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AbstractThe main aim of the presented work is the development of a reliable and co-herent solution approach to investigate thermo-hygro-mechanical behaviourof concrete, especially under severe heating conditions. The work focuseson the development and extension of an existing analytical, numerical andconstitutive model developed at the University of Glasgow. This is thenused as a predictive modelling tool to investigate the response of concretestructures subject to combined thermo-mechanical loads.The thesis focuses initially on the coupled heat and mass transport model.A novel alternative formulation for sorption isotherms, that is applicable toboth normal and high strength concrete, is developed. Furthermore, the ef-fect of the slip �ow e�ect is included and several state equations, includingrelative permeability and saturation vapour pressure, are adopted. Additio-nally, the e�ect of polypropylene �bres as a spalling prevention technique ismodelled via a modi�cation of the intrinsic permeability formulation. Thetransport model is further coupled with a damage-based mechanical modelfor concrete.The fully coupled thermo-hygro-mechanical model is presented throughvalidation and veri�cation problems and case studies. The model is imple-mented in a �nite element formulation and behaves in a robust manner.The predictions of moisture state for the benchmark problems of dryingand heating compare well with experimental results. Classical behaviourassociated with heated concrete, such as moisture clog, gas pressure build-up, etc. are all captured by the presented model. The thesis concludes byconsidering the analysis of prestressed concrete pressure vessel.
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Nomenclature
c mass of cement per m of concrete
Ci speci�c heat of the phase i (for i = L, S, V )
D total damage parameter
Di di�usion coe�cient of dry air in water vapor (i=AV ) or water vaporin dry air (i=V A) within the porous concrete
ĖFW rate of evaporation of free water
HG enthalpy of gaseous mixture at currnet temperature
H0

G enthalpy of gaseous mixture at ambient temperature
hq convective heat trensfer coe�cient
hqr combined convection and radiation heat transfer coe�cient
hr radiative heat trensfer coe�cient
Ji mass �ux of phase i (for i = A, FW, G, L, V )
K intrinsic permeability of the dry concrete
k thermal conductivity of concrete
ki relative permeability of phase i (for i = L, G)
PC capillary pressure
Pi partial pressure of phase i (for i = A, G, L, V )
PPore pore pressure, see equation (6.48)
PSat saturation vapour pressure VI



Contents
RH relative humidity
Ri gas constant for phase i (for i=A, V )
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SSP solid saturation point
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T∞ temperature of the surrounding
vi component of velocity of phase i (for i = B, G, L)

w1 saturation water content at 298.15K
β coe�cient of water vapour mass transfer on the boundary
γwa surface tension between water and air
ε̃ equivalent strain
εi volume fraction of phase i (for i = A, D, FW, G, L, S, V )
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ε̇c creep strain rate
ε̇e elastic strain rate
ε̇ft free thermal strain rate
ε̇pl plastic strain rate
ε̇tm thermo-mechanical strain rate
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1. Introduction
Concrete is the most widely used construction material in the world. Al-though concrete engineering is more than one hundred years old and concreteis thought to be a well-understood construction material, in the light ofrecent extreme events, including accidents, arson and terrorism, attentionhas refocused on the performance of concrete in the �re safety assessment ofthe buildings and tunnels. The exposure of concrete to high temperature canjeopardise signi�cantly the structural integrity and load bearing capacity ofthe structure. Fire represents possibly one of the most severe conditions en-countered during the life-time of a structure and, when all other measuresfor containing a �re have failed, structural integrity represents �the last lineof defence� [43]. Thus, the provision of appropriate safety measures is one ofthe most important requirements in modern structural design. Therefore, itis necessary that the designer is provided with all the required informationon behaviour of concrete exposed to elevated temperatures.In �re engineering, the severity of �re is measured in terms of the burntime and the maximum temperatures achieved, which can be up to 1400°Cunder certain conditions. These conditions are determined by �re compart-ment parameters, such as geometry, ventilation and thermal properties.Additional conditions are distribution, amount and nature of fuel. All ofthe above may lead to concrete temperatures of over 1000°C in the surfacelayers of concrete. Although concrete compares well to other constructionmaterials such as steel or timber in �re performance, when comparing com-bustion and thermal di�usivity, exposure to elevated temperatures results indegradation of its mechanical properties and reduction of cross-section areathrough spalling. Spalling ranges from super�cial damage of surface layers1



1. Introductionto explosive events leading to extensive loss of material and exposure ofreinforcement, and therefore remains one of the main issues to be addressedin the case of building and tunnel �res. For example, during the 1994 GreatBelt tunnel �re, up to 75% of the lining thickness of the concrete segmentwas lost in multiple layered explosive spalling (see Figure 1.1). Also theChannel Tunnel �re in 1996 (see Figure 1.2) demonstrated the structural,safety, and economic consequences of a 10-h �re that reached temperaturesof 1000°C, when thermal spalling of the concrete liner resulted in severestructural damage over a signi�cant length of the tunnel. The liner surfacewas delaminated almost 200 mm deep and the steel reinforcement lost upto 40 % of its yield strength due to the heat. After subsequent investi-gations, no real consensus emerged as to the exact mechanism underlyingthe observed spalling phenomenon. However, it is widely agreed that thebehaviour of concrete under severe heating is greatly dependent on its com-posite structure and in particular on the physical and chemical compositionof the cement paste and the type of concrete used. Explosive spalling is si-gni�cantly more likely to occur in High Strength Concrete, due to its densemicro-structure and thus, low permeability [50]. This parameter results inreduced �uid transport under �re conditions, which increases pore pressuresand the risk of spalling. Therefore, the importance of the transport of �uidsneeds to be highlighted. Additionally, it can be stated that High StrengthConcrete has enhanced mechanical properties, but reduced �re performancecomparing with Normal Strength Concrete.When concrete is exposed to high temperatures, �uid evaporates andit is transported away from the heat source and then it re-condenses inthe cooler region. The concrete ahead of the drying front rapidly becomesover-saturated and forms a �moisture-clog�, according to Harmathy [29],which inhibits the escape of the subsequent water vapour from the advan-cing drying front. Consequently, there is a rapid built-up of vapour pressureahead of the drying front. Depending on the rate of heating, permeabilityand many other factors change and as a result tensile strength can be ex-ceeded by the vapour pressure, which can lead to progressive fracturing ofthe concrete layers away from the bulk material. It is argued that highpore pressures act only as the trigger for the explosive spalling and do notnecessarily provide the energy for the explosion. This reasoning is based2



1. Introduction

Figure 1.1.: The Great Belt tunnel lining damaged after the 1994 �reon the fact that when a crack initiates there is a sudden increase in porevolume and thus an equally sudden decrease in pore pressure. The requiredenergy for the explosion is supplied by the stored strain energy associatedwith the thermal strains [7].To summarise, following Khoury et al.[40] it can be stated that the twoimportant phenomena which need to be addressed, when concerned aboutan explosive spalling of concrete at high temperatures, are the moisture stateand the mechanical behaviour of the concrete at elevated temperatures.That is why when modelling concrete, it is necessary to incorporate notonly the mechanical and thermal responses, but also the changes in content,�ow intensity and di�usion of all present �uids, including evaporation andcondensation.Literature overview. Recently, there have been signi�cant e�orts incomputational modelling of concrete at high temperatures, which are pre-sented in this section, but there are still very few simulation codes which arecapable of predicting the coupled thermal hygral and mechanical behaviourof concrete structures.
3



1. Introduction

Figure 1.2.: Chanel Tunnel after 1996 �reOne of the most important early publications, which considered trans-port alongside thermo-mechanical modelling is Bazant's publication from1997[5], which follows [7]. It presents the evolution of distributions of porepressure and thermal stresses in rapidly heated concrete. The di�culties,which are caused by the jumps in permeability and water content underthermal gradients, are discussed in detail. Additionally, the mechanismsof explosive spalling are discussed and conclusions are made to the porepressure in�uence. As a result, the role of pore pressure is considered tobe a trigger in explosive thermal spalling of high strength concrete. Bazantargues that the main driving force during this process is the release of thestored energy due to the thermal strains. Therefore, the author considersthat coupling with damage or fracture mechanics is necessary to describethe full process. The paper is �nalised with an introduction of a simpli-�ed analysis of pore pressure distribution, based on the calculations of themovement of the drying and wetting fronts.Among the most important contributions is the model developed by Ten-chev et al. [65]. This approach is comprehensive and is fully generalisedfor 3-D. However, it includes some strong assumptions and excludes various
4



1. Introductionphenomena that might be vital for this kind of analysis, which will be explo-red in detail in this thesis. First, because of the simpli�ed assumption thatpore and liquid pressures are equal, the capillary pressure, by de�nition,is always equal to zero. However, despite the above de�nition, the modelemploys a constant of small value for the relative permeability of the liquidphase, in case of initiation of the e�ect of capillary suction on moisturetransport. In addition to these inconsistencies in Tenchev's model, the ab-sorbed water �ux is ignored. This can be a signi�cant factor [15], althoughthe �ux may be low when considering the overall transport of moisture inconcrete. These issues will be discussed in greater detail later in the the-sis. Nevertheless, despite Tenchev's model assumptions, its contribution issigni�cant and results in a �nite element formulation, which can be easilyused and developed.The Tenchev's model was the foundation for the Glasgow model, presen-ted by Davie et al.[15]. The modi�cations and improvements of the Glasgowmodel focused on improving the mechanical and hygral formulations. Themechanical formulation was not considered in the original Tenchev's mo-del. Therefore, an extension to mechanical damage was introduced hereto capture spalling phenomena. A detailed description of this extension ispresented in Chapter 6 of this thesis.Tenchev's assumption that the capillary pressure PC = 0, restricts itsapplication to rapid heating. The Glasgow model signi�cantly enriched the�uid transport component of Tenchev's model with consideration of bothcapillary pressure and adsorbed water �ux. One consequence of these mo-di�cations is that a broad spectrum of heating scenarios can be considered.However, one of the crucial aspects of both models is that they make useof the sorption isotherms proposed by Bazant [7], which are derived underspeci�c assumptions and restricted to normal strength concrete. Furtherextension of the Glasgow model to account for more generalised sorptionisotherms was the basis for the work presented in this thesis.Gawin et al.[22, 23, 24, 25, 27] proposed a more sophisticated model forthe analysis of deformations of concrete subjected to transient tempera-ture and pressure. The multi-physics model has been developed in stagesover several years and it considers chemical, hygral, thermal and mechanicalaspects. The proposed constitutive model includes both thermo-chemical5



1. Introductionand mechanical damage and it is introduced into a general coupled ma-thematical model of hygro-thermo-chemo-mechanical behaviour of concretestructures. The performance of the model was demonstrated in simulatingthe thermo-mechanical loading of concrete cylinders. The model allows for arealistic risk assessment of thermal spalling. It considered the e�ects of porepressure build-up and accumulation of strain energy, together with materialdegradation and cracking. There is a good agreement between numericalsimulations and experimental results. However, in the model one of theprimary variables is capillary pressure, which causes some problems in thesituation of elevated temperatures. At the critical point of water (T>Tcrit),there is no capillary water in the pores of concrete and only the gas phaseof water exists. Consequently, at that stage there is no capillary pressure.This problem was overcome in a pragmatic way, but the authors explanationin not altogether clear. The mathematical model presented by Gawin et al.for analysis of hygro-thermo-chemo-mechanical behaviour of concrete, as amulti-porous material at high temperatures seems convincing and numericalsimulations shows good accordance with presented experimental results.Khoury et al. [40] developed a model called HITECO as part of the Eu-ropean research project entitled 'Understanding and industrial applicationof High Performance Concretes in High Temperatures Environment'. Theauthors concentrated on the physical model more extensively, providing aninterpretation of the physical meaning of the transport mechanism, phasechanges, and mechanical properties involved in the process. The mathema-tical model presented is largely similar to those of Gawin [22, 23, 24, 25, 27].In conclusion, the publications of Khoury and Gawin together formulate agood scheme for such problems. The model discussed in those publicationsshows reasonable prediction of the behaviour of concrete at high tempera-tures, in general, and in particular for the assessment of explosive spalling.Recently, Gawin et al. [26] present a reduced version of their model,whereby the fully coupled hygro-thermo-chemo-mechanical model is simpli-�ed and some quantitative assessment of the risk of spalling is shown, withcomparison to experimental results.Another recent paper on this subject, by Chung & Consolazio [12], re-presents an important contribution. In this publication, the development ofa �nite di�erence model that simulates coupled heat and mass transport6



1. Introductionin reinforced concrete exposed to �re is presented. This thermo-hygro-mechanical model for concrete is comprehensive, but only few numericalproblems are discussed. Some of the associated ideas presented are furtherdiscussed in this thesis as alternatives to existing solutions.More recent paper by Dwaikat and Kodur [18] represents an interestingand potentially important attempt to develop a simpli�ed thermo-hygralmodel for concrete subject to �re conditions. The authors are clearly statingthat the simpli�ed model is presented to make a more tractable frameworkfor practical applications. A short list of the existing models, similar to theone introduced above, is presented and discussed. In conclusion, an explicitstatement is made on the applicability of the model and better practicalitythan the listed existing models. However, it is not clari�ed whether andwhy the proposed model is superior to the existing models, especially thatit does not take into account the mechanical component.Engineering practice. A di�erent point of view on the subject is presen-ted in the Eurocodes. In parts of the various material codes related to �resituations, like EN 1992-1-2, EN 1993-1-2 or EN 1994-1-2, �re resistancemay be determined through either simple calculations, advanced models ortabulated data. The speci�c requirements are regulated using National An-nexes, based on the type and height of the structure. The proper designprocedure provided in the Eurocodes is based on various standards, as pre-sented in the Algorithm 1.1. First the designer has to consider a design�re scenario that is appropriate to a considered �re situation, which pro-vides a design �re load. Next, the structural applied load for the �re limitstate needs to be determined. This is followed by the calculation of theload e�ects at the �re limit state. All these steps determine the relevantdimensions to meet the requirements identi�ed previously.The presented algorithm provides, for simple calculation methods, an es-timate of the deterioration in material properties at elevated temperaturetogether with an estimate of the �re loading for the �re limit state. Theresistance of the material is calculated based on the reduction factors ap-propriate to the design thermal exposure and compared to the load e�ectspresent at the time of �re.Advanced computational methods, typically involve the use of �nite ele-7



1. IntroductionAlgorithm 1.1 Simpli�ed �re design procedure based on BS EN 1992-1-2:2004

ment models with thermo-mechanical response, with input parameters ba-sed on the simpler calculation requirements. The in�uence of moisturecontent and its migration is suggested to be neglected. Explosive spalling isconsidered to be avoided by setting appropriate initial conditions require-ments for moisture content to a low value, which is speci�ed in UK NationalAnnex to be 3%.This assumed approach is claimed to be of a conservative nature. Ho-wever, the underlying transport phenomena are neglected and it is questio-nable whether this approach might be fully able to capture all the importantphysical aspects of the system. In addition, as build-up of gas pressure issuspected to play a signi�cant role in the concrete failure modes when ex-posed to �re conditions it seems important to include the e�ect of moisturein the modelling approach. Furthermore, the Eurocodes do not requirecoupling of the thermo and mechanical performance.Summary and motivations. Spalling of concrete remains one of the mainissues to be addressed in the case of �res in buildings and tunnels. Successfulmodelling of this phenomenon depends not only on the accurate predictionof the temperature distribution in structural concrete but on its mechanicalresponse to the heating and boundary restraint conditions and the migrationof moisture and associated pore pressures.8



1. IntroductionFurthermore, in nuclear reactor vessels, concrete provides additional pro-tective barrier, which during accidental conditions, when the pressure vesselliner is compromised, can slow down radiation e�ects. In essence, concreteacts as a biological shield. In order to achieve proper design and constructionit is necessary to know the moisture state of the concrete within the nuclearpressure vessel under both service and accident conditions. The mainte-nance of its shielding performance is important throughout the whole lifeof the structure.In order to fully understand both of these phenomena, it is vital to un-derstand all the mechanisms taking place and their complex interactions.That is why, the main focus of this thesis is the development of a reliable butstraightforward solution approach to investigate thermo-hygro-mechanicalbehaviour of concrete, especially under severe heating conditions. The deve-lopment and extension of the existing analytical, numerical and constitutive'Glasgow' model from Davie et al.[15] is presented and used to calculate thedistribution of primary variables, strains and stresses to produce the res-ponse of the structure under �re conditions or from severe heating to eleva-ted temperatures. The presented model will be referred to as the 'EnhancedGlasgow model'.Additional motivation is focused on the design of the optimal materialmeso-structure and, as a consequence, the design of new materials. Oneof the examples presented in this thesis in Chapter 5 is the introductionof polypropylene �bres into the concrete mix. As a result, concrete per-meability is altered during �re conditions, which reduces the possibility ofexplosive spalling. The Enhanced Glasgow model, presented in this thesis,is expected to be a useful tool in a process of the design of new materialswith optimised meso structure under extreme heating conditions.It will be demonstrated that the theoretical background for the model isbased on the work of Davie et al. [15], Tenchev et al. [65], Bear [8] andBachmat [9], and in�uenced by the works of Schre�er, Gawin and Khoury[23, 40, 63].Outline of the thesis. The motivations, mentioned in this chapter, are fol-lowed by an overview of concrete and its behaviour at elevated temperaturesin Chapter 2. There is also an introduction to modelling of such phenomena9



1. Introductionusing a continuum approach. The detailed description of the transport mo-del is provided in Chapter 3, where the principal research contributions ofthis thesis are presented (Section 3.4). The important validation process isbased on a benchmark problem of heated concrete and experimental pro-blems of drying and heated concrete, as presented in Chapter 4. This isfollowed by an extension of the material model to concrete with polypro-pylene �bres in Chapter 5. The discussion of existing spalling preventionsolutions, experimental work and a numerical example are provided in thesame chapter. Chapter 6 provides the description of the mechanical partof the formulation with a focus on damage mechanics and coupling of themechanical model with the thermo-hygral model. Consequently, Chapter 7provides additional computational examples using the full Enhanced Glas-gow Model. The �rst example (Section 7.1) is a prediction of fully coupledthermo-hygral and mechanical behaviour of concrete column during �re.The second one (Section 7.2) is a two-dimensional numerical prediction,examined this time through the life cycle of a concrete pressure vessel fromnuclear reactor during real life work conditions.Conclusions and possible future research directions are presented anddiscussed in the �nal Chapter 8.

10



2. Concrete at hightemperature
Concrete, under normal atmospheric conditions, is typically exposed to tem-peratures below 50°C. However, in �re conditions, concrete can be exposedto temperatures of up to 1200°C in less than 2 hours. The intensity andseverity of exposure depends on type of �re, the type and size of structureand whether the �re is localised or fully developed. For fully developedbuilding or tunnel �res, standard �re curves are representative for designpurposes. The standard time/temperature curve is provided by national (inthe UK BS476) or European (EN 13501) standards and it is presented inEquation (2.1) and Figure 2.1, where Θg is the gas temperature in °C and
t is time in minutes.

Θg = 20 + 345log10(8t + 1) (2.1)It can be clearly seen that the design curve reaches 1000°C in less than 90minutes. Therefore, the response of the structures under such �re conditionsis of a great importance for engineers.However, some structures can be regularly exposed to high temperaturesas part of the functional requirement (in power plants, re�neries) or theexposure time may extend beyond several hours (�res in tunnels). There-fore, it is important to be able to predict not only immediate behaviourof the structure, but also the long time thermo-hygro-mechanical state andprovide enough information about changes in material properties and themechanisms causing those changes. The obtained information can give a
11



2. Concrete at high temperature
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Time [min]Figure 2.1.: Standard �re curvevaluable insight into future design of new materials and structures. Conse-quently, such design methods could be also used during refurbishment orrenovation of the existing structures.That is why it is important to identify and understand the physical andchemical processes that occur in concrete. Consequently, in this chapterthe important material factors that a�ect concrete behaviour are discussed,especially the behaviour at elevated temperatures. The understanding ofthese processes is than incorporated into introduction of concrete modelling.2.1. PropertiesConcrete is a complex composite material and consists mainly of aggregatesbonded together by a softer matrix of hardened cement paste surroundingthe aggregates in a weak inter-facial transition zone. Its structure is highlyporous containing up to 40% of capillary pores, which are between 1nm to1mm in diameter, and up to 28% gel pores, which are typically less than2.6 nm in diameter [52]. Those pores can be fully or partially �lled up withdry air, adsorbed water, free water or water vapour.During hydration and hardening, concrete develops certain physical andchemical properties. The mechanical strength and durability are consideredto have an important role in the design process. By the de�nition propo-
12



2. Concrete at high temperaturesed by the American Concrete Institute, concrete durability is its resistanceto weathering action, chemical attack, abrasion and other degradation pro-cesses.Concrete properties and concrete response to the in�uencing factors, suchas loading, temperature and moisture, depend on the properties of theconcrete constituents. It can be stated that the concrete micro structurederives its macro properties through combined properties of di�erent aggre-gate types and the cement paste. The large number of di�erent aggregatetypes are suitable to be used within concrete maintained under ambienttemperatures. However, during �re conditions, when heat is conducted andadvected, many changes occur in a physical structure, chemical composi-tion and �uid content. Therefore, the mechanical properties of concrete, inparticular strength and sti�ness, when exposed to high temperatures aresigni�cantly altered. This is discussed in the following sections.Generally, it can be said that concrete has good properties with respectto �re resistance. As an example, concrete is non-combustible and it doesnot emit toxic fumes. Additionally, it has a resistance to �ame penetrationas well as lower heat conductivity than alternative construction materialslike steel or timber and as such it is being used as a protective layer forstructural steel. However, the high temperature gradients and the hygralconditions introduced during �re conditions, can result in concrete spalling,which is discussed in detail in section 2.1.4. Consequently, the reduction ofcross-section area results in reduced load-carrying capacity and potentiallystructural failure.Therefore, a short description of all processes, which occur during severeheating scenario are discussed in the next section. It is followed by a reviewof relevant material properties, which are separated into two groups. Thephysical and thermal properties are discussed together as they are inde-pendent of loading history to some extent. This is followed by mechanicalproperties, which in�uence the stress state of the material. Afterwards,concrete failure mechanisms are presented and discussed.
13



2. Concrete at high temperature2.1.1. Brief description of processes during heatingThe compatibility between the cement paste and the di�erent types of ag-gregates at ambient temperatures, is distorted when exposed to high tem-peratures. Following Bazant and Kaplan [7], it is possible to distinguishseveral stages for a Portland cement based concrete made with quartzite,limestone and basalt aggregates, when exposed to �re conditions.The �rst process is water evaporation at about 100°C, which is followedby the dehydration of cement gel at about 180°C, that weakens the bondwithin the solid skeleton. The decomposition of concrete binding product,calcium hydroxide, into calcium oxide and water, which starts at around400°C, is a reversible process that is most rapid at 500°C. These are followedby expansion due to the α − β inversion of silicon dioxide within quartziteand basalt aggregates, or due to thermal incompatibility of the limestoneconstituents, which occur between 450°C and 700°C. These transformationscause a volume increase through thermal expansion of aggregates. Theseprocesses are followed by the decomposition of the calcium silicate hydratesin cement paste starting at 700°C. Finally, the decarbonation of concrete andmelting of the aggregates is the last stage at the level of 800°C. The meltingreaction is most evident in the quartzite and basalt aggregate concretes.Alternatively, all the processes can be brie�y described from physicalpoint of view. Therefore, during the high temperature exposure, heat istransported by conduction and advection within the porous medium andby convection and radiation at the external surfaces. This results in anincrease of the temperature, starting from the heat source inwards. Thisleads to changes in the pore structure and hence also to its physical structurewith respect to time. All of these processes are strongly in�uenced by theactual loading as well as by the moisture content and temperature pro�les.The physical properties of the �uids inside the concrete pore structure aretemperature dependent and both liquid water and gas are transported dueto pressure driven �ow (Darcy �ow) and concentration driven �ow (Fick's�ow). During the hydration and dehydration processes, large quantities ofheat are absorbed and released by concrete. The permeability, which de-pends on moisture content, temperature gradient and the pore structureitself, increases suddenly over 160°C, due to these signi�cant changes. The-refore, the mechanical properties are altered and structural integrity can be14



2. Concrete at high temperaturecompromised.2.1.2. Physical and thermal propertiesThe thermal and physical properties of concrete are important for a va-riety of reasons. Thermal conductivity and di�usivity are important whenthe development of temperature gradients, thermal strains and cracking areconsidered. The knowledge of speci�c heat is required when thermal insu-lation of concrete is relevant. The thermal expansion of concrete is relevantduring the assessment of thermal gradients, as well as during the designprocesses of expansion and contraction joints. All these properties need tobe known when the e�ects of �re are considered.Therefore, this section describes the bulk physical and thermal propertiesof concrete, rather than its constituents, when exposed to elevated tempe-ratures.Density of concrete decreases slightly with increasing temperature. Whenconcrete is heated, there is a loss in weight caused by the evaporation ofboth free and combined water. However, following Purkiss [60], this lossis not generally considered to be enough to cause substantial changes indensity. Therefore, for structural calculations the density of concrete mustbe taken as its ambient value over the entire temperature range. For thermalcalculations, some guidance is suggested in Eurocode 2 [1]. The variationof density with temperature is presented in section 3.3.2 of [1] and it isdescribed to be in�uenced by water loss and is de�ned as set of four linearfunctions for range between 20°C and 1200°C.Speci�c heat capacity is the measure of the heat energy required toincrease the temperature of a unit mass of a material by 1°C. FollowingNeville [52], it is noted that the di�erent types of aggregate have littlea�ect on concrete speci�c heat. However, it is considerably increased by anincrease in the moisture content. Additionally, it is known that the speci�cheat increases with increase in temperature and with decrease in concretedensity.
15



