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ABSTRACT The aim of this work is to carry out a numerical study on the coupled heat and mass transfers in a concrete element exposed to elevated temperature in order to explain the behaviour observed during experimental studies. Comparisons were drawn on numerical and experimental results on the thermo-hydrous behavior of a concrete element. Parametric analyses were carried out in order to underline main parameters involved in concrete behavior at high temperature. The numerical and experimental results included thermal gradient, water vapor pressure, relative humidity, concrete mass losses due to dehydration, water content for a concrete element heated from 20 to 600 °C. The results show high thermal gradients and high vapor pressure in the concrete element in addition to the damage due to the concrete chemical transformations at high temperature.



Majorana C.E., Pesavento F. & Schrefler B.A., 2001]. The present work makes a junction between the both groups. In situation of fire, constructions (buildings, tunnels, etc) are exposed to high temperature that provokes important damages. For concrete, spalling or bursting generally occurs at temperature ranging between 250°C and 400°C. This instability can take place in two forms : by bursting, detachments of pieces of concrete ones after the others or by explosive spalling of the structural element. Figure 1 present’s concrete damage observed on a 16x32 cm concrete specimen heated at 1 °C/min up to 300°C [Noumowé et al., 1994]. A spalled specimen was reconstituted starting from the pieces collected in the furnace after the test.



INTRODUCTION The research tasks dealing with concrete behaviour at high temperature can be divided into two groups : one group of experimental works aiming at the determination of the thermal, hydrous and mechanical properties of concretes (ordinary concrete and high performance concrete) in function of temperature [i.e. Kanema et al., 2005] and a group of theoretical works aiming at the modelling of the coupled mechanisms (thermal, hydrous and mechanical) which occur when concrete is subjected to high temperature [i.e. Gawin D.,



Figure 1 – Pieces of a spalled concrete specimen heated up to 300°C [Noumowé et al., 1994].



1



Draft MODELLING TRANSFERS



OF



COUPLED



HEAT



AND



MASS



- The laws of heat conduction and mass transfer are uncoupled. Constitutive equations



With the aim of looking further into the knowledge of concrete behaviour at high temperature, Sercombe J. et al. developed a model of coupled heat and mass transfers. The modelling is based on the theory of mechanics of unsaturated porous media and simplifying assumptions in the case of concrete. The model is a numerical formulation including a space and temporal discretization for nonlinear calculations. It was applied in the finite elements code Cast’3M developed at the CEA (French Atomic Energy Agency) [Sercombe J., Galle C. & Ranc G., 2001]. The calculation procedure of the model was used in the present study. Simulation of the heating of 16x32 cm cylindrical specimens was carried out. Numerical results were then compared with experimental results. Description of the model A porous medium is made up of a solid matrix and a porous space, containing one fluid in the saturated case and several fluids (liquids or gas) in the unsaturated case. With the macroscopic scale adopted to describe the thermo-hydrous model, the porous unsaturated medium is considered as the superposition of continuous media. Simplifying assumptions The main assumptions on which the model is built are as follows : - The porous medium includes three phases: Solid phase (index s), Liquid phase (index l) containing only pure water, Gas phase (index g) containing a mix of dry air (index a) and steam (index v), - The porous medium is homogeneous, isotropic and is supposed to have a thermo-porous-elastic nonlinear behaviour.



It is the combination of the entropy conservation equation for a porous medium including three phases (liquid, solid, vapour). The thermodynamic balance gives (Coussy O., 1995) :



L ⎡ dS & l → v ⎤⎥ = − ∇ ⋅ q + r T⎢ − S ml + m T ⎣ dt ⎦



(1)



By associating the entropy conservation equation for a porous medium made up of three phases (solid, liquid water and vapour) with the conservation equations of water vapour and liquid water the following equation of heat is obtained (Sercombe J. et al., 2001),



w ∂T + (wl C pl + wv C pv )∇T − v ∇p v = ∂t ρv



c (S l , d )



(2)



.



∇q − Ll →v µ l →v − Ls →l d (a) c(Sl,d) = mds Cds + φρv Sl Cpl + φρv (1-Sl ) Cpv + (do-d) Cll is the volumic heat capacity of the concrete which depends on the saturation and on the quantity of water released by dehydration d. do is the quantity of initial water. The constants Cds , Cpl , Cpv and Cll are respectively the heat capacities of the dry solid phase (aggregates and anhydrous cement), of the liquid water, of the steam and bound water. (b)



(w



l



C pl + w v C pv )∇T represents heat transported by



fluids convection, generally negligible for less permeable materials like concrete (Bazant Z.P. & Kaplan M.F., 1996). (c)



wv ∇p v is the heat dissipation associated with the ρv



compressibility of the vapour phase which is also neglected.



