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In this paper, the phenomenon of spalling of concrete in fire hae been etudied ueing a numerical

model. Spalling is the violent or non-violent breaking off of layers or pieces of concrete when it ie

exposed to high temperafures as experienced in firee. The types and mechaniems of spalling have been

explained. A numerical model has been developed, which takes into account main characteristica of

the real phenomenon. To improve the stability, robuetnegs and calculation time of the model analyeis,

the hansport phenomenon and the mechanical behaviour have been coupled in 1 steggered way. The

system of differential equations deacribing the transport phenomenon has been implemented in

FEMLA& an interactive environment to model single and coupled phenomenon based on partial

differenHal equations. A one-dimeneional example has been studied. It has been shown that the

results are physically reasonable but still validation of the results needs to be done. These results will
be validated againet the experimental meaeurements and the results obtained by other recently

developed models predicting the concrete spalling.

Keyzoords: concrete spalling, fire, htgh ternperatules, porous medium, numeical modelling, staggered

analysis

1 Introduction

A series of fires in road and rail tunnels have occurred across Europe over the past decade, causing

a serious loss of life and significant structural damage. It was in the first place the human casualties
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and second the structural dannge and as consequence the financial Ioss in the Mont Blanc tunnel,

Tauem hrnnel, Kaprun tunnel, Gotthard tunnel, Great Belt tunnel (during corstruction) and

Channel tunnel (soon after commissioning) fues that have provided the impetus to take the fue

safety more seriously. These unforgettable disasters seize the public attention, the European

authorities attention and as consequence the engineers attention to focus on the fu safety.

As far as the fue safety is concerned the main struchrre shouldn't collapse until both rescue workers

and users are safe. To this end it is important to know about the behaviour of the coruhuction

exposed to fire. The use of incombustible materials does not guarantee the safety of a structure.

Steel, for instance, quickly loses its strength when heated and its yield strength decreases

significan0y as it absorbs heat, endangering the stability of the structure. Also reinlorced concrete is

not immune to fue. Concrete is the most widely trsed construction material on earth and has proved

to be very durable under most conditions. Despite the fact that concrete has the advantages of

durability in comparison to other construc[on materials, massiveness and in-combr,rstibiJity related

to fue safety, it can also undergo serious damages under fue conditions. Concrete may spall under

elevated temperatures, exposing the steel reinforcement and weakening struchrral members.

Spalling of concrete is currently a hot issue in civil engineering and it is indicated as the major cause

for non-recoverable damage in structures subjected to fire. Figure I shows the conshuction damage

that occurred due to the fue inside the Channel tunnel. The concrete was completely destroyed and

vanished leaving only the bare steel reinforcement which lost it's shength and bent down in the

intense heat. This fue caused huge finance damage but forhrnately no lives were lost.

Spalling of concrete is the violent or non-violent breaking off of layers or pieces of concrete from the

surface of a structural element when it is exposed to high temperatures as expected in fues. Spalling
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of concrete has serious consequences. [.oss of section (i.e. reduction of the cross-sectional area of the

concrete so that it is no longer able to sustain the stresses) and loss of protection to steel

rein-forcement (reinforcement readring excessive temperafures) lead to a decrease of the structural

load bearing capacity and ultimately failure.

ln this paper, a model is employed to describe the phenomenon of spalling of concrete due to high

temperatures. The concrete is modelled as a three-phase porous medium with constituents in the

solid phase (solid mahix and chemically bound water), the liquid phase (capillary or free water and

physically adsorbed water) and the gas phase (dry air and water vapour). This model also takes into

account the phase changes of water.

The goveming differential equations describing the eqrriligdun of the flow of mass, energy and

momentum have been obtained based on the mixture theory by firlly integraton of the energy and

rulss conservation equations. Four primary state variables, i.e. gas pressure pr, capillary pressure p",

temPerafure T and displacement vector of the solid matrix u, were chosen to describe the state of

concrete at high temperatures. After introducing the constitutive relationships and the

thermodynamic state reLationship a system of differential equation of four coupled partially

differential equations was found. Three of them (ps, p, and Q describe the hansport phenomenon

and the fourth one (u) describes the mechanical behaviour of the system. This paper describes the

fully coupled system. However, for the implementation of the model, the transport phenomenon

and the mechanical behaviour are coupled in a staggered way. It means that the effect of the

hansport parameters on the mechanical behaviour is considered but the influence of the mechanical

behaviour on the transport phenomena is assumed to be negligible. Staggered analysis of this

system has several advantages. First of all the analysis will be more stabile and robust. Second, the

calct'lation time will be decreased by choosing different discretisations in time and space to

63l6ulefs the transport parameters than that to calculate the displacements.

