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Chapter 1  General introduction  

General introduction 
 
 
                                                          

1.1 Development of high-performance concrete 

Nowadays, high-performance concrete (HPC), as it can satisfy the expectations for excellent 
mechanical properties and a long service life, is increasingly applied in various structures, 
such as bridges, tunnels, high-rise buildings, and large-span infrastructures. The history of 
HPC can be traced back to the early 1980s and it has been extensively developed since 1990. 
In the fabrication, water reducing agents and fine mineral admixtures are usually added, 
leading to denser concrete with high strength and better durability compared with normal- 
strength concrete (NSC). Due to its high strength, structural elements of HPC are relatively 
light and slender, which offers significant economic, architectural, and structural advantages 
over conventional concrete. It can also result in a better use and conservation of our limited 
natural resources and relatively mitigate the environmental damage of concrete production. 
The broadly accepted definition of HPC (with high strength) is the concrete with compressive 
strength more than 60 MPa, elastic modulus higher than 40 GPa, current flow in a 6-hour 
chloride permeability test less than 500 coulombs, 90 day drying shrinkage less than 0.04%, 
and slump greater than 200 mm for fresh concrete [Aitcin, 1998; Feng, 1992]. 

1.2 Fire risk 

Regarding the fire resistance, generally speaking, concrete has much better fire resistance 
capacity than other materials, such as steel, and it always provides a cover to protect 
reinforcement. However, from the evidence of fire accidents that have happened in reality, it 
has been found that HPC underwent drastic damage under fire conditions and its fire 
resistance capacity is much lower than NSC. For example, on 18th November, 1996, a fire 
occurred in the Channel Tunnel connecting England with France. Along a 50-metre length of 
the tunnel, the 0.4-meter thick tunnel lining was reduced to a mean depth of 0.17 meters, with 
the thinnest area being 0.02 meters (Fig. 1.1 (a)). Although nobody was killed during the 
accident, with the spalled concrete falling from above, it was quite dangerous for firefighters 
to extinguish the fire [Colombo, 2001]. Other fire accidents also caused severe damage to 
HPC structures along with economic losses and even human consequences, such as the fire in 
the Mont Blanc Tunnel connecting France with Italy in 1999 (Fig. 1.1 (b)) and the Tauern 
Tunnel fire in Austria in 1999. Fire can cause damage to NSC as well, such as the collapse of 
an eight-story concrete building in Hengyang city in China in 2003 and the partial collapse of 
the architecture building in Delft University of Technology in the Netherlands in 2008 (Fig. 
1.2). It is conceivable that if the two buildings were made of HPC, the loss could be even 
greater due to the lower fire resistance capacity of HPC. 
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              (a)                                    (b) 

 Fig. 1.1 Fire damage to concrete of Channel Tunnel (a) and Mont Blanc Tunnel (b).  

      
 (a) (b) 

Fig. 1.2 Architecture building before (a) and after (b) fire in Delft University of Technology. 

The aforementioned fire disasters of HPC structures have clearly shown that HPC is not 
perfect; it has some shortcomings, i.e., when exposed to elevated temperatures, it can fail in 
brittle or even violent manners (explosive spalling) and its relative damage extent is higher 
than that of NSC [Peng, 2000]. Also laboratory experiments have evidenced the large damage 
to HPC when exposed to high temperatures (Fig. 1.3).   
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(a) HPC-70 with 100% moisture content      (b) HPC-110 with 88% moisture content 

 

 
(c) HPC-120 with 100% moisture content 

Fig. 1.3 Explosive spalling of unloaded 100 mm HPC cubes with different moisture contents 
under fire condition (The temperature range of spalling occurrence was 480 to 510 oC and the 

heating duration was around three minutes) [Peng, 2000]. 

1.3 Fire damage  

1.3.1 Fire damage categories 

In general, fire damage to concrete can be classified into two categories: the mechanical 
damage and the chemical damage. The chemical damage is caused by the dehydration and 
decomposition of hardened cement paste and the transformation and decomposition of 
aggregates, which is reflected in the variation of material properties, such as the elastic 
modulus, the strength, and the permeability. The mechanical damage, which is in the form of 
cracking or even spalling, is due to the thermal stress induced by the temperature gradient, the 
vapor press, and the volume expansion mismatch between aggregates and matrix. 

1.3.2 Spalling 

Among those damages, spalling is the most detrimental to concrete structures as it can cause 
direct exposure of steel reinforcement to fire, resulting in failure of concrete elements. The 
term ‘spalling’ is used to describe the separation of a portion of concrete from a structural 
element or a specimen. It can be either a progressive and non-explosive separation of the 
surface layer [Sanjayan and Stocks, 1993; Mindeguia et al., 2010], or a sudden and 
violent/explosive concrete disintegration accompanied by the release of a large amount of 
energy which projects the broken concrete fragments with high velocity without any warning 
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[Peng, 2000; Phan and Carino, 2002; Noumowe et al., 2009]. Explosive spalling shows a 
much higher probability in HPC than in NSC. It has also been found that spalling is closely 
related to the heating rate. The higher the heating rate is, the higher the risk of spalling is 
[Hertz, 1992; Chan et al., 1999; Kalifa et al., 2000]. 

1.3.3 Spalling hypotheses 

Two hypotheses have been proposed to explain spalling: the vapor pressure mechanism 
[Anderberg, 1997; Peng, 2000] and the temperature gradient induced thermal stress 
mechanism [Bažant, 1997; Ulm et al., 1999a, 1999b]. The first hypothesis supposes that 
heating produces water vapor in concrete and as the permeability of HPC is low, which limits 
the ability of vapor to escape, a build-up of vapor pressure results. When heating continues, 
the vapor pressure increases until the internal stresses/energy becomes very high, resulting in 
sudden and explosive spalling. The second hypothesis is based on the fact that heating causes 
the thermal expansion of concrete. For different parts of concrete, the expansion is different.  
Due to the incompatibility of volume changes, thermal stresses are induced, causing a sudden 
failure (spalling) of the solid together with the release of the potential energy. Another 
possible explanation of spalling is the combination of the two hypotheses [Bažant, 1997; Phan 
and Carino, 2002; Noumowe et al., 2009]. The detailed discussion on spalling hypotheses is 
shown in Chapter 2. 

1.4 Current state of spalling modeling 

Since HPC is prone to spalling under fire conditions, the question is how to prevent spalling 
and hence minimize the shortcomings of HPC. To achieve this goal, first, the mechanism of 
spalling should be understood. To this end, considerable experimental and modeling work has 
been conducted by researchers (Chapter 2 Literature review). With regard to the modeling, in 
most of the existing models, the spalling phenomenon is analyzed at the macro-level, where 
concrete is treated as a homogeneous material, the material properties are expressed as a 
function of temperature, and the equation of ideal gas is usually adopted for the determination 
of the vapor pressure generated in concrete. The following modeling aspects are still 
inadequate: 
 

- The meso-level spalling analysis. 
- The heating history-based thermal decomposition prediction of hardened cement paste. 
- The precise prediction of vapor pressure. 
- The heating history-based prediction of material properties. 
- The quantitative investigation of the mechanism of spalling. 
- The energy-based analysis of spalling. 

In view of the current state of the analysis of spalling, the scope, the objectives, and the 
strategy of this study are shown below. 

1.5 Scope and objectives of this study 

A meso-level numerical model is proposed in this thesis to analyze the fire spalling of HPC in 
a quantitative manner. The results of this study can provide a guidance and reference to 
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engineers and researchers for working out measures to prevent HPC from spalling and to 
designers for designing HPC structures with high fire resistance capacity. The main objectives 
of this study are as follows: 
 

- As the spalling mechanism of heated HPC is still not clear and the quantitative 
analysis is still inadequate, the first objective of this study is to investigate the spalling 
mechanism in a quantitative manner. 

- In view of the fact that the heating history effect on the material properties hasn’t been 
considered in the existing models, the second objective of this study is to propose a 
heating history-based material property prediction model to investigate the spalling 
mechanism as accurately as possible.  

- The third objective of this study is to quantitatively study the influencing factors of 
spalling, such as the moisture content and the heating rate. 

1.6 Research strategy of this study 

In this thesis, the following aspects are considered in the fire spalling study:  
 

- The thermal decomposition of hardened cement paste. 
- The vapor pressure. 
- The moisture migration. 
- The thermal decomposition-induced variation in material properties, such as the 

permeability and the elastic modulus. 
- The non-linear mechanical behavior of the material. 

 
The following factors are not considered: 
 

- The drying shrinkage of hardened cement paste. 
- The time-dependent/basic creep of heated hardened cement paste. 
- The hydration of the residue unhydrated cement. 
- The effect of vapor pressure on the decomposition kinetics of hardened cement paste. 

The drying shrinkage and the time-dependent/basic creep (Chapter 2) of hardened cement 
paste are assumed to have little effect on fire spalling since it has been found that fire spalling 
mainly occurs in the first several minutes of heating [Sanjayan and Stocks, 1993; Peng, 2000; 
Pereira et al., 2011]. The load-induced/transient thermal creep (Chapter 2) is, however, 
accounted for in the mechanical analysis (Chapter 7). The hydration of the residue unhydrated 
cement and the effect of vapor pressure on the decomposition kinetics of hardened cement 
paste are assumed negligible. 

1.7 Outline of this thesis 

This thesis consists of nine chapters. In Chapters 3 through 7, five different modeling parts of 
fire spalling are proposed and described. In Chapter 8, the five modeling parts are synthesized 
and implemented for a meso-level study of spalling. The conclusions and the prospects of the 
study are in Chapter 9 (Fig. 1.4):     
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Chapter 1 is the general introduction. The background, the objectives, and the scope of this 
study are presented. 

Chapter 2 is the literature review. The state of the art of fire damage modeling of HPC is 
reviewed based on a literature survey. 

Chapter 3 deals with the temperature field determination. In this chapter, the numerical 
solution of the transient temperature field is presented. The thermo-mechanical coupling 
phenomenon is discussed. 

Chapter 4 is about the thermal decomposition prediction of hardened cement paste. Based 
on the kinetic and stoichiometric analysis, the decomposition and the volume evolution of 
various constituents in hardened cement paste are predicted according to the heating history.  

Chapter 5 presents the vapor pressure analysis. The analysis consists of two parts: the 
determination of vapor pressure and the analysis of the mechanical effect of vapor pressure. 
The vapor pressure determination is based on the application of steam tables and the analysis 
of the mechanical effect of vapor pressure is based on the theory of poroelasticity. The 
coupling phenomenon between solid and vapor is also discussed. 

Chapter 6 deals with the moisture transport. The moisture migration driven by the vapor 
pressure gradient is analyzed. In the analysis, the evolution of the permeability of matrix with 
the heating process is predicted and the effects of the slip-flow and the liquid water saturation 
degree on the permeability are considered. The governing equation of the moisture transport is 
obtained according to the mass conservation principle and is solved numerically.  

Chapter 7 focuses on the mechanical analysis. The fixed anisotropic smeared crack concept 
is employed to analyze the non-linear thermo-poro mechanical behavior of heated concrete. 
Both the thermal load and the load of vapor pressure are considered. The transient creep is 
also accounted for in the constitutive relation. A numerical method for the prediction of the 
decrease of elastic modulus of hardened cement paste induced by thermal decomposition is 
proposed.  

Chapter 8 shows the spalling investigation. In this chapter, all modeling parts presented in 
the previous chapters are integrated to analyze the spalling phenomenon of heated concrete on 
a meso-level. To quantitatively study the spalling mechanism, the thermo-chemo-hydro- 
mechanical behavior of both HPC and NSC with different moisture contents under two 
heating conditions, i.e., fast heating (ISO 834 fire) and slow heating, is investigated. The 
mechanical failure is also analyzed from the energy perspective. 

Chapter 9 consists of conclusions and prospects. Some remarks and future developments 
are presented. 
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Chapter 2  General literature review 

General literature review 
 
 
                                                          
 

HPC will undergo thermo-mechanical degradation or even explosive spalling under high 
temperature conditions, such as fire, and the safety of concrete structures will be endangered. 
To investigate the damage mechanism and to prevent concrete from spalling, much 
experimental and modeling work has been conducted in the past. A brief review is presented 
in this chapter. 

2.1 Experimental study on fire damage 

With regard to spalling, Hertz [1992] investigated the influence of silica fume on spalling. It 
was found that dense concrete was more likely to spall and the risk of explosive spalling 
increased with the increase of moisture content, the decrease of permeability, the decrease of 
tensile strength, and the increase of heating rate. Anderberg [1997] also found that the lower 
the heating rate was, the lower the risk of spalling. Sanjayan and Stocks [1993] studied the 
fire spalling of reinforced concrete slabs and observed that HSC was more prone to spalling 
than NSC under fire loads and the spalling generally occurred in the early stage of fire. Phan 
and Carino [2002] conducted spalling tests on cylinder specimens of high-strength concrete. 
The heating rate of the furnace was 5 oC/min. In the unstressed test, when spalling occurred, 
the measured surface temperature of the specimens was in the range of 280 oC to 320 oC after 
heating for about 2 hours. It was concluded from the test results that the vapor pressure was 
the primary cause for spalling and the thermal stress induced by temperature gradient was 
secondary. Peng [2000] experimentally investigated the relationship of the concrete strength, 
the moisture content, and the spalling probability. The test results showed that the higher the 
concrete strength and the moisture content, the higher the spalling probability. The 
temperature range of spalling occurrence was 480 oC to 510 oC and the heating duration was 
around three minutes. Noumowe et al. [2009] studied the high-temperature behavior of 
lightweight aggregate concrete. The heating rate of the oven was 1 oC/min. After heating for 
more than 10 hours, explosive spalling occurred when the temperature at the surface of the 
specimens was between 290 oC and 430 oC.  

From the reported test results of spalling, it can be seen that vapor pressure is supposed 
playing an important role in spalling. To investigate the vapor pressure in heated concrete, 
Consolazio et al. [1998] measured both the transient temperature and vapor pressure in mortar 
subjected to radiant heating. The measured peak value of the vapor pressure was around 3 
MPa. No spalling happened in the test. Kalifa et al. [2000] experimentally recorded the vapor 
pressure in concrete exposed to radiant heating. The highest value of the vapor pressure was 
less than 4 MPa and the peak moved inward with the heating process. The saturation front 
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(moisture clog) was also observed. Mindeguia et al. [2010] conducted a similar test to Kalifa’s 
and got the similar results. 

In addition to spalling, concrete will experience material degradation, such as the decrease 
of the elastic modulus and the strength. The effect of high temperatures on the mechanical 
properties of concrete was investigated by many researchers [Schneider, 1998; Phan and 
Carino, 1998; Peng, 2000; Kodur et al., 2008b; Husem, 2006; Youssef and Moftah, 2007; 
Behnood and Ziari, 2008]. The test methods used can be classified into three categories:  

- Stressed. In the stressed test, a load is applied to the specimen prior to and during the 
heating. The mechanical test is carried out when the specimen is hot. This test method 
simulates the real situation of heated structural elements. However, the tests of this 
method are rarely found in the literature.  

- Unstressed. In the unstressed test, the specimen is heated without preload and tested 
hot.  

- Unstressed residual. In the unstressed residual test, the specimen is also heated without 
preload, but tested when it is cooled to room temperature. 

The decreases of the compressive strength and the elastic modulus of concrete under 
unstressed and unstressed residual test conditions are respectively shown in Fig. 2.1 and Fig. 
2.2, which were summarized by Phan and Carino [1998]. 

Phan and Carino [1998] concluded that the degradation of HSC with respect to temperature 
was different from that of NSC. “The differences are more pronounced in the temperature 
range between 25 oC and approximately 400 °C, where higher-strength concretes have higher 
rates of strength loss than lower-strength concretes. These differences become less significant 
at temperatures above 400 °C. Compressive strengths of HSC at 800 °C decrease to 
approximately 30% of the original room-temperature strengths. A temperature of 300 °C 
marks the beginning of higher rate of decrease in modulus of elasticity for all concretes.” 
Phan and Carino also pointed out that “current design recommendations for compressive 
strength and modulus of elasticity of fire-exposed concretes are more relevant to NSC than 
HSC. The Eurocode and CEB design curves have questionable application to HSC”.  

From a microscopic point of view, microstructure damage induced by thermal 
decomposition of constituents in hardened cement paste occurs when concrete is exposed to 
elevated temperatures. The coarsening effect of high temperature on hardened cement paste 
were verified experimentally by Lin et al. [1996], Luo et al. [2000], Liu [2006], Caré [2008], 
Peng and Huang [2008], and Fares et al. [2010]. It has been found that ettringite (AFt) and CH 
start to decompose at 70 oC and 430 oC, respectively, and the chemical-bound water in C-S-H 
gel is gradually released once the temperature exceeds 600 oC [Shimada and Young, 2001; 
Pourchez et al., 2006; Zelić et al., 2002; Peng and Huang, 2008; Lin et al., 1996]. The 
decomposition kinetics of hardened cement paste was investigated by Peng and Huang [2008]. 
It was found that the decomposition degree was closely related to the heating temperature and 
the heating duration. The kinetics equation of C-S-H decomposition was also formulated in 
their study.   
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 (a) unstressed (b) unstressed residual 

Fig. 2.1 Compressive strength vs. temperature by (a) unstressed and (b) unstressed residual 
tests [Phan and Carino, 1998]. 

 
 (a) unstressed (b) unstressed residual 

Fig. 2.2 Elastic modulus vs. temperature by (a) unstressed and (b) unstressed residual tests 
[Phan and Carino, 1998]. 

For creep of heated NSC, Anderberg and Thelanderson [1976] and Khoury et al. [1985] 
experimentally investigated the thermal strain of concretes under different loads (Fig. 2.3). It 
was found that big differences exist between the thermal strain without load (free thermal 
strain) and that under load. The difference was referred to as the load-induced thermal strain 
(LITS), which comprised transient creep, basic creep, and elastic strain (Fig. 2.3 (b)). For the 
transient creep, Anderberg and Thelanderson [1976] proposed an expression according to the 
test results as 

 tr tr th
c

k
f
σε ε= − ⋅  (2.1) 

where cfσ  is the stress to strength ratio, ktr is a coefficient, which ranges from 1.8 to 2.35, 
and thε  is the free thermal strain. Schrefler et al. [2002] pointed out that for stress analysis of 
heated concrete, the transient creep or LITS should be taken into account, otherwise the 
results would be erroneous. 
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(a) Experimental results of load-induced thermal strain at heating rate of 1.0 oC/min 
[Khoury et al, 1985].  

 

(b) Components of load-induced thermal strain at heating rate of 5 oC/min [Anderberg and 
Thelanderson, 1976]. 

Fig. 2.3 Transient creep of heated concrete.  
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2.2 Fire damage modeling - state of art 

To reveal the fire damage mechanisms of concrete and to theoretically quantify and predict 
the degree of damage, considerable modeling work has been conducted. The fire damage 
modeling concerns several aspects: the temperature field determination, the vapor pressure 
modeling, the moisture transport analysis, the mechanical modeling, and the material 
degradation prediction. Four types of models exist so far:  
 

- The material degradation modeling.  
- The heat and moisture transport modeling. 
- The structural level fire damage modeling.  
- The spalling modeling.  

2.2.1 Material degradation modeling 

Regarding to the material degradation modeling, Tsai et al. [2005] worked out a model to 
predict the residual strength of heated concrete. In the model, the residual strength was 
empirically formulated as a function of the heating temperature and the exposure duration. 
Chiang et al. [2005] and Tanyildizi and Çevik [2010] used the artificial neural network and 
the empirical genetic-programming method, respectively, to get better fits to the experimental 
data for predicting the residual strength of concrete. Knaack et al. [2010] proposed a 
temperature-dependent expression of the compressive strength of concrete based on the curve 
fitting of the tests results. Ulm et al. [1999a] modeled the dehydration and its effects on 
material properties macroscopically. The dehydration was considered as an inverse process of 
hydration. An inverse linear relation between dehydration degree and the relative elastic 
modulus was assumed. Grondin et al. [2007] used a multi-scale (from meso-level to 
macro-level) model to predict the LITS under different loading and uniform temperature 
conditions. It was assumed that LITS was mainly attributed to the decrease of mechanical 
material properties, which was caused by the combination of the compressive load and the 
volume mismatch between matrix and aggregates. The isotropic damage model was employed 
to model the mechanical damage. The macro-level material properties were obtained by 
volume weighted averaging the properties of matrix and aggregate. The vapor pressure and 
the thermal gradient induced damage were not taken into account in the model.  