2. Concrete at high temperatureThermal conductivity is a measure of the ability of the material toconduct heat and is de�ned as the ratio of the �ux of heat to tempera-ture gradient. It is predominantly a�ected by the aggregate type and themoisture content. Due to the fact that air has a low conductivity, the sa-turated concrete has higher conductivity. Additionally, the conductivityof water is half of the conductivity of the cement paste, so the lower thewater cement ratio in the mix the higher the conductivity of the hardenedconcrete. A detailed formulation, that depends on the aggregate types ispresented in Appendix D.Thermal di�usivity represents the rate at which temperature changeswithin a mass can take place and it is relevant to the thermal conductivity,density and heat capacity. It determines the temperature gradient duringtransient heating problem. Following Neville [52], this is de�ned as:
δ =

keff

ρC
(2.2)Coe�cient of thermal expansion depends on both the composition ofthe mix and on its hygral state at the time of the temperature change.Concrete, as with most engineering materials, has a positive coe�cient ofthermal expansion. The in�uence from the mix proportions of the concretearise from the fact that both the cement paste and the aggregates havedissimilar thermal coe�cients. Following Neville [52], the linear coe�cientof thermal expansion of hydrated cement paste varies from about 11·10−6 to

20 · 10−6 per °C and generally it is higher than the coe�cient of aggregates.The temperature dependent variations of coe�cient of thermal expansionis presented in Figure 2.2, which is reproduced after Purkiss [60]. It can benoted that it is not linear with respect to temperature.2.1.3. Mechanical propertiesThis section presents concrete mechanical properties at high temperatures.They are usually described by elastic sti�ness, compressive strength, tensilestrength and fracture energy. The full material behaviour can be characte-rised by a constitutive law of stress-strain relationship, which can provide
16



2. Concrete at high temperature

Figure 2.2.: Thermal expansion reproduced after Purkiss [60]full concrete behaviour at elevated temperatures. Additionally, strains arein�uenced by shrinkage and creep.Young's modulus. The modulus of elasticity of concrete is stronglya�ected by temperature. With reference to Neville [52], the pattern ofin�uence of temperature on the modulus of elasticity is shown in Figure2.3. There is little change in this modulus up to the temperature of around100°C, but it starts to reduce when the temperature is in excess of 120°C.This reduction might be connected with the evaporation of liquid, whichmay lead to the relaxation of bonds and damage induced by the thermalincompatibilities between the aggregates and the cement matrix. Whenthe specimen is pre-loaded during the heating cycle, it is noted that thetemperature e�ects on Young's modulus are smaller [60]. Such results canbe seen in Figure 2.4, which is extracted from Nielsen and Bicanic [53].These e�ects might be explained due to the pre-stress e�ects that keep thecracks closed.Stress-strain e�ects. According to Purkiss [60], the �rst researcher toestablish the complete stress�strain curve for concrete under temperatureloading was Furamura (1966), whose results showed that, besides the com-pressive strength and elastic modulus being reduced, the slope of the descen-ding branch (i.e. ductility) of the curve is also reduced. The reproduction17



2. Concrete at high temperature
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Figure 2.3.: Modulus of elasticity changes due to rise in temperature, repro-duced from Neville [52]of these stress�strain curves can be seen in Figure 2.5. The stress�straincurve is a�ected by the aggregate-cement ratio and aggregate size. Similarlyto Young's modulus e�ects, the specimen, when pre-loaded during heatingcycle, is less a�ected by temperature.Tensile strength and fracture energy There are limited data availableon tensile strength whether based on direct tensile strength or splittingstrength. Following Stabler [64] early works by Thelandersson and Haradacan be presented as an example of cylinder splitting tests of pre-heatedconcrete. However, these tests were carried out after the concrete had cooleddown to room temperature. Recently, works by Felicetti and Gambarova[19] indicate that for direct tension tests, the tensile strength at 600°Cdrops linearly to about a quarter of the ambient strength. Additionally,the fracture energy is de�ned as the area under the stress-displacementcurve over a crack. Therefore, the tensile strength test provide the fractureenergy information. As an example, the experiment carried out at GlasgowUniversity as part of an MAECENAS EU project [73] for high strengthconcrete with a basalt aggregate indicate a phenomenological dependencyof the fracture energy on temperature.Creep and shrinkage. Under a constant sustained load, the initial ins-tantaneous elastic deformations are followed by gradual increase. This e�ect
18



2. Concrete at high temperature
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Figure 2.4.: Residual load vs. de�ection curve for various maximum tempe-ratures, reproduced from Nielsen and Bicanic [53].is called creep and at ambient temperature, can be de�ned as the increasein strain under a sustained stress. The creep of concrete at elevated tem-peratures is very much greater than that at ambient conditions, due to theadditional creep mechanisms. Therefore, a careful consideration must be ta-ken in the analysis of safety related concrete structures, like in the nuclearindustry.In addition to that, concrete gradually shrinks as a result of drying, whichin turn can be induced by heating. These time-dependent deformations arelarger than the initial elastic deformations.Creep can be categorised as basic creep, drying creep and transient ther-mal creep. Drying creep is associated with strain induced shrinkage. Thetransient thermal creep corresponds to thermally induced deformations un-der load. Creep strains at di�erent stress levels and temperatures are shownin Figure 2.6, where the results of Anderberg and Thelandersson (1976) are
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2. Concrete at high temperature

Figure 2.5.: Stress�strain curves for concrete with no pre-load at elevatedtemperatures (Furamura, 1966), reproduced from Purkiss [60].reproduced after Purkiss[60].2.1.4. Failure of concrete when exposed to elevatedtemperaturesIn the event of �re, concrete structures are a�ected by various processes, asdescribed previously in section 2.1.1. This leads to degradation of the mate-rial and potentially spalling of the near-surface concrete layers. Dependingon its origin, spalling can be classi�ed [71] into:1. aggregate spalling (splitting of aggregates)2. corner spalling (i.e., corners of columns or beams fall o�)3. surface spalling (surface layers of concrete fall o� or burst out of thestructural element),and based on physical mechanisms, spalling can be divided into:20



2. Concrete at high temperature

Figure 2.6.: Isothermal creep data for concrete at elevated temperatures re-produced after Purkiss [60]
21



2. Concrete at high temperature1. progressive spalling (or sloughing-o�, where concrete pieces fall out ofthe structural element)2. explosive spalling (violent burst-out of concrete pieces characterisedby sudden release of energy).Spalling has been studied for several years, both experimentally and theo-retically, but there is still a lack of full understanding of this importantphenomenon. Nonetheless, it is believed that there are two aspects drivingspalling. On the one hand, the thermal stresses resulting from high strainscaused by high temperature gradients (e.g. [5, 39, 35, 67]). On the otherhand, the build-up of high pore pressure close to the heated surface as aresult of a vaporisation of water (e.g. [33, 12, 35]). During the �re situation,the combined action of pore pressure and thermal stresses results in explo-sive spalling. Cracks develop parallel to the surface when the sum of thestresses exceeds the tensile strength of the material. As a result, a suddenrelease of energy and an uncontrollable failure of the heated surface regiontake place. An example of such combined e�ects is illustrated in Figure 2.7.The up-to-date results of the afore-mentioned research show that there areseveral factors that a�ect HSC more than NSC, mainly due to permeabilitye�ects. Among others, initial moisture content, porosity and permeabilityof concrete, type of aggregates, shape and dimensions of structures seem tobe playing a signi�cant role in these phenomena, as well as concrete strength(both compressive and tensile) and the rate of temperature increase. Basedon recent experimental results (see Figure 2.8) by Zeiml et al.[71] the originof spalling is still open for debate. According to some numerical studies (e.g.[24]) the thermo-mechanical processes are considered to initiate cracking andspalling, but the driving force, or the biggest contributor in the accelerationof spalled-o� pieces seems to be the gas pressure that is built up fromliquid during heating, which is called the thermo-hygral process. However,work done by Bazant [6] seems to lead to contradictory conclusions, thatthe thermo-hygral process triggers the fracture and crack opening, but thisleads to release of gas pressure. Therefore, the thermo-mechanical part ofthis behaviour plays a crucial role in explosive spalling. Nonetheless, thereis no consensus as to, which of these processes represent principal drivers,but as it is important to be able to predict all of these phenomena, an22



2. Concrete at high temperature

Figure 2.7.: Combined pore pressure and thermal stress spalling mechanismextracted from Khoury [36]
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2. Concrete at high temperature

Figure 2.8.: High-speed camera images from spalling experiment at 12 ms(left) and 160 ms (right) from Zeiml and Lackner [71]appropriate thermo-hygro-mechanical model needs to be considered.2.2. ModellingAs already stated, the objective of this thesis is to develop a mathema-tical model of a multi-phase continuum that describes heat transfer, masstransport and mechanical behaviour in heated concrete at macroscopic level.The description of the hygro-thermo-mechanical behaviour of concrete willbe within a multiphase porous medium framework. Therefore, the introduc-tion to this approach is presented in the next section. This is followed bythe formulation of the mathematical model, where the full set of equationsis introduced.2.2.1. Modelling concrete as a porous mediumIt has already been mentioned that concrete has a very porous structureand therefore, it should be modelled as a porous medium. Consequently,an introduction to modelling of porous media is presented in this section.There is a large variety of natural and arti�cial porous materials, includingsoil, sand, rock, ceramic, foam, rubber, bread, bones and concrete. Theporous material consists of the main part of the body, which is occupied bya solid phase, which is referred to as the solid matrix and the rest of thebody, which is called the void space and is mostly occupied by a combination24



2. Concrete at high temperature

Figure 2.9.: Di�erent scales of concrete and its micro-structureof �uid phases, such as gas or water.The heterogeneous nature of concrete determines much of its overall bulkbehaviour. On the macroscopic scale (macro-scale) concrete can be conside-red as a homogeneous material. At a lower level of observation, the so-calledmeso-scale, distinct phases of aggregates, matrix and single cracks can bedistinguished. At the micro- and nano-scale, the structure is also heteroge-neous, as can be seen in Figure 2.9.Another distinct characteristic of porous media is that the solid matrix isdistributed through the domain. This implies that wherever a su�cientlylarge sample is taken within the domain, it will always contain both a so-lid phase and a void space. Therefore, it is considered valid that a porousmedium at the macroscopic scale can be described using a small part of thespecimen, which in turn is large enough to contain all the considered phases.This provides a general concept of a Representative Volume Element (RVE),whose size, on one hand, has to be small enough to be considered as in�-nitesimal and on the other hand it must be large enough to give averagequantities without �uctuations [46]. In this work, the phases identi�ed areshown inside the RVE in Figure 2.10. The solid concrete matrix is accom-panied by the adsorbed water, which is located on the boundary betweenthe solid matrix and liquid phase. The adsorbed water can be seen as a25



2. Concrete at high temperature

Figure 2.10.: Representative volume element.part of the solid phase, until the dehydration process starts. Within thespecimen pore space, two phases can be distinguished, the liquid phase andthe gas phase. The gas phase consists of dry air and a water vapour. Asmentioned before, the adequate RVE needs to include all of the mentionedphases.Based on Bear and Bachmat [9] it can be pointed out that the followingtasks need to be carried out to achieve a well-posed formulation of theproblem of transport in any porous medium:1. Formulation of the conceptual physical model, which is followed by theproper mathematical description of all the phenomena in the conside-red porous domain.2. Expression of the �uxes of any extensive quantity of any phase interms of the macroscopic state variables and transport coe�cients.3. Formulation of the set of equations that is required to solve any giventransport problem in a speci�ed porous medium domain, using theconstitutive relations and necessary state functions.26



2. Concrete at high temperature4. Formulation of the initial and boundary conditions of the given trans-port problem, that are necessary and su�cient to guarantee a uniquesolution of the equations arising from 3.Although the list of tasks presented above seems straightforward, it is noteasy to express an appropriate transport formulation using discrete model-ling at the microscopic level, due to the lack of information on the inter-phase boundaries. Moreover, it is convenient to adopt the hypothesis thatthe material is continuous throughout the domain that it occupies. Thisallows description of such model through the set of variables which arecontinuous and di�erentiable functions of the spatial coordinates and oftime. This kind of approach �ts the framework of Continuum Mechanicsand Thermodynamics. Moreover, it can be used to formulate a propercontinuum model and also it can be extended to a multiphase system suchas a porous medium. Within such a system, the various phases, whichare separated by abrupt interfaces, are assumed to behave as separate, butoverlapping continua that �ll up the entire domain and interacting witheach other. Such an approach needs some general assumptions (similar toKhoury et al. [40]), which are presented below.First of all, the idealisation of concrete as a porous medium can onlybe made at the macro-level, where an RVE can be established. At thecurrent stage of this work, this will be the primary and the only level ofinvestigation, with a possible introduction to multi-scale approach discussedin Chapter 8. All global conservative laws apply to the multiphase mixturesas a whole, according to a mixture process. This corresponds to the ideathat all transport phenomena of all constituents inside the RVE need tobe smeared according to mixture theories and integrated using the conceptof volume fractions. This leads to macroscopic variables, which are used inGoverning Equations and correspond to experimental quantities. A detaileddescription of such a theory is presented in [9, 46], where the main idea isthat the substitute continua (like liquid, gas and solid) �ll the entire domainsimultaneously, instead of the real �uids and the solid, which �ll only part ofthe domain. This introduces the reduced density for each continuum, whichis obtained through the volume fraction. Volume fractions are de�ned asthe ratio between the volume of material to be distributed and the volumeof the considered domain, such that:27



2. Concrete at high temperature
k∑

i=1

εi = 1 (2.3)where εi is a volume fraction of phase component i and k is maximumnumber of all components within the RVE.Furthermore, an average quantity has to be independent of the size of theRVE and to be continuous in space and time.The physical model and related conservation and thermodynamics equa-tions can be written for the fully three-dimensional system, based on theassumed level of investigation and space averaging theories. However, atthis stage only two-dimensional problems are considered, since 3-D struc-tures require signi�cant computational power. It is worth mentioning, thatalthough the problems presented in the thesis are restricted to 2-D, theformulation has been generalised for 3-D.Additionally, with regards to the system of equations, all the solid and�uid components from the governing equations at the given time need tobe in thermodynamic equilibrium, which means that the state variablesassociated with the system do not change at a given time. This is analogouswith the mechanics of the structure, but in thermodynamic case the systemin equilibrium can move to another equilibrium state under the change ofthermodynamic forces and conditions.The material properties are assumed to be temperature and/or pressuredependent. For the applications mentioned in the introductory chapterthe range of interest is from the room temperature up to the extreme �reconditions, which leads to a range from 20°C to 1200°C.As the temperature is rising, the properties of the gas and liquid phasesapproach one another. At one point a critical temperature is approached,when only one phase can be distinct, a homogeneous super-critical �uid.This critical point for water is established at 374°C. Therefore, the modellingof water as a liquid is up to the critical point and above this temperaturewater is treated as vapour only. A typical diagram of the phase changes forliquid, solid and gas can be seen in Figure 2.11.The next step in modelling of transport processes is the distinction bet-ween the phases involved. There are three main phases in the model: solid,liquid and gas. The solid phase is that of the solid skeleton of the concrete28



2. Concrete at high temperature

Figure 2.11.: Phase change diagram from [70]matrix, which is considered a dry phase, but contains the chemically boundwater. The remaining phases consist of additional sub-phases. The liquidphase is composed of free water and physically bound water. The free wateris located within the capillary pores and is present for levels of saturationup to 100%, where physically bound or adsorbed water is present in the gelpores for levels of saturation up to solid saturation point.Within the gas phase, there are three phases which consist of dry air,water vapour and a mixture of those two, called moist air.With respect to transport mechanisms within the model, transport ofheat, liquid and gas are involved. Heat can be conducted and advectedthrough the porous media. On the surface, heat can be convected and ra-diated. The temperature gradient induces the heat �ow down the gradient.As a result the moisture gradient and pore pressure gradient start to buildup and contribute to the di�usion and Darcy �ow, which lead to hydra-tion or dehydration processes and to loss of moisture and mass. Overall,these processes are causing changes in the pore structure, which in�uencesthe transport parameters. Therefore, a model which couples these thermo,hygro and mechanical components is needed.During the heating process all the phase changes are strongly in�uencedby temperature and for simplicity in the mathematical modelling reversibi-29



2. Concrete at high temperaturelity is assumed. This is incorporated into the model along the mass conser-vation equations, where the conservation of solid, liquid and gas phases isintroduced for all the discussed constituents.2.2.2. Introduction to the mathematical modelTo formulate a mathematical model for concrete at high temperatures, allthe presented material characteristics and physical concepts, its behaviourand failure modes are necessary. The required components of the mathe-matical model of the Enhanced Glasgow Model are summarised below andexplained in more detail in Chapters 3 and 6.Standard mathematical models consist of several important formulations.First of all, a de�nition of domain of in�uence and its boundaries is requi-red. Then, the state variables, which can describe all the phases need to beselected. At the same time, the di�erential equations, based on the statevariables and describing the ideas from the physical model, are required.Subsequently, the formulation of the relevant constitutive and state equa-tions, for all relevant quantities is needed. If appropriate, the formulationof external sources and sink functions, in terms of state variables is intro-duced. Finally, to obtain well-posed problem, it is important to formulateinitial and boundary conditions needed for the system closure.In case of concrete at high temperatures, the general laws of conserva-tion must be obeyed. These are the mass conservation equations for theliquid phases and the energy conservation, which represents the laws ofthe �rst principle of thermodynamics. Heat transport, including conduc-tion, advection, heat capacity and phase changes, is considered in a singleenergy conservation equation within the concrete domain. All the consti-tutive relationships of the concrete, which are mainly derived directly fromexperimental data, need to describe the real behaviour of the material. Atlast, all the state equations need to be thermodynamically consistent andallow the dry air and moisture to be treated as ideal gases. Additionally,the transport of these gases is divided into a pressure driven �ow, accordingto Darcy's law and concentration driven �ow, due to Fick's law. The trans-port of absorbed water is taken into account in the de�nition of the relativepermeability of liquid. Di�erent types of boundary conditions will be consi-
30



2. Concrete at high temperaturedered, �xed, sealed conditions, time-dependent temperatures and �uxes ofliquid and gas, or a combination of the above. A detailed description of thethermo-hygro phenomena is presented in Chapter 3.Furthermore the solid is deformable, resulting in coupling of the �uid, thesolid and the thermal �elds. Therefore, the full description of the behaviourof concrete at high temperatures can be obtained, when the mechanicalresponse of the structure is included. The mechanical behaviour of porousmedia can be described using the e�ective stress principle. The e�ectivestress is de�ned as the stress which controls the mechanical response, volumechange and strength behaviour in a porous medium, independent of themagnitude of the pore pressure. Therefore, the coupling of thermo-hygralmodel with mechanical model is based on the de�nition of Bishop's e�ectivestress formulation [10] with the addition of pore pressure e�ects.For the mechanical response the additive decomposition of the total strainrate with elastic strain rate, free thermal strain rate, creep strain rate andthermo-mechanical strain rate is assumed. Each of the rates correspond toa di�erent phenomenon. The free thermal strain rate is associated with freethermal expansion as previously explained in section 2.1.3 and it dependson the content of the concrete mix and its moisture state. The creep strainrate and thermo-mechanical strain rate can be combined to form the loadinduced thermal strain. Together they are based on the concrete responseto load induced stress state.Additionally, the damage e�ects, which are both thermally and mechani-cally induced, need to be considered. Due to the fact that the entire modelis within the continuum mechanics framework, the damage concept is basedon continuum damage mechanics. Such a formulation represents a rationalframework for dealing with the evolution of mechanical properties duringprogressive failure and rupture of a material. Within this framework, thethermo-mechanical damage is seen as temperature-dependent scalar quan-tity, with the microstructure of the material usually transformed under thein�uence of thermal gradients, which may lead to progressive damage. Themechanical damage is usually classi�ed as brittle or ductile damage, due tothe dislocation, slip planes or microcracks.In this thesis, the thermo-mechanical damage model is under the assump-tion that the material remains isotropic and that damage a�ects Young's31



2. Concrete at high temperature

Figure 2.12.: Flow-chart of the modelmodulus and bulk modulus equally. Poisson's ratio is not a�ected by da-mage. The description of the damaged material is based on two internalvariables: a mechanically induced damage component ω and a thermallyinduced damage component χ. Those two components are used due to thefact that there are di�erent processes through which damage occurs. Mecha-nical damage is associated with the load/stress induced damage. Thermaldamage represents damage that occurs during heating of material. A detai-led description of the thermo-mechanical phenomenas and its coupling withthe transport model is presented in Chapter 6.A short overview of the mentioned processes included in the 'EnhancedGlasgow model' is presented in the �ow chart form in Figure 2.12. The�ow chart is limited to the important aspects of the model and the detaileddescription of these processes is provided in the following chapters.2.3. SummaryTo summarise, concrete is a complex composite material, which propertiesare driven by cement paste, aggregate properties and moisture content. Itsbehaviour can be described within porous media framework. When subjec-ted to thermal conditions, all its physical, thermal and mechanical proper-
32



2. Concrete at high temperatureties are strongly in�uenced by temperature. Consequently, the EnhancedGlasgow model incorporates all the presented properties, its interactionsand thermal dependencies.Additionally, concrete, when subjected to �re conditions, is in danger ofexplosive spalling. Therefore, a heat and moisture transport description iscomplemented with mechanical behaviour including damage e�ects.The formulation is presented gradually and at �rst, it is restricted to thethermo-hygral part of the formulation and it does not include any referenceto the mechanical part. A full description of this formulation is presentedin Chapter 3. Addition of the mechanical behaviour is introduced at a laterstage, in the �rst part of Chapter 6. Up to that point only the transportmodel of Enhanced Glasgow Model is considered, discussed and validated.
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3. Modelling of transportphenomena in concrete athigh temperature
The construction of the transport model for concrete, as discussed pre-viously in section 2.2, is very complex. The model needs to handle all ofthe important phenomena, most of which are nonlinear, including their cou-pled interactions. A continuum approach for the bulk material behaviour isadopted. The main advantages of such an approach are:� no need to specify the exact con�guration of the inter-phase bounda-ries,� the model describes the process in terms of di�erentiable quantities,� macroscopic quantities describe the material response and can be ve-ri�ed experimentally.Clearly, there are some disadvantages resulting from the loss of detailedinformation about inter-phase boundaries and actual variations of quan-tities within the domain. Furthermore, the continuum approach requiresadditional coe�cients, relating the statistical/experimental properties withaverage quantities.This Chapter describes transport phenomena in concrete at high tempe-ratures.
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3. Modelling of transport phenomena in concrete at high temperature

Figure 3.1.: Flow-chart of the model3.1. Mathematical formulationThe complex problem of heat and moisture transport in porous materialsis a coupled phenomenon. In addition to conductive heat transfer moisturemigration contributes to convective heat transfer. Mass transport itselfis created by the pore pressure gradient developed through the process ofwater evaporation and heat movement. Most of the material properties ofthe di�erent phases (solid, liquid and gas) are temperature dependent whichleads to transient problems with strong nonlinearities.3.1.1. Conservation equationsThe transport problem is governed by the heat and mass conservation equa-tions. The overview of the model, which was already presented in Figure2.12, is repeated here in Figure 3.1, where in addition to the solid phase(S), the liquid (L) and gas (G) phases are distinguished. The liquid phasecomprises free water (FW) and adsorbed water (D) and the gas phase com-prises water vapour (V) and 'dry' air (A). The adsorbed water is a part ofthe concrete solid matrix, which is released during the dehydration process.These distinct phases are presented within the RVE in Figure 3.2, which isrepeated here from Chapter 2. 35



3. Modelling of transport phenomena in concrete at high temperature

Figure 3.2.: Representative volume element.Following [15], the mass conservation equation for free water (3.2) andwater vapour (3.1) and dry air (3.3) are given as:
∂ (εFWρL)

∂t
= −∇JFW − ĖFW +

∂ (εDρL)

∂t
(3.1)

∂ (εGρ̃V )

∂t
= −∇JV + ĖFW (3.2)

∂ (εGρ̃A)

∂t
= −∇JA (3.3)where εi is the volume fraction of a phase i, ρi is the density of a phase iper unit volume of the whole material, ρ̃i is the mass of a phase i per unitvolume of gaseous material, Ji is the mass �ux of a phase i, ĖFW is rateof free water evaporation, t is time and i = L, FW, V, A, D are respectivelyliquid, free water, water vapour, dry air and adsorbed water phase. It canbe noted that the term describing the change in dehydrated water content ispresent within the Free water equation (3.1) since chemically bound wateris assumed to be initially released as liquid water.Furthermore, it is worth noting that the evaporation term is present inboth the liquid (3.1) and gas (3.2) conservation equations but with di�erent
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3. Modelling of transport phenomena in concrete at high temperaturesigns.The energy conservation equation is given in Equation (3.4).
(
ρC
) ∂T

∂t
= −∇ · (−k∇T ) −

(
ρCv

)
· ∇T − λE ĖFW − λD

∂ (εDρL)

∂t
(3.4)where, ρC is the heat capacity of concrete, k is the thermal conductivityof concrete, ρCv is the energy transferred by �uid �ow, λE is the latent heatof evaporation, λD is the latent heat of dehydration and T is the absolutetemperature.In order to eliminate the evaporation term in (3.1) and (3.2), these equa-tions are combined to get a system of three governing equations of Dry Air(3.3), Moisture (3.6), and Energy conservation (3.7).