The differential equations describing the transport phenomenon was solved using the computer

Prograrnme FEMLAB. A onedimensional example was studied. In the frame of this example the

temPerature and pressures were calculated inside an concrete wall exposed to fue at one side. The

results were plofted for different saturation degrees of the concrete.

Next development within the framework of this project is to validate these results. The validation

will be done firstly using experimental results and secondly by comparison with the results

obtained by another recently developed numerical model [3] describing the phenomenon spalling

of concrete.

Mechanisms which lead to spalling

Spalling can be grouped into five categories violent spalling, sloughing-off, comer spalling,

explosive spalling and post<ooling spalling [1].
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lvlany material (e.g. aggregate type), geometric (e,g. section shape and size), productional (e.9.

casting process) and environmental (e.g. heating rate) factors have been identified from experiments

as influencing spalling of concrete in fue. The main factors influencing spalling are the heating rate,

permeability of the rraterial, initial pore sahration level and the level of extemal applied load. High

strength concrete is more likely tio explosively spall than normal strength concrete despite its higher

tensile shength. This is because of the lower ductility and the greater pore pressures that build up

during heating owing to the material's lower permeability. Other factors such as the cross sectional

size and shape, heating profile, concrete age, aggregate size and type, the presence of cracking and

reinforcement also play a role.

Each kind of concrete spalling is caused by a specific combination of physical or chemical

mechanisms. These are as follows:

r Pore pressure rises due to expanding and evaporating water at elevated temperahrres;

. Compression of the heated surface due to a thermal gradient in the cross section;

r Intemal cracking due to difference in thermal expansion between aggregate and cement

paste;

. Cracking due to difference in therrral expansion/deformation between concrete and

reinforcement bars;

o Shength loss due to chemical hansitions during heating.

Violent spalling which is separation of small or large pieces of concrete from the cross sectiorl is

caused by pore pressure, thermal gradients and intemal cracking. Sloughing-off spalling is caused

by strength loss due to intemal cracking and chemical deterioration of the cement paste. Comer

spalling is caused by cracks due to the different thermal deformation of concrete and reinlorcement

bar at the comer of concrete. Explosive spalling is the result of the combination of the pore pressure

and thermal gadients in the cross-section. Post-cooling spalling occurs after the fue is over and

caused by internal cracking due to different thermal expansion of aggregate and loss of strength

due to chemical transitions.

Numerical approach

3.1 General ooeroieu

To study the phenomenon concrete spalling in fue a fi.rlly coupled multi-phase hydro.thermal-

mechanical model is considered, which takes into account the main characteristics of this problem.

Within this model the concrete is considered to be a three phase porous medium based on mixture

theory or averagog th*ry. This theory offers possibilities for a better understanding of the

microscopic situation and its relation to the macroscopic level.
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The three considered phases wihin this model are solid phase, liquid phase and gas phase. The

solid phase consists of solid matrix and chemically bound water. The liquid phase consists of

capillary or free water and physically adsorbed water. Physically adsorbed water is present in the

hole range of water contents of the medium, while, the capillary or free water appears when water

content exceeds the so-called solid sahration point S,.p [6]. The gas phase is a mixture of dry air and

water vapour.

Transitions that take place between the three abovementioned phas€s can be physical or chemical in

nature and are thermodynamically not fully reversible. In cement based concrete these phase

changes are dehydration,/hydration of chemically bound water, evaporation/condensation of free

water and desolption/adsorption of physically adsorbed water. Other phase changes such as the

decarbonation/carbonation and a-p inversion/ l- a inversion (a-p transformation of quartz at 573

oC) were not incorporated within this model. It has also been assumed that the phase changes

happen only between water vapour and the other three, i.e. there is no direct mufual exchange

between chemically bound water, physically adsorbed water and capillary water. Figure 2 shows

schematically the phase changes of water implemenbd in model.