2.2.2 Heat and moisture transport modeling 

For the heat and moisture transport modeling, FEM is widely used for getting the numerical 
solution of the temperature and moisture distribution. The governing equation of heat 
transport can be derived from the law of energy conservation (the first law of thermodynamics) 
and Fourier's law of heat conduction. According to the law of mass conservation and Darcy’s 
law and/or Fick’s law, the governing equation of moisture transport can be obtained. Tenchev 
et al. [2001a, 2001b] used a coupled model to simulate the heat and moisture transport in a 
heated concrete wall. The latent heat of dehydration and vaporization was considered. The 
gaseous phase was assumed as an ideal gas. The volume fractions of the liquid phase and the 
gas phase were determined by using the sorption isotherm curves proposed by Bažant and 
Thonguthai [1978]. The amount of dehydrated water was expressed as a function of 
temperature following the model proposed by Bažant and Kaplan [1996]. The porosity was 
taken as temperature dependent and the permeability was taken as a function of the 
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temperature-induced increase of the cross section of the pores. In the models of Khoury et al. 
[2002] and Gawin et al. [2002, 2003], the permeability was expressed as a function of the 
temperature, the pore pressure, and the degree of the thermo-mechanical damage. Li et al. 
[2006] followed Gawin’s model, but took the desalination process into account. The 
permeability of the model of Majumdar et al. [1995, 1997] was obtained by curve fitting of 
the experimental data. Consolazio et al. [1998] modeled the moisture transport in saturated 
mortar subjected to radiant heating. The boundary condition and the thermal material 
properties were modeled. However, the coarsening effect induced by the thermal 
decomposition of hardened cement paste was not considered. Chung et al. [2005, 2006] 
modeled the moisture transport in heated reinforced concrete. The transport of the gas phase 
and the liquid phase was modeled. The gas phase slip-flow [Klinkenberg, 1941] was 
considered. The influence of high temperatures on the permeability was, however, not 
considered and neither damage nor spalling was predicted. Benes and Mayer [2008] proposed 
a one dimensional model to analyze the temperature field, the moisture transport, and the 
vapor pressure in heated concrete. The material properties were taken as temperature 
dependent. The vapor phase was assumed as an ideal gas. Pont et al. [2011] presented a 
thermo-hydro model to determine the temperature and gas pressure fields in heated concrete. 
The vapor pressure was determined according to the ideal gas law and the material properties 
were temperature dependent. 

2.2.3 Structural level fire damage modeling 

Since the thermal behavior of each component affects the safety of a whole concrete structure, 
a number of structure-level analyses can be found in the literature. Hurst and Ahmed [1998] 
worked out a model to predict the thermal response of concrete slabs. In the model, the 
moisture migration and the vapor pressure, which followed the ideal gas law, were considered. 
The mechanical analysis, however, was lacking in the model. Huang et al. [1999, 2003a, 
2003b] used an anisotropic layered damage model to model the membrane action of concrete 
slabs under fire conditions. The material properties were temperature dependent. Huang [2010] 
artificially introduced spalling into the structural mechanical analysis of slabs by using a ‘void 
surface layer’ of certain depth with zero mechanical strength and stiffness. Three cases of 
different depths of spalling were studied. From the numerical results, it was concluded that the 
membrane force in the slab could reduce the impact of spalling on the fire resistance of heated 
slabs. Zha [2003] simulated the fire resistance of columns and beams. The material properties 
were temperature dependent. The simulation results showed that the fire resistance of those 
elements could be increased by increasing the thickness of the concrete cover and the amount 
of reinforcement used. Lim et al. [2004] and Usmani and Cameron [2004] modeled the fire 
response of reinforced concrete slabs. The results showed that two-way slabs had better fire 
resistance capacity than one-way slabs because of the tensile-membrane effect. Schrefler et al. 
[2002], Khoury et al. [2002], Gawin et al. [2003], and Pont et al. [2005a] modeled the fire 
damage to structural elements. Schrefler et al. and Khoury et al. studied tunnel linings, Gawin 
et al. investigated a one-side heated wall, and Pont et al. modeled a 1.5-meter high hollow 
cylinder. The common features of their models are:  
 

- The isotropic damage model was employed.  
- The gas phase was treated as an ideal gas.  
- The material properties were taken as temperature dependent.  

The output of their models was the distribution of the damage degree in concrete elements. 
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Spalling was, however, not predicted. Bratina et al. [2007] and Kodur et al. [2008a, 2008b, 
2009] modeled the fire resistance of concrete beams. In their models, the material properties 
were temperature dependent and were obtained from either the Eurocode or the ASCE Manual. 
The relationship between the bending moment and the curvature was analyzed to study the 
failure of the beam. In Kodur’s model, spalling was predicted by simple descriptive 
assumptions. Caldas et al. [2010] investigated the interaction diagrams for the cross-section 
analysis and design of reinforced concrete elements under fire conditions. The material 
properties were taken from the Eurocode. Terro [1998] investigated the effect of thermal creep 
on the structural behavior of heated concrete elements. In the model, the total strain comprised 
free thermal strain and LITS. The free thermal strain was assumed linearly related to the 
content of aggregate and the base value was obtained from the test results of heated concrete 
with 65% aggregate content. The LITS was taken as linearly proportional to the stress level 
and the base value was taken from the empirical expression of heated concrete stressed with 
30% the compressive strength. The modeling results showed that the thermal creep had little 
effect on the structural behavior of heated slabs, but had tremendous effect on the deformation 
of heated columns. Sadaoui and Khennane [2009] modeled the transient thermal creep of 
reinforced concrete columns. Two cases were studied: in the first case, the transient creep was 
considered explicitly as an additional component of the total strain and the expression of the 
creep proposed by Anderberg and Thelanderson [1976] was used; in the second case, the 
transient creep was considered implicitly through the variation of material properties 
recommended in the Eurocode. It was found that the results in the second case deviated much 
from the test results because of the double counts of the transient creep in both the elastic 
modulus and the ultimate strain. Ali et al. [2010] studied the fire behavior of HSC columns 
under different loads. In the model, the material properties were also taken from the Eurocode. 
The anisotropic damage model was employed. The vapor pressure was not considered and 
spalling was not predicted. 

2.2.4 Spalling modeling 

As spalling is the most detrimental damage to HPC, considerable spalling modeling work can 
be found in the literature. In the vapor pressure build-up mechanism of spalling (Chapter 1), a 
theory of moisture-clog spalling (Fig. 2.4) has been proposed [Bažant, 1997; Consolazio et al., 
1998; Kalifa et al., 2000]. During thermal loading, the vapor migrates along the pressure 
gradient both outward to the atmosphere and inward to the lower temperature region. The 
inward migration will be impeded when a complete saturated layer/front is formed by 
condensation. Thus, the vapor can only escape outwardly. If the permeability is low, high 
vapor pressure will build up because of the high moisture content of the saturated layer and 
spalling may occur when the pressure reaches a certain value. The moisture clog phenomenon 
has been verified by van der Heijden [2011] using the nuclear magnetic resonance (NMR) test. 
However, no quantitative experimental or numerical evidences of moisture-clog spalling 
could be found so far in the literature. 

Bažant [1997] stated that the vapor pressure could only trigger the happening of explosive 
spalling and the thermal stress induced potential energy might play a dominant role in 
explosive spalling as shown in Fig. 2.5 (a). The quantitative analysis was, however, lacking. 
Ulm et al. [1999] developed a chemo-plastic model to analyze the fire spalling of concrete 
rings of the Channel Tunnel (Chunnel). The plastic strain was used as an indicator for 
approximately evaluating the spalling depth in the concrete rings. It was concluded that  
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Fig. 2.4 Schematic illustration of moisture-clog and build-up vapor pressure. 

spalling was caused by the restrained thermal dilatation induced compressive stress. The 
vapor pressure was, however, not considered. Bentz [2000] investigated the percolation of the 
interfacial transition zones (ITZ) and suggested that, by adding polypropylene fibers of 20 
mm in length and 0.25 mm in diameter, the percolation route could be formed for vapor to 
escape and thus spalling could be prevented. Ichikawa and England [2004] used a 
one-dimensional model to simulate the spalling of the concrete wall of a nuclear reactor 
containment vessel. The vapor pressure was calculated using a set of formulated equations. 
Spalling was assumed to occur when the vapor pressure induced tensile stress exceeded the 
tensile strength of concrete. The thermal decomposition induced material degradation was not 
considered. Gawin et al. [2006] used a fully coupled model, where the gas pressure, the 
capillary pressure, the temperature, and the stress/strain were coupled together, to describe the 
concrete thermo-mechanical behavior. The vapor pressure was predicted using the ideal gas 
equation. The isotropic damage model proposed by Mazars [1989] was applied for the 
mechanical damage assessment. Spalling wasn’t predicted directly. Instead, four spalling 
indices based on different failure modes, i.e., the shear failure (Fig. 2.5 (a)), the buckling 
failure (Fig. 2.5 (b)), the simplified fracture failure (Fig. 2.5 (c)), and the integrative failure, 
were used for the prediction. Dwaikat and Kodur [2009] proposed a one-dimensional model to 
predict the fire spalling of concrete elements. The spalling was assumed to occur when the 
calculated vapor pressure exceeded the temperature-dependent tensile strength of concrete. 
The vapor pressure was predicted by the use of the ideal gas equation. The moisture transport 
was analyzed and the expression of the evolution of permeability developed by Gawin et al. 
[1999] was used. The mass of water in concrete was predicted as a function of the pore 
pressure and the temperature using the semi-empirical expression of sorption isotherms 
developed by Bažant [1978]. De Morais et al. [2010] proposed a model for the spalling of 
small specimens. In the model, the vapor pressure and the moisture transport were considered. 
The linear isotropic elastic law and the elasto-plastic law were used for the mechanical 
analysis. It was inferred that spalling was attributed to the superposition of the effects of vapor 
pressure and the thermal dilatation. The material properties were taken as temperature 
dependent. Although small specimens were analyzed, the aggregate and matrix were not 
treated distinctively, i.e., concrete was treated as homogenous. Thus, the local effect of vapor 
pressure and the volume mismatch between aggregates and matrix were not accounted for. 
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           (a)                       (b)                    (c) 

Fig. 2.5 Possible mechanisms of explosive thermal spalling: (a) pressure shear model, (b) 
bucking model, and (c) compression splitting cracking model.  

The afore mentioned models analyzed the spalling phenomenon at the macro-level, where 
concrete was treated as a homogeneous material. Few meso-level studies can be found in the 
literature. Tenchev and Purnell [2005] investigated spalling on an arithmetic parallel averaged 
meso-level. In the model, equal strains and different stresses were assumed. The macroscopic 
stresses and the stiffness matrix were obtained by weighted averaging those of mortar and 
aggregate. The volume fractions of both mortar and aggregate were equal to 0.5. The isotropic 
damage model was used for the mechanical analysis. It was concluded that the plane of 
spalling was parallel to the main compressive stress because of the tensile transverse stress 
induced by the compressive stress. The material properties were temperature dependent. The 
ideal gas equation was used for the determination of vapor pressure. Fu et al. [2004a, 2004b, 
2007] used a mesoscopic thermal-elastic damage model to investigate both the temperature 
gradient and the thermal volume mismatch induced cracks in heated concrete. The material 
was treated as brittle elastic. The material properties were temperature dependent. Although 
the crack pattern was simulated, spalling was not predicted and vapor pressure was not 
considered. Gawin et al. [2004], Pont et al. [2005a], and Li et al. [2006] modeled the fire 
damage of small specimens. However, the specimens were still treated as homogenous and 
spalling wasn’t predicted. 

2.3 Modeling evaluation and conclusions 

Fire spalling of concrete is a complex phenomenon. The complexity stems from the coupled 
thermo-chemo-hydro-mechanical reaction of concrete to the elevated temperatures and from 
the reaction itself. Several aspects need to be incorporated in the damage analysis: the 
temperature field, the thermal decomposition of hardened cement paste, the vapor pressure, 
the moisture transport, the material degradation, and the mechanical damage. From the above 
literature survey, it can be seen that, so far, none of the existing models works well for 
analyzing the spalling phenomenon of heated concrete. The following modeling aspects are 
still inadequate: 
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- The study of the mechanism of fire spalling and the heating rate effect on spalling. The 
fire spalling mechanism is still not quantitatively explained and the heating rate effect 
study is also lacking.  

- The meso-level spalling analysis. In most of the existing models, spalling is analyzed 
at the macro-level, where the concrete is treated as a homogenous material. Some 
details are, therefore, missing for the spalling investigation, such as the aggregate 
influence on the moisture transport, the decomposition of the matrix, the damage 
induced by the volume mismatch between aggregates and the matrix, the vapor 
pressure effect on the stress/strain field, etc. 

- The prediction of the thermal decomposition of hardened cement paste. Since the 
microstructural evolution of matrix depends on the thermal decomposition and the 
properties of materials are closely related to the microstructure, it is of fundamental 
importance to appropriately evaluate the decomposition in the fire spalling analysis. 
However, there is no such a model available in the literature. 

- The heating history-based prediction of material properties. In most existing models, 
material properties are taken as temperature dependent according to the experimental 
results. In the experiments, usually the heating rate is low and the heating duration is 
long to insure a uniform temperature distribution in specimens. Thus, a significant 
drying shrinkage of the matrix can be induced and the material properties are affected 
markedly. As fire spalling occurs in the first several minutes of heating, the shrinkage 
effect is negligibly small. The actual material properties under the fire condition can 
be much different from the temperature-dependent ones.   

- The prediction of vapor pressure using steam tables. The ideal gas equation is usually 
adopted for the determination of vapor pressure in existing models. However, when 
the moisture saturation degree is high, water vapor behaves much differently from 
ideal gases, resulting in a large deviation. Therefore, when the steam table is used, 
better predictions can be expected. 

In this thesis, the fire spalling phenomenon of concrete is investigated on a meso-level. In 
the analysis, the permeability and the elastic modulus of the matrix are predicted based on the 
thermal decomposition analysis. The decomposition of the matrix is predicted as a function of 
the heating history. The vapor pressure is determined by the use of steam tables. The moisture 
transport and the non-linear mechanical analyses are conducted. The fire spalling mechanism 
is investigated in a quantitative manner and the heating rate effect on spalling is also studied. 
The outline of this thesis is shown in Fig. 1.4.  
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3.1 Introduction 

In heated concrete, the complex thermo-hydro-mechanical reaction stems from the high 
temperature. It is, therefore, essential to predict the temperature field evolution for the spalling 
analysis. This modeling part is described and discussed in this chapter. The implementation 
for spalling analysis is shown in Chapter 8 (Fig. 3.1). In the modeling, the governing equation 
of the temperature field is presented. The FEM is applied for getting the solution. The 
thermo-mechanical coupling phenomenon is also discussed. 

Fig. 3.1 Modeling parts of fire spalling analysis. 

3.2 Temperature field determination 

3.2.1 Fourier's law of heat conduction 

It is well-known that, in a solid, heat conducts from the high to low temperature region, which 
can be described by Fourier's law as  

 i i
i
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λ ∂
= −

∂
 (3.1) 
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where T is the temperature, λ  is the thermal conductivity, and q  is the heat flux. The 
minus sign indicates that heat flows in the direction of decreasing temperature. 

3.2.2 Governing equation of temperature field 

Under a certain heating condition, the temperature field in a solid can be described by a 
differential equation (Eq. 3.2) deduced from the principle of energy conservation (the first law 
of thermodynamics) and Fourier’s law.  

 i
i i

TcT
x x

ρ λ φ
⎛ ⎞∂ ∂

= +⎜ ⎟∂ ∂⎝ ⎠
 (3.2) 

where ρ  is the mass density, c is the specific heat, φ  is the internal heat source, and T  is 
the time derivative of temperature. 

3.2.3 Initial and boundary conditions 

To solve Eq. 3.2, the initial and boundary conditions need to be specified. The initial condition 
is the temperature distribution in the solid before the start of heating. The boundary condition 
is the thermal interaction between the solid and the surroundings. The boundary condition can 
be classified into three types (Fig. 3.2):   

(1) Specified boundary temperature. The boundary temperature is given, which can be 
uniform or vary along the boundary locations and/or with time. This condition can be 
mathematically expressed as 

 ( , , , )T T x y z t
Γ
=  (3.3a) 

with Γ  being the boundary where the temperature is specified to be ( , , , )T x y z t . 

(2) Specified heat flux. By using Fourier’s law, the mathematical formulation of the heat 
flux across the boundary surface can be described as 

 ( , , , )n
Tq q x y z t
n

λ
Γ

Γ

∂
= − =

∂
 (3.3b) 

where / n∂ ∂  is the differentiation along the outward normal to the boundary surface. 
Radiation belongs to this type of boundary condition. The heat flux can be derived from the 
following equation, 

 4 4
1 1 1 2( )r r rA T Tε σΦ = −  (3.3b1) 

where Φ  is the radiation heat, rσ  is the Stefan-Boltzmann constant, rε  is the emissivity, 
rA is the surface area, and the subscripts 1 and 2 indicate the two bodies of radiation.   
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(3) Convection condition. When heat is transferred by the convection of the ambient gas, 
the boundary condition can be specified as 

 ( )c f
T h T T
n

λ Γ
Γ

∂
− = −

∂
 (3.3c) 

where ch  is the convective heat transfer coefficient between the gas and the boundary of the 
solid. 

 
Fig. 3.2 Schematic illustration of three types of thermal boundary conditions of a solid.  

3.2.4 Numerical solution of temperature field  

The FEM is used for the determination of temperature field. The Galerkin weighted-residual 
scheme is applied [Zienkiewicz and Taylor, 2000]. By discretizing the domain into a number 
of finite elements, the approximate value of temperature in each element can be expressed in 
terms of nodal temperatures using the interpolation polynomial shape functions, iN   

 
1

n
e

i i
i

T N T
=

=∑  (3.4) 

where e
iT  is the element nodal temperature, n is the number of nodes of the element (Fig. 

3.3).  

Fig. 3.3 Illustration of temperature field expressed by nodal temperatures in 2D three-node 
triangular element.  

By substituting Eq. 3.4 into the governing equation and the boundary condition (Eq. 3.2 and 
Eq. 3.3), the residuals are obtained 

Type 1 
( , , , )T x y z t

Heat 
flux 

Type 3 
Convection 

Type 2 

1
eT

3
eT  

2
eT  

1

n
e

i i
i

T N T
=

=∑  
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i i

T TR c
x x t

λ ρΩ

⎛ ⎞∂ ∂ ∂
= −⎜ ⎟∂ ∂ ∂⎝ ⎠

 (3.5a) 

 
2 i

i

TR n q
x

λΓ

∂
= −

∂
 (3.5b) 

 ( )
3 i c f

i

TR n h T T
x

λΓ Γ
∂

= − −
∂

 (3.5c) 

For three-node triangular element, by applying the Galerkin method, the following equation is 
obtained 

 
2 3

2 3

1 2 3 0R d R d R dω ω ωΩ Γ Γ
Ω Γ Γ

Ω+ Γ + Γ =∫ ∫ ∫  (3.6) 

with  

 1    ( 1, 2,3)iN iω = =  (3.6a) 

 2 3    ( 1, 2,3)iN iω ω= = − =  (3.6b) 

where Ω  denotes the 2D domain of element, 2Γ  and 3Γ  are the boundary subjected to  
the second and third type boundary conditions. Integrating Eq. 3.6 by parts and summing up 
for all the elements yields  

 [ ]{ } [ ]{ } { }C T K T P+ =  (3.7) 

with 

 [ ]
e

i j
e

C cN N dρ
Ω

= Ω∑ ∫  (3.7a) 

 [ ]
3
e

e

ji
l i j

e el l

NNK d hN N d
x x

λ
Ω Γ

∂∂
= Ω+ Γ

∂ ∂∑ ∑∫ ∫   (3.7b) 

 { }
2 3

e e e
i i f i

e e e
P N d qN d hT N dφ

Ω Γ Γ

= Γ + Γ + Γ∑ ∑ ∑∫ ∫ ∫   (3.7c) 

As the time derivative of temperature presents in Eq. 3.7, the discretization of the time domain 
is needed. By applying the backward difference method, Eq. 3.7 can be expressed as 

 [ ] [ ] { } { } [ ]{ }t t t t

C C
K T P T

t t −Δ

⎛ ⎞
+ = +⎜ ⎟Δ Δ⎝ ⎠

 (3.8) 

where tΔ  is the given time interval. Thus, the temperature distribution at each time step can 
be obtained by solving Eq. 3.8. 
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3.3 One-way coupling of thermo-to-mechanical analysis  

According to the thermomechincs, in a heated solid, a coupling phenomenon exists, i.e. the 
thermo-to-mechanical and vice versa. The thermo-to-mechanical is that the volume change 
induced by temperature change causes thermal stress in the solid; the mechanical-to-thermo is 
that an equivalent internal heat source (or sink) resulting from the mechanical loads influences 
the temperature development [Hsu, 1986]. For fully coupled analysis, the temperature field 
and the stress/strain field need to be solved simultaneously and unsymmetrical stiffness 
matrices are usually resulted. Regarding to the thermo-mechanical behavior of concrete, since 
the deformation of the solid is rather small and the resulting mechanical-to-thermo effect is 
also negligibly small, the one-way coupling of thermo-to-mechanical is considered in this 
thesis. As the temperature field is independent of the stress field in the one-way coupling, the 
analysis is mathematically simplified. 