∂ (εGρ̃A)

∂t
= −∇·JA (3.5)

∂ (εGρ̃A)

∂t
+

∂ (εFWρL)

∂t
− ∂ (εDρL)

∂t
= −∇ · (JFW + JV ) (3.6)

(
ρC
)

∂T
∂t

− λE

∂(εF W ρL)
∂t

+ (λD + λE) ∂(εDρL)
∂t

=

∇ · (k∇T ) + λE∇·JFW −
(
ρCv

)
· ∇T (3.7)This formulation is consistent with that derived in Tenchev et al. [65],and is employed for the model discussed in this thesis. A complete and wellposed formulation requires, in addition to boundary and initial conditions,constitutive relations and thermodynamic properties of the phases involved,which will be presented in following sections.3.1.2. Constitutive equationsThe governing equations comprise appropriate formulations of the relevantconstitutive equations. The mass �uxes of dry air (3.8), water vapour (3.9)and liquid (3.10) can be expressed in terms of pressure driven �ow andconcentration driven �ow, under the assumptions that Darcy's and Fick'slaws are applicable and that the di�usion of absorbed water on the surface37



3. Modelling of transport phenomena in concrete at high temperatureof the solid cement paste skeleton is negligible [7, 11].
JA = εGρ̃AvG − εGρ̃GDAV 5

(
ρ̃A

ρ̃G

) (3.8)
JV = εGρ̃V vG − εGρ̃GDV A 5

(
ρ̃V

ρ̃G

) (3.9)
JFW = εFWρLvL (3.10)where DAV and DV A are the di�usion coe�cients (Dry air in water vapourand water vapour in dry air, respectively). Based on Cengel [11] they areassumed to be the same for the purpose of this thesis. The velocities ofthe gas (3.11) and liquid (3.12) phases results from pressure driven �ow, asgiven by Darcy's law.

vG = −KkG

µG

5 PG (3.11)
vL = −KkL

µL

5 PL (3.12)where K is the intrinsic permeability of the dry concrete, ki is the relativepermeability of the i-th phase, µi is its dynamic viscosity and Pi is thecorresponding pressure, where i = (L) iquid, (G) as.The dry air and water vapour are assumed to behave as ideal gases,so based on the ideal gas law, their pressures are presented in equations(3.13) and (3.14). There is an associated law of partial pressures, called theDalton's law. It states that the total pressure exerted by a gaseous mixtureis equal to the sum of the partial pressures of each individual component ina gas mixture (3.15), so they are considered to be additive.
PA = RAρ̃AT (3.13)
PV = RV ρ̃V T (3.14)

Ptotal =

n∑

i=1

pi ⇒ PG = PA + PV ⇒ ρ̃G = ρ̃A + ρ̃V (3.15)
38



3. Modelling of transport phenomena in concrete at high temperatureFinally, in addition to the volume fractions for both liquid and gas (3.16),there is a need for an additional equation, to complete the model, for thefree water content as a function of the relative humidity and temperature(3.17).
k∑

j=1

εi = φ (3.16)where i = FW, A, V, and φ is a porosity.
εFW = εFW (RH, T ) (3.17)This crucial constitutive equation required to complete the model forelevated temperature will be referred to as sorption isotherm and will bediscussed in more detail in section 3.4.In conclusion, there are 15 unknown variables:

T, PV , PA, PG, ρ̃V , ρ̃A, ρ̃G, εFW , εG, ĖFW , JFW , JV , JA, vG, vLand 15 equations. The rate of evaporation, ĖFW , is eliminated by sub-stitution of equations (3.1) into (3.2), which results in a reduction of thesystem of governing equations to three and the reduction of whole systeminto 14 equations and 14 unknown variables. The summary of the unknownvariables and the corresponding equations is presented in Table 3.1.3.2. Numerical formulationThe system of equation can be written in a number of equivalent waysdepending on the choice of primary variables, which to some extent is amatter of convenience. Here, the chosen set of the primary unknown va-riables consists of the temperature (T ), the gas pressure (PG) and the va-pour content (ρ̃V ). This is consistent with both formulations presentedin Davie et al. [15] and Tenchev et al. [65]. Di�erent sets of variables((T, PA, PV ), (T, ρ̃A, ρ̃V )) were reported to be checked in [65] with conclu-sions that the results are almost identical. After establishing the set ofprimary variables it is possible to obtain the simplest notation of the sys-tem (3.18) by solving the above di�erential equations in terms of primary39



3. Modelling of transport phenomena in concrete at high temperatureSummaryEquation no unknowns Physical meaning3.3 εG, ρ̃A, JA Air Mass Conservation3.6 εFW , εG, JFW , JV , ρ̃A Moisture Mass Conservation3.7 εFW , JFW , T Energy Conservation3.8 JA, vG, ρ̃A, ρ̃G Dry Air Flux3.9 JV , vG, ρ̃V , ρ̃G Vapour Flux3.10 JFW , vL, εFW Liquid Flux3.11 vG, PG Gas Velocity3.12 vL, PL Liquid Velocity3.13 ρ̃A, T Air pressure3.14 ρ̃V , T Gas Pressure3.15 PV , PA, PG Dalton's law of partial pressures3.15 ρ̃V , ρ̃A, ρ̃G Modi�ed Dalton's law3.16 εFW , εG Volume Fractions3.17 εFW , T Sorption Isotherm14 equations 14 unique unknownsTable 3.1.: Summary of transport formulationvariables u =
(

T PG ρ̃V

)T , and this is presented in Appendix B. Thethree governing equations (3.3, 3.6, 3.7) can be expressed in a simpli�edform as:
C

.
u −5 · (K 5 u) = 0 (3.18)Where the matrices C and K are presented in Equation (3.19).

C =




CTT CTP CTV

CAT CAP CAV

CMT CMP CMV


 , K =




KTT KTP KTV

KAT KAP KAV

KMT KMP KMV


 (3.19)The components of these matrices are presented in Appendix A.A Finite Element formulation for the solution to these governing equa-tions can be achieved by using the standard Galerkin Weighted Residualformulation (eg. Zienkiewicz & Taylor [74]). First equation (3.18) is multi-plied by a set of test functions V for the primary variables and integratedover the domain, to give: 40



3. Modelling of transport phenomena in concrete at high temperature
ˆ

Ω

V · (C .
u−5 (K 5 u))dV = 0 (3.20)where

V =




νT 0 0

0 νA 0

0 0 νM


 (3.21)The weak form of the governing equations is obtained by applicationof Green's theorem to Equation (3.20). Considering only two-dimensionalvector �elds, Green's theorem is equivalent to the following two-dimensionalanalogue of the divergence theorem:

ˆ

Ω

(5ϕ) dΩ =

˛

∂Ω

(ϕn) dS (3.22)where n is the boundary normal.Letting ϕ = V · (K 5 u), application of Green's theorem to the problemat hand, yields
ˆ

Ω

V · C .
udV +

ˆ

Ω

5V · (K 5 u) dV −
ˆ

∂Ω

V · KqndS = 0 (3.23)where
5V =




5νT 0 0

0 5νA 0

0 0 5νM


 (3.24)and

qn =
(

d
dn

T d
dn

PG
d
dn

ρ̃V

)T (3.25)Switching to matrix-vector notation, the primary variables u and the testfunctions V are discretised as:
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3. Modelling of transport phenomena in concrete at high temperature
u = Na

V = Nb (3.26)where N are the shape functions for the primary variables. Equation(3.26) can be further expanded as
u =




T

PG

ρv


 =




hT 0 0

0 hP 0

0 0 hρV







aT

aA

aM


 = Na (3.27)Inserting Equation (3.27) into Equation (3.23) and requiring that theresult holds for all admissible b gives:

ˆ

Ω

NTCNȧdΩ +

ˆ

Ω

5NT (K 5 Na) dΩ −
ˆ

∂Ω

NT (Kqn) dS = 0 (3.28)Given the nonlinear nature of the second component of Equation (3.28),where the divergence of primary variable can be seen, a Newton-Raphsonsolution method is adopted and (3.28) must be linearised. To this end, thediscretised primary variables are expressed as:
ak = ak−1 + da (3.29)with k and k-1 indicating the Newton iteration numbers. Substitutingthese decompositions into the discrete set of equations(3.28) yields:

ˆ

Ω

NTCNȧdΩ +

ˆ

Ω

5NT
(
K 5N

(
ak−1 + da

))
dΩ−

ˆ

∂Ω

NT (Kqn) dS = 0(3.30)To carry out the time integration of Equation (3.30), a central di�erencescheme is adopted. For a given time interval 4t = ti − ti−1 the primaryvariables at time t are de�ned via linear interpolation as
a(t) = αdai + (1 − αd) ai−1 (3.31)
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3. Modelling of transport phenomena in concrete at high temperaturewhere αd = (t − ti−1) /4t, ai and ai−1 are the discrete primary variablesat the start and end of the times step respectively. Furthermore:
ȧ =

1

4t
(ai − ai−1) (3.32)Substitution of the decomposition of the arrays (3.29) into (3.31) and(3.32) gives:

a(t) = αda
k−1
i + αdda + (1 − αd) ai−1 (3.33)and

ȧ =
1

4t

(
ak−1

i + da− ai−1

) (3.34)Substitution of (3.33) and (3.34) into the weak form of the governingEquation (3.35) yields:
ˆ

Ω

1

4t
NTCN

(
ak−1

i + da − ai−1

)
dΩ +

ˆ

Ω

5NT
(
K 5N

(
ak−1 + da

))
dΩ −

ˆ

∂Ω

NT (Kqn) dS = 0 (3.35)This can alternatively be expressed as:
K̄da = fext − f int (3.36)or




K̄TT K̄TP K̄TV

K̄AT K̄AP K̄AV

K̄MT K̄MP K̄MV







daT

daA

daM


 =




fext
T − f int

T

fext
A − f int

A

fext
M − f int

M


 (3.37)where
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3. Modelling of transport phenomena in concrete at high temperature
K̄ =




K̄TT K̄TP K̄TV

K̄AT K̄AP K̄AV

K̄MT K̄MP K̄MV


 =

=

ˆ

Ω

(
1

4t
NTCN + αd (t) · 5TN (K 5 (N))

)
dV (3.38)speci�cally

K̄TT =

ˆ

Ω

(
1

4t
NT

T CTTNT + αd (t) · 5NT
T (KTT 5 (NT ))

)
dV (3.39)where the force vectors are for example de�ned as:

fext
T =

ˆ

∂Ω

NT
TKTTqndS (3.40)

f int
T = 4t

(
KTT4ak−1

T + KTP4ak−1
A + KTV 4ak−1

M

)

+CTT4ak−1
T + CTP4ak−1

A + CTV 4ak−1
M (3.41)All other terms follow a similar pattern.
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3. Modelling of transport phenomena in concrete at high temperature3.3. Boundary and initial conditionsThe problem boundary conditions can be described as either prescribed(Dirichlet) or natural (Neumann) boundary conditions. For the thermalproblem a generic natural boundary conditions can be described as (3.42):
k
∂T

∂n
−
(
HG − H0

G

)
JG · n+

(
HG − H0

G

)
β (ρ̃G − ρ̃G,∞) +

λJL · n+hqr (T − T∞) = 0 (3.42)where, the HG and H0
G are the enthalpy of the gaseous mixture at currentand ambient conditions, respectively. β is the coe�cient of water vapourmass transfer on the boundary, hqr is the combined convection and radiationheat transfer coe�cient, ρ̃G,∞ and T∞ are the vapour content and tempera-ture of the surrounding and n is the vector normal to the boundary.The �rst term from the left is the heat energy transferred to the boundarysurface from inside the body by conduction. The second term is the energyaccumulated in the gaseous mixture, which enters the boundary from insideof the concrete. The third term is the heat energy accumulated in thegaseous mixture, which escapes from the boundary to environment. Thefourth one is the heat energy used for evaporation of liquid water. The�fth one is the heat energy dissipated by convection and radiation to thesurrounding medium.In order to simplify the problem, it may be reasonably assumed that theconcrete surface exposed to the atmosphere, will dry out and consequentlythere will be no or negligible amount of liquid �ux across the boundaryescaping to the atmosphere, i.e. JL = 0. For further simplicity, the �ux ofthe gaseous material transferred to the boundary from inside the concreteis assumed to be equal to the gaseous material dissipated from the boun-dary into the surrounding environment. Based on this assumption the massconservation for the gaseous phase on the boundary can be established as(3.43).
JG · n− β (ρ̃G − ρ̃G,∞) = 0 (3.43)Given these assumptions, the energy conservation equation for the boun-45



3. Modelling of transport phenomena in concrete at high temperaturedary (3.42) using (3.43) can be rewritten as (3.44).
∂T

∂n
= −hqr

k
(T − T∞) (3.44)The gas pressure at the boundary is assumed to be equal to the atmos-pheric pressure, so based on that the gradient of gas pressure across theboundary will be zero (3.45).

∂PG

∂n
= 0 (3.45)Taking into account that the �ux of the vapour transferred to the boun-dary from inside the concrete is assumed to be equal to the vapour dissipatedfrom the boundary into the surrounding environment, the mass conserva-tion of water vapour on the boundary may be written as shown in Equation(3.46).

JV · n− β (ρ̃V − ρ̃V ,∞) = 0 (3.46)Following [15, 65] and the derivation from Appendix A, the �nal equationsfor boundary conditions are presented in (3.47).




∂T
∂n

∂PG

∂n
∂ρ̃V

∂n





=




KTT 0 0

0 0 0

KV T 0 KV V




−1



hqrT∞

Pg,∞

βρ̃V ,∞





−




KTT 0 0

0 0 0

KV T 0 KV V




−1 


hqr 0 0

0 0 0

0 0 β








T

Pg

ρ̃V





(3.47)where KTT , KV T and KV V are �rst introduced in section 3.2.In order to establish initial conditions for the model, the internal valuesof temperature and gas pressure can be experimentally measured and in-put into the problem de�nition. However, vapour mass content ρ̃V , is nota measured quantity and there is a need to express it with respect to ameasured data. Therefore, the ideal gas equation for vapour is repeatedin (3.48). It can be substituted into the expression for relative humidity
RH = PV

PSat
. The equation (3.49) is the �nal product of the manipulations46



3. Modelling of transport phenomena in concrete at high temperatureand it represents the initial vapour mass content as a function of relativehumidity and temperature, which can be experimentally obtained.
PV = ρ̃V RV T (3.48)

ρ̃0
V

(RH, T ) =
RH · PSat (T )

RV T
(3.49)The discretised weak form of the governing equations and constitutiveequations with initial and boundary conditions de�nes the problem. Howe-ver, there is a need for state variables of phases and concentrations of com-ponents in the di�erent phases. Therefore, all the complementary equationsand variables are presented in the next section 3.4.
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3. Modelling of transport phenomena in concrete at high temperature3.4. State equations, heat and mass transferand thermal properties3.4.1. Sorption isothermsAs mentioned before in section 3.1.2 the crucial constitutive equation re-quired to complete the model for elevated temperature is a function, whichrelates the free water content with relative humidity and temperature (3.17).At equilibrium, the relationship between free water content and rela-tive humidity of a material can be displayed graphically by a curve, theso called moisture sorption isotherm. For each relative humidity value, asorption isotherm indicates the corresponding free water content value ata given, constant temperature. If the composition or temperature of thematerial changes, then its sorption behaviour also changes. Because of thecomplexity of sorption processes, the isotherms cannot be determined bycalculation, but must be recorded experimentally for each product. Usually,it can be experimentally measured with respect to capillary pressure anda level of saturation. This section will present a logical description of theconnection between free water content and relative humidity, using capil-lary pressure as a function of saturation. A short diagram that presents thisformulation missing link is presented in Figure 3.3.First, following Bear [8] we can consider a water that fully �lls the voidspace of a porous media. The process of gradual drainage from the topof the specimen is illustrated in Figure 3.4, where successive stages of thisprocess are numbered from 1 till 5. At �rst, at 1 stage the specimen is fullysaturated, which means that the pore structure is 100% �lled with water.Next, when the �uid is drained from the surface of the sample and air isintroduced on top of that there is a water-air interaction and menisci canform at interface 2. The radius of curvature at every point on a meniscusdepends on the pressure di�erence between water pressure and air pressure.This di�erence can be written using Laplace formula for a capillary pressure:
PC = PA − PL =

2

r∗
γwa (3.50)where γwa is surface tension and r∗ is mean radius of curvature.
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3. Modelling of transport phenomena in concrete at high temperature

Figure 3.3.: Sorption isotherms diagram49



3. Modelling of transport phenomena in concrete at high temperature

Figure 3.4.: Gradual drainage, reproduced from [8]The above equation (3.50) indicates that the greatest capillary pressurethat can be maintained by the local interface, corresponds to the smal-lest radius of curvature (stage 3). On the other hand the channels whichsupport a larger radius (stage 4), because of the reduced boundary area,are in a non equilibrium stage and the water needs to continue to retreatuntil the local equilibrium position is obtained (stage 5), or until almostcomplete withdrawal of the liquid. The complete withdrawal of the liquidcorresponds to the fully unsaturated specimen when the pore structure iscompletely �lled with gas. The relationship, which describes the quantityof �uid present in the void space, is a function of the saturation (S) andis called a sorption/desorption curve. Initially, it will be expressed withrespect to capillary pressure, what is presented below:
PC = PC (S) (3.51)For a given porous medium, the capillary pressure curve is derived expe-rimentally. Various authors have proposed analytical expressions for descri-bing the general shape of these curves, which needs a proper �tting into theexperimental results. In this regard, Bear [9] presented a list of referencesto some important formulations, like Brooks and Correy (1964), Brutsaert(1966), Van Genuchten (1980) and Vauclin et al. (1979). An important for-mulation, from the point of view of high temperatures approach, is the one50



3. Modelling of transport phenomena in concrete at high temperaturepresented by Bazant [7]. Indeed it gave the basis for the sorption isothermsused in both Tenchev et al. [65] and Davie et al. [15], and is presentedin the next subsection. This is described as semi-empirical, although thetheoretical extension to the experimental data is di�cult to follow and so-mewhat unclear. It will also be shown that the response of concrete is verysensitive to the sorption isotherms during heating. Therefore, an alterna-tive formulation to the Bazant's sorption isotherms is further investigated.Baroghel-Bouny et al. [3] presented very clear experimental results for thesorption curves for Normal (NSC) and High Strength Concrete (HSC) atroom temperatures. These results have been extended by Pesavento [59] toinclude temperatures e�ects, although the physical justi�cation for the mo-di�ed formulation is unclear. Here the approach proposed by Leverett [45] isadopted, in which the variation of the sorption curves for di�erent types ofthe same material is restricted to the variation in the mean pore size of theporous medium and the surface tension of the �uid. Consequently, it waspossible to extend Baroghel-Bouny's [3] formulation at room temperatureby recognising the temperature dependence of the porosity, permeabilityand surface tension. This is further elucidated in subsection 3.4.1.2, afterthe discussion on Bazant's formulation, which is next.3.4.1.1. Bazant's formulationBazant [7] stated in his book that, 'while the general form of the �eld equa-tions is clear, there is more uncertainty about the material properties'. Inhis isotherm formulation the main idea is to have two di�erent formulae forthe unsaturated (3.52) and the saturated (3.53) state, with an intermediatesection - transition zone - for the relative humidity between 0.96 and 1.04.
w = c

(w1

c
RH

) 1
m(T )

, for RH ≤ 0.96 (3.52)
w = (1 + 3εv)

φ

v
, for RH ≥ 1.04 (3.53)where RH is relative humidity, c is a mass of cement per m3 of concrete,

w1 is a saturation water content at 298.15K, v is a speci�c volume of wateras a function of temperature and pressure and εv is the linear volumetricstrain of concrete. 51



3. Modelling of transport phenomena in concrete at high temperature

Figure 3.5.: Sorption Isotherms by Bazant [7]The transition zone, between the saturated and the unsaturated zone, isintroduced due to di�erent distribution of pore sizes, where di�erent porepressure can build up at the same time. This relies on the fact that thetransition from unsaturated to saturated state is not an abrupt one, exceptfor the extreme case of homogeneous pore size. The formulation allows rela-tive humidity and saturation to exceed 100%, which from physical point ofview is di�cult to justify. Furthermore, this approach does not distinguishdi�erent water phases but all moisture is considered in the voids of concrete.Up to a certain temperature level the moisture content is considered as li-quid, but after a critical point of water, moisture can only be considered asvapour.Therefore, it is unclear whether this relationship is correct for the pro-posed type of modelling, especially for a multiphase system in the areasof temperature build-up close to the critical point of water. Furthermore,Bazant's formulation was intended for normal strength concrete, but in �reengineering the focus of attention is frequently on high strength concrete,as discussed in Chapter 1. 52



3. Modelling of transport phenomena in concrete at high temperatureMixNSC HSC
a(MPa) 18.6237 46.9364

b 2.2748 2.0601
φ 0.122 0.082Table 3.3.: Parameters for Equation (3.54) and corresponding porosity (φ)for di�erent concrete mixes based on [3].3.4.1.2. Leverett based sorption isotherms [45, 57]Baroghel-Bouny et al. [3] undertook a series of important experiments atroom temperature in order to establish a common expression for the sorptioncurve of both NSC & HSC (3.54). The �nal form of this expression was givenas:

PC (S) = a
(
S−b − 1

)1−1/b (3.54)where a and b are coe�cients that vary depending upon the concrete mix(see Table 3.3).The degree of saturation with free water can be described using volumefraction of a liquid water, εFW , and the porosity, φ, as given in Equation(3.55). This relationship can be used to reformulate equation (3.54) intothe form of (3.56).
S =

εFW

φ
(3.55)

PC (εFW ) = a

((
εFW

φ

)
−b

− 1

)1−1/b (3.56)This relationship can be expressed in a more convenient form in terms ofrelative humidity, using Kelvin's equation:
PC = −ln (h) ρLRV T (3.57)Substitute of this into (3.56) gives:
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3. Modelling of transport phenomena in concrete at high temperature

Figure 3.6.: Sorption Isotherms at room temperature for NSC and HSC
−ln (h) ρLRV T = a

((
εFW

φ

)
−b

− 1

)1−1/b (3.58)or
εFW = εFW (h) (3.59)This relationship (3.59) is shown in Figure 3.6 for both concrete mixesdescribed in Chapter 2, with the parameters established by Baroghel-Bounyet al. [3] and presented in Table 3.3. Additionally, the Bazant sorptionisotherm at 20°C is drawn on the same graph. It can be clearly seen thatBazant's formulation is linear for the relative humidity between range 0 to100%. It is distinctively di�erent to the equivalent Baroghel-Bouny sorptionisotherm for NSC. Baroghel-Bouny's formulation is higher at the low relativehumidity up to 10% and lower at the rest of the range. The �nal value at100% of relative humidity is the same, as both formulations are based onthe same amount of porosity.
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3. Modelling of transport phenomena in concrete at high temperatureThe main di�erence between NSC and HSC formulations is the �nal valueat the 100% relative humidity level. However, this is enforced by the level ofporosity for these two types of concrete. Although, for the levels of relativehumidity up to almost 75% the two graphs look very similar, one of themcannot be used in place of the other.Temperature dependent capillary pressure curves - sorption isothermsThe formulation for the capillary pressure curve presented by Baroghel-Bouny et al. [3] is applicable only at ambient temperature. For the modelto be applicable to elevated temperatures regime, it is necessary to intro-duce temperature dependency to the Equation (3.59). However, there isvery little experimental data, on which it would be possible to build up anextension of this formulation to include high temperature e�ects. One of theexceptions is the aforementioned work by Bazant [7], where the previous for-mulation was explained and compared to experimental results. Pesavento[59] presented a temperature dependency, based on Bazant's results andusing Baroghel-Bouny et al. [3] formulation (3.54), although some physicalaspects of this modi�ed formulation are unclear. Hence, an alternative andpotentially more rational approach is presented here.Leverett [45] adopted a semi-empirical approach, which relates the capil-lary pressure not only to the degree of saturation but also to the propertiesof both the �uid and porous media:
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3. Modelling of transport phenomena in concrete at high temperature
PC (S) = γJ (S)

√
φ

K
(3.60)where the Leverett J -function is expressed as:

J (S) =
PC (S)

γ

√
K

φ
(3.61)Leverett showed for several data for the unconsolidated sands that thedimensionless function reduces to a common curve called the J -function(3.61), which could be interpreted as a scaling factor for the reference ca-pillary pressure curve. This function incorporates the e�ects of inter-facialtension (γ) and uses a simple expression for the average pore radius (√K

φ
).Leverett [45] described experimental determination of this curvature - sa-turation relation for unconsolidated sands. In order to extend this approachto concrete, the appropriate J -function can be obtained by incorporatingthe previously presented Baroghel-Bouny formulation (3.54) into the Le-verett J-function and keeping all the parameter at room temperature of20°C:

JBB (S) =
PC (S)

γ0

√
K0

φ0
=

a
(
(S)−b − 1

)1−1/b

γ0

√
K0

φ0
(3.62)where γ0, K0 and φ0 are respectively surface tension, permeability andporosity at temperature of 20°C.Although a unique J -function that is the same for all types of concretemixtures is not applicable, as the formulation is based on Baroghel-Bounyapproach, it is here hypothesised that the J -function (3.62) remains unchan-ged for elevated temperatures. Indeed it is assumed that throughout thetemperature range, the temperature dependency of the capillary pressurecurve can be accounted for via the temperature dependency of the proper-ties of the �uid and of the porous medium itself, through the surface tension(γ (T )), porosity (φ (T )) and permeability (K (T )). To sum up, Equation(3.62) can be substituted into (3.60) and rewritten to indicate temperaturedependency as follows:
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3. Modelling of transport phenomena in concrete at high temperature

Figure 3.7.: New sorption isotherms for NSC for various temperatures.
PC (S) = γ (T ) JBB (S)

√
φ (T )

K (T )
(3.63)Finally, combining Equation (3.63) with Kelvin's equation (3.57), yieldsthe critical relationship (3.64) between the free water content and the rela-tive humidity required to complete the model for elevated temperatures.