Adsorption

Dehydration
Desorpt

Evaporation

Figure 2: Phase changes of water; solid arroux indicate energy consumption, dashed arrows indictte

energy release

One can see in this figure that dehydration is the phase change of chemically bound water to water

vapour which is an enetgy consuming chemical process. This process produces a reduction in the

solid skeleton mass of the cement paste. Hydration, which is a reverse process of dehydratiory takes

place at room temperature and the process increases with temperafure in the presence of moisture

up to 80 t or more resulting in an increase in the mass of solid skeleton. Above this temperature,

dehydration is a gradual process up to 850 oC 
[7]. Evaporation is the process by which water gains

Chemically bound
water

Physically adsorbed
water

Capillary or free
water

Water vapour
(Gas)
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energy to change from the capillary or free water to the gas phase. ln contrary, condensation is the

process whereby water vapour is returned to the liquid phase. Desorption is the evaporation of

water molecules from the surface of the soli4 gaining energy, while, adsolption is the binding of

the water molecules to the surface of the solid. Evaporation of water increases with temperahre

particularly above approximately 80 t depending on the pressure. The loss of the capillary water

does not significantly influence the mechanical property of the cement paste but the loss of

physically adsorbed water has a major influence on the mechanical properties. Beyond the hiple

point of water (374.L4"C) no difference exists anymore between capillary water and water vapour.

Also the capillary pressure vanishes,

The basic equations used in this model fall under three main categories: a) constitutive relationship

of concrete describing the real behaviour of the material derived directly from experiments, b)

thermodynamic state equations allowing the heatment of dry air and moist air as ideal gases

(Clapeyron's law) as well as equilibrium relations for capillary meniri (Kelvin's law) and gas

phases (Dalton's law) c) general laws of conservation which must beobeyed in space and time

including the first principle of thermodynamics (enthalpy conservation). Before these equations are

discussed, first the definition of the material tirne derivative is given.

3.2 Material time dcrioatioe

The material time derivative of any differentiable function flx,t), $ven in its spatial description and

referring to a moving particle of the;r phase of a material, is

ry=!*Yfo.vo, (1)Dt dt

with v, the mass velocity of the n phase. If subscript n is used it gives

ry=%+Yfo.vo. (2)

Dtdtr
Subhacti,on of these derivatives yields to the following relation:

+=!4+yy,.voo, (3)Dt Dt
where v*=-v,n-vn-v,, known as diffusion velocity, is the velocity of the n phase with resPect to the z

phase. ln these relations A is the gradient operator defined as =10/dx,d/0y,0/0zlr.

3.3 Constitutioe relatiotship and thermodynamic state telationships

ln this model we assume the moist air as a mixture of two ideal gases, i.e. dry air and water vaPour.

The equations of state of a perfect gas, applied to dry air @a), vapour (8ar) ana moist air (g) are
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RT RT
Psn= Pso 

lrf 
^' 

Pt*= Pt*d,,P, = pso+ pB*, Pr = Prn+ Ps*,

I * ps" I *p*_ -\ (4)
Ms PrMrn PrM*

where Mr, p, and p, are the molar nrass, the density and pressure of constituent n, respectivelp and

R is the universal gas constant The degree of saturation of constituent n is defined as the ratio of the

volume of constifuent.zr to the volume of the void. It follows immediately for the saturation degree

of liquid water and the gas that

S,+S, =1. (s)

The degree of saturation with liquid water is an experimentally determined function of capillary

pressure p" and temperature T. This function is usually presented in the form of the sorption

isotherms [23].

The capillary pressure is defined as the pressure difference between the gas phase and the liquid

phase, which can be find tfuough the Laplace equation from the pore radiw r and the surface

tension o

2o
P,= Pg- P*=7, (6)

and the pressure in the solid phase is

P, = P*s* * P*s* = P, - P"sn. (7)

where S, is the saturation degree of the mnstituent.rr.

For the density of water many experiments were carried out in the past. The values were

approximated by a linearization in temperature and pressure:

pn= p,oexp(-p*(r -r,)+c*(p*- p_.)), (8)

where pru is the water density at the reference temperature To and pressure pno, pu, is the thermal

expansion coefficient and Co, is the compressibility coefficient.

For the relationship between the relative humidity (RlI) and the capillary pressure in the pores, the

Kelvin-Laplace law is assu-nred to be valid

RH =4="*p( p,^!!\, 
(e)

Pr*,\T) '\o"RT 
)

with ps.(T) the water vapour saturation pressure which can be calculated using the Clausous-

Clapeyron equatiory
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p r*, (r) = p s**r[-otP(+ ;)) (10)

where p*- is the water vapour pressure at reference temperahue T, and AII*, is the specific

enthalpy of evapora tion.

Darcy's Iaw is assumed valid for hansport of both water and gas in slow phenomenon.

",,=#?vp,+ p,g). (11)

In this relation x is the permeability tensor of the medium, p" is the dynamic viscosity of the

constituentr, n is the porosity and k. is the relative permeability. The porosity n is defined as the

ratio of the volume of the void to the total volume of the medium

Diffusivedispersive mass flux |- is govemed by Fick's Iaw

J,* = ns,poY oo = -poD*Y(X), $2)

where D,n is effective dispersion tensor,.zr is the diffusion phase and ais the phase in which

diffusion takes place (ezo,g).