3.4 Application 

The meso-level fire spalling analysis in this thesis is based on the experiments conducted by 
Peng [2000] (Chapter 8). The 100 mm concrete cube is modeled as a 2D two-phase (aggregate 
and matrix) composite. Three-node triangular elements are used for the discretization. In the 
temperature field prediction, the first type of boundary condition is used and the imposed 
surface temperature follows the standard heating curve recommended in ISO 834 [1999] as 
shown in Fig. 3.4. The heat sink induced by the thermal decomposition and the vaporization 
of free water in concrete is assumed negligibly small. The thermal material properties are 
taken as constant. The predicted evolution of temperature is compared with the test results 
[Peng, 2000] in Fig. 3.5/Fig. 8.5. It can be seen that the predicted results are in good 
agreement with the measured ones. The detailed description is shown in Chapter 8. 
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Fig. 3.4 Heating curve of ISO 834 fire [1999]. 
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                 (a)                                   (b) Points 1 to 4 

Fig. 3.5 Comparison of measured and predicted temperature evolution in a concrete cube. 

3.5 Summary 

In this chapter, the governing equation of the temperature field derived from Fourier’s law of 
heat conduction and the first law of thermodynamics has been presented. The FEM and the 
Galerkin weighted residual scheme have been applied for obtaining the numerical solution. 
The one-way coupling of thermo-to-mechanical has been discussed. The prediction of the 
evolution of the temperature field in heated concrete cubes is shown in Chapter 8. 
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Chapter 4  Thermal decomposition prediction of hardened cement paste 

Thermal decomposition prediction of 
hardened cement paste 

 

                                                          

4.1 Introduction and literature review  

When exposed to elevated temperatures, hardened cement paste will undergo decomposition, 
resulting in thermal damage of concrete. To better understand the thermal damage mechanism, 
it is essential to investigate the whole decomposition process (Fig. 4.1). It has been 
experimentally verified that ettringite (AFt) and CH start to decompose at 70 oC and 430 oC, 
respectively, and the chemical-bound water in C-S-H gel is gradually released once the 
temperature exceeds 600 oC [Shimada and Young, 2001; Pourchez et al., 2006; Zelić et al., 
2002; Peng and Huang, 2008; Lin et al., 1996]. Due to the decomposition, the content of 
various constituents in hardened cement paste will change (Fig. 4.2), resulting in the variation 
of material properties. As it has been mentioned in Chapter 1, the thermal damage, such as 
spalling, is closely related to the heating rate. From a chemical decomposition point of view, 
the kinetics of decomposition plays an important role in the resulting damage. Therefore, 
incorporating the kinetics into the thermal damage analysis is of fundamental importance for a 
better understanding of the damage mechanism. However, such an analysis is seldom reported 
in the literature (Chapter 2). In most existing models, the material properties are simply 
expressed as a function of temperature [Khoury et al., 2002; Gawin et al., 2002, 2003; 
Tenchev and Purnell, 2005; Pont et al., 2011; Lee et al., 2009]. The results of those models 
may be more convincible if the decomposition kinetics/heating rate had been considered.  

Fig. 4.1 Modeling parts of fire spalling analysis. 
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Fig. 4.2 Volume fractions of various constituents in hardened cement paste before thermal 

decomposition (a) and at stage of partial decomposition of C-S-H (b) (The detailed 
information and the parameters are shown in following sections). 

In this thesis, a numerical method is proposed for describing the thermal decomposition of 
hardened cement paste. In this method, by analyzing the kinetics of decomposition, the 
volume fraction evolution of each constituent is formulated as a function of the heating history. 
For HPC, where silica fume is added, the pozzolanic reaction is also considered. After the 
proposed method is verified by comparing the predicted results with three sets of 
experimental data obtained from the literature, the effect of the heating rate on the 
decomposition is quantitatively evaluated. The prediction of the variation of material 
properties, such as the permeability and the elastic modulus, based on the thermal 
decomposition analysis, is shown in Chapters 6 and 7.  

4.2 Decomposition prediction of hardened cement paste 

4.2.1 Initial volume fractions of various constituents  

To predict the thermal decomposition of hardened cement paste, the initial volume fractions of 
various constituents need to be determined first. Usually, they can be expressed as a function 
of the degree of hydration, the water to binder ratio, and the chemical composition of cement. 
When silica fume is added in the case of high-performance concrete, the pozzolanic reaction 
will also be taken into account. 

It has been shown that, at complete hydration, the volume of cement gel generated from 1 g 
of cement is 0.682 cm3 [Hansen, 1986]. By taking the specific gravity of Portland cement as 
3.15, the volume fractions of unhydrated cement and cement gel in hardened cement paste can 
be expressed as 
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320

680
.c/w

.f c
gel +
=

α                                                 (4.2) 

where cα  is the degree of hydration of cement and c/w  is the water-to-cement ratio. If a 
mass fraction S of cement is replaced by silica fume and the degree of hydration of silica fume 
is taken as zero firstly, unhyCf  and gelf  can be modified as 

 0.32(1 )(1 )
/ 0.32(1 ) /

c
unhyC

SF

Sf
w c S S ρ

α− −
=

+ − +
 (4.3) 

 0.68 (1 )
/ 0.32(1 ) /

c
gel

SF

Sf
w c S S ρ

α −
=

+ − +
 (4.4) 

where SFρ  is the density of silica fume and c/w  is converted into the water to binder ratio. 

According to Bentz and Garboczi [1991], each volume unit of C3S produces 1.7 volume 
units of C-S-H and 0.61 volume units of CH; each volume unit of C2S produces 2.39 volume 
units of C-S-H and 0.191 volume units of CH; and each volume unit of C3A produces 1.69 
volume units of hydrated aluminates. The density of C3S, C2S, C3A, and C4AF are 3.25, 3.28, 
3.04, and 3.77 g/cm3, respectively. In addition, it is assumed in this thesis that each volume 
unit of C4AF produces the same amount of hydration product as C3A. Therefore, with those 
parameters, the volume fraction of CH ( CH

gelf ), hydrated aluminates ( AL
gelf ), and C-S-H ( CSH

gelf ) 
in the hydration product of cement can be calculated.  

When silica fume is added for HPC, the pozzolanic reaction can be expressed as [Bentz et 
al., 2000] 

 1.1 3.91.1CH+S+2.8H C SH
1.35      1   1.87        3.77

→  (4.5) 

where the numbers below each reactant indicate the volume stoichiometries. Thus, the initial 
volume fractions of pozzolanic C-S-H ( 0

pCSHf ), CH ( 0
CHf ), unhydrated silica fume ( unhySFf ), 

conventional C-S-H ( 0
CSHf ), hydrated aluminates ( 0

ALf ), and capillary pores ( 0
capf ) can be 

estimated for a given degree of hydration of silica fume sα  as follows 

 0 3.77 /
/ 0.32(1 ) /

s SF
pCSH

SF

Sf
w c S S

α ρ
ρ

=
+ − +

 (4.6) 

 0 1.35 /
/ 0.32(1 ) /

CH s SF
CH gel gel

SF

Sf f f
w c S S

α ρ
ρ

= ⋅ −
+ − +

 (4.7)            

 (1 ) /
/ 0.32(1 ) /

s SF
unhySF

SF

Sf
w c S S

α ρ
ρ

−
=

+ − +
  (4.8) 

 0 CSH
CSH gel gelf f f= ⋅  (4.9) 
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 0 AL

AL gel gelf f f= ⋅  (4.10) 

 0 0 0 0 01 ( )cap CSH pCSH CH AL unhyC unhySFf f f f f f f= − + + + + +  (4.11)  

It should be pointed out that, since the volume fractions of all the constituents in hardened 
cement past are determined by the hydration degree of cement and silica fume, once the 
hydration degree of silica fume and the capillary porosity are known, the hydration degree of 
cement can be obtained by solving Eq. 4.11. The volume fraction evolution of constituents in 
hardened cement paste with the hydration of cement and SF is schematically shown in Fig. 
4.3. 

 
Fig. 4.3 Schematic illustration of volume fraction evolution of constituents in hardened 

cement paste with hydration of cement and SF. 

4.2.2 Decomposition kinetics determination of hardened cement paste 

In solids, water can be bound in different ways. In hydroxides, water is strongly held in the 
form of constituent hydroxyl ions. In hydrates, water molecules are combined either as 
individual units, or in the form of ligands coordinated to a particular ion. Elevated 
temperatures can result in bond redistribution and release of water molecules. Thermal 
decomposition of hardened cement paste belongs to the category of heterogeneous reactions, 
where the boundary surface and the region with defects in the reactant is more sensitive to 
chemical changes than that in the bulk of the reactant. Reaction kinetics deals with the rate of 
chemical transformations, which generally increases markedly with the increase of 
temperature. It has been shown that the rate coefficient almost invariably fits the Arrhenius 
equation [Galwey and Brown, 1999] 

 exp( / )r ak A E RT= ⋅ −  (4.12) 

where A  is the pre-exponential or frequency factor, aE  is the activation energy which 
represents the energy barrier that must be surmounted during the bond redistribution, R  is 
the universal gas constant (8.314 kJ/(kmol·K)), and T  is the temperature. Thus, the kinetics 
equation can be expressed as [Galwey and Brown, 1999]: 

 exp( / ) ( )a
da A E RT f a
dt

= ⋅ − ⋅  (4.13) 

where a is the conversion degree and ( )f a  is a kinetic expression. 

Unhydrated SF

Unhydrated cement

Conventional C-S-H

Water 
(Capillary pores) 

Time

Vo
lu

m
e 

fr
ac

tio
n 

CH

Hydrated aluminates 

Pozzolanic C-S-H 



Thermal decomposition prediction of hardened cement paste                        29 

- CH For CH decomposition, Zelić et al. [2002] investigated the kinetics by means of 
differential scanning calorimetry under non-isothermal conditions. They concluded that CH 
starts to decompose at 430 oC, the activation energy is aE =127 kJ/mol, the pre-exponential 
factor is A = 67.58 10×  s-1, and the kinetic expression follows a power law, i.e. 

 212)( /aaf =  (4.14) 

The rate equation is valid for conversion degrees between 0.004 to 0.554 and can be written as 

 2147 )/105271exp(105161 /aT..
dt
da

⋅×−×=  (4.15)  

It was found that the curve of the conversion rate against the conversion degree is 
mirror-symmetric with respect to the conversion degree of 0.5 (Fig. 4.4) [Zelić et al., 2002]. 
At different conversion degrees, the conversion rate as a function of temperature is plotted in 
Fig. 4.5 (a). 

 
Fig. 4.4 Experimental results of decomposition rate of CH as a function of conversion degree 

at heating rate of 20 oC/min of Zelić et al. [2002]. 
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- AFt For AFt decomposition, the activation energy is aE =59 kJ/mol, the pre-exponential 
factor is A=1.0×10-6 min-1 (1.66×104 s-1), and the kinetic expression is as follows [Pourchez et 
al., 2006; Yang et al., 2007] 

 21)1()( /aaf −=   (4.16) 

It was shown that AFt starts to decompose at 70 oC. The conversion rate equation can be 
written as 

 2134 )1()/100967exp(10661 /aT..
dt
da

−⋅×−×=  (4.17) 

At different conversion degrees, the conversion rate as a function of temperature is plotted in  
Fig. 4.5 (b). As few tests have been conducted on other aluminates, it is assumed in this thesis 
that their decomposition kinetics follows that of AFt. 

- C-S-H For C-S-H decomposition, the kinetics is derived from the experimental results 
of Peng and Huang [2008]. In their experiment, the residual amount of C-S-H was measured 
as a function of exposure duration under three target temperatures, i.e., 600, 700, and 800 oC. 
Based on the experimental results, the residual amount of C-S-H was expressed in terms of 
exposure duration as follows (Fig. 4.6) [Peng and Huang, 2008]  
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where yΔ  and 0y  are the residual and original amount of C-S-H, respectively and t is time 
in minute. Derivation of Eq. 4.18 with respect to time yields Eq. 4.19. The decomposition rate 
at certain conversion degree and temperature can then be obtained by interpolation. The initial 
decomposition temperature is taken as 600 oC. 
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Fig. 4.6 Relative C-S-H amount as a function of exposure duration under different 

temperatures [Peng and Huang, 2008]. 
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4.3 Volume fraction evolution of various constituents   

Owing to thermal decomposition, the volume fractions of capillary pores, residual 
constituents, and decomposition products in hardened cement paste vary with the conversion 
degree, which can be determined through stoichiometric analysis as shown below. 

4.3.1 Volume fraction of capillary pores 

The volume of water decomposed from the reactants is regarded as additional pores and the 
volume fraction w

if  can be calculated as follows 

 
ww

iiw
iii

w
i M/

M/naff
ρ
ρ0=  (4.20) 

where 0
if  is the initial volume fraction of reactant i  ( i =CH, AL, or C-S-H), w

in  denotes 
the amount of water in mole decomposed per mole of reactant i , wρ  and wM  are the 
density and molar mass of water, and iρ  and iM  are the density and molar mass of reactant 
i . 

- CH For CH decomposition, w
CHn = 1.0, CHρ = 2.24 g/cm3, CHM = 74 g/mol, and the 

decomposition equation can be expressed as 

 OHCaOCa(OH) 22 +→  (4.21) 

- AFt For AFt, the empirical chemical formula is 2 3 4 23CaO Al O 3CaSO 32H O⋅ ⋅ ⋅  
[Shimada and Young, 2001]. It was shown that the decomposition product of AFt is called 
meta-ettringite, which contains 10-13 H2O molecules per formula unit [Shimada and Young, 
2001; Pourchez et al., 2006]. Thus, w

AFtn = 20, AFtρ = 1.8 g/cm3, AFtM = 1255 g/mol, and the 
decomposition equation can be written as  

 2Ettringite Meta-ettringite 20H O→ +  (4.22) 

- C-S-H Since conventional cement gel and pozzolanic C-S-H contain 28% and 19% gel 
pores, respectively [Hansen, 1986; Bentz et al., 2000], 0 ( )if i CSH=  in Eq. 4.20 should be 
replaced with the volume fraction of solid C-S-H, 0s

CSHf . The chemical formula of 
conventional solid C-S-H is 3.4 2 3C S H  [Tennis and Jennings, 2000]. According to the 
experimental results [Lin et al., 1996; Peng and Huang, 2008], the main product of C-S-H 
decomposition is nC S . Thus, w

CSHn = 3.0 and the decomposition equation for 3.4 2 3C S H  is 
expressed as 

 OH32SiOCaO43OH3SiO23.4CaO 2222 +⋅→⋅⋅ .  (4.23) 

In addition, for solid C-S-H, CSHρ = 1.75 g/cm3, CSHM = 365 g/mol [Tennis and Jennings, 
2000]. It is assumed in this thesis that the parameters of C-S-H, w

CSHn , CSHρ , CSHM , and the 
conversion degree in Eq. 4.20 take the same values for both conventional and pozzolanic for 
the whole decomposition process. The initial volume fraction of the solid part in conventional 
C-S-H, s

CSHf , equals 
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 0)1( CSH

gelp
CSH

s
CSH fff −=  (4.24) 

and in pozzolanic C-S-H, s
pCSHf , is 

 0(1 0.19)s
pCSH pCSHf f= −  (4.25) 

where gelp
CSHf  is the volume fraction of gel pores in conventional C-S-H and given by 

 0.28 /gelp CSH
CSH gelf f=   (4.26) 

Thus, the total initial volume fraction of solid C-S-H is equal to 

 s
pCSH

s
CSH

s
CSH fff +=0  (4.27) 

Substitution of Eq. 4.27 into Eq. 4.20 yields the volume fraction of additional pores due to the 
decomposition of the solid C-S-H. Gel pores reside in C-S-H and it is assumed that gel pore 
water can only be released together with the decomposition of C-S-H for short-time heating. 
By converting gel pores into capillary pores with the decomposition of C-S-H, the volume 
fraction of additional capillary pores due to the decomposition of C-S-H is equal to 

 0.19
1 1 0.19

gelp
cap w s sCSH

CSH CSH CSH CSH pCSH CSHgelp
CSH

ff f f a f a
f

= + +
− −

 (4.28) 

Thus, the total volume fraction of capillary pores is given by 

 cap
CSH

w
AFt

w
CHcapcap fffff +++= 0  (4.29) 

The decomposition degree β  of hardened cement paste is defined as 
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cap cap
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f f
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β
−

=
−

  (4.30)            

where 1
capf  is the volume fraction of capillary pores at the complete decomposition of 

hardened cement paste (Fig. 4.7). 

 
Fig. 4.7 Decomposition degree β  versus volume fraction of capillary pores capf  of 

hardened cement paste. 
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4.3.2 Volume fractions of residual constituents and decomposition products 

The volume fractions of residual CH ( r
CHf ), hydrated aluminates ( r

ALf ), conventional C-S-H 
( r

CSHf ), and pozzolanic C-S-H ( r
pCSHf ) in hardened cement paste are determined as follows 

 0)1( CHCH
r

CH faf −=  (4.31a) 

 0)1( ALAFt
r

AL faf −=  (4.31b) 

 )1(/)1( gelp
CSH

s
CSHCSH

r
CSH ffaf −−=  (4.31c) 

 )19.01(/)1( −−= s
pCSHCSH

r
pCSH faf  (4.31d) 

The volume fractions of solid decomposition products of CH ( sp
CHf ), hydrated aluminates 

( sp
ALf ), and C-S-H ( sp

CSHf ) are given by 

 w
CHCHCH

sp
CH faff −= 0  (4.32a) 

 w
AFtAFtAL

sp
AL faff −= 0  (4.32b) 

 w
CSHCSH

s
CSH

sp
CSH faff −= 0  (4.32c) 

The volume fractions of various constituents in decomposed hardened cement paste are 
schematically shown in Fig. 4.2. The porosity of the decomposition products of hydrated 
aluminates ( pp

ALf ), CH ( pp
CHf ), conventional C-S-H ( pp

CSHf ), and pozzolanic C-S-H ( pp
pCSHf )   

can be calculated as  
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4.4 Experimental verification of numerical method 

The proposed decomposition method will be verified by comparing the predicted porosity 
evolution in hardened cement paste with three sets of experimental data published in the 
literature: Piasta et al. [1984], Komonen and Penttala [2003], and Biolzi et al. [2008]. 
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- Experiment of Piasta et al.  

The first set of experimental data is taken from Piasta et al. [1984]. In their experiment, an 
ordinary Portland cement (OPC-375) with composition of C3S-63.2%, C2S-15.4%, C3A-9.9%, 
and C4AF-8.0% by mass was used. The water-to-cement ratio was 0.4. After 28-day curing at 
room temperature, the samples of hardened cement paste were exposed to high temperatures 
ranging from 20 to 800 oC with an interval of 100 oC. The exposure duration of each target 
temperature was 3 hours. The heating curve is shown in Fig. 4.8 (a). After natural cooling, the 
porosity in cm3/g was measured by porosimetric analysis. For the sake of comparison, the 
porosity is converted into the volume fraction by 

 hcptest
test

cap pf ρ=  (4.34)            

where test
capf  is the converted volume fraction of capillary pores, testp  is the measured 

porosity in cm3/g, and hcpρ  is the density of hardened cement paste and approximately given 
by Eq. 4.35. The experimental results are shown in Fig. 4.8 (b). 

 
wc
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ρρ

ρ
ρ

)(1
)1(

+
+

=   (4.35) 

From the chemical composition of the used cement, the volume fractions of C-S-H, CH, 
and hydrated aluminates in cement gel are calculated as 66.96%, 19.29%, and 13.75%, 
respectively. Substitution of the measured porosity at 20 oC into Eq. 4.11 yields the degree of 
hydration, i.e., 71.7%. With these parameters known, the volume fraction evolution of 
capillary pores can be determined using the numerical method proposed in this chapter. The 
results are compared with the experimental data in Fig. 4.8 (b). It can be seen from Fig. 4.8 (b) 
that the numerical results are in good agreement with the experimental results except at 800 
oC, where the relatively small experimental value could be caused by the sintering effect 
[Piasta et al., 1984]. 
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 (a) Heating curve (b) Results comparison  

Fig. 4.8 Heating curve and comparison between numerical results and experimental results of 
heated hardened cement paste of Piasta et al. [1984]. 
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- Experiment of Komonen and Penttala 

The second set of experimental data is taken from Komonen and Penttala [2003]. In their 
experiment, an ordinary Portland cement CEM I 42.5 R was used. The water-to-cement ratio 
of was 0.32. The target temperatures for porosity measurement were 20, 50, 75, 100, 120, 150, 
200, 300, 400, 440, 520, 600, 700, 800, and 1000 oC. The heating rate was 4 oC/min. When 
the target temperature was reached, the temperature was kept constant for 60 minutes (Fig. 4.9 
(a)). The specimens of hardened cement paste were then cooled down to the ambient 
temperature at a rate of 4 oC/min and the porosity was measured by the mercury intrusion 
porosimetry (MIP) test. 