εFW = εFW (h, T ) (3.64)The new sorption isotherms are shown for the appropriate concrete mixin Figure 3.7 for NSC and in Figure 3.8 for HSC for di�erent temperatures.The isotherms are based on several temperature dependent properties, inclu-ding porosity, intrinsic permeability and surface tension. The temperaturedependency of the surface tension of water in contact with its vapour is wellknown (see e.g. [7, 47]) and is given by Equation (3.65) and shown in Figure3.9. The function starts at the value of 72.8mN
m

for 20°C and is approaching0 when the temperature is approaching to the critical point of water. The
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3. Modelling of transport phenomena in concrete at high temperature

Figure 3.8.: New sorption isotherms for HSC for various temperatures.rest of the parameters need some more insight and explanation, which willbe provided in the following sections (3.4.2, 3.4.3).
γ = 235.8

(
1 − T

Tcr

)1.256 [
1 − 0.625

(
1 − T

Tcr

)]
mN

m
(3.65)where Tcr is a temperature at the critical point of water, and both tem-peratures are expressed in degrees Kelvin.When comparing the sorption isotherms for the two types of concrete,NSC and HSC, a similar behaviour can be observed up to certain level ofrelative humidity. However, at the high concentration of relative humiditytheir behaviour is completely di�erent. This is demonstrated in Figure 3.10.The HSC function seems to be stabilising, whereas the NSC function recordssudden increase. Such di�erence in behaviour is important, when lookinginto details at �re situation. During the �re conditions there is an increasein water content ahead of the drying front, which corresponds to the highrelative humidity level. Thus, a di�erent behaviour of each type of concreteis expected when quickly heated to extreme temperatures.58



3. Modelling of transport phenomena in concrete at high temperature

Figure 3.9.: Temperature dependency of surface tension of water

Figure 3.10.: Comparison of Sorption isotherms for HSC and NSC for va-rious temperatures.
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3. Modelling of transport phenomena in concrete at high temperature3.4.2. PermeabilityIn the single phase �ow, the intrinsic permeability, K, is a measure of aporous material's ability to transport �uid, and in Darcy's law it representsthe constant of proportionality:
V = −K∇P (3.66)In the multiphase �ow, the relative permeability ki is a dimensionlessparameter and is a measure of the e�ects of permeability of each phasei and varies between 0 and 1. Darcy's law adopted for two phase �owis presented in equations (3.11) and (3.12), which are repeated for claritybelow:

vG = −KkG

µG

5 PG

vL = −KkL

µL

5 PLThe aim of this section is to show the importance of the intrinsic per-meability of concrete, as well as the relative permeability of both gas andliquid. Observed di�erences in experimental measurements of permeabilityvalues will be discussed in the following section and possible explanationwill be proposed. Afterwards, new functions of relative gas and liquid per-meability will be introduced and compared to previously used ones [68] andto experimental data.3.4.2.1. Intrinsic permeabilityDespite the fact that intrinsic permeability (K ) is supposed to be an in-trinsic material property of porous media (not dependent on �uid), severalexperimental data [2, 69, 17, 48, 12] shows that its values for concrete canvary, depending on whether air or water is used for its measurements (seefor example Figure 3.11). It seems that an intrinsic permeability establishedusing a liquid depends on the media only. However, gases display a permea-bility that also depends on the type of the gas and the pressure di�erenceacross the media. This variation with the type and pressure of the gas isknown as slippage or more accurate as slip �ow e�ect or the Klinkenbergs'60
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Figure 3.11.: Relationship between gas and water permeability for concretereproduced from Bamforth [2]e�ect [42].Slip �ow e�ect. This e�ect was originally detected with gas �ow throughcapillary tubes (see Figure 3.12). Gas molecules, travelling through capil-lary tube, collide with each other and with the walls. When a signi�cantnumber of molecular collisions are with the wall rather than with other gasmolecules, the gas permeability is increased by this additional �ux due tothe gas �ow at the wall surface, which is called 'slip �ow' e�ect. Its si-gni�cance increases when the diameter of the capillary tubes approachesthe mean free path of the gas molecule. Therefore, it is expected to havegreater e�ect on low permeability porous media, e.g. concrete and HSC inparticular. This e�ect results in a deviation from the intrinsic liquid-basedpermeability.One of the reasons why this e�ect is not captured in the formulationpresented so far may be a consequence of Darcy's law. This is based onthe laminar �ow theory, which implies that there are non-slip boundaryconditions on the interface of solid and �uid, thus zero �uid velocity at theboundaries.It seems essential to take into account the e�ect of slippage into theexisting model to obtain proper results. Klinkenberg [42] shows that thisphenomenon was found to be quite signi�cant for low permeability mate-61



3. Modelling of transport phenomena in concrete at high temperature

(a) di�erent type of moisture

(b) di�erent pressuresFigure 3.12.: The gas �ow through capillary tubes, reproduced from Kelley[34]
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3. Modelling of transport phenomena in concrete at high temperaturerials. First, he made experiments with several capillary tubes with di�erentdiameters and than he dealt with di�erent types of soils and granulates. Af-terwards, he presented the formula (3.67) with the slip correction factor b,whereby the intrinsic permeability for a gas KG is presented as a modi�ca-tion to the intrinsic permeability for a liquid, KL:
KG = KL

(
1 +

b

PAV G

) (3.67)where PAV G is the average pore pressure and b is a constant for a givengas and a given porous medium.As concrete is a low permeability medium it seems appropriate to use thiskind of approach. Bamforth [2], who undertook experiments on concretesamples and presented a single relationship for b (3.68) that is applicablefor both his and Klinkenberg results. Slightly di�erent constant b (3.69),which is proposed by Chung [12], is based on the experimental results fromBamforth [2], Klinkenberg and Whitting[69]. Therefore, this more compre-hensive approach is incorporated in the Enhanced Glasgow model.
b = 1.635 · 10−8K−0.5227

L [Atm] (3.68)
b = e(−0.5818ln(KG)−19.1213) [Atm] (3.69)The e�ect of di�erent values for b on intrinsic permeability are shown inFigure 3.13.Relationship (3.69) was incorporated into the Enhanced Glasgow Model.At initial time step, gas permeability is assumed to be equal to the liquidpermeability (KG without taking account of slippage e�ect), then b is de-termined through (3.69), and �nally new KG is obtained:

Knew
G = Kinitial

G

(
1 +

b(Kinitial
G )

PG

) (3.70)Figure 3.13 shows that for KG above the level of 10−14 the gas slippagee�ect is negligible.All the benchmark problems presented and discussed in Chapter 4, usethis approach. The intrinsic permeability for two types of concrete were ob-
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Figure 3.13.: Slippage e�ecttained through comparison of the published experimental results and com-puted results. These values were than used during subsequent computationsof the other benchmark problems.Damage is a measure of the deterioration of the elastic moduli due to theevolution of the mesostructure, resulting in increasing pore space. Here, ascalar damage model is adopted and the scalar damage parameter comprisesboth mechanical and thermal damage. A multiplicative decomposition ofdamage is adopted, following Stabler [64] and Gawin et al. [22]:
D = 1 − (1 − χ) (1 − ω) (3.71)where ω is mechanical damage and χ is thermal damage.The dependence of the elastic moduli E on damage can be expressed as:

E = (1 − D)E0 (3.72)where E0 is the undamaged elastic moduli.Although there is very limited data in the literature on the in�uence oftemperature on intrinsic permeability, due to di�culty in obtaining reliableexperimental data (with exception of Schneider [62]), there is some workrelating intrinsic permeability to damage.One of these approaches is presented by Gawin et al. [23]:64



3. Modelling of transport phenomena in concrete at high temperature
K = K0 · 10AK(T−T0)

(
PG

P0

)BK

· 10αω (3.73)where AK and BK are constants depending on the type of concrete, K0is the undamaged intrinsic permeability, T0 represents room temperature,
α is a scaling parameter, ω is a mechanical damage parameter.In (3.73) the e�ect of thermal and mechanical damage are accounted fordi�erently than the approach presented at the beginning of this section.Therefore, a more straightforward approach is adopted in this work, ba-sed on the work of Bary [4], where intrinsic permeability depends on totaldamage D :

K = K0 · 10αD (3.74)where D is a total damage parameter, α is a scaling parameter, χ is athermal damage parameter and ω is a mechanical damage parameter.Although this relationship depends on total damage, it has been calibra-ted with experimental data, assuming thermal damage only. To achieve this,the thermal damage parameter is described as a function of temperature:
χ = 2 · 10−3 (Tmax − T0) − 1 · 10−6 (Tmax − T0)

2 (3.75)where T0 represents room temperature and Tmax is the maximum tempe-rature reached.This relationship has been derived from experimental data on the e�ectof temperature on the elastic modulus of concrete [55]. After substituting(3.75) into (3.71), with ω = 0, (6.46) can be compared against available ex-perimental data [62] for intrinsic permeability as a function of temperature,using a scaling parameter α = 4 [31]. This is presented in Figure 3.14.3.4.2.2. Relative permeability [12, 48]The complete description of the moisture multiphase �ow inside heatedconcrete also requires a proper description of the interactions between themoisture phases. To model this interaction phenomena, there is a needfor an accurate de�nition of the relative permeabilities for gas and liquid.The functions used within the original Glasgow model are based on van65
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Figure 3.14.: Intrinsic permeability as a function of temperature. Assumed�t compared to experimental data [62].Genuchten [68] and are presented in equations (3.76) and (3.77):
kL =

√
S
(
1 −

(
1 − S

1
m

)m)2 (3.76)
kG =

√
1 − S

(
1 − S

1
m

)2m (3.77)These relationships were established for soils and the gas relative per-meability function is almost linear (see (3.15)). As soils have a di�erentmicro-structure than concrete, than these relationships may not be appro-priate. Recently, the modi�ed van Genuchten functions (3.78 and 3.79)were introduced by Monlouis-Bonnaire et al. [49], based on curve �tting ofconcrete experimental data (see Figure 3.16):
kL = Sp

(
1 −

(
1 − S

1
m

)m)2 (3.78)
kG = (1 − S)p

(
1 − S

1
m

)2m (3.79)where p = 5.5 and m = 0.56.The experimental data shows that relative permeability of gas is decrea-
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3. Modelling of transport phenomena in concrete at high temperature
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Figure 3.15.: Relative water and gas permeability for NSC and HSC basedon [68]sing in a non-linear manner with increasing saturation. This can be explai-ned by the fact that as more �uid is available in the system, gas can betrapped or �ow is inhibited. As the proposed functions are not dependenton the type of concrete, care must be taken in using this approach untilsuch a dependency is introduced.The relative permeability functions (3.80 and 3.81) that are porosity de-pendent can be found in Chung and Consolazio[12] (see Figure 3.17). Theywere developed for cementitious materials, based on experimental test re-sults of Jacobs (reference 27 from Chung and Consolazio [12]). The concretespecimens at various states of partial liquid saturation were subjected to gaspermeability tests and relative permeability values for gas �ow were deter-mined.
kG (S, φ) = 10S(0.05−22.5φ) − 10(0.05−22.5φ)S (3.80)

kL (S, φ) = kG ((1 − S), φ) (3.81)The authors in [12] stated that, as the thermally driven moisture �owthrough concrete is primarily in�uenced by gas phase �ow, the gas relativepermeability kG is more in�uential and the liquid one can be simpli�ed toa function symetrical with respect to saturation equal 50%. However, this67



3. Modelling of transport phenomena in concrete at high temperatureapproach is not experimentally supported and so once again, care must betaken in using these functions.One idea is to introduce a concrete mix dependency into the Monlouis-Bonnaire et al. [49] functions, based on the Baroghel-Bouny parameters.Another one is to use the relative permeabilities from Chung and Consolazio[12]. However, as Chung and Consolazio [12] used mirrored gas function forliquids, a mixed approach can be used were the relative permeability for gasis taken from [12] and the liquid relative permeability from van Genuchten[68].All three approaches are incorporated into the Enhanced Glasgow model,as it seems more appropriate to use these new functions in computations,rather than the one established for soils [68]. When looking at the results,presented in Chapter 4, and comparing with the previously obtained whenusing only van Genuchten functions, there are some di�erences in the mo-del response, especially in the gas pressure, which is a crucial variable whencalculating the mechanical part of the analysis. All of the modi�ed relativepermeability functions give comparable results, but it seems that the poro-sity based functions (3.81, 3.80) are more general than the others. This willbe discussed in Chapter 4.At this particular point there is a need to discuss part of the work ofGawin et al. [22], connected with the liquid mass �ux equation. The mass�ux presented in their work (3.82) is decomposed into two components: theliquid water �ux and the absorbed water �ux:
JL =

(
1 − SB

S

)
εLρLvL +

(
SB

S

)
εLρLvB (3.82)where SB is a degree of saturation, vB is the velocity of the adsorbedwater due to di�usion.It is assumed there that moisture entering a dry sample of concrete willinitially �ll the gel pores and adhere to the surface of capillary pores asadsorbed water, up to a maximum volume, before the remaining capillarypore space �lls with liquid water. The degree of saturation with adsorbedwater, SB, is de�ned as (3.83):
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Figure 3.16.: Gas relative permeability function based on [49]
SB =





S for S ≤ SSSP

SSSP for S > SSSP

(3.83)where SSSP is the solid saturation point.The solid saturation point is the upper limit of the hygroscopic mois-ture range and the maximum degree of saturation with adsorbed water isachieved at this level.In [22], the value for solid saturation point seems to be chosen arbitrarilyas 0.55 without any speci�c explanation. Accounting for adsorbed water inthis way, means that for levels of saturation below the solid saturation point
(S ≤ SSSP ), the liquid �ow (3.82) is very small. However, it is advocatedhere that this e�ect is already accounted for in the relative permeability.This can be seen in Figures 3.15 and 3.17. Up to the saturation levels ofapproximately 0.5, the value for kL is very low. After this point, kL increasesdramatically, for values S > SSSP . Therefore, Gawin's approach [22] willnot be adopted here.
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Figure 3.17.: Relative permeability functions from [12]3.4.3. Additional physics and thermodynamicproperties of �uid and heat �ow in concrete athigh temperaturesThe general approach to the description of processes during mass and heattransfer in a porous media starts from appropriate set of di�erential equa-tions, then it is supplemented with the constitutive equations and �nallythe thermodynamic equilibrium equations are introduced. The parametricrelationships that are required for an analysis of concrete behaviour at hightemperatures are presented in Appendix D. Some of the presented equi-librium equations can be regarded as the equation of state, which expressthe relationship between the thermodynamic variables and their spatial va-riations at the point of thermodynamic equilibrium. Essentially, they areallowing for the closed form solution of the system. The presented parame-ters are consistent for all analysis presented in this thesis.3.5. Summary of ModelsKey factors that di�erentiate the models to be discussed are summarised inthe table below.
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3.Modellingoftransportphenomenainconcreteathightemperature

Model Sorption Gas slip Relative AdsorbedName Isotherms effect permeability waterTenchev [65] Bazant's [7] No Eq. (3.76) and (3.77) NoOriginal Glasgow [15] Bazant's [7] No Eq. (3.76) and (3.77) YesEnhanced Glasgow Leverett based Yes Eq. 3.80 and 3.81 No*(this thesis) or Eq. 3.78 and 3.79Note: * Adsorbed water �ow is not included explicitly, but it is taken into account in the relative permeability formulationTable 3.4.: Summary of discussed models
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4. Model validation
Model veri�cation and validation are the main aspects of a successful de-velopment of simulation codes. Unfortunately, there are no speci�c algo-rithms, techniques or procedures that guarantee the successful determina-tion whether the model is correct or not. The veri�cation of the presentedtransport model has been done by a walk-through technique consisting ofstatement-by-statement analysis of the code structure, when running ana-lyses. Next, the validation against experimental results was made, usingthree benchmark problems:1. A drying problem2. A column subjected to �re conditions3. A simulation of the heated concrete slabThe �rst is a drying problem, based on Baroghel-Bouny et al. experiment[3] and the results are presented in section 4.1. This benchmark problemdemonstrates the ability of the Enhanced Glasgow model to simulate thetransport problem under ambient conditions. It validates the mass loss andmoisture distribution during ambient conditions.The second benchmark problem is a column subjected to �re conditions,which is presented in section 4.2. The results obtained from the �re problemare compared with the results provided by an existing model, presented byTenchev et al. [65]. It validates the new sorption isotherms, as well as thenew permeability formulations.The third benchmark problem is the simulation of the heated concreteslab, following the experiments of Kalifa et al. [33]. The slab is subject72



4. Model validationto heating conditions up to temperatures of 600°C. It validates the abilityof the model to capture all the physical phenomena within concrete, whensubjected to high temperatures, like moisture clog and pressure built-up,while maintaining the adequate mass lose.All the presented analyses have a consistent set of variables, which arelisted in Appendix D.The presented process is believed to be su�cient to validate the EnhancedGlasgow model. The outcome of this processes is summarised in the lastsection of this chapter.4.1. Benchmark problem 1 - Drying problemAll concrete structures experience a moisture transport within their lifecycle. Generally, the transport processes occur when the structure is sub-jected to a lower environmental relative humidity than its internal stateand causing the drying process to evolve. Therefore, the �rst validationof the model against experimental results is performed using the resultspresented by Baroghel-Bouny et al. [3], for the drying of di�erent typesof concrete. The authors highlight the importance and signi�cance of thesorption isotherms and describe it as a key parameter in the modelling ofdrying process.During the experiment, the authors measured the moisture content dis-tribution in samples subject to drying, where normal and high strengthconcrete were considered. The samples of diameter 0.16 m and height of 0.1

Figure 4.1.: Drying problem
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4. Model validationm were subjected to an environmental relative humidity less than the initialinternal relative humidity. In order to determine the intrinsic permeability,K, for the di�erent concrete mixes the isothermal drying experiments weresimulated numerically and the intrinsic permeability varied until a reaso-nable match between experimental and numerical results was obtained.Due to the sealed boundary conditions, the problem can be treated as aone-dimensional transport problem. The experimental and numerical setupis presented in Figure 4.1. Based on the experience of this thesis author,the mesh consisted of 200 elements of 4 noded quadrilaterals.The boundary conditions are as indicated in Figure 4.1, 50% relative hu-midity, temperature of of 20°C and uniform gas pressure equal to atmosphe-ric gas pressure. During the analysis the relative permeability is calculatedbased on Chung and Consolazio approach (refer to section 3.4.2.2).4.1.1. Numerical predictionsDuring the drying problem validation process the numerical simulations fortwo types of concrete are considered. The concrete specimens were dried for1 year, corresponding to a relative humidity of 94% for normal concrete and69% for high strength concrete. Then, the two specimens are subjected, fora one year period, to an external relative humidity of 50%. Weight loss andrelative density variations were measured. The set of variables used duringthe analysis can be found in Appendix D.The intrinsic permeability was varied to provide the best �t with expe-rimental data. The comparison between the obtained numerical results forthe relative weight loss over time with the experimental results of Baroghel-Bouny et al. [3] is presented in Figure 4.4. The intrinsic permeabilitiesdetermined are summarised in Table 4.2, together with the values obtainedby Baroghel-Bouny et al. through simpli�ed numerical simulation, whichwas based on Coussy's approach [13]. It can be seen that although thevalues obtained by the two numerical techniques are dissimilar, they are ofsimilar orders of magnitude. The values for normal strength concrete arehigher than for high strength concrete, as expected.In addition to the overall relative weight loss of the specimens, the watercontent pro�les were experimentally determined using gamma-ray attenua-
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4. Model validationMixNSC HSC
K(m2)∗ 3 × 10−21 5 × 10−22

K(m2) ∗ ∗ 15 × 10−21 5 × 10−21Table 4.2.: Parameters for (3.54) and corresponding porosity (φ) for dif-ferent concrete mixes following [3].Notes:
∗ Values obtained by Baroghel-Bouny et al. [3]
∗∗ 'Best �t' parameters for the Enhanced Glasgow modeltion measurements. Figure 4.2 shows a comparison of the experimentallyobtained pro�les for NSC with the numerical predictions of the EnhancedGlasgow model. The results for high strength concrete are presented inFigure 4.3 for completeness, however they are less clear. The �nal stateof relative humidity for ordinary and high strength concrete were 91% and68%, respectively. This correlates well with the experimental results.It is interesting to note that the presented numerical results are in verygood agreement with the experimental results and are more encouragingthan the numerical results reported by Baroghel-Bouny et al. [3].4.1.2. DiscussionThe Enhanced Glasgow model is able to predict the presented drying pro-blem accurately. As mentioned by Baroghel-Bouny et al. [3], the key para-meter of such drying conditions is the sorption isotherm, which quanti�esthe water-solid interaction. Additional parameters as the porosity and in-trinsic permeability of the material are also necessary to predict the hygralstate of a porous material. The calculated moisture pro�les presented forboth concrete types agree very well with the pro�les obtained experimen-tally. In addition, the results show a very di�erent behaviour between thenormal and high strength concrete.
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4. Model validation

Figure 4.2.: Relative density variation as a function of height of the speci-men for NSC

Figure 4.3.: Relative density variation as a function of height of the speci-men for HSC
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4. Model validation

Figure 4.4.: Relative weight loss for Normal and High Strength Concrete4.2. Benchmark problem 2 - Columnsubjected to �reThe next benchmark problem, which is illustrated in Figure 4.5, represents arectangular column exposed to �re conditions. The numerical model repre-sents a two-dimensional column section of 0.2 m in length and of arbitrarywidth. The problem is essentially a one-dimensional transport problem,where temperature, pore pressure and water content are being computed.On the outside surface of the column the ISO 834 standard �re curve (seeEquation (4.1) and Figure 2.1 in Chapter 2), representative of an intense�re for a period of 1 hour is applied to the environmental temperature. Inaddition, the gas pressure is de�ned as 0.1 MPa and an approximate valuefor the environmental vapour content is set to 0.8 of the initial conditions.The environmental temperature and vapour content conditions are imposedvia �ux boundary conditions (see section 3.3)The initial internal conditions for the concrete were a uniform tempera-ture, T , of 20°C, uniform gas pressure, PG, equal to 0.1MPa, and a uniforminitial vapour content, ρ̃0
V
, as shown in Equation (3.49) such that, throughthe ideal gas law(3.48), the vapour pressure, PV , was equal to the saturationpressure of water vapour, PSat. It may be noted that this was based on the77



4. Model validationinitial relative humidity within the concrete pores as 95%. The rest of thevariables used during the analysis can be found in Appendix D.
T∞ = 293.15 + 345log10(8t + 1) (4.1)The analysis is a reproduction of the problem from Tenchev et al. [65] andDavie et al. [15]. The same solution scheme as in the latter is being used,which was an iterative, central di�erence time stepping algorithm with 0.5second time step and limited to 10 iterations. The convergence criteria isset at the level of 10−6 for the energy norm. Based on the experience fromthe mentioned publications, 200 elements mesh of 8 noded quadrilaterals ischosen.Concrete material parameters are taken to be similar to Tenchev et al.[65], to validate the model and to obtain comparable results.4.2.1. Numerical resultsThe presented numerical analyses were undertaken to compare the di�erentsorption isotherm formulations of Bazant in Tenchev's model and Leverettbased used in Enhanced Glasgow model. Additionally, the di�erent relativepermeability presented in section 3.4.2.2 are tested and compared. The-refore, results from the Enhanced Glasgow model with di�erent relativepermeability relationships, is compared with the original Tenchev's model.In summary, the following four analyses were undertaken:Analysis 1 Enhanced Glasgow model with relative permeability according

Figure 4.5.: Column subjected to �re conditions
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4. Model validationto Manlouis-Bonnaire et al. [49] with parameters from Baroghel-Bouny et al. [3] - eq. 3.78 and 3.79Analysis 2 Enhanced Glasgow model with relative permeability accordingto Chung & Consolazio [12] - eq. 3.80 and 3.81Analysis 3 Enhanced Glasgow model augmented by relative permeabilitybased on van Genuchten formulation, following [15] - eq. (3.76)and (3.77)Analysis 4 Reproduction of original Tenchev's model[65, 15] - Bazant's sorp-tion isotherms and van Genuchten relative permeabilitiesThe �rst check for all the discussed analyses is a study of the moisture massconservation within the system. During the heating process moisture istransported through the model boundary to the environment. It is necessarythat the numerical model can demonstrate a balance between the loss of themass of moisture in the interior of the discretised zone and the total massof the vapour passing through the boundary. For illustration, the moisturemass balance graph is presented in Figure 4.6 for the Analysis 1 where it canbe seen that mass balance is achieved. All the analysis produce a similargraph, what gives an indication that the model is behaving well and thenumerical implementation is correct.All the analyses undertaken show a similar pattern of temperature, po-rosity and intrinsic permeability, as can be seen in Figure 4.7. This isdue to the fact that except for the relative permeability formulations, allthe transport properties were taken the same and it is expected they willachieve similar results.Figure 4.7 also shows that the vapour pressure never exceeds the satu-ration vapour pressure, as expected. This is not the case for Analysis 4(Tenchev's model), where relative humidity can exceed 100%. This is bet-ter illustrated in Figure 4.8, comparing relative humidity after 1 hour of �refor all analyses.Of a particular interest is the fact that all the analyses show a steep dryingfront zone (Figure 4.8). On one side - the 'hot' side - of the zone there is anincreased amount of the vapour content (Figure 4.9) and decreased amountof liquid content (Figure 4.12), and on the 'cold' side the reverse situation79



