sorption

The proposed sorption model can be used to model desorption, absorption and scanning. It
can be adapted to various sets of measured data. The proposed model differs from classical
models for sorption in its structure. Classical models work typically with a fixed number of
parameters, that describe water sorption in the porous structure in a fixed way, similar to a
specific mathematical function, e.g. linear, logarithmic or quadratic, approximating a complex
curve. The proposed model offers a possibility of selecting freely the size of the involved
matrix or matrices and the meniscus curvature limits corresponding to their columns and
rows. This is comparable to use of splines, where a complex curve is approximated by used of
multiple segments of simpler curves or lines. This offers a flexibility that can be used to
describe the variations in the structure of the underlying pore system more adequately than
with a fixed set of parameters.

This flexibility comes to a price of a potential challenge in adaptation of parameters. For
instance, it is easy to end up with an underdetermined problem, i.e. having more parameters to
adapt than what is supported by the amount of measurements. This opens up for a variety of
possible methods to select the parameters, resulting in models with various behavior. The
example method in the isothermal case, giving exact representation of measured absorption
and desorption data with the proposed distribution of sorption site contributions, is just one
way of solving the adaptation problem, while other are also possible. By these methods one
can simulate sorption behavior based only on absorption and desorption measurements and
assumptions underlying the chosen method to calculate the matrix elements.

The general adaptation for the isothermal case uses mathematical minimization of a quadratic
error in adaptation and linear dependency of water amount on the model parameters. This
gives a possibility for checking the determination of the adaptation problem and possible
correction of conditions selected for the intended measurements before execution of these.
Checking the determination of the adaptation problem can thus be used as a planning tool for
the intended measurements if the general adaptation methodology is to be used afterwards.

In the non-isothermal case, non-linear optimization methods has to be used to find the
parameters. This is a complication resulting from the mathematical complexity of the model.
This price is paid for the possibility of direct physical interpretation of the contributing
phenomena of capillary condensation and surface adsorption of water in the filled respectively
non-filled part of the pore system. Again, both utilize matrices for flexible, spline-like
modeling of the structural aspects of the pore system: total mount for the capillary condensed
water and monolayer amount for the adsorbed water.

The conclusion from the discussion above can be summarized by following:

e The proposed model covers desorption, absorption and scanning

e The proposed model can be adapted to various sets of measured data — one sorption
curve, desorption and absorption etc.

e The proposed model offers significant flexibility in functional description of the
structural impact of the pore system
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e The model is proposed in versions for both isothermal and non-isothermal conditions.

o In the non-isothermal case, the model offers direct interpretation of model parts as
underlying physical phenomena.

e A wide range of methods to adapt parameters is introduced, covering
underdetermined, determined and overdetermined situations regarding support by
measured data for isothermal conditions and determined/overdetermined for non-
isothermal.

4.3 Transport

Modeling of moisture transport in concrete for application in predicting of drying has
typically focused on isothermal conditions and assumed no hysteresis. These two fact have
implied no need to develop a specific model for the transport properties. It was briefly
considered to be enough with measuring the transport coefficient for a selected potential
gradient, as a function of relative humidity or some other suitable moisture potential, and use
simple interpolation in between the values, e.g. linear.

Acknowledging the dependency of moisture transport on how and to which extent the pore
system is filled with capillary condensed water, in a similar fashion as for sorption, changes
fundamentally this situation and forms the first reason for proposing of a specific model for
the transport properties to deal with the hysteresis. The proposed transport model takes this
phenomenology into account in all three presented variants: isothermal, simplified non-
isothermal and generalized non-isothermal. The model utilizes the same underlying matrix-
based integration over various parts of a domain of sites contributing to transport, depending
on the wetting/drying history as for the proposed sorption model. It inherits thus similar
characteristics regarding flexibility in modeling as well as potential challenge in adaptation of
parameters, as discussed in section 4.2.