From the chemical composition of the used cement, the volume fractions of C-S-H, CH, 
and hydrated aluminates in cement gel are calculated as 66.91%, 18.69%, and 14.39%, 
respectively. Using the measured porosity at 20 oC, the degree of hydration can be obtained 
from Eq. 4.11, i.e., 56.9%. With these parameters known, the volume fraction evolution of 
capillary pores can be determined. The results are shown in Fig. 4.9 (b), together with the 
experimental results. The average relative error between them is equal to 7.1%. It can be 
concluded that the numerical results are in good agreement with the experimental results.  
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 (a) Heating curve (b) Results comparison  
Fig. 4.9 Heating curve and comparison between numerical results and experimental results of 

heated hardened cement paste of Komonen and Penttala [2003]. 

- Experiment of Biolzi et al. 

The third set of experimental data is taken from Biolzi et al. [2008]. In their experiment, for 
making HPC, a Portland cement CEM I 52.5 R was used and 10% cement by mass was 
replaced by silica fume. The water-to-binder ratio was 0.22. Quartz aggregates with a 
maximum diameter of 3 mm were used. The aggregate-to-binder ratio was 2.0. The specimens 
were cured for 28 days before testing. The target temperatures were 20, 250, 500, and 750 oC. 
The heating rate was 1 oC/min and the exposure duration at each target temperature was 2 
hours (Fig. 4.10 (a)). After the specimens were cooled down to the ambient temperature at a 
rate of 0.5 oC/min, the porosity was measured by MIP tests. Since the porosity in aggregates is 
negligibly small, the porosity in concrete con

capf  can be converted into the porosity in hardened 
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cement paste capf  by 

 ⎟
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⎞
⎜
⎜
⎝

⎛
+=

hcp

aggcon
capcap f

f
ff 1  (4.36) 

where aggf  and hcpf  are the volume fractions of aggregate and hardened cement paste, 
respectively. 

According to the experimental results of Lu et al. [1993], the degree of hydration of silica 
fume is taken as 40%. From the chemical composition of the used cement and the measured 
porosity of hardened cement paste at 20 oC, the volume fractions of C-S-H, CH, and hydrated 
aluminates in cement gel are calculated as 65.87%, 19.89%, and 14.24%, respectively, and the 
hydration degree of cement is obtained as 38.5%. Thus, the volume fraction evolution of 
capillary pores in hardened cement paste can be calculated as shown in Fig. 4.10 (b). It can be 
seen that the numerical results are in good agreement with the experimental results. 

0

10

20

30

40

50

60

0 200 400 600 800

Temperature (oC)

C
ap

ill
ar

y 
po

ro
si

ty
 (%

)  i Experimental
Numerical

 
 (a) Heating curve (b) Results comparison  

Fig. 4.10 Heating curve and comparison between numerical results and experimental results 
of Biolzi et al. [2008]. 

4.5 Analysis of heating rate effect on thermal decomposition 

To evaluate the heating rate effect on the decomposition of hardened cement paste, an 
ordinary Portland cement (OPC 52.5) with chemical composition of C3S-55.8%, C2S-15.8%, 
C3A-9.2%, and C4AF-9.1% by mass is considered. The corresponding volume fractions of 
C-S-H, CH, and hydrated aluminates in cement gel are 66.41%, 18.59%, and 15.0%, 
respectively. Ten percent cement by mass is replaced by silica fume with a density of 2.2 
g/cm3. The water-to-binder ratio is 0.26. The degrees of hydration of cement and silica fume 
at the curing age of 28 days are 50% and 40%, respectively [Parrot and Killoh, 1984; Lu et al., 
1993]. Thus, the initial volume fractions of conventional C-S-H, pozzolanic C-S-H, CH, 
hydrated aluminates, unhydrated cement, unhydrated silica fume, and capillary pores are 
calculated as 34.24%, 11.55%, 5.45%, 7.73%, 24.26%, 4.60%, and 12.16%, respectively. The 
decompositions at four heating rates, i.e., 1 oC/min, 5 oC/min, 10 oC/min, and the standard 
heating curve recommended in ISO 834 [1999] shown in Fig. 4.11 are investigated. 
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Fig. 4.11 Heating curve (a) and heating rate (b) of ISO 834 fire [1999]. 

The conversion degrees of hydrated aluminates, CH, and C-S-H are plotted against 
temperature in Fig. 4.12, Fig. 4.13, and Fig. 4.14, respectively. It can be seen from these 
figures that the heating rate exerts a remarkable influence on the decomposition of hardened 
cement paste. When the heating rate increases from low to high, the temperature of complete 
decomposition of hydrated aluminates and CH increase from 162 oC to 325 oC and from 443 
oC to 519 oC, respectively. At 800 oC, C-S-H decomposes completely under the heating rate of 
1 oC/min. Under the heating rate of 10 oC/min or exposed to ISO 834 fire, however, the 
decomposition ratio is only about 33%. 
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Fig. 4.12 Decomposition of hydrated aluminates under different heating rates. 
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Fig. 4.13 Decomposition of CH under different heating rates. 
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Fig. 4.14 Decomposition of C-S-H under different heating rates. 

Fig. 4.15 Capillary porosity evolution under different heating rates. 
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The volume fraction evolution of capillary pores under different heating rates is shown in 
Fig. 4.15. It can be seen from Fig. 4.15 that the heating rate exerts a remarkable effect on the 
evolution of capillary porosity. The lower the heating rate, the faster the development of the 
capillary porosity with respect to the heating temperature. Thus, the corresponding material 
properties, the release of water from decomposition, the escape of water vapor, and the 
development of vapor pressure will be totally different. 

4.6 Summary and conclusions 

A numerical method has been presented for the prediction of thermal decomposition of 
hardened cement paste. By analyzing the kinetics of decomposition, the volume fraction 
evolution of various constituents in hardened cement paste has been estimated and the whole 
thermal decomposition process has been traced. After the proposed numerical method has 
been verified by comparing the numerical prediction with three sets of experimental data 
obtained from the literature, the effect of the heating rate on the thermal decomposition of 
hardened cement paste has been evaluated in a quantitative manner. Based on the numerical 
results (Fig. 4.15), it has been learned that the higher the heating rate, the slower the increase 
of capillary porosity with respect to the heating temperature. Therefore, it can be concluded 
that incorporating the heating rate into the thermal damage analysis of heated concrete is of 
great importance. 

In the proposed method, the influence of vapor pressure on the decomposition kinetics and 
the hydration of residual unhydrated cement under high temperature conditions have been 
assumed negligible. The drying shrinkage of hardened cement paste under short time heating 
has also been assumed negligible. The predictions of the permeability and the elastic modulus 
of hardened cement paste based on the thermal decomposition analysis will be shown in 
Chapters 6 and 7, respectively. Both the coarsening effect of decomposition on the pore 
system and the moisture released from the decomposition are considered in the vapor pressure 
determination in Chapter 5. An integrated spalling analysis incorporating the thermal 
decomposition analysis, the vapor pressure determination, the moisture transport prediction, 
and the mechanical analysis is shown in Chapter 8. 
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Chapter 5  Vapor pressure analysis 

Vapor pressure analysis 
 
 
                                                          

5.1 Introduction and literature review  

Since vapor pressure is supposed to play a dominant role in fire spalling (Chapter 1), the 
vapor pressure analysis is an important modeling part in the fire spalling investigation of HPC 
(Fig. 5.1). Two aspects need to be considered in the analysis: the determination of vapor 
pressure and the mechanical effect analysis of vapor pressure. As already mentioned in 
Chapter 2, in the existing spalling models, the water vapor is usually assumed to be an ideal 
gas and the ideal gas law is usually applied for the determination of its value [Bažant, 1978; 
Majumdar et al., 1995, 1997; Majorana et al., 1998; Schrefler et al., 2002; Khoury et al., 2002; 
Mounajed, 2004; Tenchev and Purnell, 2005; Pont et al., 2005a; Li et al., 2006; Gawin et al., 
2006; Benes and Mayer, 2008; Dwaikat and Kodur, 2009; Pont et al., 2010]. However, Kalifa 
et al. [2000] experimentally verified that, in heated concrete, the gas phase doesn’t follow the 
ideal gas law. Bažant [1978] and Gawin et al. [2003] also found that, when the ideal gas law 
was employed, either the corresponding water content or the density of water vapor differed 
significantly from the test results and satisfactory fits of the test data could not be achieved. 
The reason for this is that, from a microscopic point of view, the ideal gas itself adheres to 
several idealizations: the volume of the gas molecules is negligible compared with the volume 
occupied by the gas; the molecules are in random motion; no forces act on the gas molecules 
except during collisions [Moran and Shapiro, 2008]. However, when the moisture content of   

Fig. 5.1 Modeling parts of fire spalling analysis. 
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concrete is high, the volume of molecules of water vapor is not negligible. To remedy, Bažant 
[1978] worked out a semi-empirical expression of sorption isotherms to determine the free 
water content in concrete as a function of the relative pore pressure and temperature. In 
Gawin’s model [2003], the density of water vapor in the temperature range close to the critical 
point (374.15 oC) was empirically modified as a function of temperature. In this thesis, steam 
tables, which describe the real state of water vapor, are used for the determination of vapor 
pressure. The effects of the thermal decomposition (Chapter 4) and the vapor pressure 
gradient induced moisture migration (Chapter 6) are taken into account in the calculation. 

In addition to the determination of vapor pressure, the mechanical effect of vapor pressure 
on stress and strain fields in heated concrete should be modeled. Majumdar and Marchertas 
[1997] incorporated the vapor pressure in the stress analysis by applying an equivalent surface 
load on the sides of the 2D finite elements. Ichikawa and England [2004] used a simplified 
model to calculate the tensile stress as a function of the pore volume and the vapor pressure. 
Then the tensile stress was compared with the tensile strength of concrete to determine the 
tensile failure caused by vapor pressure. Tenchev and Purnell [2005] applied a body force 
equal to the vapor pressure gradient in the stress field analysis. Dwaikat and Kodur [2009] 
tried to correlate the vapor pressure with the temperature-dependent tensile strength of 
concrete to determine the possibility of tensile fracture. In this thesis, the analysis of the 
mechanical effect of vapor pressure on fire spalling is based on the theory of poroelasticity. 
The parameter needed in the poro-mechanical analysis, i.e., the Biot modulus [Biot, 1941], is 
determined by an equivalent expansion method proposed in this thesis. The mechanical 
coupling between fluid and solid is also discussed. The implementation of vapor pressure 
modeling for spalling analysis is shown in Chapter 8. 

5.2 Vapor pressure determination 

5.2.1 Water type in concrete 

In general, three different states of water (although the distinction is not absolute) exist in 
hardened cement paste: chemically bound water, physically adsorbed water, and free water. 
The chemically bound water, which is also termed non-evaporable water, combines with the 
components of cement clinker to form hydration products. The physically adsorbed water is 
adsorbed at the surface of solid particles. This part of water occupies the gel pores and the 
surface layer of capillary pores and is attracted by the surface force of solid. The rest of water 
is free water existing in the capillary pores, if any is still available. The nominal diameter of 
gel pores is around 3 nm and that of capillary pores is one or two orders of magnitude larger 
[Hansen, 1986; Neville, 1995]. Upon heating, the chemically bound water will be released 
and turn into free water by the thermal decomposition of hydration products (Chapter 4). 

5.2.2 Phase changing of water on heating 

The term “phase” refers to a quantity of matter that is homogeneous in both chemical 
composition and physical structure. For a single-phase system, the state is fixed by any two of 
the three state properties, i.e., pressure, specific volume, and temperature. When water is 
heated under certain pressure, a phase transition (vaporization) from water to water vapor will 
happen at a certain temperature as shown in Fig. 5.2. In this figure, the areas labeled 
liquid-vapor is a two-phase region, where water and vapor coexist in equilibrium and are 
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called saturated water and saturated vapor. Within the two-phase region, the pressure and the 
temperature are dependent on one another and the state can only be described by the specific 
volume and either the pressure or the temperature. The point at the top of the two-phase 
region is called critical point and the corresponding state parameters are called critical 
parameters. The critical temperature is the maximum temperature at which the liquid and 
vapor can coexist. When the state of a liquid reaches the critical point, the distinction between 
vapor and liquid dose no longer exist. For water, the critical temperature and pressure are 
374.15 oC and 22.09 MPa, respectively. When liquid water is fully vaporized, the vapor phase 
on further heating is called superheated vapor/steam. Steam tables (tables of saturated water 
and superheated steam), which describe the real state of heated water and vapor, can be used 
for retrieving the state data. Examples of steams tables are shown in Table 5.1 and Table 5.2 
[Moran and Shapiro, 2008].  

 
Fig. 5.2 Sketch of temperature-specific volume relation of water (not to scale) [Moran and 

Shapiro, 2008]. 

Table 5.1 Example of table of saturated water  
Specific volume (m3/kg) T (oC) Pressure (MPa) 
Saturated water Saturated vapor 

300 8.581 1.4036×10-3 0.02167 
320 11.27 1.4988×10-3 0.01549 
340 14.59 1.6379×10-3 0.01080 
360 18.65 1.8925×10-3 0.006945 
374.14 22.09 3.155×10-3 0.003155 

Table 5.2 Example of table of superheated steam  
Specific volume (m3/kg) T (oC) 
P=8.0 MPa P=10.0 MPa P=12.0 MPa P=14.0 MPa P=16.0 MPa 

360 0.03089 0.02331 0.01811 0.01422 0.01105 
400 0.03432 0.02641 0.02108 0.01722 0.01426 
440 0.03742 0.02911 0.02355 0.01954 0.01652 
480 0.04034 0.03160 0.02576 0.02157 0.01842 
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5.2.3 Vapor pressure determination 

When exposed to high temperatures, the vapor phase in concrete will be either saturated vapor 
or superheated steam. The steam tables are used for the vapor pressure determination in this 
thesis. In the vapor pressure determination, only free water in the capillary pores is considered 
and the effect of the adsorbed water in gel pores is ignored in view of the fact that, since the 
size of gel pore is less than ten water molecules and the water is strongly adsorbed, the water 
phase in gel pores can not be considered as a bulk water phase, but as structured water 
[Feldman, 1972; Bažant et al., 1978; Ulm et al., 2004; Ghabezloo et al., 2009]. The same 
assumption is also made by Bažant et al. [1978], Ulm et al. [2004], and Ghabezloo et al. 
[2009]. As temperature and specific volume can be regarded as independent variables, the 
pressure can be determined as a function of those two. To calculate the specific volume of the 
moisture, first, the definition of the moisture content (or the moisture saturation degree), dS , 
is specified in Eq. 5.1a, that is, the percentage of the pore space filled with water converted 
from the whole moisture (vapor phase is also converted into water). Another definition of the 
water saturation degree, wS , which is used later, is also specified here in Eq. 5.1b. 
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where lV  and vV  are the volume of the liquid phase and the vapor phase in the capillary 
pores, respectively, capf  is the capillary porosity, 0V  is the bulk volume of cement paste, 
and wρ  and vρ  are the mass density of water and vapor, respectively. At certain 
temperature, the specific volume of moisture can be calculated as follows 
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 (5.1) 

where mV  and mm  are the volume and mass of the moisture, respectively. When the 
temperature and the specific volume of moisture are known at certain moment of heating, the 
pressure can be obtained from the steam tables and also the water saturation degree can be 
determined. In the specific volume determination of the moisture in the capillary pores, the 
coarsening of the pore system induced by the thermal decomposition and the moisture 
released from the thermal decomposition are accounted for (Chapter 4). It should be 
mentioned that the energy needed for the phase transition (vaporization) is not considered 
explicitly in the analysis and the influence of the energy on the temperature field evolution is 
assumed negligible (Chapter 3).  

As concrete is a porous medium, the build-up vapor pressure in heated concrete is coupled 
with the moisture transport, that is, the build-up vapor pressure is the driving force for the 
moisture transport and, in return, the moisture transport influences the vapor pressure build-up. 
The coupling makes both the vapor pressure build-up and the moisture transport non-linear. 
To deal with this complex phenomenon, in this thesis, a simplified method is employed, i.e., 
the so-called “staggered way” [Zienkiewicz and Taylor, 2000]. That is, in the calculation, the 
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time scale is divided into several time steps. In each time step, first, the vapor pressure is 
determined. Then, the moisture transport is analyzed. After the moisture transport, the vapor 
pressure is calculated again for the next time step and the moisture transport is also analyzed 
again. For each time step, the temperature, the thermal decomposition, and the mechanical 
damage are analyzed and the material properties of heated concrete are updated as well. 
Although only approximate results can be obtained from this numerical method, when the size 
of the element and the time step are small enough, a good approximation can be got 
[Zienkiewicz and Taylor, 2000]. 

Owing to the lack of the experimental data, the highest value that the vapor pressure can 
reach in heated concrete is assumed to be 35 MPa because, beyond 35 MPa, the magnitude of 
vapor pressure is too sensitive to the specific volume of moisture, that is, a tiny change in the 
specific volume of moisture will induce a tremendous increase in vapor pressure [Meyer et al., 
1967]. It is assumed that the vapor pressure in heated concrete is not that sensitive. 

5.3 Mechanical modeling of vapor pressure 

The effect of vapor pressure on the stress and strain field in concrete is incorporated into the 
mechanical analysis (Chapter 7). As concrete can be treated as a porous medium due to the 
presence of gel pores and capillary pores, the theory of poromechanics is applied. The general 
theory of poroelasticity was formulated by Biot [1941] and applied originally to 
geomechanics and hydrogeology.  

5.3.1 Theory of poroelasticity  

For an isotropic fluid-filled porous medium, such as soil and/or rock system (Fig. 5.3 (a)), 
Biot’s theory [Biot, 1941] consists of two linear constitutive equations: 

 p
K H
σε = +  (5.2) 

 
1 1

p
H R
σζ = +  (5.3) 

where σ  is the hydrostatic pressure, p  is the fluid pressure, ε  is the volumetric strain, 
ζ  is the increment of fluid content, K is the drained bulk modulus and the coefficient 1/ K  
is called the compressibility under drained condition, 1/ H  is the Biot modulus, which is the 
specific volumetric strain caused by the pore pressure while the applied stress is held constant, 
and 11/ H  and 11/ R  are specific storages of fluid due to the applied stress and pore pressure, 
respectively. The coefficient 11/ H  is equal to 1/ H  [Biot, 1941]. The parameter, /K H , is 
call the Biot-Willis coefficient. The first constitutive equation states that the changes in 
applied stress and pore pressure produce a fractional volume change. The second constitutive 
equation describes that the changes in applied stress and pore pressure require fluid to be 
added to or removed from the porous medium. Although Biot’s theory is originally used in 
geomechanics and hydrogeology for analyzing the soil and/or rock system [Biot, 1941], the 
constitutive equations of the theory can be adopted for the poro-mechanical analysis of heated 
concrete (Fig. 5.3).  
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                 (a)                               (b)  
Fig. 5.3 Fluid filled porous medium: (a) Soil and/or rock system; (b) Hardened cement paste. 