A constitutive assumption for the heat flux is the generalised version of Fourier's law, q=-AdAT,

with )r7 the effective thernral conductivity tensor and q the heat fltx of the multiphase medium, the

sum of the partial heat flrxes q,. For porous media the following linear rel,ationship may be used

[8],

)"$=ta,(r.-ffi)

3.4 Gooetningequations

To find the goveming equations we need to fully integrate the conservation equations of the three

quantities, nurss, energy and momentum (force balance). These conservation equations can be

derived using the general conservation equation. For a generic conserved variable yr(e.g. like mass,

momenfum and energy) the general conservation equation may be written as

+.v.(f +yv) -H =0, (r4)
dt\'

with f the fltx of lrrin the absence of the fluid transport, r2rl the transport flrx and H the source or

sink of yr. Given equation (14) for the conservation of anything and specrfying the subscript s for

solid, ru for liquid phase and g for the gas phase (dry air plus vapour), it is now shaightforward to

consider the conservation equations.
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To derive the conservation equation of solid mass we just substitute 1yr= (l-n)p" (density is amount

of nrass per unit volume), f = 0 (mass flux can only change due to transport) and H = -0 (maa,yil/0t

(solid mass can change by dehydration/hydration process) into equation (14) to get

(\p+ v. ((1-n ) p,v,) = -h**0,.

The mass conservation equations of liquid water, vapour water and dry air can be derived in the

same way as equation (15) by substitution H = -a @i/il for liquid water (mass of liquid water can

be change by eider evaporation/condensation or desorption/adsolption processes), H= 0 (ma6,r1, +

mi/Ot lor vapour water (mass of vapour water can be change by dehydration/hydration,

evaporation/condensation and desorption/adsorption processes) and H = 0 (dry air can not be

crated or destroyed) for dry air into (14). Hence, one may find for mass balance equation of liquid

14,ater

for mass balance equation of vapour water

d(nS o )"\'"1rewl +y.(,nsrpr,r*,) =ho*ro,th,, (tz)
dt\

and for mass balance equation of dry air

d(nS o )"\'"lsrsol+Y.(nsrp*vro)=0. 
(18)

dt\
The amount of heat (energy) per unit volume is ty = (fi)qil where C, is the specific heat, T is the

temperattue and (N)qb the effective thermal capacity of partially saturated concrete. The heat

flux has two components due to conduction and transport. ln the absence of hansport the heat flux

is f = -l.y,VT where )qis the effective thermal conductivity of partially saturated concrete. Finally,

heat can be released/absorbed during dehydration/hydration, evaporation/condensation and

desorption/adsorption. The of energy related to the phase changes is equal to the change in the

enthalpy, AH. Thus the heat released/absorbed during abovementioned processes may be

6sfgrrlafed 6s FI= Nlaa'ya,0(maa,vd/0t+N70 (mi/AL Hence, the energy conservation equation may be

wriften as follows:

(pc,),rff +@-c p*y n t prC *v r) 'vr - v '(l'*vr)
. (1e)

= titd"hyd,LH dehytr + thAH t

In these equatiorts I = denrp rt S < S*p and / = eaap rt S > S uo.

(1s)

(16)
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Conservation of linear momentum or force balance can be derived in exactly the same way,

however momentum is a vector field. In general momenfum is mv, therefore the amount of

momentum per unit volume is ty= (7-n)pvs for solid phase, y= nSu,p,,vt for liquid water Phase, l,/=

nSgo*t*, for vapour water phase and 14= nSgqovn for dry air phase. The momenfum can be

changed by forces. As stress is simply force per unit area, the shess can also be thought of as a flux

of the force potential, i.e. f;-(l-n)o" for solid phase, f=-rSu,G, for liquid water phase, f=-nSros* for

vapour water phase and F-rlSsosa for dry air phase. The other forces are body forces such as gravity

and intemal forces. Neglecting the intemal forces and considering the change of linear momentum

due to dehydration/hydration, evaporation/condensation and desorption,/adsorption processes,

thus H=(1-n)4g-10(maana)/0tlv, for solid phase, H=nS,,A,B-tA(mi/Atlv",for liquid water phase,

g=n$rpng+10(maava)/0t+0(mr)/0tlvg,,lor vapour water phase and H=nSsk B for dry air phase where

g is the net acceleration. Substituting into (14) yields

a((t-1)ar, ) + v.((r - n) p,y,@ r, )0t \\ t'' 5 st 
(20)