The desire to model situations where the temperature is not constant is the other requirement
behind the presented modeling. Here there are two types of variations to take into account:

e Variation in time, i.e. transport at different temperatures but without any temperature
gradient

e Variation in time and space, i.e. transport at different temperatures and under a
temperature gradient

The first situation requires taking into account how temperature variation affects the transport
properties. The second one also adds the impact of a temperature gradient as a driving
potential to the moisture transport. Both presented models for non-isothermal conditions try to
deal with both situations, but in a different way.

The simplified version of the model assumes phenomenological domination of capillary
suction over vapor diffusion. It models the total moisture transport and is adapted to measured
data for total moisture transport. However, it interprets the total moisture transport as an effect
of capillary suction only to simplify the phenomenological temperature influence on it.
Translating the physical model for capillary suction from being driven by gradient of capillary
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pressure to gradient of vapor contents results in an additional dependency on the temperature
gradient. This gives a possibility to adapt the model parameters to data measured either in
isothermal conditions (shown), or to data at different temperatures with or without a gradient
(not shown). The resulting model and its parameters take the temperature gradient into
account beside the gradient in vapor contents, but this is mainly a result of translating of the
basic transport formulation, from capillary pressure driven to vapor contents and temperature
driven. How well it approximates the reality remains to be seen. The model is theoretically
correct in two situations:

e [fadapted to measurements in isothermal conditions, the model is correct at the same
isothermal conditions, interpolating slightly differently between the adapted
measurement points that the fully isothermal version of the model.

e If capillary suction is the only transport taking place in reality.

The first situation occurs obviously at a constant temperature being the same as during the
measurements. The second situation does not really occur. Event at saturation, the compaction
and air pores are normally empty, allowing for vapor transport to influence the total moisture
transport to at least some extent. The further the simulation conditions deviate from the
measurement temperature and full saturation the larger the difference between the simulated
and the real transport can be expected. From the applicational perspective, the interesting
question is which is more correct — the isothermal model or the simplified non-isothermal —
and for how large domain of deviation from the conditions optimal for the simplified non-
isothermal model.

Comparing this simplified non-isothermal model to findings in literature is not an easy task.
Complexity of both measurement arrangements and interpretation, calculation and validation
of the measurement results is challenging in cases with transport driven by both moisture and
temperature gradients. The effect of temperature gradient in this model is clearly decreasing
for the total transport. Trabelsi et al 2012 shows findings where temperature gradient has
increasing effect at low moisture levels, where vapor diffusion should be dominating, and
decreasing effect at higher moisture levels, where capillary suction should be dominating.
This is in line with the model behavior above. On the other hand, different effects of
temperature gradient can be found in Qin et al 2008 and Wang & Xi 2017.

The generalized version of the non-isothermal model takes the phenomenology of both
capillary suction and vapor diffusion into account. However, this cannot be assumed to be a
correct representation of the reality. The total flow is modeled as a sum of flows resulting
from both phenomena. This would be correct if the flows would take place truly in parallel,
which they don’t. As mentioned in section 2.3.4, the combined transport is much more
complex due to the complexity of the pore system and how the pores are filled with water.
The model summarizing transport contributions from both phenomena has to be seen mainly
as a mathematical device for adaptation of parameters combining both types of influences and
not as a direct model of the underlying physics. The advantage of the proposed model still
covers modeling of hysteresis and a significant flexibility of description of the influence of
the geometry of the pore system. The remaining question is of course how well it works in
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reality and how much better it performs than the simplified version at various levels of
saturation and in various temperature conditions.

The conclusion from the discussion above can be summarized by following:

e The proposed model covers modeling of transport coefficients in conditions of
desorption, absorption and scanning

e The proposed model can be adapted to various sets of measured data — one transport
curve, two curves in desorption and absorption etc.

e The proposed model offers significant flexibility in functional description of the
structural impact of the pore system

e The model is proposed in versions for isothermal conditions, non-isothermal
conditions assuming dominance of capillary suction and general non-isothermal
conditions.