5.3.2 One-way coupling of fluid-to-solid analysis 

According to the poro-mechanical theory [Biot, 1941; Coussy, 2004], two coupling 
phenomena reflect the poroelastic behavior of a porous medium: the solid-to-fluid coupling 
and the fluid-to-solid coupling. The first coupling occurs when the applied stress change 
causes a fluid pressure or fluid storage change. The second one concerns the change in fluid 
pressure or fluid storage produces a change in the volume of the porous medium. The extent 
of the solid-to-fluid coupling depends on the compressibilities of the solid skeleton and the 
pore fluid. Since the solid skeleton of concrete is much more incompressible compared to the 
water vapor, the solid-to-fluid coupling can be negligible. The one-way coupling 
mathematically simplifies the analysis as the fluid-flow problem can be solved independently 
of the stress field. 

The generalized linear elastic constitutive relation incorporating the one-way coupling of 
the fluid-to-solid and the thermal expansion is as follows [Biot, 1941; Coussy, 2004]: 

 1 1[ ]
2 1 3

e
ij ij kk ij ij th ij

v p
G v H

ε σ σ δ δ ε δ= − + +
+

 (5.4) 

where v  is drained Poisson’s ratio, G is the drained shear modulus, p is the pore pressure, 
ijδ  is the Kronecker delta (if i equals j, ijδ =1, else ijδ =0), and e

thε  is the effective thermal 
strain (Chapter 7). 

5.3.3 Determination of Biot modulus  

For a soil or/and rock system, the Biot modulus, 1/ H , can be determined through unjacketed 
experiments (Fig. 5.4). In the unjacketed test, a sample of volume V is immersed in a 
confining fluid with pressure of Pc. The confining fluid permeates the pore spaces throughout 
the interior of the sample. Then by measuring the unjacketed compressibility, the Biot 
modulus can be calculated [Berryman, 1992]. However, in the case of concrete, especially 
HPC, although it can be treated as a porous medium, the pore structure is much different from 
that of the soil and/or rock system (Fig. 5.3). For the latter, most of the pores are connected 
and only the connected pores are of concern for geomechanics and hydrogeology. For the 
former, since the permeability is very low and most of the pores are isolated compared with 
the latter, it is difficult to determine the Biot modulus by the unjacketed test. In this thesis, an 
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Particle Capillary 
pores 

Solid phase
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equivalent expansion method is proposed for the determination of the Biot modulus as shown 
Fig. 5.5. 

In Fig. 5.5, a cube of hardened cement paste or mortar is fully constrained. As the cube is 
isotropic and the pores are evenly distributed in the matrix, when the pore pressure increases 
from zero to p, according to the static equilibrium, the constrained force intensity, 'p , is 
equal to 

 ' capp p f= − ⋅  (5.5) 

where capf  is the capillary porosity. The potential volume strain, 0vε , caused by pore 
pressure can then be calculated as  

       
Fig. 5.4 Schematic illustration of unjacketed test.     Fig. 5.5 Fully constrained cube of 

hardened cement paste or mortar. 

 ')21(3
0 p

E
v

v
−

−=ε  (5.6) 

Thus, the Biot modulus, 1/ H , and the Biot-Willis coefficient, bα , can be obtained 
respectively as follows 

 
3(1 2 )1 capv f

H E
− ⋅

=  (5.7) 

 b cap
K f
H

α = =  (5.8) 

5.3.4 Effective stress determination 

From Eq. 5.4, it can be seen that the bulk elastic volume change is governed by the 
combination of stress and pore pressure, which is called effective stress and expressed as 
[Coussy, 2004]  

 e
ij ij b ijpσ σ α δ= + ⋅  (5.9) 

Substitution of Eq. 5.8 into Eq. 5.9 yields 
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 e

ij ij e ijpσ σ δ= +  (5.10) 
with  

 e capp f p= ⋅  (5.10a) 

where ep  is defined as the effective vapor pressure. The effective stress controls the elastic 
volume change and the failure behavior of the porous medium. 

5.4 Example of vapor pressure determination 

To illustrate how the vapor pressure develops in a porous medium, a sealed/undrained cube 
with a porosity of 8% exposed to elevated temperatures is investigated. Three moisture 
contents, i.e., 10%, 50%, and 90% are considered. The highest heating temperature is 600 oC. 
Under the assumption that the highest value that the vapor pressure can reach is 35 MPa and 
by the use of steam tables, the development of the vapor pressure can be predicted as shown 
in Fig. 5.6, together with the calculated effective vapor pressure. It can be seen that, at the 
stage of vaporization, in the three cases, the vapor pressure developments are identical. In the 
case of 10% moisture content, at around 344 oC, the moisture turns into superheated steam. In 
the other two cases, however, the moisture is not superheated until the temperature reaches the 
critical point (374.15 oC). The prediction of vapor pressure with the effects of the moisture 
transport and the thermal decomposition of hardened cement paste is shown in Chapter 8. 
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Fig. 5.6 Development of vapor pressure (a) and effective vapor pressure (b) versus 
temperature in a sealed cube with a porosity of 8% with different moisture contents.  

5.5 Summary 

In this chapter, for the fire spalling study of heated concrete, the vapor pressure is analyzed. 
Two aspects has been considered, i.e., the determination of vapor pressure and the mechanical 
effect analysis of vapor pressure. Steam tables have been used for the vapor pressure 
determination and the poromechanics has been applied for the mechanical effect analysis. In 
the mechanical analysis, the Biot modulus has been determined by an equivalent expansion 
method proposed in this chapter. The mechanical coupling between fluid and solid has also 
been discussed and the one-way coupling of the fluid-to-solid has been applied.  

Moisture content Moisture content 
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Moisture transport analysis 
 
 
                                                          

6.1 Introduction 

The moisture content of concrete determines the magnitude of the build-up vapor pressure and 
the moisture transport determines the moisture content. Therefore, the modeling part of the 
moisture transport analysis is of great importance in the fire spalling analysis. This modeling 
part is proposed and presented in this chapter and the application is shown in Chapter 8 (Fig. 
6.1).  

 
Fig. 6.1 Modeling parts of fire spalling analysis. 

It has been concluded after the literature review in Chapter 2 that, in most existing moisture 
transport models, the permeability is usually taken as temperature dependent; the moisture 
released from the decomposition of the hydration products is either expressed as a function of 
temperature or not considered. The effect of the heating history as such is neglected. 

In the moisture transport modeling of this thesis, the permeability, the moisture content, 
and the vapor pressure (Chapter 5) are determined based on the thermal decomposition of the 
hydration products (Chapter 4). The general effective medium theory [Mclachlan, 1988] is 
applied for the permeability prediction. For the transport of the vapor phase, the effects of 
slip-flow [Klinkenberg, 1941] and the water saturation degree on the permeability are 
considered. The governing equation of the moisture transport is derived based on the mass 
conservation principle and solved numerically.  
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6.2 Governing equation of moisture transport 

When concrete is exposed to elevated temperatures, a moisture transport driven by the 
build-up vapor pressure gradient occurs. In view of the low permeability of concrete, which 
results in the low velocity of the vapor flow, Darcy’s law is used for the description.  

 'q k p= − ∇   (6.1) 

where 'q  is the moisture flux, k is the permeability, and p is the pressure. In this thesis, only 
the moisture transport in vapor phase driven by the gradient of build-up vapor pressure is 
studied, since the moisture transport in liquid phase is negligibly small compared with that 
transport in vapor phase [Bažant and Kaplan, 1996; Gawin et al., 2002, 2003; Chung and 
Consolazio, 2005]. The diffusion of moisture driven by the gradient of moisture concentration 
is also assumed negligible in view of the fact that the diffusion takes time [Bažant and Kaplan, 
1996] and fire spalling occurs in the first several minutes of heating. 

Based on the mass conservation principle, the governing equation of moisture transport can 
be derived. Taking a rectangular prism with sides dx, dy, and dz in x, y, and z directions, 
respectively, as an investigated volume (Fig. 6.2), the net mass inflow in unit time in x 
direction, mx, is equal to 

 '( ' ' ) x
x x x dx x x

qm q q dydz dxdydz
x+

∂
= − − = −

∂
 (6.2) 

where 'xq  is the mass flux in x direction, which can be determined using Darcy’s law  

 'x
pq k
x
∂

= −
∂

 (6.3) 

By substituting Eq. 6.3 in Eq. 6.2, the net inflow in x direction can be written as  

 ( )x
pm k dxdydz

x x
∂ ∂

=
∂ ∂

 (6.4a) 

 
Fig. 6.2 Moisture transport in an investigated volume. 

Similarly, the net mass inflow in unit time in y and z directions is equal to, respectively, 

 y 

dy

z 

dz

dx

x 
(x, y, z) 

(x+dx, y+dy, z+dz) 
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 ( )y
pm k dxdydz

y y
∂ ∂

=
∂ ∂

 (6.4b) 

 ( )z
pm k dxdydz

z z
∂ ∂

=
∂ ∂

 (6.4c) 

Therefore, the total net inflow in unit time is 

 ( ) ( ) ( )xyz
p p pm k k k dxdydz

x x y y z z
⎡ ⎤∂ ∂ ∂ ∂ ∂ ∂

= + +⎢ ⎥∂ ∂ ∂ ∂ ∂ ∂⎣ ⎦
 (6.5) 

Also, the change in mass caused by inflow in the investigated volume can be expressed as  

 ( )xyz dhm m dxdydz
t
ρ∂

= −
∂

 (6.6) 

where ρ  is the mass density of vapor, t is time, and dhm  is the moisture source from the 
thermal decomposition of hardened cement paste (Chapter 4). Equating Eq. 6.5 and Eq. 6.6 
gives the governing equation of moisture transport  

 ( ) ( ) ( ) 0dh
p p pk k k m

x x y y z z t
ρ⎡ ⎤∂ ∂ ∂ ∂ ∂ ∂ ∂

+ + − + =⎢ ⎥∂ ∂ ∂ ∂ ∂ ∂ ∂⎣ ⎦
 (6.7) 

The permeability, k, is given by 

 'ekk ρ
η

=  (6.8) 

where η  is the dynamic viscosity of vapor, which is determined using steam tables, and 'ek  
is the effective intrinsic permeability in m2, in which the effects of the slip-flow of vapor 
phase and the presence of the liquid phase on the intrinsic permeability are accounted for. The 
effective intrinsic permeability is determined in the following section.  

6.3 Permeability determination  

Under high temperature conditions, hardened cement paste will undergo thermal 
decomposition (Chapter 4), resulting in a pore structure change and thus a variation in the 
permeability. It has been pointed out after the literature survey in Chapter 2 that, in most 
existing models, the permeability is taken as temperature dependent. The heating history 
effect on pore structure evolution as such couldn’t be reflected (Chapter 4). In this thesis, the 
general effective medium theory is applied for the prediction of the intrinsic permeability. The 
coarsening effect of thermal decomposition as a function of heating history is considered. The 
effects of the gas phase slip-flow and the water saturation degree on the permeability are also 
taken into account. 

6.3.1 Intrinsic permeability determination 

The general effective medium theory was developed originally for the calculation of the 
effective electric conductivity of two-phase composite solid conductor [Mclachlan, 1998]. As 
the moisture transport in porous media is mathematically the same as the electron transport in 
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a conductor, the general effective medium theory can be applied for the prediction of the 
permeability of cementitious material [Cui and Cahyadi, 2001; Zheng and Zhou, 2008]. The 
equation for the prediction is as follows [Mclachlan, 1988; Cui and Cahyadi, 2001]: 

 
1/ 2 1/ 2 1/ 2

1/ 2 1/ 2 1/ 2 1/ 2

(1 )( ') ( ' ) 0
' ' ' '

h l h h

l h

f k k f k k
k A k k A k
− − −

+ =
+ +

 (6.9a) 

with  

 1' hc

hc

fA
f
−

=  (6.9b) 

where fh and kh are respectively the volume fraction and the permeability of the 
high-permeable phase, kl is the permeability of the low-permeable phase, 'k  is the intrinsic  
permeability of the two-phase composite material, and fhc is the critical percolation volume 
fraction of the high permeable phase. When its volume fraction is lower than fhc, the 
high-permeable phase is isolated by the other phase,  

For silica fume blended hardened cement paste, as the pore system consists of three types 
of pores, i.e., capillary pores, gel pores in conventional C-S-H, and gel pores in pozzolanic 
C-S-H, a three-step permeability prediction is conducted (Fig. 6.3 and Fig. 6.4):  

- Step 1 The permeable phase is pozzolanic C-S-H gel and the impermeable phase 
consists of CH, hydrated aluminates, and unhydrated cement and SF, if any. The critical 
volume fraction for percolation of pozzolanic C-S-H is taken as 0.17 according to the 
simulation results of Bentz and Garboczi [1991]. The permeability of pozzolanic C-S-H gel is 
taken as 7×10-25 m2 [Song et al., 2010] and the permeability of the impermeable phase is zero. 
The volume fraction of pozzolanic C-S-H can be obtained from the thermal decomposition 
analysis (Chapter 4). Substitution of these parameters into Eq. 6.9 yields the permeability of 
the first step. 

 
Fig. 6.3 Three-step permeability prediction. 

- Step 2 The high permeable phase is conventional C-S-H and the low permeable phase is 
the composite of step one, whose permeability is already obtained. The critical percolation 
volume fraction of conventional C-S-H is equal to 0.17 [Bentz and Garboczi, 1991] and the 
permeability of conventional C-S-H is equal to 7×10-23 m2 [Powers, 1958]. Solving Eq. 6.9 
with these parameters yields the permeability of the step two. 
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Fig. 6.4 Three-step prediction of intrinsic permeability of heated hardened cement paste. 
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- Step 3 The high permeable phase is the capillary pores and the low permeable phase is 
the composite of step two, whose permeability is already known. According to Cui and 
Cahyadi [2001], the permeability of capillary pores is equal to 

 2
2

)1(
226
8.1

hc
c

h fdk −=  (6.10) 

where fhc is the critical percolation volume fraction of capillary pores, which is found to be 
0.18 [Bentz and Garboczi, 1991], and dc is the critical pore diameter. The critical pore 
diameter is defined as follows: if the pores are added to the network of the pore system one by 
one from largest to smallest, the diameter of the pore which connects the first pore path 
throughout the sample is the critical pore diameter [Katz and Thompson, 1986; Cui and 
Cahyadi, 2001; Zheng and Zhou, 2008]. Experimentally, the critical pore diameter can be 
determined by mercury intrusion porosimetry (MIP). In the MIP test, mercury, which is an 
ideal nonwetting fluid, is forced into the evacuated pore system of a sample. The data on the 
cumulative intrusion volume of mercury and the corresponding equivalent diameter of the 
pores where mercury is penetrating can be obtained. The critical pore diameter is that 
corresponding to the inflection point in the cumulative intrusion volume versus the equivalent 
pore diameter plot [Katz and Thompson, 1986; Cui and Cahyadi, 2001].  

The coarsening evolution of the critical pore diameter as a function of the decomposition 
degree, β  (Eq. 4.30), is determined according to the sensitivity analysis of three different 
evolution patterns, i.e., linear, quadratic-1, and quadratic-2, as shown in Fig. 6.5. The study of 
the sensitivity of the intrinsic permeability to the evolution pattern of the critical pore 
diameter is conducted in Chapter 8 (Section 8.6.1) based on the experimental results of Peng 
[2000]. The results (Fig. 6.6/Fig. 8.14) show that, for HPC, when the capillary porosity is less 
than the critical percolation value (18%), the evolution pattern of the critical pore diameter as 
a function of decomposition degree has no effect on the intrinsic permeability, while for NSC, 
whose initial capillary porosity before heating already exceeds the critical percolation value, 
the intrinsic permeability is much more sensitive to the evolution pattern. In view of the 
sensitivity, since it gives the median value, the linear evolution pattern is applied in the 
permeability analysis. The prediction of the intrinsic permeability is verified in Chapter 8 and 
also shown in the next section. 
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Fig. 6.6 Predicted intrinsic permeability based on different evolution patterns of critical pore 
diameter.  

6.3.2 Verification of prediction of intrinsic permeability  

Under the high temperature condition, by using the method proposed in this chapter, the 
evolution of intrinsic permeability of the matrix of HPC90-110 and NSC-40 in the test of Peng 
[2000] is predicted (Chapter 8). Owning to the lack of the experimental data on heated 
hardened cement paste, the predicted evolution of intrinsic permeability as a function of 
capillary porosity is compared with the experimental data of hardened cement paste at room 
temperature of Powers et al. [1955] (Young [1988]), Cui and Cahyadi [2001], and Nyame and 
Illston [1981] (Zheng and Zhou [2008]) in Fig. 6.7/Fig. 8.15. The comparison shows that the 
predicted results correlate reasonably well with the experimental data. 
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Fig. 6.7 (a) Intrinsic permeability and capillary porosity evolution of heated HPC90-110 matrix 
as a function of temperature (5 oC/min); (b) Comparison of predicted intrinsic permeability of 
heated matrix of HPC90-110 and NSC-40 [Peng, 2000] as a function of capillary porosity with 

experimental data of hardened cement paste at room temperature collected from literature. 
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6.3.3 Gas phase slip-flow and effective permeability 

As a material property, the intrinsic permeability of concrete ought to be independent of the 
fluid involved. However, it has been found that the measured value by using gas is higher than 
that by using liquid [Bamforth, 1987; Chung and Consolazio, 2005]. The difference can be 
explained by the theory of slip-flow of gas proposed by Klinkenberg [1941]. When a liquid 
flow passes a surface, the liquid immediately in contact with the surface has a zero velocity 
and, due to the dynamic viscosity induced shear stress, the velocity of the liquid in the 
successive layers away from the surface will increase. Compared to liquid flow, gas has a 
certain velocity at the interface between the gas and the solid surface (Fig. 6.8), resulting in 
the quantity of gas flow is higher than that of liquid. This phenomenon is called slippage. For 
high permeable media, the difference in the intrinsic permeabilities for liquids and gases is 
small, while for low permeable media, such as concrete, the difference is considerable 
[Klinkenberg, 1941; Bamforth, 1987]. The following equation was developed by Klinkenberg 
[1941] for relating the gas intrinsic permeability, 'gk , to the liquid intrinsic permeability, 'lk  

 ' ' (1 )g l
bk k
p

= +  (6.11) 

where b is the Klinkenberg constant and p is the gas pressure. In this thesis, for the 
Klinkenberg constant, the following expression proposed by Chung and Consolazio [2005] for 
cement-based materials is adopted 

 exp( 0.5818ln( ' ) 19.1213)lb k= − −  (6.12) 

 
Fig. 6.8 Schematic illustration of gas slip-flow.  

For the vapor phase transport, the presence of liquid phase decreases the permeability as 
shown in Fig. 6.9. This effect is accounted for by introducing an effective coefficient, rgk , to 
the intrinsic permeability for gas as follows [Chung and Consolazio, 2005]   

 10 10wS
rg wk Sγ γ= −  (6.13a) 

with 
 0.05 22.5 capfγ = −  (6.13b) 

where capf  is the capillary porosity of cement paste and wS  is the water saturation degree 
(Eq. 5.2). Those parameters can be determined in the thermal decomposition analysis (Chapter 
4) and the vapor pressure analysis (Chapter 5). The effective permeability coefficient versus 
the water saturation degree is plotted in Fig. 6.10. The interface-react between vapor and 
liquid, which can be described by the Kelvin equation, is not considered explicitly. 
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Fig. 6.9 Liquid phase in hardened cement paste.  Fig. 6.10 Effective permeability coefficient 

as a function of water saturation degree.  

6.4 Numerical solution of moisture transport 

For the moisture transport analysis, the FEM is used and the Galerkin weighted-residual 
scheme is applied [Zienkiewicz and Taylor, 2000]. By discretizing the spatial domain of 
interest into a number of finite elements, the approximate value of the unknown field in each 
element can be expressed in terms of nodal unknowns using the interpolation polynomial 
shape functions, iN ,  

 
1

n
e

i i
i

p N p
=

=∑  (6.14) 

where e
ip  are the element nodal unknowns, n is the number of nodes of the element. 