- The deformation of the solid skeleton is not taken into account.



(d) L l → v = T (S v − S l ) is the latent heat of vaporization



- The skeleton transformations are infinitesimal. The evolution of the system is very slow. Accelerations will thus be neglected and the state of the porous medium will be quasi static.



(e) L s→l = T (S l − S ll ) is the latent heat of dehydration



- The gas phase behaves like an ideal mixture of perfect gases.



Thus the first equation of the field (heat conservation) is:



(thermodynamic balance into non isothermal condition).



(heat consumed by the concrete for one kg of unbound water).



- The hysteresis phenomenon of the sorption curves is not taken into account.



c(S l ,d )
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∂T = ∇q − L l → v µ l → v − L s→l d& ∂t



(3)



Draft In addition, by combining the mass conservation equation for liquid and water vapour, the flow equation given by the Darcy law and the Kelvin equation, Sercombe J. et al. obtain the following equation :



[ρ l (T) − ρ v (T)]φ(d ) ∂S l = ∇[D(S l , d, T) ∆S l ] + ∂d ∂t



∂t



The data used (see Table 2) result from thermodynamical properties of water and vapour at high temperature, from Eurocode 2 and from various studies of characterization of the behaviour of concrete at high temperature quoted by Sercombe J. et al.



(4)



⎡ ⎡ ρ v (T ) ⎤ ⎤ ⎢⎢ ⎥ ⎥ (S l )K g (d ) + ηV (T ) ⎦ ⎣ ⎢ ⎥ ∂pv where, D (S l , d , T )= ⎢ ρ (T ) ρ 1 ⎥ ∂t ⎢ l k rl (S L )K l (d ) l ⎥ ρ v S l ⎥⎦ ⎢⎣ η l (T )



Data



Value or formula



Initial saturation Sl0 (%) Saturation Sl (%) Vapour pressure pvap (Pa) (Desorption curve)



is hydrous conductivity.



Capillarity pressure pc (Pa)



The problem thus consists in finding the evolution of the variables T and Sl for a porous medium, knowing the geometry, the initial state and the external thermo-hydrous medium. The unknown parameters are temperature fields T and water vapour pressure pv (in function of Sl).



Quantity of initial bound water d0 (kg/m3) Water released by dehydration d (kg/m3)



97



S l = S l (t o ) ⋅ p vap (To ) p vap p vap = S l ⋅ p vsat (T ) p c = p vap − p l 53



d = (T − 60) ⋅ d o 540



Total porosity (%) Materials data Kanema and al. (2005) studied the behaviour of five formulations of concrete exposed to temperature from 20 to 600 °C. During the experimental study of the behaviour of these concretes at high temperature, several B400 concrete specimens spalled explosively. All the spalling took place during the heating at about 300 °C. So, the experimental results of B400 concrete were chosen to be compared with numerical results and to analyse the spalling phenomenon (see Table 1).



Components (kg/m³) cement



400



gravel



960



fine gravel



89



sand



740



water



177



Superplasticizer (dry extract)



1,04



E/C



0,44



A/C (dry extract)



0,26%



Theoretical Vol. Mass (kg/m³)



2367



Table 1 – B400 concrete composition
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Intrinsic permeability to liquid water (m2) Intrinsic permeability to gas (m2) Desorption curve



5.10-21 1.10-17e0.126d



S l = p vap p vsat (T)



Heat capacity of dry concrete



0.92



Heat capacity of interstitial water (kJ/°C/kg)



3.76



Heat capacity of bound water (kJ/°C/kg)



3.76



Thermal conductivity of concrete (W/m/°C) for 20°C ≤ θ ≤ 1200°C



λinf and λsup



Latent heat of dehydration (kJ/kg)



2500



Table 2 – Materials data for the calculation of coupled moisture and heat transfers.



λ inf = 1,36 − [0,136 + 0,0057(θ / 100)](θ / 100) λ sup = 2 − [0,2451 + 0,0107(θ / 100)](θ / 100 ) Initial saturation is deduced from measurements of relative humidity before test, with the help of a simplified relation for desorption curve. The quantities of initial bound water and
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Draft interstitial water are calculated starting from the saturation and from the quantity of mixing water. waterbound =0,9⋅Mcement⋅0,21 and



water=waterMixing −waterbound (5) Mcement (kg) and waterMixing (kg) correspond respectively to the cement mass and the mixing water mass. The quantity of released bound water depends on the temperature and is estimated experimentally by concrete mass loss tests (Galle C. & Sercombe J., 2000). The choice of the other data of the procedure is presented in the reference Ranc G. et al. (2003).



significant evolution of the steam pressure at saturation with the temperature, this condition is equivalent to impose a relative humidity (or liquid water saturation) almost equal to zero (< 5%) when the surface temperature exceeds 60 °C. The initial state is characterized by a temperature equal to 20°C and a water content equal to 3.9 % (in mass) and corresponds to a capillary pressure equal to 5.93×10-7 Pa. On Figure 3, we present the results of the calculation with the aid of the thermohydrous model.