- v. ((t - r) o, ) - (t- n) p,g+ tito"o,o,v, = o,

0(ns=P*vr ) +y .(ns*p*v, @ v,)-v.(ns,o,)
dt \ w, w w w, \ w w, (21)

- nS nPnE+ tit,Y * = 0,

0(ns*4'vr') 
+y .(ns rp*v*, @ rr*)-v.(nsror*)

Ot 
I v Yn"gl-gn'gn-'gnl ' \""e"g, I er)

- ns s\s*g- (ho"oro, + rh,) v r, = o,

O(nSrpr.v*") , ,

#+v.(nSrPr.,,o@,*.)-V.(nS,o,.)_nSrPr.E=0,(zs)
for solid, Iiquid water, vapour water and dry air phase, respectively. Expanding the first and second

terms of equations (20)-(23) and summation of these equations and by substitution of equations (15)

-(18) into the result yield to the following conservation of momentum

v . o * pg = (r - n, 

" 
(* + vsv . ( 

", )) 
+ ns npn(*. v,v . ( v, ))

+ ns 
r 
p gn[+. vs,v . ( ",, )) 

+ ns 
r 
p so[+. ","v 

. ( o,. )),
(24)

128



wherepis the average density of the multiphase medium, given bye(1-n)p+nSu,p,+ nSrlqand,o

the total stress of the multiphase medium, expressed by e(I-n)o,+nS, o,,+nSr or. ln which o,, o,
and o, are the intrinsic stresses and can be calctrlated by:

or=o'-qlpr, 6, = lpn,6, =lpe, (25)

with I the identity tensor, d=De the effective skess and a=l-(&/Ku) is the Biot's constant with &
and Kr'r the bulk moduli of solid and porous medium, matrix D. is the stiffrress rutrix and el,u the

shess tensor, where L is the differential operator defined as follows:

l,=

Under the assumptions of small-sbain theory and isotherrral equilibrium and with neglecting the

influence of the acceleration term?v/Ot and, the convector terms v(V,v), results for conservation of

momentum

V'o+ 4=0. Q7)

The conservation of angular momentum leads to the observation that the stress tensor is

symmetrical.

3,5 Formulation of system of equations

Apply^g the material time derivatives (1)-(3) and expansion of the divergence terms in

conservation equations (15)-(18) one may find for solid mass conservation equation

(t-n) o,p, _D,n *(r_n)v .r,-_*?:, 
,P, Dt Dt

for mass balance equation for liquid water

Drn,nD,Sn,nD,pn
Dt S, Dt pn Dt

.rO V .(nS*pnv n,)+ nV. v,

for mass balance equation for vapour water

aooa
0x 0y

o a og0y 0x

0a
0z

a

Ax

a

-dz

a
=-dy

(201

ooao
0z

(28)

(2e\

_ *titt
S.P*'
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D"n,nDrSr nD,P*, I+ + 
-- 

+ 

--r-V' 
(nsrp*, v*, )Dt Ss Dt prn Dt Srprn

.f;o .(ns,p*v 
r,, ) * nv . 

", =W,
for mass balance equation for dry air

D,n,nD"Sr nD,Prn, I4 +-- +-- +-v'(ns rPr"v r')Dt 58 Dt pro Dt S rp*

* I 
Y.(nsrprovrnr)+zv.Y, =0.SrP* \

The first term in equation (28) that is related to the material time derivative of the solid density. The

solid densityp. has been considered as function of solid pressure pr, temperature T, the first

invariant of effective sbess tensor tro' and the degree of cement dehydration i 1ara,. Thus its

derivative with respect to time t leads tro:

I D,p, _ I ( dp, D,p, , Op, D,T

A D, -Elak , - arE
. Op, D,tro' , Op, D,lo,o,,) t"'
-ato' Dt -ar"* Dt I

ldp. I llp" n l0p,_ I
However Ai= ,\'ii=-F,'Aat"' =16 u"o

D,l*or* 
=4fi-,,\x (v." * I D,p, 

-B W)inwhichKistheburk
Dt \ i/ '[ " K, Dt 'r Dt )

modulus of solid, p, is the thermal expansion coefficient of solid and cr is the Biot's constant

Substitution of these expressions into relation (32) gives

;# = *(Tff - a - 4 P' T -(t - a)v v'

.l-n dP, D,l*oro,) t*'- Aa\* Dt I

(30)

(31)
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Similarly, the third term in equation (29) that is related to the material time derivative of the water

deruity can be obtained by assuming thatpa,is a function of water pressure p@ and temperature 7.