4. Model validation
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Figure 4.6.: Percentage of total mass of moisture lost from the interior ofthe discretised region and �ux of vapour through the boundary

 200

 300

 400

 500

 600

 700

 800

 900

 1000

 1100

 1200

 0  0.02  0.04  0.06  0.08  0.1  0.12  0.14  0.16  0.18  0.2

T
em

pe
ra

tu
re

 [K
]

Distance [m]

10 min

30 min

60 min

 0.1

 0.15

 0.2

 0.25

 0.3

 0.35

 0.4

 0  0.02  0.04  0.06  0.08  0.1  0.12  0.14  0.16  0.18  0.2

P
or

os
ity

 

Distance [m]

10 min

30 min

60 min

 0

 1e-015

 2e-015

 3e-015

 4e-015

 5e-015

 6e-015

 7e-015

 8e-015

 9e-015

 0  0.02  0.04  0.06  0.08  0.1  0.12  0.14  0.16  0.18  0.2

In
tr

in
si

c 
P

er
m

ea
bi

lit
y 

[m
2 ]

Distance [m]

10 min

30 min

60 min

5

4

3

2

1

0
 0  0.02  0.04  0.06  0.08  0.1  0.12  0.14  0.16  0.18  0.2

P
re

ss
ur

e 
[M

P
a]

Distance [m]

Comparison: Saturation Vapour vs. Vapour pressure

Psat 10 min

Psat 30 min

Psat 60 min

Pv 10 min

Pv 30 min

Pv 60 min

Figure 4.7.: Results from Analyses 1 showing temperature, porosity, intrin-sic permeability and vapour pressure, All the results are shownagainst distance from the exposed surface for 10, 30 and 60minutes �re
80



4. Model validation
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4. Model validation
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Figure 4.10.: Gas pressure results for analyses 1,2,3 and 4 against distancefrom the exposed surface after 1 hour of exposure to �reis observed. Furthermore, it can be noted that there is an increase in watercontent ahead of the drying front, which is often referred to as the �moistureclog zone�.The increased levels of saturation - the 'moisture clog' zone have beenobserved by many authors ([15, 65, 22, 40]). This e�ect reduces the gasrelative permeability, thereby inhibiting gas �ow ahead of the drying front.The consequence is a dramatic increase in the gas pressure just behind thedrying front (Figure 4.10). It is thought that this is a major contributor toobserved spalling (see earlier section 2.1.4).It can be seen that the peaks of the gas pressure (see Figure 4.10) andvapour content (see Figure 4.9) pro�les are similar for all the cases, howeverthe maximum values for analyses 1,2 and 3 occur at the drying fronts ratherthan ahead of them as for analysis 4. Corresponding pore pressures are againof equivalent manner, what can be seen in Figure 4.11.4.2.2. DiscussionIn summary, it has been shown that the presented model gives comparableresults with respect to the Tenchev model. It can be argued however, thatthe proposed enhanced model improves the physical reasoning behind initialconstitutive laws such as the sorption isotherms and avoids the spurious82



4. Model validation
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Figure 4.11.: Total pore pressure results for analyses 1,2,3 and 4 againstdistance from the exposed surface after 1 hour of exposure to�re

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 0  0.02  0.04  0.06  0.08  0.1  0.12  0.14  0.16  0.18  0.2

S
at

ur
at

io
n

Distance [m]

Analysis 1

Analysis 2

Analysis 3

Analysis 4
 0

 0.02

 0.04

 0.06

 0.08

 0.1

 0.12

 0  0.02  0.04  0.06  0.08  0.1  0.12  0.14  0.16  0.18  0.2

V
ol

um
e 

fr
ac

tio
n 

of
 F

re
e 

W
at

er

Distance [m]

Leveret based

Bazant basedFigure 4.12.: Results for saturation (left) and volume fraction of free wa-ter (right) for analyses 1,2,3 and 4 against distance from theexposed surface after 1 hour of exposure to �re
83



4. Model validation

Figure 4.13.: Experimental set-up for Kalifa's problemlevels of relative humidity in excess of 100% observed in the original Tenchevmodel. It also includes important phenomena, like capillary pressure, oradsorbed water movement leading to better prediction of the pore pressurevalues.4.3. Benchmark problem 3 - Heating problemThe additional validation of the model against experimental results is per-formed using data from Kalifa et al. [33]. The experimental setup is shownin Figure 4.13. Concrete samples, with a prismatic shape (0.3 x 0.3 x 0.12m3), were subjected to thermal loading on the upper face, while the fourlateral faces were thermally insulated. The imposed temperature reached600°C (873.15K) and the heating duration was 6 hours. The validationpresented in this chapter, consists of numerical simulations of the experi-mental tests based on the high-strength concrete (HSC) data. The problemis considered as unidirectional and consequently, the simulations are madeon a slice of concrete of unit width and length of 0.12m (see Figure 4.14).The initial state of the concrete sample is characterised by a temperatureof 25°C (298.15K) and a relative humidity of 69%. The rest of the variablesused during the analysis can be found in Appendix D.The validation is restricted to the comparison for the temperature, gaspressure and mass loss, as these were the measured quantities provided bythe experimental report. Figure 4.15 compares the experimental results for84



4. Model validation
Figure 4.14.: Finite element mesh showing dimensions and boundary condi-tions
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4. Model validation
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4. Model validation
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4. Model validationThe Enhanced Glasgow model is able to predict the presented drying pro-blem accurately. The role of the state equations and material parametersare highlighted. Moreover, the calculated moisture pro�les presented forboth concrete types agree very well with the pro�les obtained experimen-tally. In addition, the results are successful in interpreting a very di�erentbehaviour between normal and high strength concrete, what was expected.Additionally, the numerical prediction of the column subjected to �regives comparable results with respect to the Tenchev model. It was shownthat the Enhanced Glasgow model improves the physical reasoning behindthe proposed formulation.Validation against Kalifa's experimental results showed that the Enhan-ced Glasgow model is able to reproduce the experiments at high temperaturewith good agreement. The pore pressure build-up and moisture concentra-tion zone was predicted correctly.It is argued that this validation procedure supports the conclusion thatthe model suits its purpose.
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5. Model extension to capturee�ect of polypropylene�bres
One of the primary aims when constructing a model for concrete subjectedto thermal loading is to be able to predict the mechanical behaviour, risksof structural damage, and especially to account for potential spalling whenexposed to severe conditions. Subsequently, based on such predictions itshould be possible to propose an alternative mix design and/or element de-sign. Simultaneously, technological solutions are being developed to providepassive or active protection of the structures against spalling e�ects. Theuse of the polypropylene �bres (PPF) in the concrete mix is regarded as oneof the most e�cient strategies in reducing the probability of explosive spal-ling. Polypropylene micro�bres have been employed in concrete structuresduring the past decade, particularly in tunnels following recent tunnel �res,which were discussed in Chapter 1. Following Khoury and Willoughby [41],it can be cited that Polypropylene �bres are employed in concrete to com-bat explosive spalling in �re, but the molecular structure and the materialsproperties are not well understood.However, the recent experimental studies by Zeiml et al. [72] and thetheoretical work by Khoury [36, 41] presented necessary material proper-ties in relation to those of concrete at elevated temperatures. The workpresented in this thesis is to some extent based on their conclusions.
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5. Model extension to capture e�ect of polypropylene �bres

Figure 5.1.: Types of polypropylene �bres (PPF).5.1. IntroductionThe addition of natural �bres to the concrete mix dates back to almostancient time. It was mainly introduced to add ductility to brittle materials.Nowadays, there is an extensive use in the construction industry of smallquantities of short �bres to alter the properties of the concrete, mostly toreduce cracking as it may occur. There are hundreds of di�erent types of�bres, that can be used for concrete to solve di�erent problems. As anexample, the addition of steel �bres can be used to reduce drying shrinkageand increase tensile strength of the structural elements, on top of the regularsteel reinforcement. Other type are polypropylene �bres (see Figure 5.1).With addition of this type of �bres, it seems possible to control plastic anddrying shrinkage cracking. They also improve the resistance against thermaldamage for both �re and freezing cases.Polypropylene (PP) is a linear hydrocarbon polymer, expressed as (C3H6)x.It is one of those most versatile polymers available with applications, bothas a plastic and as a �bre with similar properties for both states. However,in some cases the properties of the �bre di�er from those of the polymeritself. As �bres, they possess very good tensile strength in the direction of90



5. Model extension to capture e�ect of polypropylene �bresthe �bres. Polypropylene does not present stress-cracking problems and of-fers excellent electrical and chemical resistance at higher temperatures. Theimportant thermal properties of the polypropylene are the melting point,which following [41] is between 150°C and 176°C, and the vaporisation point,which starts around 325°C. The recent important contribution by Khouryand Willoughby [41], gives a good insight into the property and behaviourof concrete with polypropylene �bres (PPF). Following this reference, it canbe con�rmed that the usual content of PPF in concrete, which can reducethe probability of explosive spalling in �re, ranges from 1 to 3 kg per m3of concrete. Below this level, the introduction of PPF to the mix seemsine�ective, whereas above it the workability of concrete begins to becomea problem. Section 6.2 from Eurocode 2 [1] discusses spalling prevention,where method D presents PPF as one of the solutions. It suggests to includein the concrete mix more than 2 kg/m3 of mono�lament propylene �bres.PPF in the range of 1-3 kg/m3 of concrete, corresponds to a proportion byvolume of 0.11-0.33%. Therefore, although the in�uence of PPF on porositycould have a local e�ect, it is negligible at the larger scale.5.2. E�ect of PPF on intrinsic permeabilityIn the context of �re damage of concrete, explosive spalling remains oneof the least understood phenomena. It mainly takes place during the ini-tial stage of the �re, and reduces the load bearing capacity of the structure.Speci�cally, it localises close to the heated surface and appears to peak withtemperature of about 200°C to 250°C. These contribute to the considerabledebate around its cause, pore pressures and thermal stresses or a combi-nation of the two being the likely causes. This thesis has already clearlydemonstrated that the excess pore pressures can be modelled accuratelyand are a likely candidate for the initiation of explosive spalling.Zeiml et al. [72] observed that the spalling e�ects decrease with an in-creasing amount of PPF in the concrete mix. Extensive explanations arepresented by Khoury [41, 36], suggesting that PPF play a role in reducingpore pressure via number of possible mechanisms which are summarisedhere.First, one of the mechanisms that appears even before 100°C, is reported91



5. Model extension to capture e�ect of polypropylene �bresto be the pressure-induced tangential space (PITS ) creation. It is caused bypressure, which ruptures the weak connections between �bres and concrete,where water steam and air can migrate. This phenomenon can last tillthe melting temperature of the PP �bres of 150°C to 176°C. At this stage,there are already a numerous capillary (∼ µm) connections due to PITS,which might in�uence the pressure levels. Although, the melted �bres havevery high viscosity, which reduces the possibility of migration, it might beassumed that previously created capillaries with existing pore spaces mightbuild longer connections. At temperature ranging from 325°C to 475°C themelted �bres begin to vaporise into vapour that would easily travel throughthe concrete pores. Above 475°C all the �bres would have vaporised, leavinglarger channels (according to [36] of 20-30 µm wide) for the transport of allthe vapours and gases. The hydrocarbon vapour, which is produced duringthe vaporisation of PPF, might be combusted in the presence of oxygen attemperatures from 550°C, but this is more likely to happen outside of theconcrete.Spalling occurs at relatively low temperatures, between 150°C to 250°C,when PPF are melting. However, Khoury advocates that the creation of thenew connections within the pore structure due to PITS, allows the initiallyisolated pores to interconnect and allow percolation through the concrete.As a results, there is a noticeable increase in permeability, as shown byZeiml et al. [72], resulting in a reduction in the pore pressure [32], whencompared to concrete without PPF.Based on all of these observations, it may be concluded that permeabilityof concrete is one of the key controlling factors in�uencing spalling. Zeiml etal. [72] presented experimental evidence of the e�ect of PPF on the intrinsicpermeability, presented in Figure 5.2.It can be seen from Figure 5.2, that (on a logarithmic scale) the intrin-sic permeability could be represented as a linear function of temperature.With the addition of the PPF there is a local increase in permeability; inthe case of concrete with 1.5 kg/m3 PPF the value of permeability, in thetemperature range between 140°C to 220°C, increases almost one order ofmagnitude.
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5. Model extension to capture e�ect of polypropylene �bres

Figure 5.2.: Experimentally obtained intrinsic permeability for concretewith and without PPF from Zeiml et al. [72]5.3. Numerical modellingThe model presented in this thesis is here extended to account for the e�ectof PPF on the response of moisture transport in heated concrete. Theextension of the model focuses on the modi�cation function for permeability(5.6) in the mentioned temperature region. There is a need to introduceparameters for the modi�ed permeability function, thus
PPF1 = α (1 + 1.75mf) (5.1)

PPF2 = α − mf (5.2)
ζ1 = α + mf (5.3)
ζ2 =

10PPF1D

10PPF2D
(5.4)

ζ3 =
10PPF2D

10PPF1D
(5.5)93



5. Model extension to capture e�ect of polypropylene �bres
Figure 5.3.: Finite element mesh showing dimensions and boundary condi-tions. Reproduced after Figure 4.14.

Kpp =





ζ1K010PPF2D(T ) T < 403K

ζ2K010PPF1D(T ) 403K ≤ T ≤ 473K

ζ3K010PPF2D(T ) T > 473K

(5.6)where K0 - initial intrinsic permeability, ζi, PPFi- coe�cients takingaccount of PPF, mf - mass of the �bres.In section 4.3, the analyses of the heating problem was presented ba-sed on the experimental setup of Kalifa et al. [33]. In the next section, thecontinuation of Kalifa's experiments on the in�uence of polypropylene �bresis presented, based on [32]. Therefore, the model with the polypropylene�bres enhancement is used to simulate the experiment and the results arecompared against the actual data. Finally, the presented results are conclu-ded and possible use of the Enhanced Glasgow model towards protection ofconcrete structures against spalling is discussed.5.4. Validation of in�uence of polypropylene�bresThe validation of the in�uence of polypropylene �bres is performed usingdata from the second Kalifa et al. [32] experiment. The experiment usedthe same setup as the �rst set of experiments [33] and the same measure-ments were taken. The concrete samples with the addition of PPF weresubjected to thermal loading on the upper face and the four lateral faceswere thermally insulated (see Figure 4.13). The maximum temperature was600°C (873.15K) and the heating duration time was 6 hours. All properties,mesh, boundary conditions and initial conditions remain the same.94



5. Model extension to capture e�ect of polypropylene �bres

Figure 5.4.: Results for 1.1 kg/m3 of PPF in the concrete mix: simulation(main) and experiment (top right corner)Here, comparison of the numerical results with experiments is restrictedto gas pressures, since all other results are su�ciently similar to the resultspresented for the original study.5.4.1. ResultsFigure 5.4 and 5.5 show numerically and experimentally obtained gas pres-sures for 1.1 and 1.75 kg/m3. Comparison of these experimental resultswith the results for no PPF, shown in Figure 4.16b clearly indicate thereduction in peak gas pressures as a result of PPF. The values with 1.1and 1.75 kg/m3 of PPF were respectively two and three times less than forconcrete without PPF. The numerical results also show good qualitativeand quantitative agreement with the experimental results. The experimen-tal peak value for the concrete mix with 1.1 kg/m3 PPF was around 2.1MPa and for the simulation it was 2 MPa. The peak pressure values for1.75 kg/m3 mix for both simulation and experiment were about 1.4 MPa.The inconsistency in the trend of the curves for di�erent depths have notbeen fully explained in the original paper [33] but this may be due to themelting process of the �bres in the region close to the pressure transducers.
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5. Model extension to capture e�ect of polypropylene �bres

Figure 5.5.: Results for 1.75 kg/m3 of PPF in the concrete mix: simulation(main) and experiment (top right corner)In addition, the continuous rise of the gas pressures with distance from theheated face in the numerical simulations needs further consideration. Incontrast, in the experimental curves it can be seen that the gas pressuresstart to stabilise. These results indicate that one of the principal methodsof preventing spalling is captured by the presented model.5.5. ConclusionsTo summarise, the inclusion of polypropylene �bres have been experimen-tally proved to be an e�ective means of passive �re protection by mitiga-ting the possibility of explosive spalling and o�ering a positive solutions tomaintaining structural integrity in �re, especially compared to alternativesolutions such as the inclusion of sacri�cial zones.The Enhanced Glasgow model has been extended to include the e�ectsof PPF in a straightforward manner that has shown to quite satisfactoryextent when compared to independent experimental results. The presentedextension, although simple, takes into account changes in permeability dueto the addition of PPF.Following Khoury [36], the e�ectiveness of the pressure release mecha-96



5. Model extension to capture e�ect of polypropylene �bresnisms provided by PPF depends not only on the characteristics of PPFproperties, but also on the dimensions, orientation and amount of the �bresitself. Future research could be directed into multi-scale modelling using,for example, semi-analytical approach, like self-consistent scheme, whichwill be discussed in Chapter 8.
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6. Hygro-Thermo-Mechanicalmodel of concrete
The previous chapters have described a heat and mass transport modelfor concrete and its validation. So far, no mechanical in�uence has beenconsidered.The ultimate aim of this thesis is to present a full thermo-hygro-mechanicalmodel of concrete that can be used to predict its behaviour when subject tothermal and mechanical loading. Therefore, in this chapter the mechanicalaspects concerning the behaviour of concrete subjected to high tempera-tures will be discussed. The details of the mechanical part of the model willbe presented and the main focus will be put on decomposition of the totalstrain rate, as well as the coupling of the mechanical and transport models.The structure of this chapter is as follows. First, the details of strainrate decomposition are shown. Second, a detailed description of each of thestrain components is presented. This is followed by the thermal and mecha-nical damage, based on continuum damage mechanics framework. Next, ahygro-mechanical coupling is introduced, using the e�ective stress concept.The chapter is concluded with a summary and the �nal form of the mecha-nical part of the formulation.
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6. Hygro-Thermo-Mechanical model of concrete6.1. Mechanical behaviourThe total strain rate can be decomposed as follows:
ε̇ = ε̇e (σ, T ) + ε̇pl (σ, T ) + ε̇ft (T ) + ε̇c (σ, T ) + ε̇tm (σ, T ) (6.1)where ε̇e is the elastic strain rate, ε̇pl is the plastic strain rate, ε̇ft is thefree thermal strain rate, ε̇c is the creep strain rate and ε̇tm is the thermo-mechanical strain rate.The last two terms of this equation, the creep strain rate and the thermo-mechanical strain rate, can be combined to form the load induced thermalstrain. The thermo-mechanical strain component is recognised to appearonly during the �rst heating and not during subsequent cooling or heatingcycles, thus it is an irrecoverable strain component and it is important factorin the behaviour of concrete structures during high temperature loading, asit may lead to severe tensile stresses during cooling process.All the strain components will be brie�y presented and discussed in thesubsequent sections of this chapter. For simplicity, the presented work doesnot involve plasticity, but inelastic mechanical response is captured by acontinuum damage mechanics.6.2. Free thermal strainsThe free thermal strain of concrete is mainly in�uenced by the type andamount of aggregates. Furthermore, its behaviour is non-linear and dependson the thermal stability of the aggregate itself. It is evident that ε̇ft is afunction of temperature although it is recognised to depend on the rate ofheating as well. The thermal strain rate is:

ε̇ft
ij = αftṪ δij (6.2)where αft is the coe�cient of free thermal strain.Usually the coe�cient of free thermal strain for certain material is as-sumed a constant value within a normal temperature range between -20°Cto 50°C. As suggested by Nielsen et al. [54], the temperature dependentcoe�cient αft for normal quartzite concrete can be expressed as:
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6. Hygro-Thermo-Mechanical model of concrete
αft =






6×10−5

7−T̄
for 0 ≤ T̄ ≤ 6

0 for T̄ > 6
(6.3)where T̄ = (T−293.15)

100
and it is a normalised temperature.The presented function was established to present a suitable trend ratherthan �tting speci�c experimental values. Experimental evidence indicatesthat thermal strains stop increasing once the temperature exceeds 600°C,which can be associated, following Bazant and Kaplan [7], with quartziteaggregate behaviour. There is a signi�cant increase in thermal strains bet-ween 500°C and 600°C, due to the conversion of quartz crystals.Using Voigt notations (matrix-vector), thermal strains can be expressedas:

ε̇ft = mṪ (6.4)where m = α
(

1 1 1 0 0 0
)T .6.3. Load induced thermal strainsThe load induced thermal strain (lits), corresponding to the last two termsof (6.1), is determined experimentally by measuring total strain during �rsttime heating on the concrete specimen under sustained loading. The freethermal strain, measured on a unstressed specimen, and the initial elasticstrain are subtracted from the total strain to give the load induced thermalstrain as a function of temperature. Schneider [61] reported several testseries, which were conducted through 1970's, on the load induced thermalstrain of concrete tested under sustained uni-axial compressive load andconstant heating rate. Another extensive experimental research took placeat Imperial College London, during 1980's [38, 37], where Khoury et al.suggested that so called 'lits master curve' exists, largely independent ofaggregate type, concrete strength, age and initial moisture content.In the rheological model proposed by Thelandersson [66] the uni-axialload induced thermal strain rate included a dashpot and thermo-mechanicalelement corresponding to the temperature dependent creep (ε̇c) and thermo-mechanical strain (ε̇tm

) respectively. It has been recognised that these two100



6. Hygro-Thermo-Mechanical model of concretecomponents cannot be separated in an experiment and thus the subdivisioninto two components is mainly theoretical and has little practical impli-cations for short duration heating, as stated by Schneider [61]. However,Thelandersson [66] suggested that the creep strain is minor compared withthermo-mechanical one for practical test conditions even though steady-state creep is found to be enhanced by high temperatures. Nielsen et al.[55]illustrated, that even for a very slow heating rate of 0.05 K/min the creepstrain corresponds to only up to 20 % of the thermo-mechanical strain andthis value drops signi�cantly for increased heating rates. Therefore, it seemsreasonable to assume that the creep component of lits can be neglected.The general formulation of the thermo-mechanical strain rate providedby Thelandersson [66] can be seen in Equation (6.5). For the uni-axial case,he assumed proportionality between (ε̇ft
) and (ε̇tm

).
ε̇tm

ij = (γ1σkkδij + γ2σij) Ṫ (6.5)where the two coe�cients γ1 and γ2 need to be determined experimentally.However, similarly to de Borst and Peeters [16], they can be substituted byclear physically based assumptions shown in Equation (6.6).
γ1 = −vc

β

f 0
c

, γ2 = (1 + vc)
β

f 0
c

(6.6)where vc is the transient creep Poisson's ratio, f 0
c is the uni-axial com-pressive strength at room temperature and β is the coe�cient of uni-axialthermo-mechanical strain.By inserting (6.6) into (6.5) a proper thermo-mechanical strain rate for-mulation is obtained, which can be seen in Equation (6.7). It is noted thatthe formulation does not include stress variation dependency. This re�ectsthe fact that, under a constant temperature, a variation of stress would notresult in a change in the thermo-mechanical strain.

ε̇tm
ij =

β

f 0
c

(−vcσkkδij + (1 + vc) σij) Ṫ (6.7)Subsequently, it is possible to describe the uni-axial thermo-mechanicalstrain with a bi-parabolic expression (6.8) presented in Nielsen et al. [55].This bi-parabolic approach keeps the formulation simple, which is achieved
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6. Hygro-Thermo-Mechanical model of concrete

Figure 6.1.: Load induced thermal strain - comparison of experimental datawith a parabolic model from [55]by applying a direct proportionality with the stress level.
εtm =

σ

f 0
c

y (6.8)where
y =





AT̄2 + BT̄ for 0 ≤ T̄ ≤ T̄∗

C
(
T̄ − T̄∗

)2
+ A

(
2T̄ − T̄∗

)
+ BT̄ for T̄ > T̄∗

(6.9)where T̄∗ is a dimensionless transition temperature between the two ex-pressions of 470°C.When looking at �gure 6.1 it can be seen that the parabolic model cap-tures the experimental behaviour in a satisfactory manner. The two limitingparabolic curves in �gure 6.1, provided by two sets of parameters (A,B,C ),de�ne a range where the thermo-mechanical strain is likely to be found fornormal concretes with various aggregate types.From the above, it is possible to determine the coe�cient of uni-axialthermo-mechanical strain rate as shown in Equation (6.10).
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6. Hygro-Thermo-Mechanical model of concrete
ε̇tm =

σ

f 0
c

dy

dT̄

dT̄

dT
Ṫ =

σ

f 0
c

βṪ (6.10)where the coe�cient of thermal mechanical strain is
β = 0.01 ×





2AT̄ + B for 0 ≤ T̄ ≤ T̄∗

2C
(
T̄ − T̄∗

)
+ 2AT̄∗ + B for T̄ > T̄∗

(6.11)All experimental tests for load induced thermal strains are performed onconcrete specimens under sustained compressive loading and then subjectto transient heating. The author is currently unaware of any similar testsperformed under sustained tensile loading and therefore it is di�cult toassess whether the proposed formulation for compressive stress conditionscould be used for tensile stress conditions as well. Thus (6.7) is rewrittenas (6.12).
ε̇tm

ij = β−

f0
c

(
−vcσ

−

kkδij + (1 + vc)σ−

ij

)
Ṫ +

β+

f0
c

(
−vcσ

+
kkδij + (1 + vc)σ+

ij

)
Ṫ for Ṫ > 0 (6.12)where β− and β+ are the coe�cients of compressive and tensile uni-axialthermo-mechanical strain respectively. σ− and σ+ are the negative andpositive projections of the stress tensor. For convenience, β+ is set to zerountil more experimental evidence on the load induced thermal strain due totensile loading is made available. Therefore (6.12) becomes

ε̇tm
ij =

β−

f 0
c

(
−vcσ

−

kkδij + (1 + vc)σ−

ij

)
Ṫ for Ṫ > 0 (6.13)which illustrates that vc is analogous to Poisson's ratio. To the author'sknowledge the bulk of experiments on the load induced thermal strain donot include lateral deformation measurements. However, some experimentsshowed that load induced thermal strains have a lateral component similarto that observed in conventional creep tests.Using Voigt's notations, load induced thermal strain rates can be expres-sed as:
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6. Hygro-Thermo-Mechanical model of concrete
ε̇tm = M−σ−Ṫ (6.14)where M− is similar to that de�ned by de Borst and Peeters [16], asshown in Equation (6.15).