The necessary data for thermal calculation are concrete thermal conductivity, density and specific heat. The evolution of concrete thermal conductivity in function of temperature is taken from the EUROCODE 2. It is a spindle limited by two curves: a curve known as higher and a curve known as lower. We test the both curves. The French National Appendix of Eurocode 2 recommends the use of the lower curve. NUMERICAL RESULTS Simulation carried out relates to a 16 X 32 cm cylindrical specimen heated on all the faces. The heating – cooling cycles go from the ambient temperature (20°C) to a maximum temperature of 300 or 600°C at a rating rate of 1 °C/min. Thanks to the properties of the specimen symmetry we model a quarter of the specimen in 2D and work in an axisymmetric mode. Thus, the studied geometry is a rectangle made up of quadratic elements (8 nodes) which one can see on Figure 2.



(a) Pvapeur – λsup



y



T = f(t)



φ=0



T = f(t)



x



32



16



φ=0



Figure 2 – Schematic representation of the modelled specimen and the boundary conditions



(b) Pliquide – λ sup



The elevated temperature at the surface of the specimen suggests an external boundary condition of steam pressure as imposed relative moisture. At first approximation, the steam pressure is fixed at its initial value, i.e. 50% of the steam pressure of saturation at 20°C. Taking into account the
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Draft Figure 3a, the maximum vapour pressure is obtained for a surface temperature between 250 and 300 °C. This numerical result is in line with the experimentally observed spalling at about 300 °C. Furthermore, there is a sharp decrease of the saturation rate within the specimen at temperature between 150 and 300 °C (see Figure 3d). At the temperature 300 °C, the specimen is almost definitely dried. The saturation rate Sl is near 0 %.



(c) Pcapillaire – λ sup



In fact, the migration of liquid water towards the inner part of the specimen due to moisture clog delays the increase of temperature within the specimen. This phenomenon has one main consequence : the increase of thermal gradient in the concrete element, then the increase of thermal stresses. At the temperature T ≅ 250°C (Figure 3a, 3b and 3d), the liquid water mass wedged in the centre of the specimen changes phase (from liquid to vapour). Water vapour pressure increases sharply and decrease with the temperature increase. The main variations of liquid pressure (Figure 3b) and capillary pressure (Figure 3c) within the concrete element took place at temperature between 200 and 300 °C. This numerical result is also in accordance with the experimentally observed spalling at the temperature 300 °C. After the temperature of 300 °C, the concrete dehydration is almost completed. Vapour pressure and saturation rate decrease sharply to zero. The numerical results of the temperature difference between the surface and the centre of the specimen, ∆T, in function of the temperature at the surface and in function of the temperature at the centre of the specimen, for a heating to 600°C, are presented in Figure 4.



(d) Sl – λ sup Figure 3 – Vapour pressure (a), liquid pressure (b), capillary pressure (c) and saturation rate (d) at the central ray of the specimen for a heating at 300°C. The higher curve of thermal conductivity (λsup) was used. Figure 3 shows the evolution of vapour pressure, liquid pressure, capillary pressure and saturation rate at the central ray of the specimen in function of temperature. These numerical results are obtained for the maximum temperature of 300 °C. One can see a peak on the vapour pressure curves (Figure 3a). Known to be due to a moisture clog, this peak is due to the phase change of liquid water to water vapour at high temperature. The peak moves from the surface to the inner part of the specimen during heating and provokes a migration of a part of water towards the centre of the specimen. High water vapour pressure may contribute to the specimen spalling. On