Thus its derivative with respect to time t leads to:

I D,p* = 1 (Op* D,pn *dpn 4f )AT= o"lanT* arE) (34)

However 

** 
= 

* ""^ ** 
= - f nin which K* is the bulk modulus or water

and po, is the thermal expansion coefficimt of water. Hence equation (34) can be rewritten as:

r D,p* = | Dr!* _ fr",ry. (3s)pn Dt K* Dt '* Dt

Solving the material derivative of porosity n from the solid mass balance equation (28) and

substitution into the equations (29)-(31) and by introducing the relations (5)-(5), (11), (12), (33) and

(35) into the results yield for mass balance equation for Iiquid water

' "(T. #:)+ -' "(T' ". t)++ as,V v,

- s, ((o- n) 0, + nfl*)#.(" - T, -0. )+ (35)

+Lv.(nS*p*v \ , o l-n 0p, D,l*^ro,
*''l?r* A al** Dt

o ho"oro, ht
= -r.

P, PN

for mass balance equation for vapour water
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t,T+-s,s, T++as*v.v,
- (a - n) f ,t, # - 

[ 
n + p,s, T)+

*Lv .(ns rp*v ,,t-*o .(rs rp,*v ,*r\ (37)

.'ru*.'r*#ry
o ho*ro, , ho"oro, + h,

--r8 A - rr* '

for mass balance equation for dry air

trT+-s,s, ?++as,v'v,
- s r (o - 4 p,X -[, * r.s, T)+

*Lv (r-T*-yp,+ prs)).;:" .(nsrprny,os) '*'

r.' nDrp*,ol-n 0p, D,lo"uro,_ ohororo,-|U--TU--r Prn Dt r P, dlo*ro, Dt r 
P,

Five partial differential equations (19), (27) and (35)-(38) form the system of differential equations of

this probleru Choosing gas pressure pr, capillary pressure pe temperafure T and displacemmt

vector of the solid matrix u as four primary state variables we need to eliminate one of equations.

Solving the term d (mi/Ot ftomequation (36) and with substitution in other equations, as well as the

following reLationships:

v'Y, = r"#, (3e)

a^S, _ DS, 0p. , aS, aT

-= 
(40)dt dp, dt ' aT At'

*(*,r")=k**.#(+ +)* 41,
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a ( M"_')_ M.ilpr M.pr AT M"lpr*0p,
t[ rR "^ ) Rr at -WE- Rr ah a,

*M"( 
pr*_ap*)qr

*a[r-ar)a,'

"[-l = J-p-yo, - o,*'!r,,
I P* i Pr oP, " (rr)'

and using the Galerkin's method (weighted residuals) one can finally obtain the governing

equations written in mahix form as follows:

cB*Kx=F.
0t

(42)

(43)

(M)

[o,l [** K*. K,, o I
w,hX=]';|,.=lX;ilil;l

l." J LK,, Ku. K,r K,,-.J

c*,.l rf- I

E;1""..=lli
o I [r.j

C and F are presented in Appendix A.

Ic**

"=1"*lc*
Io

The terms of the

-sT
c,r
C7'r

0

:S K,

l*. c
C"" C

J,, C

0(
matrices l

C*.

C""

C,,

0

4 Staggered analysis of the problem

The coupled system of differential equations (44) can be solved numerically t si^g the generalized

method also known as the generalized midpoint role. ln the model the traruport phenomenon are

coupled with the mechanical behaviour in staggered way. It is stated that the coupling terms, Cs,,

Q, and C1, have relatively small influence to the solutions and are negligible. Still the effect of

mechanical properties can be taken into account on the hansport phenomena by an update of the

hansport parameters such as the permeability on the basic of the results of the previous steps in

terms of mechanical shesses, strains and intemal state variables such as cracks. This kind of

coupling or staggered approach bring about some advantages. First of all the numerical stability of

the analysis will be improved. For instance the transport phenomenon can be calculated using

different elements than the mechanical behaviour. Second and as consequence oI the first advantage
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the calculation time will be obviously decreased. Finally it will be possible to study the results easier

and with more insight. The influence of parameters involved within this problem will be more

obvious. The objective is to couple the restrlts obtained solving the transport phenomenon to

already available and most sophisticated mechanical FEM models.

Up to now, calculations were performed of the coupled hansport phenomena. Coupling to the

mechanical behaviour is foreseen for 2005-2005.