M− =
β−

f 0
c




1 −vc −vc 0 0 0

−vc 1 −vc 0 0 0

−vc −vc 1 0 0 0

0 0 0 2 (1 + vc) 0 0

0 0 0 0 2 (1 + vc) 0

0 0 0 0 0 2 (1 + vc)




(6.15)
6.4. Thermal and Mechanical damageDegradation of the elastic sti�ness can also be caused by exposure to eleva-ted temperatures as well as by mechanical loading. Those types of failure arecharacterised by the non-linear behaviour of the material. The work presen-ted in this thesis is within the continuum mechanics framework. Therefore,the continuum damage mechanics is used to model the non-linear behaviourof concrete as a quasi-brittle material.The phenomenological damage mechanics model, presented in this thesis,is based on the fracture energy obtained from experimental observation.This theory presents damage in the smooth sense and ignores the stresslocalisation at the crack tip. For simplicity, only isotropic damage model isconsidered.In addition to the mechanical aspects, the thermal damage is consideredusing similar approach. However, thermally induced damage is largely theresult of the changing physical properties of the cement paste when concreteis heated.Thus, the approach with two damage parameters is used, characterisingthe necessary aspects of damage, thermal and mechanical.
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6. Hygro-Thermo-Mechanical model of concrete6.4.1. Damage mechanicsThe classical elasticity-based isotropic damage model, within the continuummechanics framework, with a single scalar damage parameter is presentedin Equation (6.16). This equation describes the in�uence of the damageon the response of the material, which results in degradation of its elasticsti�ness.
σ = (1 − ω)E0 : εe = Esec : εe (6.16)where E0 is a 4th order tensor of elastic moduli of the virgin material,

εe is the elastic tensor and ω is the damage parameter growing from 0 forthe intact material to 1 for a complete material degradation and Esec is asecant sti�ness.In general formulation for damage mechanics, the damage parameter canbe chosen as a scalar, several scalars or di�erent order tensors. The pre-sented model involves only a single parameter for damage, however it isinappropriate to use it for both, thermal and mechanical damage at thesame time. In order to extend this approach to capture both these e�ects,a multiplicative decomposition of the total damage is assumed as:
σ = (1 − D)E0 : εe = (1 − ω) (1 − χ) E0 : εe (6.17)where D is the total damage parameter and χ is the thermal damageparameter, as presented in section 3.4.2.The e�ective stress in the undamaged material is:

σ̂ = E0 : εe =
σ

(1 − ω) (1 − χ)
(6.18)In this thesis, it is assumed that the strain associated with the damagedstate, ε, is the same as the strain associated with the equivalent undamagedstate, ε̂, subjected to the e�ective stress as: ε = ε̂.Both damage parameters are controlled by damage loading functions.The thermal damage loading function is
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6. Hygro-Thermo-Mechanical model of concrete
f td = T − κtd (6.19)where κtd is a history variable that represents the maximum temperatureT, to which the material point has been subjected in its loading history.The mechanical damage loading function with a single scalar history pa-rameter is
fmd = ε̃ − κmd (6.20)where the ε̃ is the equivalent strain measure, which is a function of acomponents of the strain tensor and re�ects the in�uence of each of thesecomponents on the micro-structural degradation of the material. This evo-lution law is again coupled to the loading history through a scalar parameter

κmd, which represents the most severe equivalent strain state to which thematerial point has been subjected in its loading history.The damage loading functions depend on the form of the equivalentstrain(ε̃) or temperature (T ), while the extent of the surface is set by thehistory parameters (κmd or κtd
). The initial loading function follows fromthe initial value of the history parameters.In either case, if f > 0 then the history parameter (κmd or κtd

) will in-crease until f = 0. The evolution of the loading function is fully describedby the standard Kuhn-Tucker loading-unloading conditions. Their generalform is presented in Equation (6.21), whereas the speci�c forms for ther-mal and mechanical damages are presented in Equations (6.22) and (6.23),respectively.
f ≤ 0, κ̇ ≥ 0, κ̇ · f = 0 (6.21)

χ̇ = 0





if f td ≤ 0or if f td = 0 &ḟ td ≤ 0

(6.22)
χ̇ ≥ 0 if f td = 0 &ḟ td = 0
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6. Hygro-Thermo-Mechanical model of concrete
ω̇ = 0




if fmd ≤ 0or if fmd = 0 &ḟmd ≤ 0

(6.23)
ω̇ ≥ 0 if fmd = 0 &ḟmd = 0Given that εe = ε − εft − εtm, the stress rate follows from (6.17) and(6.18) as

σ̇ = (1 − ω) (1 − χ) E0 : (ε̇e) −
− χ̇ (1 − ω)E0 : ε̇e − ω̇ (1 − χ) E0 : ε̇e =

= Esec :
(
ε̇e − ε̇ft − ε̇tm

)
− χ̇ (1 − ω) σ̂ − ω̇ (1 − χ) σ̂ (6.24)Substitution of (6.4) and (6.14) into the above results in

σ̇ = Esec :
(
ε̇e − mṪ − M−σ−Ṫ

)
− χ̇ (1 − ω) σ̂ − ω̇ (1 − χ) σ̂ (6.25)Alternatively, the discrete incremental form is

dσ = Esec :
(
dεe − mdT − M−σ−dT

)
− dχ (1 − ω) σ̂ − dω (1 − χ) σ̂(6.26)The description of the evolution of damage is completed by the properdescription of the applied damage evolution law, which de�nes the relationbetween the damage parameter and the history variable.First, the thermal part is discussed. A simple de�nition of the tempera-ture dependency for elastic modulus E is expressed in Equation (6.27)[55].Thus, as a result of increased temperature, there is an assumed degradationof the elastic modulus and the following damage function can be established:

E

E0
=
(
1 − 0.1T̂

) for 0 ≤ T̂ ≤ 10 (6.27)where T̂ = max
(
T̄
) is the maximum normalised temperature reached.
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6. Hygro-Thermo-Mechanical model of concrete
χ (T ) = 20

(
κtd − κtd

0

) (
1 − 5

(
κtd − κtd

0

)) (6.28)Consequently, the incremental form of thermal damage evolution law,when T = κtd, can be computed as:
dχ =

∂χ

∂κtd
dT = H tddT (6.29)Similarly, within the mechanical framework, there is a need to specify thedamage loading function. There are several di�erent de�nitions, which arefor example listed in [28] as energy release rate or its normalised versionand Mazar's equivalent strain. An alternative, which has been successfullyused in the context of concrete, is the modi�ed von Mises equivalent strain[58]:

ε̃ = AJ1 +
√

A2J2
1 + BJ2 (6.30)

J1 = tr (ε) = ε1 + ε2 + ε3 (6.31)
J2 = tr (ε · ε) − 1

3
tr2 (ε) =

1

3

(
(ε1 − ε2)

2 + (ε2 − ε3)
2 + (ε1 − ε3)

2) (6.32)where the coe�cients A and B are as follows:
A =

η − 1

2υ (1 − 2υ)
; B =

3

η (1 + υ)
(6.33)where the parameter η is used to quantify the di�erent sensitivity totensile and compressive strains and υ is the Poisson's ratio. This de�nitionhas been derived from the von Mises �ow rule in plasticity, where it hasbeen formulated in terms of stresses.This de�nition of the equivalent strain leads to an identical damage evo-lution under the compressive stress of magnitude ησ as it would be underthe tensile stress σ. This is the major advantage of this de�nition, sincean experimentally determined compression/tension strength ratio η can beentered directly in the model. Figure 6.2 presents the modi�ed von Misesde�nition of an equivalent strain for the two-dimensional case for the arbi-108
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Figure 6.2.: Modi�ed von Mises equivalent strain de�nitiontrary value η = 10.The mechanical damage evolution law function is de�ned in an integralsense following Peerlings et al. [58], as expressed in Equation (6.34). Theform of this equation is based on exponential softening, which has proved tobe adequate for the behaviour of a quasi-brittle materials such as concrete[44].
ω
(
κmd

)
= 1 − κmd

0

κmd

(
1 − αω + αωe−γ(κmd

−κmd
0 )
) (6.34)The �rst term (1 − αω) represents the residual stress state as ω → 1,expressed as a proportion of the original strength. For simplicity, α is set tounity and all of the terms are set to be temperature dependent, so Equation(6.34) becomes (6.35).

ω
(
κmd

)
= 1 − κmd

0 (T )

κmd
e−γ(T )(κmd

−κmd
0 (T )) (6.35)The mechanical damage threshold, κmd

0 (T ), is de�ned as a function oftensile strength ft (T ) and elastic modulus E (T ) as follows:
κmd

0 (T ) =
ft (T )

E (T )
(6.36)It is assumed that the ratio between the compressive and tensile strengthremains constant with changes in temperature and their temperature de-
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6. Hygro-Thermo-Mechanical model of concretependency [73] can be expressed as:
ft (T )

ft (0)
=

fc (T )

fc (0)
= 1 − 0.016T̂2 for 0 ≤ T̂ ≤ 7.9 (6.37)Therefore, κmd

0 (T )can be rewritten dependent on temperature, via Equa-tion (6.38).
κmd

0 (T ) =
ft (0)

E (0)

1 − 0.016T̂2

1 − 0.1T̂
for 0 ≤ T̂ ≤ 7.9 (6.38)The parameter in equation (6.35), γ(T ) controls the slope of the softeningcurve, whereby a large value corresponds to a brittle response and a smallvalue represents a ductile one. Due to thermal e�ects, this term has beenmade temperature dependent in order to capture the change in ductilitythat occurs as temperature increases, according to Zhang et al. [73]. Thisis discussed in the next section.6.4.2. Framework for mesh objective resultsConcrete cracking is here modelled within a continuum setting, via accu-mulated damage. It is well known, in the context of the Finite ElementMethod, that the softening response adopted in Equation (6.35) results ina pathological mesh dependence (see for example [58]). The reason for thisis the strain localisation into a single element, as a result of softening. Ifthe element size changes, then so does the response. In the extreme case ofthe element size tending to zero, cracks can develop with no energy beingdissipated. The solution to this problem is to introduce a length scale andthis can be achieved in one of two ways:1. The fracture energy approach, whereby the fracture energy Gf , is amaterial parameter and the softening law depends on the element size.In this way, the strains localise into the element and the softening lawis modi�ed accordingly to the size of the element.2. A length scale parameter is introduced to de�ne the size of the loca-lisation zone. In this non-local approach, the strains localise into azone that is independent of the mesh.
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6. Hygro-Thermo-Mechanical model of concreteIn the second approach, the stresses at a point must not only depend on thestrains at that point but also on the strains in the vicinity of the point. Suchan approach is refereed to as a non-local approach and has been successfullyapplied to the analysis of concrete [16, 28]. However, such an approach isoutwith the scope of this work.Instead, the fracture energy approach is adopted. The fracture energy
Gf is described as the area under the stress-crack opening curve:

Gf =

ˆ

σd4u (6.39)where 4u is the crack opening.In a continuum setting, the smeared crack approach is adopted.Experiments carried out at Glasgow University as part of an MAECENASEU project [73] for high strength concrete with a basalt aggregate indicatea phenomenological dependency of the fracture energy on temperature:
Gf (T ) = Gf0

(
1 + 0.39T̂ − 0.07T̂2

) for 0 ≤ T̂ ≤ 4.8 (6.40)where Gf0 is the fracture energy at room temperature.The softening parameter is expressed as
γ (T ) =

(1 − χ (T )) ft (T ) λ

Gf (T )
(6.41)where λ is the element size, taken as λ = 2

√
A/π in 2D, where A is theelement area.With the de�nition of ω and χ at hand, dω and dχ are expressed as:

dχ =
∂χ

∂κtd
dT = H tddT (6.42)

dω =
∂ω

∂κmd
dε̃ +

∂ω

∂T
dT = Hmd

1 dε̃ + Hmd
2 dT (6.43)Furthermore,

dε̃ =
∂ε̃T

∂εe

(
∂εe

∂ε
dε +

∂εe

∂T
dT

)
= sT

(
dε −

(
∂εft

∂T
+

∂εtm

∂T

)
dT

)

= sT
(
dε −

(
m + M−σ−

)
dT
) (6.44)
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6. Hygro-Thermo-Mechanical model of concreteTherefore,
dω = Hmd

1 sT dε − Hmd
1 sT

(
m + M−σ−

)
dT + Hmd

2 dT (6.45)6.5. Hygro-mechanical couplingThe in�uence of mechanical model on the transport model was alreadypresented in section 3.4.2. The intrinsic permeability depends on the totaldamage parameter and it is repeated here for completness:
K = K0 · 10αD (6.46)To complete the full coupling between the mechanical model and the�uid transport, it is required to provide the interaction between the solidskeleton and liquid and gas phases It is introduced using the de�nitionof Bishop's e�ective stress formulation [10]. The Bishop's e�ective stresstensor is introduced as:

σ′ = σ + PPoreI (6.47)The averaged pore pressure, PPore, is determined by assuming that theadsorbed water applies no pressure but in fact behaves as a part of the solidskeleton, when considering transfer of stresses. The e�ects of the liquidand gas pressures are weighted on pro rata basis according to their volumefractions in the remaining pore space [15] as can be seen in Equation (6.48).
PPore =





PG − PG,∞ for S ≤ SSSP

S̄PL +
(
1 − S̄

)
PG − PG,∞ for S > SSSP

(6.48)where PG,∞ is the external, atmospheric pressure and S̄ is the e�ectiveliquid saturation de�ned as:
S̄ =

(
S − SSSP

1 − SSSP

) (6.49)The Bishop's e�ective stress accounts for the mechanical deformation ofthe concrete. Thus, the classical isotropic damage model can be rewrittenas: 112



6. Hygro-Thermo-Mechanical model of concrete
σ′ = (1 − ω) (1 − χ) E0 : εe = Esec : εe (6.50)The stresses in the undamaged material, i.e. the e�ective stresses, areexpressed as:

σ̂′ = E0 : εe =
σ′

(1 − ω) (1 − χ)
(6.51)The total stress rate can be determined from (6.47), what results in:

σ̇ = σ̇′ + ṖPoreI (6.52)The Bishop's stress rate is:
σ̇′ = Esec :

(
ε̇ − ε̇ft − ε̇tm

)
− χ̇ (1 − ω) σ̂′ − ω̇ (1 − χ) σ̂′

= Esec : ε̇ − Esec :
(
ε̇ft + ε̇tm

)
− χ̇ (1 − ω) σ̂′ − ω̇ (1 − χ) σ̂′(6.53)Following (6.48), the rate of the average pore pressure can be expressedas:

ṖPore =





ṖG for S ≤ SSSP

ṖG − S̄ ∂PC

∂T
Ṫ − S̄ ∂PC

∂ρ̃v

˙̃ρv for S > SSSP

(6.54)Again, in Voigt's notation, the total stress rate may be expressed as:
σ̇ = σ̇′ + ṗ (6.55)where ṗ:

ṗ = pT Ṫ + pGṖG + pV
˙̃ρv (6.56)and pT , pG, pV are expressed as

pT = 0

pG =
(

1 1 1 0 0 0
)T

pV = 0





for S ≤ SSSP
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6. Hygro-Thermo-Mechanical model of concrete
pT = −∂PC

∂T

(
1 1 1 0 0 0

)T

pG =
(

1 1 1 0 0 0
)T

pV = −∂PC

∂ρ̃v

(
1 1 1 0 0 0

)T





for S > SSSP

6.6. SummaryThe presented coupled hygro-thermo-mechanical model can be used for thesimulation of the full behaviour of concrete structures when exposed tothermo-mechanical loading. The �nal strain rate of the presented Glasgowmodel is shown in (6.57). The incremental form of the stress rate, in Voigt'snotation can be seen in Equation (6.58). It can be noted that the transientcreep strain term, M−σ′−, utilises the Bishop's stress rather than the totalstress. Finally, using the set of primary variables u =
(

u T PG ρ̃V

)T ,it is possible to de�ne the additional coupling terms of the system of di�e-rential equations (3.36), which results in Equations (6.59) to (6.65).
ε̇ = ε̇e (σ, T ) + ε̇ft (T ) + ε̇tm (σ, T ) (6.57)

dσ = Esecdε − Esec

(
mdT + M−σ′−dT

)
− (6.58)

− (1 − ω) σ̂′dχ − (1 − χ) σ̂′dω − pTdT − pGdPG − pV dρ̃v

Kaa =

ˆ

V

BT
(
Esec − Hmd

1 (1 − χ) σ̂
′
sT
)
BdV (6.59)

KaT = −
ˆ

V

BT
[
Esecm + EsecM

−σ′− + (1 − ω)H tdσ̂′ + (1 − χ) Hmd
2 σ̂′

− (1 − χ) Hmd
1 σ̂′sT

(
m + M−σ′−

)
+ pT

]
hT

T dV (6.60)
KaP = −

ˆ

V

BT pGhT
GdV (6.61)
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6. Hygro-Thermo-Mechanical model of concrete
KaρV

= −
ˆ

V

BT pV hT
ρV

dV (6.62)
KTa = 0 (6.63)
KPa = 0 (6.64)
KρV a = 0 (6.65)It has to be noted that the presented formulation does not allow for fulltwo directional coupling of all the components. The mechanical in�uenceon the transport model is obviously taken into account through KaT , KaPand KaρV

. However, the in�uence of the transport model on the mechani-cal properties is not fully obtained as seen through KTa, KPa and KρV a.The mechanical in�uence is taken into account indirectly through damageparameters, which in�uence porosity and permeability.The Enhanced GlasgowModel presented in this thesis therefore representsa coupled hygro-thermo-mechanical model for concrete.
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7. Hygro-Thermo-MechanicalsimulationsThe main objective of this chapter is to investigate the performance ofthe hygro-thermo-mechanical model with emphasis on the mechanical part,which was introduced in the Chapter 6. This is achieved by the analysis oftwo di�erent problems:1. A problem of concrete column exposed to �re2. A life cycle of a nuclear prestressed concrete pressure vesselThe �rst example is a benchmark problem of concrete column exposed to �reloading, similar to the previously investigated within the validation process(see section 4.2). This example is presented to consider the consequences ofincorporating a damage model in a transient analysis. It demonstrates theevolution of the damage zone, which is induced by the build up of the porepressure and the thermal strains. This additional capability of the modelprovides the ability to predict spalling.The �nal example problem considers a life cycle of a nuclear prestressedconcrete pressure vessel. The concrete containment pressure vessel, withinthe nuclear reactor surrounding, experiences a moderate heating regimeand illustrates the capability of the Enhanced Glasgow model to predictthe behaviour of an existing concrete structure.7.1. Numerical example of coupled problemAfter an introduction of the important mechanical part of the hygro-thermo-mechanical formulation in Chapter 6, the capability of this part of the modelis presented here. The simplest possible example is the one similar to that116



7. Hygro-Thermo-Mechanical simulations
Figure 7.1.: Mesh for coupled problempresented in section 4.2, with the addition of the mechanical response, in-cluding material damage. For simplicity, no changes to the geometry aremade. However, material properties are changed to accommodate the hi-gher strength concrete, which is predicted to exhibit more serious damagescenarios due to heating. Additionally, a �ner mesh is introduced, as pre-sented in �gure 7.1. There are 960 4-node quadrilateral elements and 8linear boundary elements. The lateral boundary conditions are modi�ed tobe able to capture spalling phenomena within 1D formulation. Therefore,they are applied to avoid the built up of lateral thermal stresses across thespecimen. The middle line is restrained in perpendicular direction, wherethe top side is clamped.Concrete parameters in the presented example are corresponding to hi-gher strength concrete with compressive strength of 60MPa and tensilestrength at the lower bound of 2.45MPa. The parameters used during simu-lation are: 9.4% of porosity, 79% of relative humidity and initial intrinsicpermeability at the level of 1.8e-20. A simple estimate of the initial historyparameter can be reached based on Equation (6.36) and κmd

0 = 0.0001.The solution scheme is an iterative, mid-point time stepping algorithmwith 1 seconds time step up to the damage occurrence, and 0.01 thereafter.The maximum number of iterations is limited to 12. Checks on convergenceshowed that the model rarely reached this number and increasing the maxi-mum number of iterations made negligible di�erence to the solution. Theconvergence criteria is 10−6 for the energy norm.7.1.1. ResultsThere are four di�erent cases under consideration. In all of them the En-hanced Glasgow Model with hygral, thermal and mechanical components istaken into account. The �rst case does not include the mechanical damage,thus it is similar to the example presented in section 4.2, except for the117



7. Hygro-Thermo-Mechanical simulationsfact that the high strength concrete properties are used instead of normalstrength concrete properties. The e�ects of thermal damage are conside-red. This example will be used as a reference benchmark case and it willbe compared to the next case, which considers both thermal and mechani-cal damage. Therefore, the second case can capture spalling initiation, ifapplicable. The di�erence in the distribution of transport variables will becompared against the reference case.The additional cases investigate the in�uence of important mechanicalaspects. First, the in�uence of free thermal expansion is considered andthus in third case the coe�cient of the thermal expansion is set to 0. Next,the results are compared to the second case. This is followed by the fourthcase, where the e�ects of load induced thermal strain (lits) are considered.This is achieved by setting the lits parameters to 0 and again comparingthe results with the second case.7.1.1.1. Case 1 - In�uence of mechanical damageAs previously mentioned, the �rst case did not include the e�ects of mecha-nical damage and essentially it is similar to the analysis presented in section4.2. Therefore, it is not presented here in great details. The main aspectsare discussed, which are necessary for the comparison with the next case.First, the gas pressure distributions for two di�erent times are presentedin Figure 7.2. Additionally, the evolution of tensile stress, based on equation(7.1) within the section is also presented on the same graph. It can be clearlyseen that the gas pressure curve is reaching the calculated tensile strength ofthe specimen at time 950 seconds, thus the initiation of mechanical damagewill be expected in the next case at this time step. At time equal to 1086seconds, the tensile strength is clearly exceeded. This is not expected tobe seen in the next case. For completeness, the vapour content pro�les andevolution of intrinsic permeability for previously mentioned time steps arepresented in Figures 7.3 and 7.4 , where it can be observed that the uniformincrease is recorded.
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Figure 7.2.: Gas pressure pro�les and estimated tensile strength based on(7.1) for case 1
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Figure 7.3.: Vapour content pro�les for case 1
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Figure 7.4.: Intrinsic permeability pro�les for case 17.1.1.2. Case 2 - Full Enhanced Glasgow ModelIn this analysis, both thermal and mechanical damage is considered. As dis-cussed in previous section, the initiation of damage is expected at t = 950and it is shown in Figures 7.5 a) and 7.6. This e�ect corresponds to theposition of the maximum gas pressure, which approaches PG = 1.8MPa.Figure 7.5 b) clearly shows a localised damage zone at t = 1070 seconds.After only another 16 seconds, damage has spread towards the heated sur-face, Figure 7.5 c) and 7.7. The �nal damage state is shown in Figure 7.5d) at t = 1800 seconds.The evolution of temperature within the specimen under the ISO �recurve is presented in Figure 7.8. It can be seen that the temperature gra-dient is drying the surface of the concrete column and transforming theinitial liquid into vapour. This phenomenon over-saturates the nearby areaand a �moisture-clog� formation starts. Part of the moisture is pushed fur-ther into the colder part of the concrete due to the pressure gradient atthe back of the clog. This �moisture clog� area of localised increase in va-pour content can be observed in Figure 7.9. This e�ect is associated with abuild-up of gas pressure and is presented in Figures 7.10 and 7.11. The gaspressure peak value of 1.78MPa is localising at approximately 1 cm awayfrom the heated surface after 950 seconds. Therefore, the coupled e�ect ofthermal stresses and gas pressure is exceeding the reduced tensile strength
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7. Hygro-Thermo-Mechanical simulations

Figure 7.5.: Pro�les of mechanical damage evolution for case 2 at a)t =
950sec, b)t = 1070sec, c)t = 1086sec and d)t = 1800sec.of the assumed concrete class, what can be clearly seen in Figure 7.11, wherethe calculated tensile strength is imposed on the gas pressure graph, simi-larly to case 1 previously discussed. Additionally, it can be observed on thestress pro�les in Figure 7.16. As a result local strain concentration startsto increase and spreads in the heating direction, as indicated in Figures7.15 b) and c). The �nal gas pressure distribution is presented in the Fi-gure 7.12, where the reduced pressure, due to the local increase in intrinsicpermeability (Figure 7.14), can be seen.After the damage initiation, the model predicted further damage for anadditional 120 seconds, as can be seen in Figures a) and b) of 7.5 and 7.15.The �nal stage of the damage at 1800 seconds slightly increased comparingto the 'post spalling' stage. However, due to the continuous heating thebuild-up process continues further and all the described stages were repeatedtill an additional damage zone has been created further into the specimenafter approximately 1100 seconds.The �rst damage initiation took place at approximately 200°C, due tothe pressure and thermal stresses build-up. This compares well with theexperimental temperature levels quoted in Chapter 5, during the discussionon the e�ects of the addition of the polypropylene �bres.121
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Figure 7.6.: Mechanical damage pro�le through the concrete section at t =
950sec for case 2
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Figure 7.7.: Mechanical damage pro�le through the concrete section at t =
950sec and t = 1086sec for case 2
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7. Hygro-Thermo-Mechanical simulations

Figure 7.8.: Temperature pro�les for case 2 at a)t = 950sec, b)t = 1070sec,c)t = 1086sec and d)t = 1800sec.