The juxtaposition of the mass loss curves and the temperature difference curves shows that the experimental and numerical results are similar. The thermo-hydrous model describes well the phenomena observed experimentally (Figure 4), i.e. the coupled heat and mass transfers in the concrete during the heating. It is also observed that the slope change of the mass loss curve after 4 hours of heating corresponds to the peak of the heat gradient (temperature difference divided by the specimen ray). The deceleration of the mass loss observed experimentally after 4 hours of heating appears also on the numerical curves. For the heating cycle to the temperature 600°C, the peak of the measured temperature difference is slightly higher than that obtained by calculation. It may be a consequence of heat absorption due to the beginning of concrete decarbonation (CaCO3 Î CaO + CO2). We notice also that the mass loss at the temperature 600 °C is slightly greater than the initial total water contained in the concrete element. The difference may be due to carbon dioxide or other gaz that escape from the concrete during heating. Endothermic phenomena not taken into account in the model are probably the origin of the small difference observed on the maximum or dwell values.
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Draft All the experimentally observed spallings take place during the heating when the specimen surface temperature is about 300 °C. For 16x32 cm cylindrical specimen, the both experimental and numerical results show that at temperature about 300 °C, the vapour pressure, the concrete mass loss and the thermal gradient within the specimen (then the thermal stresses) are maximum. It corresponds on Figure 4 to the time stage between 4 and 5 hours after the beginning of the heating at 1 °C/mn. The comparison of numerical and experimental results permits to determine clearly the temperature stage where concrete spalling takes place and the thermo-hydrous parameters. Some questions remain about the influence of the mechanical damage which is not taken into account in the model. For example, one can consider a mechanical-hydrous coupling due to the evolution of the concrete permeability during the heating. Experimental studies show an increase of concrete permeability and a decrease of concrete mechanical properties at the temperature between 300 and 600 °C [Kanema et al., 2005]. These phenomena have consequences on the heat and mass transfers within the concrete element. 160
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CONCLUDING REMARKS This study leads on the one hand to a validation of the thermo-hydrous model and on the other hand to a deepening of the understanding of the behaviour of concrete subjected to high temperature. The comparison of experimental and numerical results makes it possible to confirm the experimentally observed phenomena and to treat on a hierarchical basis the experimental parameters and the calculation data. The study concerning thermo-hydrous calculation shows a good agreement of the numerical and experimental results. For a heating cycle from 20 °C to 300 °C, the thermohydrous behaviour of concrete observed experimentally (temperature gradient, mass loss) can be simulated accurately by knowing the thermal and hydrous properties of the studied concrete. Between 300 and 600 °C, the thermo-hydrous model remains relevant even if it does not take into account the mechanical damage. The numerical results presented in this study have the same order of magnitude as the experimental results published by Kanema et al. (2005). These numerical results show also that the lower thermal conductivity curve of Eurocode 2 is more qualified to the studied concrete. The accordance of numerical and experimental results confirms the choice of thermal conductivity recommended in the French Appendix of Eurocode 2. The experimentally observed spalling takes place at a temperature about 300 °C for 16x32 cm cylindrical specimen. Experimental and numerical results show that at temperature about 300 °C, vapour pressure, concrete mass loss and the thermal gradient within the specimen (then the thermal stresses) are maximum. They permit to determine clearly the temperature stage where concrete spalling takes place and the thermo-hydrous parameters. The deepening of the knowledge of the behaviour of concrete at elevated temperature such as 600 °C should need performed numerical models in which all the phenomena of chemical decomposition and dehydration as well as the concrete mechanical damage are taken into account.
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(b) T = 600°C Figure 4 – Evolution of temperature difference between the surface and the centre of the specimen (∆T) and concrete mass loss (%) in function of time
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PROCEEDINGS OF THE COMMISSIONER OF SCHOOL EDUCATION ... 

Apr 23, 2016 - wise to attend the school during vacation on rotation basis. 3. Head masters/Teachers who are presently supervising MDM shall continue to ...
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The Color Icon 

Institute for Visualization and Perception Research. Department of ..... Submitted. 6. Jennifer Marsh and Mark Norder, â€œPim Chip Specification,â€� Technical Report.
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PROCEEDINGS OF THE COMMISSIONER AND DIRECTOR OF ... 

PROCEEDINGS OF THE COMMISSIONER AND DIRECTOR OF SCHOOL. EDUCATION ANDHRA PARADESH :: HYDERABAD. Proc.Rc.No.2458/D1-4/2012. Dated: 22.04.2013. Sub: School Education â€“ Right to Education Act -2009 â€“Teachers working on deputation as APO post in the 
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PROCEEDINGS OF THE STATE PROJECT ... - 

MISSION(SSA), ANDHRA PRADESH, HYDERABAD. Present: Smt. V. Usha Rani, IAS.,. Proc. Rc. No.527/RVM(SSA)/C1/2012,. Dated:18.09.2012. Sub: RVM (SSA), A. P., Hyderabad â€“ Pedagogy Wing â€“ CRC meetings for. 2012-13 â€“ Conduct of September meeting throug
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