Analysis of the numerical results

The coupled system of differential equation (44) describing only the transport phenommon was

solved numerically using the computer prograrnme FEMLAB, an interactive environment to model

single and coupled phenomenon based on partial differential equations. As a first attempt, the

approach by Majorana et al [8], setting C,,=Q was followed. A one-dimensional example has been

solved which deals with a concrete wall of 40 cm thickness. The initial conditions applied in this

example at time instant t=0 are prpxo, p;pa,T=76. The Dirichlet boundary conditioru are p3=pro on

f s, pFpcoon f., I=To on Ir, and the Neumann boundary conditions are for the water flux (free water

and vapour water\ q"*q*;ftQc*rps,*) on I,,,, for the gas fltx 4r,=0 on fr, for the heat transfer

qr=d.(7rT*) on Ir. This wall has been subjected to transient heating from one side shown in Figure 3:

(left). This Figure shows that temperature increases within very short time up to 1000 oC. at the

other side the temperature is kept constant atTrr2D "C. The main characteristic parameters of the

material employed in the calculations are chosen from reference [6].

Figure 3: Imposed temperature 0ef0 and temperature of the concrete wall after 26 minutes (right)

The problem is solved for two cases of different initial sahration degrees 5570 and 93%. Figure 3:

(right) shows the temperature in the concrete wall after about 25 minutes. This figure shows that

during this time the initial temperature of the wall has changed with the minimum temperature as
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initial temperature and the maximum temperature about 700 oC. One can see in this figure that the

difference between the temperatures for two different initial saturation degtees is very small. That

means that so far the initial saturation degree hasn't too much influence on the temperature.
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Figure 4: Saturation degree kfil and gas pressure in the concrete wall after 26 minutes (right)

The change of the sahration degree in the concrete wall is shown for both initial saturation degree

in Figure 4: (left). This 6gure shows that the change of the sahuation degree especially in the case of

concrete with low initial saturation degree is considerable high. This change is even in contrast to

temPerature Perceptible deep inside the concrete wall about 34 centimetre. One can see in Figure 4:

(righ$ that the gas pressure is also changed as deep inside the wall as saturation degree.

Ongoing and future research

Validation of the model is the main part of this ongoing research. Previous to the validation, the

material parameters will be improved and the staggered coupling of the transport phenomenon

with the.mechanical behaviour needs to be realised. In our ongoing and future work, we are

focusing on the following challenges:

Improving the material parameters and further implementation in FEMLAB;

Coupling of the hansport phenoor"lsn ssl6rrlated by FEMLAB with an FEM programme able

to calculate the mechanical behaviour, for example DIANA;

Comparison of the results of the final so-called staggered analysed system with the results of

the other numerical programs such as HITECOSP [3], able to model the spalling of concrete;

Validation of the resulb using the experimental results.

a

0,6 0.t 0.15 02 0b 0
Oldrmc ln cffiactc
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Conclusions

The phenomenon spalling of concrete at elevated temperatures was sfudied. Five manifestations of

spalling of concrete were introduced. These are violent spalling, sloughing-off spalling, comer

spalling, explosive spalling and post-cooling spalling. The mechanisms which lead to spalling have

been explained. Pore pressure, therural gradient, different thennal expansion between aggregate

and cement paste, different thermal expansion between concrete and reinforcement bars and the

change of the rraterial properties due to temperature are the main factors influencing the spalling.

To analyse the phenomenon of concrete spalling a fully coupled multi-phase hydro-therrnal-

mechanical model was inhoduced, based on the existing Hitecosp model [3]. Concrete was

modelled as a three-phase porous material at high temperature. The three phases within this model

are solid phase, liquid phase and gas phase. Phase changes are taken into account.

The constitutive relationships and the thermodynamic state equations describing the real behaviour

of concrete were discussed. The goveming equations that describe the behaviour of concrete as a

three-phase porous material at high temperatures are presented. These equations were found by

full integration of the mass, energy and momentum balance equations. The final form of the

governing equations, choosing gas pressure ps, capillary pressure p., temperature T and

displacemmt vector of the solid matrix u as primary state variables, were derived. The coupled

system of differential equations describing only the hansport phenomenon coupling three gas

pressure ps, capillary pressure p. and temperature T were solved using FEMLAB. A one'

dimensional example has been solved which deals with a concrete wall exposed to a fast

temperature rise up to 1000'C. The temperature, saturation degree and gas pressure in the concrete

wall have been presented for two different initial saturation degrees. These results are physically

reasonable. It shows that inside concrete the moisfure content has a minor effect on the temperature

distribution within the investigated range. The further steps of this research are firstly to improve

the material parameters used within this model, second to couple this model to an FEM prograntme

capable describing the mechanical behaviour and finally to validate the final results. The latest will

be done using the experimental results and the results obtained by other recently developed models

predicting the concrete spalling.
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Appendix A: Terms of the matrices