¢ In the non-isothermal case, the model offers direct interpretation of model parts as
underlying physical phenomena and utilizes use of temperature gradient beside vapor
contents gradient to express the transport term.

e A wide range of methods to adapt parameters is introduced, covering
underdetermined, determined and overdetermined situations regarding support by
measured data for isothermal conditions and determined/overdetermined for non-
isothermal.

4.4 Domain based modeling with hydraulic curvature of

meniscus
The presented models for sorption and transport make use of a domain based model, utilizing
a matrix of site concentration values. In the case of sorption the values are interpreted as
sorption sites and in the case of transport as contributions to the total transport coefficient.
However, the model as such can be used to express any value, whose contributions are spread
out over the pore system and are dependent on its filling status. One candidate can be
transport coefficients for ions, depending on availability of capillary condensed water to use
as a medium for transport.

The presented domain based model utilizes the hydraulic curvature of the meniscus as control
variables for administration of filling/emptying history. This approach gives a physically
correct modeling of the border between the capillary condensed water and the empty part of
the pore system in non-isothermal conditions. It enables to correctly evaluate integrals over
the concentration site, expressed by the matrix, for desorption, absorption and scanning
caused by changes in moisture and temperature conditions.

The possibility of changing the size of the model matrix and the control variable borders
corresponding to columns/rows enables adjustment of the model resolution in a spline-like
fashion, depending on the set of measured data available. Finally, the presented set of
adaptation procedures for various cases in sorption and transport models contributes further to
the flexibility of the model family.
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The conclusion from the discussion above can be summarized by following:

The presented sorption and transport models utilize an underlying abstract domain
based model, using a matrix representation of site concentration and hydraulic
curvature of meniscus as a control variable for filling/emptying history.

The abstract domain based model can be used to express any value, whose
contributions can be assumed to be distributed over the pore system and dependent on
its filling status.

The use of hydraulic curvature of the meniscus gives physically correct control over
filling/emptying history under any change of moisture and temperature conditions.
The model offers flexibility in both resolution of modeling and adaptation procedures.
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5. Future research

5.1 Hydration and connected properties

The probably most obvious need of further research is to widen the validation base for the
proposed model to cover more concrete mixes with other binders. Another type of widening
that can be of research interest is to adapt the model to measured degree of hydration of the
binder directly and to also combine adaptations to both the degree of hydration and the
chemically bounded water.

Another area directly connected to the proposed model that is in need of further investigation
is how to optimally express the influencing moisture contents, i.e. which part of the physically
bounded water that really is available for the reaction. The accuracy of the proposed model
may be improved in that way for simulations of concrete where the water is the limiting factor
for the reaction.

Connecting compressive strength and hydration heat to the presented hydration model, as
mentioned in sec. 3.2.3.2 and 3.2.3.3 is also considered as an area of immediate future
research. There are at least two major ways in which compressive strength and heat of
hydration could be modeled that could be investigated. This step would make the proposed
model more complete regarding modeling of properties connected to hydration.

Regarding heat of hydration, a clearer picture whether the amount of heat generated per
amount of hydrated binder varies with temperature would be also of interest. If different
amount of water is bounded per amount of hydrated binder depending on the temperature,
then it is reasonable to suspect that the enthalpy of the reaction per amount of hydrated binder
will also differ. At the time of writing there is only evidence that the temperature dependency
of both rate of growth/rection and also of the quality of end products affects compressive
strength and chemically bounded water. If this is true also for the generated heat, the proposed
model should make it possible to take that variation into account while modeling heat of
hydration in a similar way as for chemically bounded water.

Extending the proposed model to explicitly model hydration for more than one binder is also
of interest for further research. Today’s efforts to lower the CO2-footprint of concrete make
extensive use of exchanging OPC for SCM:s with sometimes significantly different reaction
kinetics. Such a scenario may be difficult to model adequately by treating the used binder
combination as one binder in the model.