Substitution of the approximate solution, p, into Eq. 6.7 yields the residual, RΩ  

 ( ) dh
i i

pR k m
x x t

ρ
Ω

∂ ∂ ∂
= − +
∂ ∂ ∂

 (6.15) 

Three-node triangular elements are used for the 2D discretization. By applying the Galerkin 
method, in which the weight function jω  is equal to  

    j jNω =  (j=1, 2, 3) (6.16) 

the following equation is obtained 

 0j R dω Ω
Ω

Ω =∫  (6.17) 

where Ω  is the 2D domain of each element. By integrating Eq. 6.17 by parts and by 
summing up all the elements, the weighted residual integral can be expressed in matrix form 
as 

 [ ']{ } [ "]{ } { '}K p K p F+ =  (6.18) 

Gas phase 

Liquid phase 

Pore system

Solid phase 

(Eq. 6.13) 
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where [ ]'K , [ ]"K , and { }F  are as follows 

 [ ]'
e

i j
e

K N N d
p
ρ

Ω

= Ω∑ ∫  (6.19a) 

 [ ]"
e

ji

e l l

NNK k d
x xΩ

∂∂
= Ω

∂ ∂∑ ∫  (6.19b) 

 { }'
e

dh i
e

F m N d
Ω

= Ω∑ ∫  (6.19c) 

with i, j=1, 2, 3 and l=1, 2. In Eq. 6.18, the time derivative term exists. By applying the 
backward difference method, Eq. 6.18 can be transformed into 

 [ '] [ '][ "] { } { ' } { }t t t t
K KK p F p

t t −Δ
⎛ ⎞+ = +⎜ ⎟Δ Δ⎝ ⎠

 (6.20) 

where tΔ  is the given time interval.  

6.5 Application 

The moisture transport of heated concrete cubes is investigated in the spalling analysis in 
Chapter 8 based on the experiments of Peng [2000]. As an example, the moisture transport of 
the HPC28-110 cube with 90% initial moisture content under the slow heating condition (0.5 
oC/min) is shown in Fig. 6.11/Fig. 8.27. The detailed description is shown in Chapter 8. 
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Fig. 6.11 Profile of predicted moisture content of HPC cube with 90% initial moisture content 
under slow heating (0.5 oC/min).  
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6.6 Summary  

The modeling part of moisture transport for fire spalling analysis has been proposed and 
described in this chapter. First, the governing equation of moisture transport has been derived 
according to the mass conservation principle. Based on the thermal decomposition analysis 
discussed in Chapter 4, the permeability of hardened cement paste has been predicted by 
applying the general effective medium theory. The effects of gas slip-flow and the water 
saturation degree on the permeability have been taken into account. The finite element method 
has been applied in solving the governing equation. As the moisture transport involves the 
temperature field, the vapor pressure, and the thermal decomposition analyses, the modeling 
result of the moisture transport of heated concrete cubes of the experiments of Peng [2000] is 
systematically shown in Chapter 8. 
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Chapter 7 Mechanical analysis 

Thermo-poro mechanical analysis 
 
 
                                                          

7.1 Introduction and literature review  

For the fire spalling analysis, the modeling part of thermo-poro mechanical analysis is 
discussed in this chapter (Fig. 7.1). The existing mechanical models and the model used in the 
fire spalling analysis in the literature are reviewed first. Then the model proposed in this thesis 
is presented in the following sections. The application of the mechanical analysis is shown in 
Chapter 8. 

 
Fig. 7.1 Modeling parts of fire spalling analysis. 

When concrete is exposed to elevated temperatures, mechanical damage, such as cracking 
or even explosive spalling, may occur (Chapters 1 and 2). For modeling cracking in a solid, 
three main numerical approaches exist, i.e., the discrete crack model [Ngo and Scordelis, 
1967], the smeared crack model [Rashid, 1968; Mazars, 1989], and the lattice model 
[Schlangen and van Mier, 1992]:  

- In the lattice model, the continuous solid is represented by a lattice of truss or beam 
elements. The cracking is modeled by breaking of elements during the loading process.  

- In the discrete crack model, cracks are usually modeled to propagate along the FE mesh 
lines. When the nodal force, which is normal to the element boundaries, exceeds the tensile 
strength of the solid, cracking is assumed to occur and the two elements are separated. This 
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approach has two drawbacks. First, the crack is constrained to follow a predefined path along 
the element edges. Second, it gives rise to a continuous change of topology of the geometrical 
discretization. Two techniques of improvement are the automatic remeshing and the use of 
interface element [Rots, 1991].  

- In the smeared crack model, the cracked solid is assumed to be still a continuum and the 
crack damage is represented by degrading the mechanical properties. The geometrical 
topology of the initial FE mesh can be preserved and the orientation of the crack is not 
restricted. Those two advantages, together with the computational efficiency, make this 
method to be widely used. A distinction can be made between fixed and rotating crack models 
within the smeared crack approach [Rots, 1988]. In a fixed smeared crack model, the direction 
of the crack is fixed upon the initiation of cracking. The rotating crack model allows the crack 
to rotate according to the principal direction of stress or strain. If the solid is assumed to 
behave isotropically after cracking, the isotropic smeared crack model [Mazars, 1989] is 
derived. This model works well for monotonic loading [Rots, 1991] and its simplicity is also 
attractive.  

For the thermal mechanical analysis of concrete exposed to high temperatures, the isotropic 
smeared crack model was used by Majorana et al. [1998], Schrefler et al. [2002], Khoury et al. 
[2002], Tenchev and Purnell [2005], Pont et al. [2005a, 2005b], Grondin et al. [2007], and 
Gawin et al. [2002, 2003, 2004, 2006] (Chapter 2). However, when both the value and the 
direction of stress/strain are changing with the temperature development, difficulties may be 
encountered. The mechanical behavior of heated concrete might be better modeled if the 
anisotropic description is employed. 

In this thesis, to analyze the thermo-poro mechanical behavior of heated concrete, the fixed 
anisotropic smeared crack theory is applied. The effect of vapor pressure (Chapter 5) on the 
mechanical damage is incorporated. Both cracking and spalling are analyzed (Chapter 8). The 
thermal decomposition induced decrease of the elastic modulus of hardened cement paste is 
predicted and verified with the experimental data collected from the literature.  

7.2 Basic equations of elastic thermo-poro mechanical analysis 

For isotropic material, the generalized linear elastic constitutive relation incorporating the 
one-way coupling of the fluid-to-solid in index notation is as follows [Biot, 1941; Coussy, 
2004] 

 1 1[ ]
2 1 3ij ij kk ij ij th ij cp ij

v p
G v H

ε σ σ δ δ ε δ ε δ= − + + +
+

 (7.1) 

where v  is the drained Poisson’s ratio, G is the drained shear modulus, p is the pore pressure 
(Chapter 5), 1/ H  is the Biot modulus (Chapter 5), ijδ  is the Kronecker delta (if i equals j, 

ijδ =1, else ijδ =0 ), ijσ  is the stress tensor, and ijε  is the total strain tensor, which can be 
obtained from the geometric equations  

 1
2

ji
ij

j i

uu
x x

ε
⎛ ⎞∂∂

= +⎜ ⎟⎜ ⎟∂ ∂⎝ ⎠
  (7.2) 
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where u  is the displacement. thε  is the free thermal strain, cpε  is the total creep strain, 
which consists of the transient creep, trε , and the basic creep, bcpε (Chapter 2), as  

 cp tr bcpε ε ε= +  (7.3) 

 
Fig. 7.2 Decomposition of transient creep into microcracking-induced strain of free expansion 

and material degradation-induced strain 

In this thesis, the basic creep (Chapter 2) is assumed negligibly small since the heating 
duration before fire spalling is only several minutes. The transient creep is divided into two 
parts, i.e., the microcracking-induced strain of free expansion, ccpε  [Wan et al., 2008], and 
the material degradation-induced strain, mcpε , as shown in Fig. 7.2. Thus, the total creep 
strain is equal to 

 cp ccp mcpε ε ε= +  (7.4) 

The material degradation-induced creep strain, mcpε , is accounted for in the decrease of the 
elastic modulus (Section 7.5) in this study. For the microcracking-induced strain of free 
expansion, ccpε , a parameter called the effective thermal strain, e

thε , is introduced, which is 
defined as the free thermal strain minus the absolute value of the microcracking-induced 
strain as (Fig. 7.2) 

 e
th th ccpε ε ε= +  (7.5) 

Although, under the load condition, the confining extent of the microcracking of expansion 
depends on the magnitude of the applied load, this dependency is assumed negligible. Thus, 
the constitutive relation in Eq. 7.1 can be expressed as 

 1 1[ ]
2 1 3

e
ij ij kk ij ij th ij

v p
G v H

ε σ σ δ δ ε δ= − + +
+

 (7.6) 

with 

 e e
th t Tε α= ⋅  (7.6a) 

where e
tα  is the coefficient of effective thermal expansion and T  is the temperature change, 

(Chapter 3). For the mechanical analysis, the equation of static equilibrium is as follows 
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 0=+
∂

∂
i
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ji f
x
σ

 (7.7)  

where if  is the body force. As only the state change is investigated, the body force is not 
considered. The effective stress tensor is given by (Chapter 5) 

 e
ij ij b ijpσ σ α δ= + ⋅  (7.8) 

where bα  is the Biot-Willis coefficient (Chapter 5). 

Eq. 7.1 through Eq. 7.8 describe the elastic thermo-poro mechanical behavior of a solid. 
For two-dimensional analysis, such as the plane stress problem, where 0z xz yzσ τ τ= = = , the 
above equations can be transformed accordingly and those equations can be transformed 
further to describe the plane strain problem by replacing the material properties, E , v , and 

e
tα , with 2/(1 )E v− , /(1 )v v− , and ( )1 e

tv α+ , respectively. In this thesis, the quasi-static 
state is assumed for each instant of time, that is, the mechanical equilibrium is assumed to be 
obtained instantaneously under certain temperature field and vapor pressure field. The finite 
amount of time needed for accommodating the stress change is ignored.  

7.3 Non-linear mechanical analysis 

When the material couldn’t sustain the load, failure, such as cracking, will occur. In this thesis, 
the anisotropic fixed smeared crack theory is applied for the non-linear mechanical analysis.  

7.3.1 Derivation of constitutive relation 

In the anisotropic fixed smeared crack theory, the direction-dependent evolution of the 
cracking damage is considered by degrading the elastic modulus in the cracking direction. For 
a two-dimensional plane-stress situation, the anisotropic constitutive relation in principal 
space can be expressed as 

 [ ]1
1 1 21 2 21 0

12 21

(1 )
1

E v v
v v

σ ε ε ε= + − +
−

 (7.9a)    

    [ ]2
2 2 12 1 12 0

12 21

(1 )
1

E v v
v v

σ ε ε ε= + − +
−

 (7.9b) 

where iE  and ijv  (i, j =1,2) are the elastic moduli and Poisson’s ratios in the two principal 
directions, respectively, and 0ε  is the initial strain induced by effective thermal expansion 
and vapor pressure. The elastic moduli are expressed as 

 1 1 cE Eα=  (7.10a) 

 2 2 cE Eα=  (7.10b) 

where iα  ( 0 1iα≤ ≤ , i =1, 2) are the damage variables, which reflect the degrading degrees 
of iE , and cE  is the elastic modulus of the undamaged material. It is assumed that the 
Poisson’s ratio of damaged material is related with that of the undamaged material, cv , as  
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 12 21cv v v= ⋅   (7.10c) 

By applying the reciprocal theorem of work and substituting Eq. 7.10 into Eq. 7.9, the 
constitutive relation in the cracking n-s space (Fig. 7.6) can be expressed in matrix form as  

 0's
ns ns nsD Bσ ε ε= −  (7.11) 

with  
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where γ  ( 0 1γ≤ ≤ ) is the shear retention factor. For a two-dimensional plane-strain situation, 
the matrices s

nsD  and 'B  are written as 

 

1 21

1 2 2

(1 ) 0
(1 2 )(1 ) (1 2 )(1 )

(1 ) 0
(1 2 )(1 ) (1 2 )(1 )

0 0

c cc c

c c c c

c cs c c
ns

c c c c

v Ev E
v v v v

v E v ED
v v v v

G

α αα

α α α

γ

⎡ ⎤−
⎢ ⎥

− + − +⎢ ⎥
⎢ ⎥−⎢ ⎥=
⎢ ⎥− + − +
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎣ ⎦

 (7.11c) 
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The local constitutive relation (Eq. 7.11) can be transformed into the global coordinate 
system through the standard transformation matrix, 0R ,  

 0 0 0 0'T s T
xy ns xyR D R R Bσ ε ε= −  (7.12) 

7.3.2 Damage evolution 

In the local n-s coordinate system (Fig. 7.6), the loading function for damage evolution is 
[Rots, 1988] 

 ( ' , ) 'nn nnf ε κ ε κ= −  (7.13) 

where κ  is a history-dependent damage parameter, which memorizes the highest value of 
'nnε , and 'nnε  is defined as  

 ' e
nn nn thε ε ε= −  (7.14) 

The loading function (Eq. 7.13) is subjected to the standard Kuhn-Tucker loading-unloading 
conditions [Simo et al, 1988] 

 0f ≤ , 0κ ≥ , 0f κ⋅ =  (7.15) 

where κ  is the rate of κ . The value of κ  is monotonically increasing during the whole 
loading process. If the loading function, f , is negative, unloading occurs and 0κ = . If the 
loading function, f , vanishes, further loading takes place and 0κ ≥ .  

 
Fig. 7.3 Stress-strain relation under uniaxial tension. 

The damage variable α  is defined as a function of the history parameter, κ . Its 
evolution is inferred from the one-dimensional tensile stress-strain relation (Fig. 7.3), which is 
expressed as 

 
1 if    
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exp[ ( )] if    

e

e
e e

κ ε
α α κ ε μ κ ε κ ε

κ

≤⎧
⎪= = ⎨

− − ≥⎪⎩

 (7.16) 

where eε  is the strain at the peak stress under uniaxial tension and μ  is a parameter that 
controls the slope of the exponential strain softening curve and can be determined according 
to the fracture energy of the material.   

ε

cE

cEα

σ  

eε
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† Mode I crack – Opening mode; Mode II crack – Sliding mode; Mode III crack – Tearing mode 

7.3.3 Failure criterion  

Prior to cracking, both aggregates and matrix are modeled as isotropic, linear-elastic materials. 
When the combination of principal stresses reaches the tension cut-off criterion [Kupfer et al., 
1969] as shown in Fig. 7.4, a crack perpendicular to the direction of principal stress is 
initiated and the orientation of the crack is fixed thereafter. At this stage, the initial isotropic 
constitutive relation is replaced by the orthotropic one with fixed axes of orthotropy (Fig. 7.6). 
 

 
Fig. 7.4 Tension cut-off criterion. 

7.3.4 Determination of shear retention factor  

The shear retention factor is used to reflect the interlock of the material after cracking. It 
represents the capability of a crack to transfer shear stresses in mode-II†. In this thesis, the 
shear retention factor, γ , in Eq. 7.11 is taken as inversely proportional to the crack strain, 

crε , as shown in Fig. 7.5 [Kolmar and Mehlhorn, 1984]. 

 
Fig. 7.5 Shear retention factor. 

The crack strain is determined as  

 'cr nn conε ε ε= −  (7.17) 

where conε is the elastic strain of concrete. As concrete and crack behave like springs 
connected in series, the following relation holds 

 1 1 1

c cr cE E Eα
+ =  (7.18) 

where crE  is the elastic modulus of crack. Thus, crε  can be further expressed as  

 (1 ) 'cr nnε α ε= −  (7.19) 
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7.3.5 Stiffness recovery 

As the stress and strain, both magnitudes and directions, in a solid may change with the 
temperature development, a stiffness recovery caused by crack closure may occur (Fig. 7.6), 
that is, the degraded elastic modulus caused by cracking will regain its original value. This 
recovery is considered in the analysis. 

 
 (a) (b) 

Fig. 7.6 Schematic illustration of stiffness recovery: (a) crack formation; (b) crack closure. 

7.4 Numerical solution of two-dimensional problem 

As illustrated in the previous sections, the stress and strain fields in a solid subjected to 
elevated temperatures are described by differential equations. The principle of minimum 
potential energy and the FEM are applied in solving the equations [Zienkiewicz and Taylor, 
2000]. The principle of minimum potential energy is that, out of all the possible displacement 
fields, the one that satisfies both the static equilibrium equations and the geometric boundary 
conditions, results in the minimum total potential energy of a body. The total potential energy 
is defined as the sum of the internal potential energy (strain energy) and the external potential 
energy. Based on this principle, the following finite element analysis is conducted. 

When three-node triangular elements are used to discretize the two-dimensional domain of 
interest, the displacement in each element, u , can be expressed as a function of 
nodal-unknowns, eu ,  

 eNuu =   (7.20) 

where N  is the shape function matrix. The strain energy of each element, teU , is equal to 

 { } { } { }( )0
1
2

T

te
e

U dxdyσ ε ε= −∫∫   (7.21) 

Substitution of the constitutive equation and the geometric equation into Eq. 7.21 yields 

 { }( ) [ ] { } { }( ) { }1 1
1
2

T Tee e e e
te eU u K u u F C= − +  (7.22) 
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 [ ] [ ] [ ][ ] [ ] [ ][ ]1

Te T

e

K B D B dxdy B D B= = Δ∫∫  (7.23) 

 { } [ ] [ ]{ } [ ] [ ]{ }1 0 0

T Te

e

F B D dxdy B Dε ε= = Δ∫∫  (7.24) 

 { } [ ]{ } { } [ ]{ }0 0 0 0
1 1
2 2

T T
e

e

C D dxdy Dε ε ε ε= = Δ∫∫  (7.25) 

where [D] is the elastic matrix, [B] is the geometric matrix, and Δ  is the area of the 2D 
element. As no external load is applied in addition to the thermal load, the work done by the 
external forces is equal to zero. Thus, the total potential energy, eU , can be written as 

 { }( ) [ ] { } { }( ) { }1 1
1
2

T Tee e e e
e te eU U u K u u F C= = − +  (7.26) 

According to the principle of minimum potential energy, the nodal displacements of each 
element satisfies the following expression 

 
{ }

0=
∂

∂
e

e

u
U

 (7.27) 

which yields 

 [ ] { } { }1 1
e e eK u F=  (7.28) 

Assembling Eq. 7.28 of all the elements gives 

 [ ]{ } { }1 1K u F=  (7.29) 

where [ ]1K  is the global stiffness matrix 

 [ ] [ ]1 1
e

e
K K=∑  (7.30) 

In the nonlinear analysis, as the stiffness matrix, [K1], is a function of the displacement, 
{u}, the Newton-Raphson iteration method is used for solving Eq. 7.29. Differentiation of Eq. 
7.12 with respect to virtual time yields the tangential constitutive relation needed in the 
iterative procedure 

 0 0( )T s
xy ns ns t xyR D D D Rσ ε= + Δ −Δ  (7.31) 

with nsDΔ  given by 
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and with tDΔ given by 
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7.5 Thermal variation of elastic modulus 

In the aforementioned mechanical analysis, the elastic modulus, cE , is changing with the 
heating process. For aggregate, the elastic modulus is taken as temperature dependent 
according to the experimental data collected from the literature (Chapter 8). For the matrix, 
based on the thermal decomposition process (Chapter 4), the elastic modulus is predicted 
using a two-phase composite sphere model (Fig. 7.7) [Christensen, 1979; Zheng et al., 2010]. 
In the two-phase composite sphere model, the effective bulk modulus of a two-phase 
composite, eK , is given by  

 ( )
( )( ) ( )1 1 4 3

in m in
e m

in in m m m

K K f
K K

f K K K G
−

= +
+ − − +⎡ ⎤⎣ ⎦

                   (7.34) 

where K and G with subscript are the bulk and shear modulus, the subscripts in and m denote 
the inclusion phase and the matrix phase, and inf  is the volume fraction of the inclusion 
phase. In this thesis, the residual undecomposed phase is treated as matrix and the products of 
thermal decomposition are treated as inclusion. In the equation, the bulk and shear modulus is 
equal to 

 
2(1 )

EG
v

=
+

 (7.35) 

 
3(1 2 )

EK
v

=
−

 (7.36) 

where E and v are Young’s modulus and Poisson’s ratio, respectively. Poisson’s ratio is taken 
as 0.2 in this study. When the elastic modulus and the volume fraction of the inclusion phase 
are known, the effective elastic modulus of decomposed hardened cement paste can be 
obtained using Eq. 7.34. 

 
Fig. 7.7 Two-phase composite sphere model.     Fig.7.8 Schematic illustration of geometry 
                                                   of decomposition product. 
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The volume fraction and the porosity of the decomposition products can be obtained by the 
thermal decomposition analysis (Chapter 4). Since the decomposition products are poorly 
connected to each other and to the other constituents, their contribution to the stiffness of the 
material is little (Fig.7.8) [Lin et al., 1996; Shimada and Young, 2001; Pourchez et al., 2006].  
According to the decomposition analysis in Chapter 4, the porosity of all the decomposition 
products is around 50% (52%, 54%, 58%, and 40% for the decomposition products of AFt, 
CH, conventional C-S-H, and pozzolanic C-S-H, respectively). It is, therefore, assumed that 
their contributions to the stiffness are the same. As schematically illustrated in Fig.7.8, the 
drained elastic modulus of void product of decomposition is zero. If the weak connection of 
the decomposition particles is taken into account, a low value of 0.02 GPa is assumed for the 
elastic modulus of the decomposition product owing to the lack of the experimental data. This 
assumption and the proposed model will be verified in Section 7.6. 