Figure 7.9.: Vapour content pro�les for case 2 at a)t = 950sec, b)t =
1070sec, c)t = 1086sec and d)t = 1800sec.
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7. Hygro-Thermo-Mechanical simulations

Figure 7.10.: Gas pressure pro�les for case 2 at a)t = 950sec, b)t = 1070sec,c)t = 1086sec and d)t = 1800sec.
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Figure 7.11.: Gas pressure pro�les and estimated tensile strength based on(7.1) for case 2 at t = 950sec
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Figure 7.12.: Gas pressure pro�les and estimated tensile strength based on(7.1) for case 2 at t = 1086sec
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Figure 7.13.: Intrinsic permeability pro�les for case 2 at t = 950sec
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Figure 7.14.: Intrinsic permeability pro�les for case 2 at t = 1086sec

Figure 7.15.: Minimum principal strain pro�les (non smoothed) for case 2 ata)t = 950sec, b)t = 1070sec, c)t = 1086sec and d)t = 1800sec.
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7. Hygro-Thermo-Mechanical simulations

Figure 7.16.: Maximum principal stress pro�les (non smoothed) for case 2 ata)t = 950sec, b)t = 1070sec, c)t = 1086sec and d)t = 1800sec.
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7. Hygro-Thermo-Mechanical simulations7.1.1.3. Case 3 - In�uence of free thermal expansionCase 3 investigates the in�uence of the coe�cient of free thermal expansionon the spalling prediction. The previous analysis, case 2, had taken intoaccount this e�ect. Therefore, now the same analysis is undertaken withthe coe�cient of thermal expansion set to 0. All other parameters, includingthe boundary and initial conditions, are exactly the same.In reality, additional strains due to the e�ect of free thermal expansion areintroduced into the specimen. Therefore, it is expected that if this e�ect isneglected, the initiation of damage will be delayed. The results for this caseare presented only for two distinct time steps. The �rst one is associatedwith time corresponding to the initiation of mechanical damage, where thesecond time is taken as t = 1086sec to have a comparable results to case 2.The damage initiation was recorded slightly later than for case 2, at time
t = 969sec. Additionally, the damage pro�le at t = 1086sec is reachingonly 70% of the original pro�le. Both pro�les are presented in Figure 7.17.When compared to previously presented damage evolutions (7.6, 7.7), it canbe clearly seen that without free thermal expansion, damage is smaller atsimilar time steps.This corresponds to the gas pressure evolution, which can be seen inFigure 7.18, where again the calculated tensile strength is imposed on thegraph to present that with the addition of mechanical damage it cannotbe exceeded by the gas pressure. The �nal gas pressure at t = 1086sec isgreater than the gas pressure presented in Figure 7.12 for case 2, due to theless damage in the specimen. Similar situation can be seen in Figure 7.19,which presents the vapour content. The vapour did not escape yet as thebuilt up of intrinsic permeability, which is presented in Figure 7.20, is notas extensive as it was in the comparable case 2 (Figure 7.14).Therefore, the in�uence of free thermal expansion is not critical, but hasan in�uence on the model behaviour, especially on the time, instant of theinitial damage occurrence. It needs to be highlighted that the presented pro-blem is formulated in a way to reduce the possibility of built-up of thermalstresses, due to the application of boundary conditions.
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Figure 7.17.: Mechanical damage evolution throughout the section for case3
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Figure 7.18.: Gas pressure pro�les and estimated tensile strength based on(7.1) for case 3
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Figure 7.19.: Vapour content pro�les for case 3
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Figure 7.20.: Intrinsic permeability pro�les for case 3
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7. Hygro-Thermo-Mechanical simulations7.1.1.4. Case 4 - In�uence of load induced thermal strain (lits)The next case considers the e�ects of the load induced thermal strain (lits)and speci�cally the transient thermal creep. These e�ects are consideredto be very important in concrete at elevated temperatures, as discussed inChapter 6.The investigation is undertaken by the deactivation of these e�ects and acomparison with the results of second case. In this case, similar to case 3,less severe situation than in case 2 is recorded. Again, the results for thiscase are presented only for two distinct time steps, where t1 = 950sec and
t2 = 1086sec.The damage initiation was recorded at similar time as for case 2, at time
t = 950sec. Additionally, the damage pro�le at t = 1086sec is reachingaround 86% of the original pro�le for comparable case 2. The comparisonof these pro�les is presented in Figure 7.22. These pro�les can be comparedto the case 2 results (7.6, 7.7) and it can be clearly seen that damage issmaller at similar time steps, when the transient thermal strains are notconsidered.Consequently, less damage results in less severe increase in intrinsic per-meability as can be seen in Figure 7.24. Therefore, the transport of vapour(Figure 7.23) and gas pressure relieve (Figure 7.21) is less pronounced thanin case 2 (7.12).Therefore, the in�uence of load induced thermal strain is again not criti-cal, but has in�uence on the behaviour of the model, when severe heatingconditions are considered.
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7. Hygro-Thermo-Mechanical simulations

 0

 0.5

 1

 1.5

 2

 2.5

 0  0.01  0.02  0.03  0.04  0.05

G
as

 p
re

ss
ur

e 
[M

P
a]

Distance [m]

t=950s

t=1086s

Tensile strength at t=950s

Figure 7.21.: Gas pressure pro�les and estimated tensile strength based on(7.1) for case 4
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Figure 7.22.: Mechanical damage evolution throughout the section for case4
132
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Figure 7.23.: Vapour content pro�les for case 4
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Figure 7.24.: Intrinsic permeability pro�les for case 4
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7. Hygro-Thermo-Mechanical simulations7.1.2. SummaryThe results of the presented numerical simulation show that both pore pres-sure and thermally induced stresses can be identi�ed as responsible for thespalling occurrence, and that their role depends on the particular condi-tions. The maximum recorded gas pressure for the presented example is1.78MPa, where the maximum recorded principal stress is 2.26MPa. The-refore there is a di�erence of 0.48MPa, which can be associated with thestress induced by thermal strains. Experimental data to compare the simu-lated results are not available, which would provide an invaluable validationof the presented analysis. However, the presented simulation results agreewith the descriptions available in the literature such as [7, 26, 39, 71]. Ad-ditionally, it was identi�ed that the pressure build-up played a major rolein the discussed case. Therefore, it agrees well with the author's statementon the importance of the pressure build-up during the �re situation.All the additional investigations presented the importance of di�erent as-pects of this modelling approach, where all hygral, thermal and mechanicalaspects are important. The short summary of comparison of the resultsfor cases 2,3 and 4 is presented in the table below. It can be clearly seenthat the spalling initiation and its e�ects can be captured, when all themechanical aspects are considered.time Case 2 Case 3 Case 4Mechanical damage t1 0.11 0.03 0.04[-] t2 0.98 0.7 0.86Permeability t1 7.7 · 10−19 4.7 · 10−19 5 · 10−19[m2] t2 16.3 · 10−18 3.2 · 10−18 8.1 · 10−18Gas Pressure t1 1.78 1.78 1.78[MPa] t2 0.91 1.44 1.24Vapour content t1 7.6 7.6 7.6[kg/m3] t2 4.4 6.6 5.7Table 7.1.: Comparison of important variables for cases 2,3 and 4 at t1 =
950sec and t2 = 1086sec, except for case 3, where t1 = 969sec.
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7. Hygro-Thermo-Mechanical simulations7.2. Nuclear concrete reactor vessel duringreal life conditionsThe previously presented example was a generic benchmark coupled pro-blem, which highlighted the possibilities of thermal and mechanical damageprediction. This section presents a more realistic case study of a life cycleof concrete reactor pressure vessel.One of the main parts of the reactor in the nuclear power plant is thepressure vessel. It is a large scale structure with thick walls and it oftenweighs more than 300 tons. The pressure vessel surrounds and protectsthe reactor core. It provides a safety barrier and holds the fuel assemblies,the control rods, and the coolant/moderator. There are steel and concretepressure vessels. In this dissertation only the concrete ones are considered.The pressure vessel is located inside the containment building, which ismade of thick concrete that is reinforced with adequate steel reinforcementbars. An example of the prestressed concrete containment vessel(PCCV)can be seen in Figure 7.25. This is a 1/4-scale model, which was tested bySandia National Laboratories in September 2000. This test was undertakento establish how much pressure full-scale PCCVs could tolerate in severenuclear power plant accidents. During the test, engineers were graduallyincreasing the internal gas pressure. When the internal pressure inside themodel was approaching 2.5 times the model's design pressure, test engineersdetected and veri�ed a leak in the vessel. The maximum internal pressureduring the test was about 3.1 times the design pressure.Such tests, as well as ageing nuclear power plants across Europe, inspi-red research communities to investigate ageing of PCCVs and PrestressedConcrete Reactor Vessels (PCRV). Under the EU MAECENAS project [14],the University of Glasgow computational mechanics group was involved inthe research program that was looking into the behaviour of PCRVs during33 years of service loads.With reference to this project, the model presented in this thesis is usedto predict the state of the PCRV during its service. The actual serviceloadings for temperature, internal pressure, as well as prestressed state for33 years are presented in Figure 7.26. It can be seen that initially thepressure vessel is prestressed to the level of 1.2 MPa. After that level is135



7. Hygro-Thermo-Mechanical simulations

Figure 7.25.: Sandia National Laboratories test of a 1/4-scale model of aprestressed concrete containment vessel (PCCV) at an opera-ting nuclear power plant in Japan.
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Time [years](c) Prestress levelFigure 7.26.: Temperature, internal pressure and prestress pro�les forPCCVreached a test pressurisation of up to 5 MPa of the vessel is undertakento observe, whether it is free of any defects and leaks. Subsequently, whenthe test is satis�ed, it can start normal service, during which the maximumservice temperature reaches 85°C at the top part of the internal face andthe internal pressure is close to 4 MPa.7.2.1. Problem de�nitionThe reactor vessel has an outer radius of 15.164 meters and an inner ra-dius of 9.95 meters. The reactor vessel is 35.622 meters high. It is sealedon the internal face and open to the environment on the outer face. Anaxisymmetric �nite element model consists of 5526 8-noded quadrilateralelements and 272 second order linear boundary elements, which results in17021 nodes. Model is supported by series of spring elements at the bottom.The radial prestressing force is applied as an equivalent radial pressure on
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7. Hygro-Thermo-Mechanical simulationsthe right side of the model. Additionally, a vertical prestress pressure isapplied at the top of the PCRV. The internal pressure is applied on theinside of the chamber, what is indicated with the red colour in the Figure7.27. The rest of the common variables used during the analysis can befound in Appendix D.The solution scheme is an iterative, mid-point time stepping algorithmwith 24 hours time steps and limited to 10 iterations. Checks on conver-gence showed that the model did not reached this number. The convergencecriteria is at level of 10−6 for the energy norm.Concrete parameters are taken for high strength concrete with compres-sive strength at 60MPa and tensile strength of 4MPa. Based on the infor-mation from the previously mentioned MAECENAS project, correspondingvalues of the important parameters are: 9% of porosity, 85% of relativehumidity and initial intrinsic permeability at the level of 2.0e-18.The analysis was undertaken for temperature history of 30 years of thePCRV, corresponding to a typical life span of such structure, and the resultsare presented in the following section.7.2.2. ResultsThe presented results consider all important intervals within the life cycleof the structure. The evolution of the primary variables (temperature, gaspressure and vapour content) are presented in Figures 7.29, 7.28 and 7.30at three points, A, B and C, which are indicated in �gure 7.27.The graphs indicate the coupling of the various transport processes, withrapid changes in gas pressure and vapour content corresponding to changesin the temperature pro�le.Figure 7.31 shows the temperature distribution after 22 and 30 years. Thehottest part of the structure is the �top part� corresponding to the area withleast cooling on the inner face. Again the gas pressure and vapour content(shown in Figures 7.32 and 7.30) mirror the distribution of temperature.The maximum recorded gas pressure is slightly above 1.5MPa and is lo-calised to the area of the reactor cap. Therefore, under the normal workingconditions the gas pressure is far from the tensile strength of the pressurevessel of 4MPa. Thus no mechanical damage is expected from this action.
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7. Hygro-Thermo-Mechanical simulations

Figure 7.27.: Concrete pressure vessel - discretised model with boundaryconditions.
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7. Hygro-Thermo-Mechanical simulations

Figure 7.28.: Evolution of temperature pro�les for nodes A, B and C asindicated in �gure 7.27

Figure 7.29.: Gas pressure evolutions for nodes A, B and C as indicated in�gure 7.27
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7. Hygro-Thermo-Mechanical simulations

Figure 7.30.: Vapour content evolutions for nodes A, B and C as indicatedin �gure 7.27The only damage that was experienced by the structure during the simula-ted 30 years is due to the thermal action. The pro�le of the thermal damage,which is essentially equal to total damage in this case, is presented in Fi-gure 7.34. Due to the thermal damage there is an increase in the intrinsicpermeability in the damaged zone of more than 3 times. The values of themechanical damage that were registered in close proximity to the chambercorners, are negligible.Additionally, a de�ected shape of the structure is presented in �gure 7.35.All the �gures are magni�ed by a factor of 500 to visualise the behaviour ofthe pressure vessel. The initial self weight settles on the spring base. After-wards, a gradual increase in prestress compresses the structure and allowsfuture pressurisation. The �nal state of the structure, which is presented atthe bottom of Figure 7.35, indicate full pressurisation of the inside chamberto the working conditions.7.2.3. SummaryThe presented simulation of pressurised concrete containment vessel du-ring life cycle of 30 years provides an indication of the capabilities of thepresented model. The concrete pressure vessel under normal working condi-tions experiences a moderate heating regime, which corresponds more with
141
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Figure 7.31.: Temperature pro�les after 22 and 30 years

Figure 7.32.: Gas pressure pro�les after 22 and 30 years
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Figure 7.33.: Vapour content pro�les after 22 and 30 years

Figure 7.34.: Final damage evolution after 30 years
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Figure 7.35.: De�ected shape (factored by 500) after self weight (top right),prestress (top left) and pressurisation (bottom)
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7. Hygro-Thermo-Mechanical simulationsa drying problem than a �re conditions. All the model variables are notapproaching their extreme values, therefore only a low degree of thermaldamage is experienced. The full potential of the model could be used if anextreme event was introduced.7.3. ConclusionsThe up-to-date research, as already presented in literature overview inChapter 1, explains the main reasons of the thermal spalling. As a resultof high temperature gradients, the stored energy resulting from high valuesof restrained strains is released. Additionally, the temperature gradient in-creases the rate of moisture evaporation, which in turn causes the build-upof high pore pressure localised in the area close to the heated concrete sur-face. However, the relative importance of the two mechanisms is not yetdetermined and further studies seems essential.The extension of the thermo-hygro model for concrete to include the me-chanical damage, which was presented in Chapter 6, is concise and straight-forward. It includes all the necessary phenomenas like free thermal expan-sion, creep and thermo-mechanical e�ects. All these e�ects, coupled withthe heat and mass transport model enables the simulation of hygral, thermaland mechanical processes in concrete structures when exposed to ambient orelevated temperature conditions, especially spalling mechanisms that occurduring rapid �re conditions. It has been shown that the numerical solutionof these coupled multi-physics problems is successful and full of potentialfor further studies.
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8. Conclusions and future
8.1. Summary of the undertaken workThe main aim of the presented work was the development of a reliable andcoherent mathematical and computational formulation for the modelling ofconcrete behaviour, especially under severe heating conditions. As a result,a detailed and robust, �nite element-based hygro-thermo-mechanical modelfor the predictive modelling of concrete has been presented, that has beenveri�ed and validated.The thesis focuses initially on developing an improved heat and moisturetransport model through the development and extension of the existinganalytical, numerical and constitutive `Glasgow Model' from Davie et al.[15]. Subsequently, the transport model is extended to incorporate coupledmechanical behaviour as well.The sorption isotherms and permeability functions are identi�ed as themost critical aspects of the transport model and this is re�ected in the si-gni�cant attention given to them in this thesis. The thesis introduces a newformulation for sorption isotherms that is based on the works of Leverett[45] and Baroghel-Bouny et al. [3]. The sorption curves capture di�erentconcrete types (normal and high strength) across a full range of tempera-tures within a single uni�ed formulation, using a minimum of experimen-tally obtainable parameters. Di�erences between gas and liquid intrinsicpermeability are accounted for by the introduction of the slip �ow e�ect.Furthermore, the expression for relative permeability as a function of satu-ration is updated to make it more appropriate to concrete microstructures.The predictions of moisture state for the drying problem are in line with146



8. Conclusions and futurethe experimental results, as are the mass loss predictions for the Kalifa hea-ting problem presented in Section 4.3. Classical behaviour associated withheated concrete, such as moisture clog, gas pressure build-up, etc. are allcaptured by the presented model. The model also accommodates the in-�uence of polypropylene �bres on the �uid transport in heated concrete in aphenomenological manner, based on experimental evidence. This enhancesthe applicability of the model and enables it to be used to investigate theinclusion of polypropylene �bres as a passive protection measure againstthermal spalling.Additionally, the thesis has introduced several new state equations, inclu-ding saturation vapour pressure based on Hyland andWexler [30], additionalconductivity formulations based on concrete types and an alternative rela-tionship for porosity as a function of temperature, based on experimentaldata.This thesis has also explored the coupling of the transport formulationwith a damage-based mechanical model to complete the full hygro-thermo-mechanical model that has been used to explore the complex behaviour ofconcrete at elevated temperatures. The Enhanced Glasgow Model has beenvalidated against published experimental results and used for the analysisof larger scale problems.The spalling phenomenon has also been investigated, although it is clearthat more experimental data is required. The build-up of gas pressures,thought to be a major contributing factor in spalling, are predicted very well(Section 4.3 and 5.4) given the limited data available. However, simulationsindicated that 20% of the �nal maximum stress that would cause spallingwas not associated with the build-up of gas pressures and it is believed thatthermal stresses are also important (Section 7.1).Finally, the author has derived full set of constitutive equations, whichare presented in Appendix B.
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8. Conclusions and future8.2. Model limitations and possibleimprovementsThe presented model is a comprehensive tool, which can be used in predic-ting the transport processes, mechanical behaviour and coupled response ofconcrete elements under severe heating regime as well as for normal opera-ting temperatures.However, there are a number of limitations that could be addressed inthe future. First, although the heat and moisture transport is in�uencedby mechanical and thermal damage, the in�uence of discrete cracks, forexample, are not accounted for. Additionally, a coupling between continousand discontinous approach might be used.Second, the damage model presented in Chapter 6 is a simple local mo-del based on the fracture energy approach. A more extensive non-localmodel could be considered in the future, but this would increase the le-vel of complexity. The fully coupled analyses presented in this thesis arecomputationally expensive and currently limited to single processor compu-ters. Therefore, optimising the computer code for high performance paral-lel computer architectures would be extremely worthwhile, especially whenconsidering 3D problems.Next, the extension of the model to cooling regime, where the reversibilityof the processess or its lack would be considered.The presented formulation presents a mix of theoretical and empiricalformulations. The next step could be a reduction of reliance on empiricismand introduction of theoretical formulations instead.Other possible extensions include the application of homogenisation tech-niques. Based on the RVE concept, it is possible to calculate appropriatee�ective material properties based on knowledge of the microstructure (e.g.S. Nemat-Nasser and M. Hori [51]). Computational homogenisation repre-sents an area of recent development (e.g. F. Feyel [20]) that utilises a nested�nite element analysis procedure. Such approaches would permit some ofthe phenomenological relationships used in this thesis to be replaced bymicro-mechanically inspired relationships. However, such homogenisationtechniques have not yet, to the author's knowledge, been applied to thekind of complex coupled problems described in this thesis and represent148



8. Conclusions and futurefurther computational complexity.The suggested extensions seem worthwhile, however not essential. Asmentioned before, parallel implementation of the code is thought to be themost necessary improvement of them all to render the simulation of morerealistic problems.8.3. Possible applicationsOne of the already mentioned applications is the design or assessment ofnew cement-based materials. The Enhanced Glasgow Model can be used inthe initial testing process of the new material micro structure. This wouldlower the cost of the design process and eliminate possible �aws in thedesign. An example of such a procedure is the assessment of the additionof polypropylene �bres into the concrete mix, presented in Chapter 5.Another possible application is a forensic investigation of �re damage ofexisting structural components, like beams, columns and slabs. An exampleof such an application is presented in Chapter 7. The same approach couldalso be used for entire structures, providing the simulation time could bespeed-up, through parallel implementation of the code. Furthermore, thepresented model proved to be able to estimate the moisture state of the spe-cimens in both drying problem from Chapter 4 and in the concrete pressurevessel simulation from Chapter 7. Therefore, it is possible to investigate themoisture state in established structures.Further application of the work presented in this thesis is the estimationof the transport processes at the location and close proximity of the deepgeological high level waste (HLW) repositories. Deep geological disposal ofhigh level waste would involve the excavation of tunnels or vaults at depthstypically between 250 and 1,000 meters below ground in a suitable "host"rock (see e.g. Figure 8.1). In most concepts for deep geological disposal,the engineered waste package is surrounded at an appropriate time by aback-�ll (which can be a cement-based grout or, in the case of disposal insalt, crushed salt) or a "bu�er" material (is robust and a predicted state ofconcrete for all the presented typically a clay which swells on contact withwater). The choice of the design and materials of the waste container andof the back-�ll or bu�er material is dependent upon the type of waste to149



8. Conclusions and future

Figure 8.1.: Sketch of deep geological repository from [56]be disposed of and, in some instances, the choice of host rock. Generally,it would be possible to investigate the behaviour of the heat, gas and mois-ture transport to provide the necessary information for design of properHLW containers and establish the appropriate properties of back-�ll. Theadequate modi�cations to include soil constitutive models and adequate da-mage mechanisms would be vital. However, all the transport parts of thepresented model are within the porous media mechanics, what provides allthe necessary tools for such cases. Ultimately, the main aim would be toprovide a good redistribution of heat away from HLW containers, withoutthe transit of the polluting gases and radionuclide.In summary, the presented Enhanced Glasgow Model is expected to beapplicable in a wide variety of important applications, from the design ofnew �re resistant materials, the assessment of the �re damaged structuralcomponents, through to forensic investigation of entire structures.
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A. Enhanced Glasgow ModelformulationFull set of equations for the Enhanced Glasgow model:
C

.
u −5 · (K 5 u) = 0where the matrices C and K are presented in eq (??).