5.2 Sorption

The presented model opens up large possibilities for interesting further research. The probably
most obvious area is extending the practical validation basis through testing the model
performance versus measured data. This is especially relevant to the non-isothermal case of
the model, where any practical testing was not possible in the scope of this. The fact that the
proposed model does not assume any properties of the pore system specific to concrete or
cementitious material in general make it also interesting to see how it performs in modeling
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sorption in other cases than water in concrete. Thus, the validation basis could be extended to
any medium under phenomenology of capillary condensation and adsorption in any pore
system.

The introduced idea of adjusting scanning performance by the adjustment cell without altering
key absorption and desorption performance requires further work before it can be used. Here,
proposal of a methodology to identify appropriate cells for adjusting specific scanning
performance would be welcome together with a formulation of a structured method to adjust a
model to a set of scanning data.

Another area for further research in adaptation methodology is the non-isothermal case. The
need of simplification of the full-scale non-linear approach is already identified. Any
methodology for smaller amount of measured data, i.e. the underdetermined case, as proposed
for the isothermal case, would also of interest.

Finally, the dynamics of the pore system in time, age, degree of hydration or any other
suitable variable describing how concrete changes due to hydration needs to be addressed.
The presented model might play a role in such an approach. In such a case an interpolation
method between models for different ages has to be formulated, taking into account both
interpolation between model matrices as well as the administration of the history of meniscus
curvature while changes in the structure and water contents of the pore system occur
simultaneously.

5.3 Transport

One obvious area for further research is widening the validation basis for the presented model
variants. This would imply performing measurement of moisture transport under conditions
covering variations of interest in relative humidity, temperature, as well as history and
gradients of these. From the phenomenological point of view, the recent findings of
differences in transport coefficient in isothermal conditions measured during desorption and
absorption, indicating presence of the same kind of hysteresis as in moisture sorption open up
a new area for investigation of transport of moisture in concrete. The proposed model and its
capability to deal with hysteresis, with the flexibility of the same level as for the proposed
sorption model would clearly benefit from wider validation than what is presented. This
applies to both isothermal and non-isothermal conditions and potentially to all three versions
of the proposed transport model.

Transport in non-isothermal conditions is another area where further research would be of
value. One question is how well the simplified version will perform under varying
temperature with and without a temperature gradient. Because of the significant
phenomenological simplification behind this model variant, it is also of interest to investigate
the performance of the model versus the temperature and saturation domain and its deviation
from optimal conditions for the underlying simplification.

The performance of the generalized transport model for non-isothermal conditions also offers
possibilities for validation testing, especially in conditions with a temperature gradient. As
already mentioned in section 2.3.5, there has been some research in this area however without
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a comparable level of flexibility in modeling and mostly without taking the hysteresis into
account.

The underlying construct of matrices administrating contributions to the total transport
coefficients from various parts of the pore system, depending on their filling status offers
similar areas for further research as for sorption. Further proposals of methods for adaptation
of the model parameters are of interest, especially for the underdetermined cases enabling a
reasonable practical limitations of the amount of measurements. A more general investigation
of how well the model performs versus the necessary amount of measurements it requires is
also an area where research of testing character would be of value.

The last general remark regarding transport in non-isothermal conditions is obviously a
request for further research in other model formulations. The proposed generalized model is
not an adequate description of the underlying phenomenology, due to its parallel modeling of
contributions from capillary suction and vapor diffusion. The complexity of the pore system
in cement-based materials offers here significant possibilities for other attempts to describe
and model the moisture transport in non-isothermal conditions.

5.4 Domain based modeling with hydraulic curvature of

meniscus
As mentioned in the discussion in section 4.4, the abstract domain based model underlying the
presented sorption and transport models, can be used to express any value, whose
contributions are spread out over the pore system and are dependent on its filling status. It
would be of value to see how well this model can be applied to express other values than
sorption and transport coefficients for water, possibly also for other materials than concrete.
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