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exhibited by virtually all building constructions, as a consequence of accidental events like 
explosions of gas pipelines, or intentional events. The above aspect is even more important if 
related to buildings having large gatherings of the public and buildings were working 
activities are carried out. The need to understand how concrete behaves in its inner structure is 
connected to the need to design using the most appropriate measures to avoid or at least 
mitigate the negative effects of high temperature, so to guarantee adequate safety levels to the 
structural elements that are manufactured using the above material.  
 

 

Figure 2.7: Axonometric profiles of temperature (shown by colour) and gas pressure (shown by 
undulations) in a C60 HSC concrete column 20 minutes into a fire (radiative heating 
only) [PES 00] [KHO 02a]. 

 

In the analysis of chemo-hygro-thermal and mechanical behaviour of concrete at high 
temperatures, various physical-chemical coupled phenomena must be taken into account. A 
fundamental role in the chemical processes and in the heat and mass transfer is played by 
dehydration. Moreover, in concrete, at temperatures higher than the critical point of water of 
374.15

o
C when water cannot exist in a liquid state, primary chemical reactions occur as 

calcium carbonate decomposition and silica components transformations. 
In concrete at first heating, the application of non-uniform temperatures induces an 

increase of vapour pressure and is responsible for an initial vapour migration towards the 
lower temperatures zones. Initially the pores are not physically saturated. In such a material 
the typical percentage of not saturated volume is equal to 2-4% for the case of plain concrete. 
These partially saturated pores play a fundamental role in the initial migration of water since 
they act as humidity storage, avoiding an excessive increasing of the pressure during heating. 
After the early moisture migration, these initially unfilled pores are filled and a “saturation 
plug” (or “moisture clog”) forms and then water moves under the action of a hydraulic 
gradient governed by saturation vapour pressures at the two ends of the saturated zone. Under 
steady-state conditions the saturation zone moves away from the hottest region and increases 
in length simultaneously as water accumulates at the upstream face. The phenomenon of 
moisture clog may be responsible for explosive spalling of concrete, because of the high 
values of water vapour and liquid pressure reached during the heating process.  

It is possible only at a general level to standardize the behaviour of concretes within one 
model of partially saturated porous medium subject to high temperatures. The material nature, 
together with homogeneity/non-homogeneity, isotropic/anisotropic properties play a 
fundamental role in the final behaviour of the model chosen to carry on the type of analysis 
proposed here. At higher temperatures it is the cement matrix which becomes the weak point 
of the material, showing low mechanical strength. With increasing temperature the aggregates 
progressively expand as long as they are not chemically altered, while the cement matrix, 
after an initial expansion, is subject (over 150°C) to a progressive shrinkage. These two 
opposite phenomena involve a micro-cracking process which explains the subsequent 
damaging of the material microstructure. Further, low permeability inhibits water mass 

.
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transfer causing high gas pressure values, crack-opening and a further increase in intrinsic 
permeability. An important role is played during fire by the large load induced thermal strain 
(LITS) [KHO-06]. This strain plays an important role in the relaxation of thermal stersses.  
 
2.5.3.6 Structure of the model. 
 

The model to analyse chemo-thermo-hygro-mechanical behaviour of concrete is based 
on four balance equations: i) mass of dry air, ii) mass of the water species (liquid + vapour, 
taking phase changes into account), iii) enthalpy of the whole medium (including latent heat 
of phase changes and heat effects of hydration or dehydration processes) and iv) linear 
momentum of the multiphase system. Inclusion in the model of the carbonation process needs 
other balance equations, such as mass conservation equation of calcium carbonate and mass 
conservation equation of carbon dioxide, which are the new two components of the 
“concrete” system. Changes in the material properties caused by temperature and pressure 
changes, damage, plasticity together with coupling between thermal, hygral and mechanical 
phenomena are taken into account. The model further allows the incorporation of 
sorption/desorption isotherms hysteresis and creep (e.g. LITS) behaviour.  

 
 

  
(a)  (b) 

  

(c) (d) 

Figure 2.8: Example of a quarter HSC column section distribution of (a) temperature, (b) relative 
humidity, (c) vapour pressure, (d) damage exposed when to a mix of radiative and 
convective heating conditions[PES 00] [KHO 02a] See also related Tables  2.2 and 2.3.  
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