The terrrs of the matrices K C and F are

K.r = jn, (o,-, (+)lr,)rsl, K,, = -Jn,n,nao,

r, = - IB' (D,e, )de - JN;far; - I*l l$- ") 
p, + ns,pn + ns rp,)cdaot-xa

, c,* = 
J*ir, (T r-*,ffi)*,*,

c* = 
J*l [- ? r"r,p,nN, - o -(". Tr"r, ) 

(n*, 
) 
-,r, kff*,)r"

", = 
J*l l-, -(" 

* ff o"r,l*..n. - prnfr,1o-,; s,N, 
] 
ao

* JN; l* r k(+- k)*, -,, r ffi*, ] 
r',

*JN; 
[flu[,, r#ry.*=).,],',

c* = INI las rpr"m'LN, ] ao,
a

K,, = 
J( 

o*, )' l, -f { 
oN, )] ao . 

J1 
vN r'lo, ff ,,[ffi ^, )] 

-
, K,, = -J(o*, f 

l, 
r W" r(*y,*, 

)] 
r',

K,r = -J(o*, )' 
lr, W" r(*yr*, 

)] 
r",
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r, = f vN, )' (o -* r*)ro - JNia,.ar!,

c* = 
J*l l(Tf ,,s, + p,s,) + #)*, ] 

*,

"* 
= -J*i 

[,. 
(?, p r*s r + pns, 

) 
. #) *, ] 

ao * 1N; I' 
r"#Y*, 

] 
o'

.F [[? (p,*s,p,+ pnsnpn- p,s,,p,)+n(p,- o*))[*,n,)]r"

c., = - JNf l(0, A - r) (&,s* + p*s *) + n p *ro,s, ) 
N, 

] 
ao

a

*JN;l'r"k(*-+.)^.,1*

* JN; l(T r, r"s r 
p, * p ns, p n - p *s. p 

") 
+ n(0,- 

"" 
) 
) 
(* *, 

)] 
rn

* JN; W * o -t. * p rns r) *+W*. ] 
ro

.J*;ryP*,*'
c* = INI la(or.s,+ p,^s, )m'LN,)on,

o

t-

r., = -J(vN,,' 
Lo Wo,[#^, J]r"

+ J(vN, )' (,-*tN, ))ao. J(vN, )' (r"*t N, ;)ao,
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K"" = j(vN )' 
lr, ffr,[*k "ll, )] 

* - 
J,"*, )' (o * ( vN, )) ao

, K"r = -j(vN, )' l r, Wr, [;ko*,)]r",
r" = J(vN, )' (, -*(o,e) * o-%-(orl) r"

-J*; (e** 4r** g"(p*- or*))ar1,

c,, = -J*l**, 
[r,,r, 

(T. t)*,] r",

c,. = Jwf aa *,1- o -(" - T o,r, 
) fi *, 

] 
rn

+ JNf aa*o lr"(T'; 
. fl ) 

*, 
] 
r",

c.. = JNI (pc ),uN,ao + 
JN I Nr 

"*lo,s * ((a - n) 9,+ n4 ) N, ] ao

+ JNf ra,., 
l- "? 

- Tos, )$ 
N, 

] 
ar, * 1N; [** @*,)*

-J*r[**ry*+*,]*
- JNI [**, *WN, ] 

ao - 1N tl* 0",,0,ff*,)on,
cr, = -JNf Nr*odpnsnm'LN,ds),

s2

K,, = f vN, )' [*.,, (r"*to*, ))]r",

1.fi



K,. =fvN,,,[**, (r"*t *,t)]rn,

K.. = 
J( 

o*, 1' ),*vN,ao* JNI l(*,, -r,,* ?r r, + y p 
" 

+ p *gt) o*, 
] 
r"

witr, B = LN, , K,, = Jn'a(m,N, )ae ""a 
K,, = - tBr 

a(mrs,N, )ao .

ln these explessions,N. Npaud Ntare the finite el,ement shape fuirctions and m =11;1.1,0,0,01r is the

vector form of the identity tensor I.

* JN; [[*-o.,, *?o 0,- as;). oN, 
]*,

and

r, = -f vN,,' 
[**, (o-*r-r,)]r"

- I*; (n, * o"(r -r-)+ eoo(ro -r!))ari,
ry
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