C =




0 0 0 0

0 CTT CTP CTV

0 CAT CAP CAV

0 CMT CMP CMV




, K =




Kaa KaT KaP KaV

KTa KTT KTP KTV

KPa KAT KAP KAV

KV a KMT KMP KMV




Kaa =

ˆ

V

BT
(
Esec − Hmd

1 (1 − χ) σ̂′sT
)
BdV (A.1)

KaT = −
ˆ

V

BT
[
Esecm + EsecM

−σ′− + (1 − ω)H tdσ̂′ + (1 − χ)Hmd
2 σ̂′

− (1 − χ)Hmd
1 σ̂′sT

(
m + M−σ′−

)
+ pT

]
hT

T dV (A.2)
KaP = −

ˆ

V

BT pGhT
GdV (A.3)

KaV = −
ˆ

V

BT pV hT
ρV

dV (A.4)
KTa = 0 (A.5)
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A. Enhanced Glasgow Model formulation
KPa = 0 (A.6)
KV a = 0 (A.7)

KTT = k − λEεLρL

(
SBDB

Sφ

(
∂εL

∂T
− εL

φ

∂φ

∂T

)
−

(
1 − SB

S

)
KKLRV ρL

µL

(
T

PSat

∂PSat

∂T
−

(
1 +

T

ρL

∂ρL

∂T

)
ln

(
ρ̃V RV T

PSat

)
− 1

)) (A.8)
KTP = −λE

(
1 − SB

S

)
εLρL

KKL

µL
(A.9)

KTV = −λEεLρL

(
SBDB

Sφ

∂εL

∂ρ̃V

+

(
1 − SB

S

)
KKL

µL

ρLRV T

ρ̃V

) (A.10)
KAT = −εGDAV ρ̃V PG

ρ̃GRAT 2
(A.11)

KAP = εGρ̃A
KKG

µG
+

εGDAV ρ̃V

ρ̃GRV T
(A.12)

KAV = −εGDAV

ρ̃G

(
ρ̃A + ρ̃V

RV

RA

) (A.13)
KMT =

εGDAV ρ̃V PG

ρ̃GRAT 2
+ εLρL

(
SBDB

Sφ

(
∂εL

∂T
− εL

φ

∂φ

∂T

)
−

(
1 − SB

S

)
KKLRV ρL

µL

(
T

PSat

∂PSat

∂T
−

(
1 +

T

ρL

∂ρL

∂T

)
ln

(
ρ̃V RV T

PSat

)
− 1

)) (A.14)
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A. Enhanced Glasgow Model formulation
KMP =

(
1 − SB

S

)
εLρL

KKL

µL

+ εGρ̃V
KKG

µG

− εGDAV ρ̃V

ρ̃GRAT 2
(A.15)

KMV =
εGDAV

ρ̃G

(
ρ̃A + ρ̃V

RV

RA

)
+

+ εLρL

(
SBDB

Sφ

∂εL

∂ρ̃V
+

(
1 − SB

S

)
KKL

µL

ρLRV T

ρ̃V

) (A.16)
CTT = ρC − λE

(
∂ρ̄L

∂T

)
+ (λD + λE)

∂ρ̄D

∂T
(A.17)

CTP = 0 (A.18)
CTV = −λE

(
∂ρ̄L

∂ρ̃V

) (A.19)
CAT = ρ̃A

(
∂φ

∂T
− ∂εL

∂T

)
−
(

εGPG

RAT 2

) (A.20)
CAP =

εG

RAT 2
(A.21)

CAV = ρ̃A
∂εL

∂ρ̃V
− εGRV

RA
(A.22)

CMT = ρ̃V

(
∂φ

∂T
− ∂εL

∂T

)
+ ρL

(
∂εD

∂T
− ∂εL

∂T

)
+ (εL − εD)

∂ρL

∂T
(A.23)

CMP = 0 (A.24)
CMV = εG + (ρL − ρ̃V )

∂εL

∂ρ̃V
(A.25)
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B. Full derivations fortransport model
System of governing equations of transport part of the Enhanced GlasgowModel:

∂ (εGρ̃A)

∂t
= −∇·JA (B.1)

∂ (εGρ̃V )

∂t
+

∂ (εLρL)

∂t
− ∂ (εDρL)

∂t
= −∇ · (JFW + JV ) (B.2)

(
ρC
)

∂T
∂t

− λE

∂(εLρL)
∂t

+ (λD + λE) ∂(εDρL)
∂t

=

∇ · (k∇T ) + λE∇·JFW −
(
ρCv

)
· ∇T (B.3)Finite element formulation - simplest notation:

C
.
u −5 · (K 5 u) = 0 (B.4)where
uT = (T, PG, ρ̃V ) (B.5)There are six components which need to be simpli�ed with respect totime and spatial derivatives for all three equations, to obtain C and K.First, all the components connected with the gradients are calculated.Water vapour �ux :
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B. Full derivations for transport model
−JV =

KKG

µG
εGρ̃V ∂PG + εGρ̃GDV A

d

du

(
ρ̃V

ρ̃G

) (B.6)
d

du

(
ρ̃V

ρ̃G

)
=

dρ̃V

du
ρ̃A − ρ̃V

dρ̃A

du

(ρ̃G)2 (B.7)
dρ̃A

du
=

d

du

PA

RAT
=

d

du

PG − PV

RAT
=

d

du

(
PG

RAT
− RV

RA
ρ̃V

)
=

=
T∂PG − PG∂T

RAT 2
− RV

RA

∂ρ̃V (B.8)
ρ̃G

d

du

(
ρ̃V

ρ̃G

)
= ρ̃G

(
dρ̃V

du
ρ̃A − ρ̃V

dρ̃A

du

(ρ̃G)2

)
=

=
ρ̃V PG

RAT 2ρ̃G
∂T +

ρ̃V

RAT ρ̃G
∂PG + (B.9)

+
ρ̃ARA + ρ̃V RV

RAρ̃G

∂ρ̃V

−JV =
εGDV Aρ̃V PG

RAT 2ρ̃G

∂T + εGρ̃V

(
KKG

µG

− DV A

RAT ρ̃G

)
∂PG +

+
εGDV A

ρ̃G

(
ρ̃A +

ρ̃V RV

RA

)
∂ρ̃V (B.10)

−JV = KV T ∂T + KV P ∂PG + KV V ∂ρ̃V (B.11)Air �ux :
−JA =

KKG

µG
εGρ̃AdPG + εGρ̃GDAV d

(
ρ̃A

ρ̃G

) (B.12)
d

du

(
ρ̃A

ρ̃G

)
=

dρ̃A

du
ρ̃G − ρ̃A

dρ̃G

du

(ρ̃G)2 (B.13)
ρ̃A = ρ̃G − ρ̃V (B.14)
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B. Full derivations for transport model
d

du

(
ρ̃A

ρ̃G

)
=

d

du

(
ρ̃G − ρ̃V

ρ̃G

)
=

(
dρ̃V

du
ρ̃G + ρ̃V

dρ̃G

du

)

(ρ̃G)2 (B.15)
=

(
dρ̃V

du
ρ̃A − ρ̃V

dρ̃A

du

)

(ρ̃G)2

=
d

du

(
ρ̃V

ρ̃G

)

ρ̃G
d

du

(
ρ̃A

ρ̃G

)
= ρ̃G

d

du

(
ρ̃V

ρ̃G

)
= −

[
ρ̃V PG

RAT 2ρ̃G
∂T+ (B.16)

− ρ̃V T

RAT 2ρ̃G

∂PG +
ρ̃ARA + ρ̃V RV

RAρ̃G

∂ρ̃V

]

−JA = −
(

εGρ̃GDAV PG

RAT 2ρ̃G

)
∂T +

+

(
KKG

µG
εGρ̃A +

εGρ̃GDAV

RAT ρ̃G

)
∂PG + (B.17)

− εGDAV

ρ̃G

(
ρ̃A +

ρ̃V RV

RA

)
∂ρ̃V

−JA = KAT ∂T + KAP ∂PG + KAV ∂ρ̃V (B.18)Liquid water �ux :
−JL =

(
1 − SB

S

)
KKL

µL
εLρL

dPL

du
+

(
SB

S

)
εLρLDB

dSB

du
(B.19)

PL = PG − PC (B.20)
dPL

du
= ∂PG +

dPC

du
(B.21)

PC = −RV TρLln

(
PV

PSat

) (B.22)156



B. Full derivations for transport model
PV = RV ρ̃V T (B.23)

PC = −RV TρLln

(
RV ρ̃V T

PSat

) (B.24)
∂PC

∂T
= RV ρL

[
−
(

1 +
T

ρL

∂ρL

∂T

)
ln

(
RV ρ̃V T

PSat

)
− 1 +

T

PSat

∂PSat

∂T

] (B.25)
∂PC

∂ρ̃V

= −RV T

(
ρL

ρ̃V

) (B.26)
SB =

εL

φ
(B.27)

dSB

du
=

dεL

du
φ − εL

dφ
du

φ2
(B.28)

dεL

du
=

∂εL

∂ρ̃V
∂ρ̃V +

∂εL

∂T
∂T (B.29)

dφ

du
=

∂φ

∂T
∂T (B.30)

−JL =

(
1 − SB

S

)
KKL

µL
εLρL

d (PG − PC)

du
+

(
SB

S

)
εLρLDB

dSB

du
(B.31)
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B. Full derivations for transport model
−JL = εLρL

(
SBDB

Sφ

(
∂εL

∂T
− εL

φ

∂φ

∂T

)
+ (B.32)

−
(

1 − SB

S

)
KKLRV ρL

µL

(
T

PSat

∂PSat

∂T
+

−
(

1 +
T

ρL

∂ρL

∂T

)
ln

(
ρ̃V RV T

PSat

)
− 1

))
∂T +

+

(
1 − SB

S

)
εLρL

KKL

µL

∂PG +

+ εLρL

(
SBDB

Sφ

∂εL

∂ρ̃V
+

(
1 − SB

S

)
KKL

µL

ρLRV T

ρ̃V

)
∂ρ̃V

−JL = KLT ∂T + KLP∂PG + KLV ∂ρ̃V (B.33)Moisture �ux - free water and water vapour combined :
− (JV + JL) = (KV T + KLT ) ∂T + (KV P + KLP ) ∂PG + (KV V + KLV ) ∂ρ̃V(B.34)

− (JV + JL) = KMT ∂T + KMP ∂PG + KMV ∂ρ̃V (B.35)Time derivatives :
1st equation

∂ (εGρ̃A)

∂t
⇒ (B.36)

∂ (εGρ̃A)

∂t
=

∂ (εG)

∂t
ρ̃A + εG

∂ (ρ̃A)

∂t
(B.37)

ρ̃A =
PG

RAT
+

RV

RA
ρ̃V (B.38)

∂ (ρ̃A)

∂t
=

−PG

RAT 2

∂T

∂t
+

1

RAT

∂PG

∂t
− RV

RA

∂ρ̃V

∂t
(B.39)
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B. Full derivations for transport model
εG = φ − εL (B.40)

∂ (εG)

∂t
=

∂T

∂t

(
∂εG

∂T

)
+

∂ρ̃V

∂t

(
∂εG

∂ρ̃V

) (B.41)
∂εG

∂T
=

∂φ

∂T
+

∂εL

∂T
(B.42)

∂εG

∂ρ̃V
=

∂εL

∂ρ̃V
(B.43)

∂ (εGρ̃A)

∂t
=

(
ρ̃A

(
∂φ

∂T
− ∂εL

∂T

)
−
(

εGPG

RAT 2

))
∂T

∂t
+ (B.44)

+

(
εG

RAT 2

)
∂PG

∂t
+

(
ρ̃A

∂εL

∂ρ̃V
− εGRV

RA

)
∂ρ̃V

∂t

∂ (εGρ̃A)

∂t
= CAT

∂T

∂t
+ CAP

∂PG

∂t
+ CAV

∂ρ̃V

∂t
(B.45)

2nd equation
∂ (εGρ̃V )

∂t
+

∂ (εLρL)

∂t
− ∂ (εDρL)

∂t
⇒ (B.46)

∂ (εGρ̃V )

∂t
=

∂εG

∂t
ρ̃V + εG

∂ρ̃V

∂t
(B.47)

∂ (εLρL)

∂t
=

(
∂ (εL)

∂T
ρL + εL

∂ (ρL)

∂T

)
∂T

∂t
+ ρL

∂ (εL)

∂ρ̃V

∂ρ̃V

∂t
(B.48)

∂ (εDρL)

∂t
=

∂ (εDρL)

∂T

∂T

∂t
(B.49)
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B. Full derivations for transport model
∂ (εGρ̃V )

∂t
+

∂ (εLρL)

∂t
+ (B.50)

−∂ (εDρL)

∂t
=

(
ρ̃V

(
∂φ

∂T
− ∂εL

∂T

)
+

+ ρL

(
∂εD

∂T
− ∂εL

∂T

)
+ (εL − εD)

∂ρL

∂T

)
∂T

∂t

+ (0)
∂PG

∂t
+

(
εG + (ρL − ρ̃V )

∂εL

∂ρ̃V

)
∂ρ̃V

∂t

∂ (εGρ̃A)

∂t
+

∂ (εLρL)

∂t
− ∂ (εDρL)

∂t
= CMT

∂T

∂t
+CMP

∂PG

∂t
+CMV

∂ρ̃V

∂t
(B.51)

3rd equation
(
ρC
) ∂T

∂t
− λE

∂ (εLρL)

∂t
+ (λD + λE)

∂ (εDρL)

∂t
⇒ (B.52)

(
ρC
) ∂T

∂t
− λE

∂ (εLρL)

∂t
+ (B.53)

+ (λD + λE)
∂ (εDρL)

∂t
=

(
ρC − λE

(
∂ρ̄L

∂T

)
+ (λD + λE)

∂ρ̄D

∂T

)
∂T

∂t
+

+ (0)
∂PG

∂t
+

(
−λE

(
∂ρ̄L

∂ρ̃V

))
∂ρ̃V

∂t

(
ρC
) ∂T

∂t
−λE

∂ (εLρL)

∂t
+(λD + λE)

∂ (εDρL)

∂t
= CTT

∂T

∂t
+CTP

∂PG

∂t
+CTV

∂ρ̃V

∂t(B.54)Final form
C

.
u−5 (K 5 u) = 0 (B.55)where the matrices C and K are presented in Appendix A.
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C. Numerical formulation
K̄4u = R (C.1)

K̄i−1 4 a = fext − fint,i−1 (C.2)
K̄ =




KTT KTP KTV

KAT KAP KAV

KMT KMP KMV


 =

=

ˆ

U

(
1

4t
NTCN + α (t) · 5TN (K 5 (N))

)
dV (C.3)where sub-matrices are de�ned as:

KTT =

ˆ

U

(
1

4t
hT CTT hT + α (t) 5T hT (KTT 5 (hT ))

)
dV (C.4)

KTP =

ˆ

U

(
1

4t
hT CTP hT + α (t) 5T hT (KTP 5 (hT ))

)
dV (C.5)

KTV =

ˆ

U

(
1

4t
hT CTV hT + α (t) 5T hT (KTV 5 (hT ))

)
dV (C.6)

KAT =

ˆ

U

(
1

4t
hP CAT hP + α (t) 5T hP (KAT 5 (hP ))

)
dV (C.7)
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C. Numerical formulation
KAP =

ˆ

U

(
1

4t
hP CAPhP + α (t) 5T hP (KAP 5 (hP ))

)
dV (C.8)

KAV =

ˆ

U

(
1

4t
hP CAV hP + α (t) 5T hP (KAV 5 (hP ))

)
dV (C.9)

KMT =

ˆ

U

(
1

4t
hρV

CMT hρV
+ α (t) 5T hρV

(KMT 5 (hρV
))

)
dV (C.10)

KMP =

ˆ

U

(
1

4t
hρV

CMPhρV
+ α (t) 5T hρV

(KMP 5 (hρV
))

)
dV (C.11)

KMV =

ˆ

U

(
1

4t
hρV

CMV hρV
+ α (t) 5T hρV

(KMV 5 (hρV
))

)
dV (C.12)

R =




fText − fT int

fAext − fAint

fMext − fMint


 (C.13)where the force vectors are de�ned as:

fText =

ˆ

∂U

hT KTT

(
d

dn
T

)
dS +

ˆ

∂U

hT KTP

(
d

dn
PG

)
dS +

ˆ

∂U

hT KTV

(
d

dn
ρ̃V

)
dS (C.14)

fAext =

ˆ

∂U

hPKAT

(
d

dn
T

)
dS +

ˆ

∂U

hP KAP

(
d

dn
PG

)
dS +

ˆ

∂U

hPKAV

(
d

dn
ρ̃V

)
dS (C.15)
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C. Numerical formulation
fMext =

ˆ

∂U

hρV
KMT

(
d

dn
T

)
dS +

ˆ

∂U

hρV
KMP

(
d

dn
PG

)
dS +

ˆ

∂U

hρV
KMV

(
d

dn
ρ̃V

)
dS (C.16)

fT int =

ˆ

U

hT CTT
d

dt
uk−1

i dV +

ˆ

U

5hT

(
KTT 5

(
u (t)k−1

))
dV (C.17)

fAint =

ˆ

U

hPCAP
d

dt
uk−1

i dV +

ˆ

U

5hP

(
KAP 5

(
u (t)k−1

))
dV (C.18)

fMint =

ˆ

U

hρV
CMV

d

dt
uk−1

i dV +

ˆ

U

5hρV

(
KMV 5

(
u (t)k−1

))
dV (C.19)
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D. Additional physics andthermodynamic propertiesState equation of liquid water. A relationship that is used for a stateequation of water in the model is a nonlinear empirically based expression,which was introduced by Furbish [21]. This relationship is presented inequation (D.1) and in �gure D.1. It can be easily see that water density de-creases with the rise in temperature and that a thermal expansion happensaround the critical point of water.
ρw = (pwl − pwr)

(
a0 + a1TC + a2T

2
C + a3T

3
C + a4T

4
C + a5T

5
C

)

+
(
b0 + b1TC + b2T

2
C + b3T

3
C + b4T

4
C + b5T

5
C

) [ kg

m3

] (D.1)where pwl = 1e + 7 Pa and pwr = 2e + 7 Pa are the characteristic liquidpressures and the coe�cients ai and bi are shown in table D.1.Saturation Vapour Pressure. The water vapour in moist air is assumedto have the same composition as naturally occurring liquid water. Thesaturation pressure of vapour over liquid water used in the model is basedon the work of Hyland and Wexler [30]. It was obtained by the integration ofthe Clausius-Clapeyron equation (D.2) and data �tting to yield an equation
a0 a1 a2 a3 a4 a54.8863e-7 -1.6528e-9 1.8621e-12 2.4266e-13 -1.5996e-15 3.3703e-18
b0 b1 b2 b3 b4 b51.0213e+3 -7.7377e-1 8.7696e-3 -9.2118e-5 3.3534e-7 -4.4034e-10Table D.1.: Furbish coe�cients ai and bi.
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D. Additional physics and thermodynamic properties
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Figure D.1.: Water density by Furbish [21], comparison between experimen-tal results and the formulation.
c0 c1 c2 c3-0.56745359e+3 0.63925247e+1 -0.96778430e-2 0.62215701e-6

c4 c5 c60.20747825e-8 -0.94840240e-12 0.41635019e+1Table D.2.: Hyland-Wexler coe�cientsimplicit on PSat. A formulation for the saturation vapour pressure overliquid water is given by (D.3).
dp

dT
=

∆h

T∆v
(D.2)

PSat =
c0

T
+ c1 + c2T + c3T

2 + c4T
3 + c5T

4 + c6log (T ) [MPa] (D.3)where the coe�cients ci are shown in equation Table D.2 on page 165.Porosity. The changes of porosity with increase of the temperature can berepresented as a simple function presented in equation D.5 following [65].This simpli�ed approach allows porosity to increase 3 times its initial value.
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D. Additional physics and thermodynamic propertiesa b c d-0.11661807e-8 0.15743440e-1 -0.27988338e-2 1.13411079e f g h-0.23234008e-3 0.23345607e-5 -0.16798756e-8 1.00156306Table D.3.: Porosity coe�cients
φ = φ0





1 for TC ≤ 100oC

aT 3
C + bT 2

C + cTC + d for 100oC < TC ≤ 800oC

3 for TC > 800oC

(D.4)where φ0 is an initial porosity and a, b, c and d are coe�cients of a cubicfunctions such that φ (T ) and its derivative are continuous (presented intable D.3).Alternatively, a function of porosity has been derived by the author ba-sed on experimental results presented by Bazant [7]. In this approach, apresented porosity function ((D.5)) is allowing porosity to increase only by50%. However, when the temperature is reaching its high levels of above1000°C, the porosity is being reduced almost to the initial level by 1250°C.
φ = φ0





1 for TC ≤ 100oC

eT 3
C + fT 2

C + gTC + h for 100oC < TC ≤ 1250oC

eT 3
C∞

+ fT 2
C∞

+ gTC∞ + h for TC > 1250oC

(D.5)where e, f , g and h are coe�cients of a cubic functions (presented in tableD.3) and TC∞is a temperature of 1250°C.
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D. Additional physics and thermodynamic propertiesMass of dehydrated water [65].
εDρL =






0 for TC ≤ 200oC

7e − 4 (TC − 200) for 200oC < TC ≤ 300oC

4e − 5 (TC − 200) + 0.07 for 300oC < TC ≤ 800oC

0.09 for TC > 800oC

[
kg

m3

]

(D.6)Di�usivity of Gas [11]. The e�ective di�usion coe�cient (D.7) of watervapour in air, or air in water vapour varies with temperature and gas pres-sure. The proper di�usion for concrete can be achieved through reductionin the rate of it caused by the complex pore structure, what can be seen inequation (D.8).
D = 1.87e − 5

(
T 2.072

PG

) [
m2

s

] (D.7)
DAV = DV A = D

δ

τ 2

[
m2

s

] (D.8)where δ = 0.5 is a constrictivity and τ = 3 is a tortuosity.Dynamic Viscosity is a measure of the resistance of a �uid to deformunder shear stress or more simple to �ow. All the equations provided inthis subsection were reported by [22] and �t well with the tabulated datarefereed by [11]. All the temperatures in this equations are in degrees Kelvin.� Dynamic Viscosity of Liquid Water
µL = 0.6612 (T − 229)−1.562

[
Ns

m2

] for T ≤ TCrit (D.9)where TCrit = 647.3 K is the critical point of water.� Dynamic Viscosity of Water Vapour
µV = µ0

V + αV (T − T0)

[
Ns

m2

] (D.10)
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D. Additional physics and thermodynamic propertieswhere µ0
V = 8.85e − 6 Pa s, αV = 3.53e − 8 Pa s K−1 and T0 =

273.15 K.� Dynamic Viscosity of Dry Air
µA = µ0

A + αV (T − T0) − βV (T − T0)
2

[
Ns

m2

] (D.11)where µ0
A = 17.17e − 6 Pa s, αA = 4.73e − 8 Pa s K−1 and βA =

2.22e − 11 Pa s K−2.� Dynamic Viscosity of mixture of Gases
µG =





ρ̃AµA+ρ̃V µV

ρ̃A+ρ̃V
for (ρ̃A + ρ̃V ) > 0

0 for (ρ̃A + ρ̃V ) = 0

[
Ns

m2

] (D.12)E�ective Heat Capacity of partially saturated concrete can be expressedas a combination of the thermal capacities of its constituents, it is presentedin equation (D.13). Heat capacity is mathematically de�ned as the ratio ofa small increment of energy ∂Q, to the corresponding small increase in itstemperature dT .
ρC = εSρSCS + εLρLCL + εGρ̃V CV + εGρ̃ACA

[
J

m3K

] (D.13)where εSρS is the solid skeleton content per unit volume of concrete and
Ci is the speci�c heat of the phase i.Speci�c Heat is the amount of heat per unit mass required to raise thetemperature by one degree Celsius.� Speci�c Heat of Liquid Water

CL =





(2.4768T + 3368.2) +
(

aT
513.15

)b for T ≤ TCrit

24515.0 for T > TCrit

[
J

kgK

](D.14)where a = 1.08542631988638 and b = 31.4447657616636.168



D. Additional physics and thermodynamic properties� Speci�c Heat of Water Vapour
CV =





(7.1399T + 443) +
(

aT
513.15

)b for T ≤ TCrit

45821.04 for T > TCrit

[
J

kgK

] (D.15)where a = 1.13771502228162 and b = 29.4435287521143.� Speci�c Heat of Dry Air
CA = aT 3 + bT 2 + cT + d

[
J

kgK

] (D.16)where a = −9.84936701814735e− 8, b = 3.56436257769861e− 4, c =

−1.21617923987757e− 1 and d = 1.01250255216324e + 3.� Latent Heat of Solid Skeleton
CS = 811 + 80

(
TC

120

)
− 4

(
TC

120

)2 [
J

kgK

] (D.17)Speci�c enthalpies� Evaporation and desorption
λE = 2.672e + 5 (TCrit − T )0.38

[
J

kg

] (D.18)� Dehydration of chemically bound water, kept at constant value
λD = 2400e + 3

[
J

kg

] (D.19)Transfer Coe�cient� Radiative Heat Transfer Coe�cient
hr = eσ

(
T 2 + T 2

∞

)
(T + T∞)

[
W

m2K

] (D.20)where e is the emissivity of the concrete surface and σ = 5.67e −
8
[ W/m2K4

] is a Stefan-Boltzmann constant.169



D. Additional physics and thermodynamic properties� Convective Heat Transfer Coe�cient, hq, is kept as a constant valueand it depends on the problem.� Combined Heat Transfer Coe�cient
hqr = hr + hq

[
W

m2K

] (D.21)Thermal Conductivity as a function of temperature is di�cult to measureexperimentally. There is almost no or limited testing standards and on topof that very often the moisture conditions are neglected during such testsand afterwards, information on type and amount of aggregate are not fullyprovided. Furthermore the apparatus used and the methods themselves areconsidered to be not enough accurate.There are some well known and established functions, like Anderberg(1978)(D.22). It was published in CIB bulletins and used in Swedish codesfor �re engineering design. The function provided (D.22) is for normalstrength concrete with siliceous aggregate.
keff = 1.68 − 0.19055

(
T

100

)
+ 0.0082

(
T

100

)2 [
W

Km

] (D.22)For engineering practise, in Eurocode 2 [1] and 4 a thermal conductivitylimits has been proposed and an adequate function can be chosen withinlower(D.23) and upper band(D.24). The recommendations for the UK areintroduced in the National Annex, where thermal conductivity for normalstrength concrete should coincide with lower limit de�ned by (D.23) and forhigh strength concrete by upper limit de�ned by (D.24).
keff = 1.36 − 0.136

(
T

100

)
+ 0.0057

(
T

100

)2 [
W

Km

] (D.23)
keff = 2 − 0.2451

(
T

100

)
+ 0.0107

(
T

100

)2 [
W

Km

] (D.24)Both of the above approaches are within the temperature range of (20 -1200oC).Recently, a studies on thermal parameters of high strength concrete hadbeen conducted by Kodur and Sultan [43]. They presented a thermal
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D. Additional physics and thermodynamic properties
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Figure D.2.: Comparison of thermal conductivity functions.conductivity functions for this type of concrete with two di�erent typesof aggregates, siliceous one(D.25) and carbonate one(D.26).
keff =

2.5 − 0.0034T for 0 < T ≤ 200oC

2.24 − 0.0021T for 200 < T ≤ 400oC

1.4 for 400 < T ≤ 1000oC (D.25)
keff =

1.8 − 0.0016T for 0 < T ≤ 500oC

1.2 − 0.0004T for 500 < T ≤ 1000oC (D.26)The comparison of the functions is presented in Figure D.2, where it canbe easily seen that Anderberg function coincide with a lower limit providedby Euro-code. The function for high strength concrete with siliceous ag-gregate seems to be overestimating the values. The function for carbonateaggregate is coinciding with upper limit up to 600 degrees, from then itstarts to be the lower function from the presented.
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