It should be pointed out that, first, in the elastic modulus prediction model, the effect of the 
drying shrinkage-induced crack on the elastic modulus is not considered in view of the fact 
that fire spalling occurs in the first several minutes of heating [Peng, 2000]. Second, the 
proposed model can only be used for the heating temperature up to 600 oC. When the 
temperature is higher than 600 oC and most of C-S-H is decomposed, a more complicated 
model will be needed for the elastic modulus prediction.     

7.6 Verification of elastic modulus prediction 

The proposed method for the prediction of the elastic modulus of heated hardened cement 
paste is verified with the experimental data of Masse et al. [2002]. In their experiment, a 
Portland cement CEM I 52.5 was used. After 28-day curing at room temperature, three 
specimens of hardened cement paste with water-to-cement ratios of 0.25, 0.35, and 0.5, 
respectively, were exposed to elevated temperatures. The elastic moduli were measured by 
non-destructive ultrasonic technique after the specimens were naturally cooled to room 
temperature. The target temperatures were 80, 120, 150, 200, 250, 300, 400, 500, 600, 700, 
and 800 oC and the heating rate was 0.2 oC/min. The exposure duration at each target 
temperature was 10 hours. The size of the cylindrical specimens was 15 mm in diameter and 
15-19 mm in height. 

To predict the elastic modulus, according to the test condition, first, the hydration degrees 
of cement of the three specimens are predicted to be 52.66%, 62.86%, and 75.36%, 
respectively [Parrot and Killoh, 1984]. Based on the thermal decomposition analysis (Chapter 
4), the elastic moduli are then predicted using the proposed method in Section 7.5. The 
predicted relative value of the elastic modulus of the three specimens is shown in Fig. 7.10, 
together with the experimental results. 

It can be seen from Fig. 7.10 that the predicted result is reasonably in good agreement with 
the experimental result. The discrepancy in the temperature range of 250 oC to 400 oC is 
caused by the drying shrinkage-induced cracking since on decomposition occurs in this 
temperature range (Fig. 7.9). In the test, the exposure duration at each target temperature was 
long (10 hours), the heating rate was low (0.2 oC/min), and the size of the sample was small. 
All those factors might result in significant drying shrinkage, leading to shrinkage-induced 
cracks and thus the additional reduction of the elastic modulus of hardened cement paste [Lin 
et al., 1996; Fu et al., 2004c].  
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Fig. 7.9 Predicted decomposition degree of heated hardened cement paste of Masse et al. 

[2002].   
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Fig. 7.10 Comparison between numerical results and experimental results of elastic modulus 

of heated hardened cement paste of Masse et al. [2002].  

7.7 Summary 

In this chapter, the anisotropic fixed smeared crack theory has been discussed for the 
nonlinear mechanical analysis of heated concrete. Both the thermal load and the load of vapor 
pressure have been incorporated. The constitutive relation with two directional damage 
parameters has been derived and the tension cut-off criterion has been used to evaluate the 
initiation of cracking. The crack closure-induced stiffness recovery has also been accounted 
for. The stress and strain fields have been solved numerically by FEM. The Newton-Raphson 
method has been employed for the non-linear analysis. The tangential constitutive relation 
needed in the iteration has been formulated. Finally, according to the thermal decomposition 
process, an analytical method for the prediction of the elastic modulus of heated hardened 
cement paste has been proposed and verified with experimental data collected from the 
literature. The thermo-hydro mechanical analysis of heated concrete cubes of Peng [2000] is 
shown in Chapter 8. 
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Chapter 8 Numerical investigation of spalling of heated concrete 

Numerical investigation of spalling of heated concrete 
 
 
                                                          

8.1 Introduction 

As has been mentioned in Chapters 1 and 2, two hypotheses have been proposed to interpret 
spalling of heated concrete: the vapor pressure mechanism [Anderberg, 1997; Peng, 2000] and 
the temperature gradient induced thermal stress mechanism [Bažant, 1997; Ulm et al., 1999a, 
1999b]. In the former, a theory of moisture-clog spalling has also been proposed [Bažant, 
1997; Consolazio et al., 1998; Kalifa et al., 2000]. However, quantitative analysis of the 
spalling mechanism is seldom reported in the literature. It has been decided, after the 
literature survey in Chapter 2, that a meso-level spalling study will be conducted. In this 
chapter, by synthesizing and implementing the afore-mentioned modeling parts in Chapters 3 
through 7, the spalling mechanism is qualitatively analyzed (Fig. 8.1). 

In the numerical investigation of the spalling mechanism, the spalling behaviour of 100 
mm cube specimens of both HPC and NSC with 0% and 90% initial moisture content is 
analyzed and the heating rate effect is also studied. The concrete cube is modeled as a 2D 
two-phase (aggregate and matrix) composite in view of the fact that, for HPC, the ITZ effect 
is negligible [Peng, 2000]. In the analysis, spalling is assumed to occur when the non-linear 
mechanical analysis fails to converge and the damage pattern before spalling is investigated. It 
can be inferred from the numerical analysis that, under the fast heating condition, the 
temperature gradient induced thermal stress plays a dominate role in explosive spalling, while 
under the slow heating condition, the damage is mainly caused by vapor pressure induced 
stress.  

 
Fig. 8.1 Flowchart of implementation of spalling analysis. 
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8.2 Numerical model description  

To investigate fire spalling, the experiments conducted by Peng [2000] are numerically 
analyzed. The experiments and the numerical model are described as follows: 

- Experiments In Peng’s experiments, 100 mm concrete cubes of different strengths 
(NSC-40, HPC-60, HPC-70, HPC-110, and HPC-120) were cast. An ordinary Portland cement 
(OPC 52.5) with chemical composition of C3S-55.8%, C2S-15.8%, C3A-9.2%, and 
C4AF-9.1% by mass was used and 10% cement by mass was replaced by silica fume with a 
density of 2.2 g/cm3. The water-to-binder ratio ranged from 0.21 to 0.6 for making different 
concretes. A crushed granite with a density of 2.62 g/cm3 was used as coarse aggregate and a 
river sand with a density of 2.61 g/cm3 was used as fine aggregate. The volume fraction of 
aggregate is 64.8% for all the specimens. After 90-day curing at room temperature, the fire 
spalling test was conducted by exposing the specimens with different moisture contents to 
ISO 834 fire until 600 oC (Fig. 8.2). The temperature evolution in the specimens was recorded. 
The probability of spalling was studied. The experimental results showed that explosive 
spalling occurred in the temperature range of 480 oC to 510 oC. The higher the strength and 
moisture content of concrete, the higher the probability of spalling. The cracking pattern of 
un-spalled concrete specimens was observed by sawing the specimens in half and it was 
found that the internal cracks reside in the central region of the specimens [Peng, 2000]. 
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Fig. 8.2 Heating curve of ISO 834 fire until 600 oC.   Fig. 8.3 2D domain of numerical 

analysis. 

- Numerical model For the numerical analysis, the concrete cube is modeled as a 2D 
plane strain two-phase (aggregate and matrix) composite (Fig. 8.3). The aggregates, both 
coarse and fine, are modeled as spheres and randomly distributed according to the aggregate 
gradation of the experiments. Three distributions are modeled (Fig. 8.4 (a to c)). Three-node 
triangle elements are used for the discretization as shown in Fig. 8.4 (d) corresponding to the 
distribution in Fig. 8.4 (c). The aggregate particles with diameter less than 2 mm are ignored. 
The thermo-chemo-hydro-mechanical behavior of HPC-110 and NSC-40 specimens with 90% 
and 0% moisture content at the curing age of 90 days is numerically investigated. The 
moisture in the matrix is assumed uniformly distributed and the isothermal adsorption is not 
considered. For moisture transport comparison, a specimen of HPC-110 at the curing age of 
28 days is also studied. For the display of numerical results, such as the saturation degree, the 
permeability, and the vapor pressure, 40 points in the matrix are selected along the x-axis in 
the middle of the specimen (Fig. 8.4 (d)). As similar numerical results are obtained for the 
three distributions of aggregate in the following analysis, only the results of the distribution in 
Fig. 8.4 (c) are shown in the following sections.  
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 (a) (b) (c) 

 
 

 
  

(d) 
Fig. 8.4 Particle distribution (a to c) and discretization (d) of 2D domain, together with forty 

points in matrix for results display (d). 

8.3 Determination of material parameters  

8.3.1 Thermal material properties  

As the measured temperature evolution of the specimen of HPC was almost identical to that 
of the specimen of NSC [Peng, 2000], the constant thermal parameters listed in Table 8.1 are 
used for both HPC and NSC. The heat sink induced by the thermal decomposition of the 
matrix and the vaporization of free water in concrete is assumed negligibly small (This 
assumption is verified later in the temperature prediction). As in the experiments, the concrete 
specimens were put in fire directly, the boundary condition for the calculation is of the first 
type (Chapter 3), i.e., the surface temperature of the specimen equals the imposed heating 
temperature, which follows the heating curve of ISO 834 fire (The imposed temperature is the 
result of the direct thermal conduction between the specimen and the flame of fire, the 
convection, and the radiation of fire). By using the model for the temperature prediction 
discussed in Chapter 3 (The time interval is 5 second), the predicted temperature evolution 
under the ISO 834 fire condition is compared in Fig. 8.5 (a) with the measured temperature at 
the four points in the concrete specimen (Fig. 8.5 (b)). It can be seen that the predicted 
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temperature is in good agreement with the measured temperature. Thus, it can be concluded 
that the thermal parameters, the time interval, the boundary condition, the assumption of 
ignoring the heat sink, and the prediction approach presented in Chapter 3 satisfy the spalling 
analysis. 

Table 8.1 Thermal material properties 

 Thermal conductivity 
(W/m · oC) 

Specific heat 
(J/kg · oC) 

Mass density 
(kg/m3) 

Aggregate 5.0 710.0 2620.0 
Matrix 4.0 1175.0 2078.0 
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                 (a)                                    (b) Points 1 to 4 

Fig. 8.5 Comparison of measured and predicted temperature evolution in a concrete specimen. 

8.3.2 Material parameters of thermal decomposition and moisture transport  

According to the water-to-binder ratio (0.26 for HPC-110 and 0.6 for NSC-40) and the curing 
age, the hydration degrees of both cement and silica fume are predicted to be 55% and 50% 
for HPC-110 (at 90 days), 85% and 50% for NSC-40 (at 90 days), and 50% and 40% for 
HPC-110 (at 28 days), respectively [Parrot and Killoh, 1984; Lu et al., 1993]. By using the 
prediction method proposed in Chapter 4, the following parameters can be obtained. From the 
chemical composition of the used cement, the calculated volume fractions of C-S-H, CH, and 
hydrated aluminates in cement gel are 66.41%, 18.59%, and 15.00%, respectively. The 
predicted initial volume fractions of hydrated aluminates ( 0

ALf ), CH ( 0
CHf ), conventional 

C-S-H ( 0
CSHf ), pozzolanic C-S-H ( 0

pCSHf ), unhydrated silica fume ( unhySFf ), unhydrated 
cement ( unhyCf ), and capillary pores ( 0

capf ) in the matrix of HPC-110 and NSC-40 are shown 
in Table 8.2, together with the volume fraction of capillary pores at the stages of complete 
decomposition of hydrated aluminates ( AL

capf ), CH ( CH
capf ), and C-S-H ( CSH

capf ). The volume 
fractions of water released from the complete decomposition of hydrated aluminates ( w

ALf ), 
CH ( w

CHf ), and C-S-H ( w
CSHf ) are also listed.  

For the moisture transport analysis (Chapter 6), the critical pore diameter, cd , of heated 
hardened cement paste at 20 oC and 600 oC is obtained from the MIP test results [Peng, 2000] 
and shown in Table 8.2. The decomposition degree, β , at 600 oC is also calculated according 
to the heating condition of the test (Chapter 4). For HPC-110, at the curing age of 28 days, the 
critical pore diameter has the same value as that of HPC-110 at 90-day curing age. 
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Table 8.2 Parameters of decomposition and moisture transport of hardened cement paste 

Volume fraction 
in matrix 

HPC90-110  
(at 90 days) 
w/b=0.26 

HPC28-110  
(at 28 days) 
w/b=0.26 

NSC-40 
(at 90 days) 

w/b=0.6 
0

ALf  8.50% 7.73% 8.35% 
0

CHf  5.37% 5.45% 7.07% 
0

CSHf  37.66% 34.24% 37.01% 
0
pCSHf  14.43% 11.55% 9.18% 

unhySFf  3.82% 4.60% 2.43% 

unhyCf  21.83% 24.26% 4.62% 
0

capf  8.34% 12.16% 31.32% 
AL

capf  12.74% 16.16% 35.63% 
CH

capf  15.67% 19.13% 39.48% 
CSH

capf  42.93% 43.28% 64.28% 
w

ALf  4.39% 3.99% 4.32% 
w

CHf  2.93% 2.96% 3.85% 
w

CSHf  27.26% 24.16% 24.79% 

cd _20 oC (μm ) 0.04 0.04 0.22 

cd _600 oC (μm ) 2.51 2.51 5.62 

β _600 oC 45.37% 46.20% 47.88% 

8.3.3 Mechanical material properties  

The meso-level mechanical material properties of concrete at room temperature are shown in 
Table 8.3 [Peng, 2000]. The elastic modulus of used aggregates (granite) is equal to 45 GPa 
[Neville, 1995]. The elastic modulus of the matrix is predicted by the two-phase composite 
sphere model presented in Chapter 7 (Eq. 7.34). In Fig. 8.6, the predicted values as a function 
of the water to-cement/binder-ratio are compared with the experimental data collected from 
the literature [Haecker et al., 2005; Helmuth and Turk, 1966; Zheng et al., 2010; Masse et al., 
2002] (The curing age of hardened cement paste in the experiments was 56 days, 6 months, 
28 days, and 28 days, respectively). It can be seen from Fig. 8.6 that the predicted value 
correlates well with the experimental results. Thus, the prediction is reasonable. According to 
the test results of the fracture energy, the strain softening parameter, μ  (Chapter 7), is 
determined using the crack band model proposed by Bažant [1986]. The fracture energies of 
HPC-110 and NSC-40 are 165 N/m and 100 N/m, respectively [Peng, 2000; Rao and Prasad, 
2002].  
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Table 8.3 Mechanical material properties at room temperature 

 Compressive strength
cf  (MPa) 

Tensile strength
tf  (MPa) 

Elastic modulus 
E (GPa) 

Strain softening 
parameter  

μ  
HPC-110 115.0 7.2 42.0 - 
NSC-40  47.0 3.6 26.4 - 
Matrix_HPC-110 115.0 7.2 37.0 2686 
Matrix_NSC-40  47.0 3.6 12.0 1106 
Aggregate 115.0 7.2 45.0 2686 
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Fig. 8.6 Comparison of predicted initial elastic modulus of matrix of HPC-110 (w/b=0.26) and 

NSC-40 (w/b=0.60) with experimental data collected from literature (at room temperature). 

Under high temperatures, based on the thermal decomposition analysis (Chapter 4), the 
elastic modulus of the matrix is predicted using the numerical method proposed in Chapter 7. 
The predicted values under different heating conditions, i.e., 5 oC/min and ISO 834 fire (Fig. 
8.2), are shown in Fig. 8.7 as an example. For the matrix in the concrete specimen, the elastic 
modulus will be predicted according to the corresponding heating history of each element. 
The elastic modulus of aggregate (granite) is taken as temperature dependent and also shown 
in Fig. 8.7 [Wan et al., 2008]. 
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Fig. 8.7 Relative elastic modulus of aggregate and matrix of HPC90-110 under high 

temperature conditions (A-effect of decomposition of hydrated aluminates on E-modulus of 
matrix; B-effect of decomposition of CH on E-modulus of matrix). 
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8.4 Temperature field analysis 
For the thermal damage analysis, both fast heating (ISO 834 fire) and slow heating at the 
heating rates of 0.5 oC/min and 5 oC/min are studied. The time interval for the transient 
temperature field analysis is listed in Table 8.4. The thermal material parameters in Table 8.1 
are used. Using the model of temperature prediction in Chapter 3 (The boundary condition is 
of the first type). The temperature profile along the x or y-axis in the middle of the specimen 
is shown in Fig. 8.8. As can be seen from Fig. 8.8, the temperature gradient of slow heating is 
much lower than that of ISO 834 fire. The predicted temperature field at the surface 
temperature is around 300 oC and 400 oC under ISO 834 fire is shown in Fig. 8.9. 

Table 8.4 Time interval for transient temperature field analysis 

 Time interval 

ISO 834 fire 5 seconds 
5 oC/min 2 minutes 
0.5 oC/min 10 minutes 
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 (a) ISO 834 fire (Fig. 8.2) (b) 
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 (c) 5 oC/min  (d) 0.5 oC/min 

Fig. 8.8 Predicted temperature profile in middle of specimen (b) under different heating 
conditions: ISO 834 fire (a), 5 oC/min (c), and 0.5 oC/min (d). 
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(a) Surface temperature=297 oC (t=40 s)    (b) Surface temperature=396 oC (t=85 s)  

Fig. 8.9 Temperature field under ISO 834 fire. 

8.5 Thermal decomposition analysis 

By using the prediction method of thermal decomposition proposed in Chapter 4, the 
predicted profile of capillary porosity of the matrix of HPC90-110 and NSC-40 at different 
surface temperatures under ISO 834 fire is shown in Fig. 8.10. The 2D contour of the 
decomposition degree, β  (Eq. 4.30), of HPC90-110 at the surface temperatures of 300 oC 
and 400 oC under ISO 834 fire are shown in Fig. 8.11. The values represented by different 
colors in the contour in Fig. 8.11 and hereafter are listed in Table 8.5, where 1.0 represents the 
maximum value and 0.0 represents the minimum value of the parameter investigated. It can 
be seen from Fig. 8.10 that a high gradient of decomposition exists. The upper horizontal 
portion of the curves in Fig. 8.10 indicates the effect of the complete decomposition of 
hydrated aluminates on the capillary porosity and the upper portion of the curve of 500 oC 
beyond this line indicates the effect of the decomposition of CH. It can be inferred from the 
numerical analysis that when the surface temperature reaches 500 oC under ISO 834 fire, only 
little CH decomposed and the depth of decomposition in concrete specimens is around 3 mm.  
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Fig. 8.10 Profile of predicted capillary porosity of matrix under ISO 834 fire when surface 
temperature reaches different values. 
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 (a) Surface temperature=300 oC (b) Surface temperature=400 oC 

 β _max=7.25%  β _max=12.70%   
 β _min=0.00% β _min=0.00%   

Fig. 8.11 Example of predicted decomposition degree β  of matrix of HPC90-110 under ISO 
834 fire. 

Table 8.5 Values represented by different colors  

Color Value range Color Value range 

 0.9-1.0  0.4-0.5 

 0.8-0.9  0.3-0.4 

 0.7-0.8  0.2-0.3 

 0.6-0.7  0.1-0.2 

 0.5-0.6  0.0-0.1 

 zero  aggregate 

As the temperature gradients are low under slow heating conditions (Fig. 8.8c and d), the 
evolution of capillary porosity is almost uniform in the specimen at any surface temperature. 
The evolution of the porosity as a function of surface temperature is shown in Fig. 8.12, 
where the lower horizontal line of each curve represents the capillary porosity at room 
temperature, the middle horizontal line indicates the effect of complete decomposition of 
hydrated aluminates on the porosity, and the upper horizontal line indicates the effect of 
complete decomposition of CH on the porosity. 
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Fig. 8.12 Evolution of capillary porosity of matrix versus surface temperature under slow 
heating (A-effect of decomposition of hydrated aluminates on porosity; B-effect of 

decomposition of CH on porosity). 

8.6 Moisture transport and vapor pressure analysis 

As the moisture transport and the vapor pressure are coupled with each other, that is, the 
moisture transport is driven by the vapor pressure gradient and, in return, the magnitude of 
vapor pressure is influenced by the amount of moisture transported, a “staggered way” of 
calculation [Zienkiewicz and Taylor, 2000] is applied for the moisture transport and the vapor 
pressure analyses. In each time interval, as the temperature increases gradually from the value 
of last time step to the value of this time step, the moisture transport analysis is conducted 
based on the mean temperature of the two adjacent time steps. After the moisture is 
transported, the vapor pressure is recalculated for the mechanical analysis under the 
temperature of current time step. 

In this section, the modeling parts in Chapters 5 and 6 are used for the moisture transport 
and vapor pressure analyses. The boundary condition of the moisture transport driven by the 
vapor pressure gradient is atmospheric pressure. Based on the decomposition analysis, the 
intrinsic permeability of heated matrix is predicted. After the water saturation degree is 
determined, the effective permeability is calculated. The predicted variation of the local 
concentration of moisture is then presented. The vapor pressure for both moisture transport 
and the mechanical analysis is predicted using the method proposed in Chapter 5.     

A B 

A B 
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8.6.1 Prediction of intrinsic permeability  

The intrinsic permeability of heated matrix is predicted using the method proposed in Chapter 
6. First, the evolution pattern of the critical pore diameter as a function of decomposition 
degree (Eq. 4.30) is determined by sensitivity analysis. Then, the predicted intrinsic 
permeability is verified by comparison with the experimental data collected from the literature. 
Finally, the evolution of the intrinsic permeability of the heated matrix in concrete specimens 
as a result of the heating and decomposition process is predicted.  

8.6.1.1 Sensitivity of intrinsic permeability to evolution of critical pore diameter  

In the three-step intrinsic permeability prediction method proposed in Chapter 6, the critical 
capillary pore diameter, which is coarsened by decomposition, needs to be determined. The 
coarsening evolution of the critical pore diameter as a function of the decomposition degree, 
β  (Eq. 4.30), is determined based on the sensitivity analysis of the intrinsic permeability to 
the evolution patterns as shown in Fig. 8.13.  
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Fig. 8.13 Evolution pattern of critical pore diameter dc versus decomposition degree β . 
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Fig. 8.14 Predicted intrinsic permeability of different evolution patterns of critical pore diameter.  
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For HPC90-110 and NSC-40, between the initial point at 20 oC and the test point at 600 oC 
(Table 8.2), three evolution patterns are investigated, i.e., linear, quadratic-1, and quadratic-2. 
The predicted intrinsic permeability corresponding to the evolution patterns until the heating 
temperature reaches 600 oC are shown in Fig. 8.14. It can be seen that for HPC90-110, the 
evolution pattern has no effect on the predicted results, i.e., the intrinsic permeability is not 
sensitive at all to the evolution pattern (Fig. 8.14 (a)), while for NSC-40, the evolution pattern 
exerts some effect on the predicted value (Fig. 8.14 (b)). The reason for this is that, for 
HPC90-110, when the temperature reaches 600 oC, the capillary porosity (Table 8.2) is still 
less than the percolation value of 18% [Bentz and Garboczi, 1991] (Chapter 6). Thus, the 
permeability is not controlled by the capillary pores. However, for NSC-40, since the initial 
capillary porosity before heating already exceeds the percolation value, the permeability is 
mainly controlled by the capillary pores and the critical pore diameter influences the 
permeability a lot. The linear evolution pattern is applied for the intrinsic permeability 
prediction and the results are verified in the following section.  

8.6.1.2 Verification of the prediction 

The values of the predicted intrinsic permeability at different decomposition stages are listed 
in Table 8.6. To verify the predicted intrinsic permeability, in view of the lack of the 
experimental data of heated hardened cement paste, in Fig. 8.15, the predicted results as a 
function of porosity are compared with the experimental data of unheated hardened cement 
paste of Powers et al. [1955] (Young [1988]), Cui and Cahyadi [2001], and Nyame and Illston 
[1981] (Zheng and Zhou [2008]) (The experimental data are digested in the reference in the 
brackets). From the comparison, it can be seen that the predicted results of the heated matrix 
correlate well with the test results. Thus, the prediction is reasonable. 

Table 8.6 Predicted intrinsic permeability (m2) of the matrix at different decomposition stages 

 at 20 oC at AFt fully decomposed at CH fully decomposed 
HPC90-110  2.22×10-23 1.05×10-22 6.54×10-22 
HPC28-110  4.70×10-23 6.62×10-22 1.67×10-18 
NSC-40  7.12×10-18 7.16×10-16 3.35×10-15 
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Fig. 8.15 Comparison between predicted intrinsic permeability of heated matrix of HPC90-110 
and NSC-40 as a function of capillary porosity with experimental data of unheated hardened 

cement paste collected from literature.  
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8.6.1.3 Evolution of intrinsic permeability  

Under the ISO 834 fire condition, the profile of the predicted intrinsic permeability of the 
matrix of HPC90-110 and NSC-40 is shown in Fig. 8.16. Under slow heating, the predicted 
intrinsic permeability is almost uniform in the specimen due to the low temperature gradient. 
The predicted value at different decomposition stages has been shown in Table 8.6.  
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 (a) HPC90-110  (b) NSC-40 

Fig. 8.16 Profile of predicted intrinsic permeability of matrix of concretes when surface 
temperature reaches different values under ISO 834 fire (The temperature profile is shown in 

Fig. 8.8 (a)). 

8.6.2 Prediction of water saturation degree  

The degree of water saturation significantly affects the effective permeability to gas (Fig. 6.9). 
In Chapter 6, an effective coefficient as a function of water saturation degree is introduced to 
the intrinsic permeability to obtain the effective permeability (Eq. 6.13). Thus, the evolution 
of the water saturation degree needs to be predicted (Chapter 5). Under the ISO 834 fire 
condition, the profile of the predicted saturation degree of HPC90-110 and NSC-40 with 90% 
and 0% initial moisture content is shown in Fig. 8.17. The field of the saturation degree of 
HPC90-110 with 90% initial moisture content when the surface temperature of the specimen 
reaches 300 oC, 400 oC, and 500 oC is shown in Fig. 8.18. Under the slow heating condition (5 
oC/min), the profile is plotted in Fig. 8.19. When the temperature reaches the critical point 
(374.15 oC), no liquid water exists any more. Thus, the saturation degree is zero as can be 
seen in Fig. 8.17 and Fig. 8.19 (The vertical portion of the curves of the surface temperature 
of 450 oC and 500 oC goes to zero in Fig. 8.17 (a) and (b)).  

It can be seen from Fig. 8.17 that, although with the same initial moisture content, the 
water saturation degree of HPC90-110 is higher than that of NSC-40. It can be explained as 
follows: First, from the moisture content perspective, as the moisture content (or the moisture 
saturation degree) is defined as the volume fraction in the capillary pores occupied by the 
equivalent water of the moisture (the vapor phase is also converted into liquid water) (Chapter 
5), the moisture content, dS , at the stage of the thermal decomposition of hardened cement 
paste is equal to 

 0 0( ) /w
d d cap dehy capS S f f f= × +   (8.1) 

Surface temperature Surface temperature
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where 0

dS  is the initial moisture content, 0
capf  is the initial capillary porosity, w

dehyf  is the 
volume fraction in matrix occupied by water released from decomposition, and capf  is the 
capillary porosity at the stage of decomposition (Chapter 4). Since the decomposition degree 
is mainly attributed to the decomposition of hydrated aluminates when the surface 
temperature of the specimen reaches 500 oC (Fig. 8.10), by substituting the parameters in 
Table 8.2 into Eq. 8.1, the moisture content at the stage of complete decomposition of 
hydrated aluminates is calculated and listed in Table 8.7. The calculated results show that the 
saturation degree correlates with the corresponding calculated moisture content. Second, as 
NSC-40 is much more permeable than HPC-110, water vapor can be transported relatively 
easily, resulting in the decrease of the moisture content and thus the saturation degree. It can 
be clearly seen in Fig. 8.17(d) that the effect of moisture transport also makes the saturation 
peak move slightly inwardly compared with the decomposition profile shown in Fig. 8.10. 
After the water saturation degree is predicted, by taking the slip-flow effect of gas into 
account (Chapter 6), the effective permeability can be calculated. 
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Fig. 8.17 Profile of predicted water saturation degree of matrix of concretes with 90% (a) (b) 
and 0% (c) (d) initial moisture content when surface temperature reaches different values 

under ISO 834 fire (The temperature profile is shown in Fig. 8.8 (a)). 
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Table 8.7 Moisture content at stage of complete decomposition of hydrated aluminates 

Moisture content at complete 
decomposition Initial 

capillary 
porosity 

Volume fraction 
of water released 
from 
decomposition  

Capillary 
porosity at 
complete 
decomposition 0 0%dS =  0 90%dS =  

 

0
capf  w

ALf  AL
capf  dS  dS  

HPC90-110 8.34% 4.39% 12.74% 34.65% 93.37% 
NSC-40 31.32% 4.32% 35.63% 12.08% 91.24% 

 

    
           (a)                   (b)                      (c) 
 Surface T=300 oC Surface T=400 oC Surface T=500 oC 
 SatD_max=92.39% SatD_max=94.09% SatD_max=93.33% 
 SatD_min=89.99% SatD_min=87.86% SatD_min=90.00% 

Fig. 8.18 Example of predicted water saturation degree in specimen of HPC90-110 with 90% 
initial moisture content under ISO 834 fire (The temperature profile is shown in Fig. 8.8a and 

the corresponding saturation profile is shown in Fig. 8.17(a)). 

0 0.01 0.02 0.03 0.04 0.05
0

0.2

0.4

0.6

0.8

1

Distance (m)

D
eg

re
e 

of
 w

at
er

 sa
tu

ra
tio

n 
(%

)

 

 

300 oC

400 oC
450 oC

500 oC

0 0.01 0.02 0.03 0.04 0.05
0

0.2

0.4

0.6

0.8

1

Distance (m)

D
eg

re
e 

of
 w

at
er

 sa
tu

ra
tio

n 
(%

)

 

 

300 oC

400 oC
450 oC

500 oC

 
 (a) HPC90-110 ( 0 90%dS = ) (b) NSC-40 ( 0 90%dS = ) 

Fig. 8.19 Profile of predicted water saturation degree of matrix of concretes with 90 % initial 
moisture content when surface temperature reaches different values under slow heating (5 

oC/min) (The temperature profile is shown in Fig. 8.8 (c)). 
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8.6.3 Prediction of effective permeability to gas 

Under ISO 834 fire, the predicted effective permeability to gas of the matrix of HPC90-110 
and NSC-40 with 90% initial moisture content is shown in Fig. 8.20 and Fig. 8.21, 
respectively. Since the permeability to gas is influenced by the water saturation degree and the 
slip-flow of gas (Chapter 6), it can be seen from these figures that the effective permeability 
varies with the distance from the surface of the specimens. For slow heating, the effective 
permeability to gas is shown in Fig. 8.22. 
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Fig. 8.20 Profile of predicted effective permeability to gas of matrix of HPC90-110 with 90% 
initial moisture content when surface temperature reaches different values under ISO 834 fire 

(The temperature profile is shown in Fig. 8.8 (a)). 

 

    
 (a) (b) (c) 

 Surface T=300 oC Surface T=400 oC  Surface T=500 oC 
 Per_max=1.42×10-22 Per_max=3.02×10-15  Per_max=1.77×10-15 
 Per_min=1.43×10-23 Per_min=1.64×10-23  Per_min=1.93×10-23 

Fig. 8.21 Example of predicted effective permeability to gas of matrix of NSC-40 with 90% 
initial moisture content under ISO 834 fire (The temperature profile is shown in Fig. 8.8(a)). 
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Fig. 8.22 Profile of predicted effective permeability to gas of matrix of NSC-40 with 90% 

initial moisture content under slow heating (5 oC/min) (The temperature profile is shown in 
Fig. 8.8 (c)). 

8.6.4 Moisture content 

Under ISO 834 fire, the predicted moisture content profile of HPC90-110 and NSC-40 with 
90% and 0% initial moisture content is shown in Fig. 8.23. The fields of the predicted 
moisture content at the surface temperatures of 400 oC and 500 oC are shown in Fig. 8.25. The 
enlarged peak portions of the curves of the profile of the surface temperature of 400 oC and 
500 oC in Fig. 8.23 (a) and (b) are shown in Fig. 8.24. It can be seen from Fig. 8.24 that, in 
accordance with the decomposition profile (Fig. 8.10), the moisture contents are 
correspondingly increased due to the water released from the decomposition. To identify the 
amount of moisture accumulated due to the moisture transport, the calculated moisture 
contents at the stage of complete decomposition of hydrated aluminates are also plotted in Fig. 
8.24 (the green line) for comparison. As can be seen, compared with the amount of moisture 
released from decomposition, the accumulated amount of moisture due to moisture transport 
is relatively low for both HPC90-110 and NSC-40 with 90% initial moisture content. The 
reason for this is that, when a water phase is present, the effective permeability of the matrix 
decreases, resulting in little amount of moisture transported both inwardly and outwardly. 
However, after the water turns into vapor, the gas phase escapes outwardly more easily (Fig. 
8.20 and Fig. 8.21), resulting in the decrease of moisture content in that zone as shown in Fig. 
8.23 (a) and (b). The similar trend of the moisture distribution evolution in heated concrete 
was observed experimentally by nuclear magnetic resonance (NMR) measurements [van der 
Heijden et al., 2011]. 

For concretes with zero initial moisture content, Fig. 8.23 shows that, for HPC90-110, the 
moisture transport doesn’t affect too much the moisture content compared with the moisture 
released from the decomposition. This can be explained by the low permeability of the matrix 
of HPC90-110. For NSC-40 (Fig. 8.23(b)), the moisture content at any heating stage is lower 
than the calculated value at the stage of complete decomposition of hydrated aluminates, i.e., 
12.8%. This is due to the fact that the permeability of the matrix of NSC-40 is high and the 
moisture can move relatively easily both inwardly and outwardly compared with HPC-110. 
This also results in the peak of the moisture content shifting inwardly.  
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Fig. 8.23 Profile of predicted moisture content of concretes with 90% (a) (b) and 0% (c) (d) 
initial moisture content when surface temperature reaches different values under ISO 834 fire 

(The temperature profile is shown in Fig. 8.8(a)). 
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Fig. 8.24 Comparison between predicted moisture content and calculated moisture content 
without moisture transport of matrix of concretes with 90% initial moisture content when 

surface temperature reaches 450 oC and 500 oC under ISO 834 fire. 
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 (a) HPC90-110 (b) HPC90-110 
 Surface T=400 oC Surface T=500 oC 
 MoisC_max=94.88% MoisC_max=95.76% 
 MoisC_min=0.03% MoisC_min=0.03% 

              
 (c) NSC-40 (d) NSC-40 
 Surface T=400 oC Surface T=500 oC 
 MoisC_max=92.68% MoisC_max=92.06% 
 MoisC_min=0.03% MoisC_min=0.03% 

Fig. 8.25 Predicted moisture content distribution in concretes with 90% initial moisture 
content under ISO 834 fire (The temperature profile is shown in Fig. 8.8 (a)). 

Under slow heating conditions, the profiles of the moisture content of concretes with 90% 
initial moisture content are shown in Fig. 8.26 and Fig. 8.27. It can be seen that, under the 
heating rates of 5 oC/min and 0.5 oC/min, the profiles of moisture content of HPC90-110 are 
similar. It implies that the heating rate doesn’t affect the moisture transport of HPC90-110 very 
much. Similar profiles can also be found under ISO 834 fire condition when the surface 
temperature reaches 450 oC and 500 oC in Fig. 8.23 (a). The reason for this is that the 
permeability of the matrix of HPC90-110 is low and doesn’t change much at any 
decomposition stage at temperatures below 600 oC (Table 8.6). For HPC28-110, it can been 
seen that the moisture content decreases markedly when the surface temperature reaches 500 
oC at the heating rate of 5 oC/min, and 450 oC and 500 oC at the heating rate of 0.5 oC/min. 
This is due to the orders of magnitude increase in the permeability of the matrix of HPC28-110 
after the decomposition of CH (Table 8.6). For comparison, the 2D images of the fields of the 
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moisture content of HPC90-110 and HPC28-110 at 500 oC under slow heating are shown in Fig. 
8.28.  

For NSC-40, it can be seen from Fig. 8.26 (c) that the moisture escapes very fast after the 
temperature reaches the critical point (374.15 oC). When the surface temperature reaches 450 
oC and 500 oC, the values are almost zero. This can be explained by the high permeability of 
NSC-40 (Table 8.6).  
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(c) NSC-40 

Fig. 8.26 Profile of predicted moisture content of concretes with 90% initial moisture content 
when surface temperature reaches different values under slow heating (5 oC/min) (The 

temperature profile is shown in Fig. 8.8 (c)). 
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(a) HPC90-110 
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(b) HPC28-110 

Fig. 8.27 Profile of predicted moisture content of concretes with 90% initial moisture content 
when surface temperature reaches different values under slow heating (0.5 oC/min) (The 

temperature profile is shown in Fig. 8.8 (d)). 

    
        (a) HPC90-110          (b) HPC90-110          (c) HPC28-110  

   T=500 oC (5 oC/min)  T=500 oC (0.5 oC/min) T=500 oC (0.5 oC/min) 
   MoisC_max=100% MoisC_max=100%  MoisC_max=61.96% 
   MoisC_min=0.03% MoisC_min=0.03% MoisC_min=0.03% 

Fig. 8.28 Distribution of moisture content of concretes with 90% initial moisture content 
when surface temperature reaches 500 oC under slow heating. 
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It can be noted that for HPC-110 specimens, in Fig. 8.26 and Fig. 8.27, the moisture 
content profiles for surface temperatures of 400 oC, 450 oC, and 500 oC are not smooth, i.e., 
valleys and peaks are present. This is due to the fact that, with the temperature development, 
vapor pressure develops from the outer layer to the inner region of the specimen. When the 
temperature is around or beyond the critical point (374.15 oC), the magnitude of vapor 
pressure is very sensitive to the temperature. A small difference in temperature will lead to a 
big difference in vapor pressure [Meyer et al., 1967]. Although the temperature gradient is 
very low under slow heating (Fig. 8.8 (c and d)), the big difference of vapor pressure between 
adjacent elements can still occur as shown in Fig. 8.30, the sudden drop in vapor pressure in 
the curve for the surface temperature of 400 oC. On the other hand, due to the assumption that 
the highest value the vapor pressure can reach is 35 MPa (Chapter 5), pressure plateaus are 
present in the pressure profiles in Fig. 8.30 (In the figure, the vapor pressure is converted into 
the effective vapor pressure by multiplying the capillary porosity (Eq. 5.10a)). Due to the 
sudden drop of vapor pressure and together with the pressure plateau, the moisture in the 
fringe of the plateau moves to the low pressure region and accumulates there forming a 
moisture peak and the fringe region of the plateau forms the valley of moisture content. The 
same phenomenon is also present in Fig. 8.23 (a). In the NMR test of van der Heijden et al. 
[2011], the fluctuation of the moisture content in heated concrete was also observed, although 
it is not clear that whether it is due to the error of measurement or the mechanism stated here. 
The horizontal line in the middle of the curve of 400 oC in Fig. 8.26 (c) is also caused by the 
pressure plateau as shown in Fig. 8.30 (c).   

8.6.5 Prediction of effective vapor pressure  
Under the assumption that the highest value that the vapor pressure in heated concrete can 
reach is 35 MPa, the predicted profiles of effective vapor pressure in concrete specimens with 
90% moisture content under different heating conditions are shown in Fig. 8.29 through Fig. 
8.31 (Chapter 5). It can be seen from these figures that, under the ISO 834 fire condition, the 
vapor pressure resides only in the outer layer of the concrete specimens and the peak moves 
inwardly with the evolution of the temperature. The 2D image of the effective vapor pressure 
for the surface temperature of 500 oC under the fire condition is shown in Fig. 8.32.  
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 (a) HPC90-110   (b) NSC-40 

Fig. 8.29 Profile of predicted effective vapor pressure in concretes with 90% initial moisture 
content for different surface temperatures under ISO 834 fire (The temperature profile is 

shown in Fig. 8.8 (a)). 
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Under slow heating conditions, owing to the low temperature gradient (Fig. 8.8 (c) and (d)) 
and the high moisture content in the central region of the specimen (Fig. 8.26 and Fig. 8.27), 
high vapor pressure resides in the central region (The effective vapor pressure shown in these 
figures is calculated after the moisture transport at the time step corresponding to the surface 
temperatures shown in the figures).  
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(a) HPC90-110 
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(b) HPC28-110  
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(c) NSC-40  

Fig. 8.30 Profile of predicted effective vapor pressure in concretes with 90% initial moisture 
content for different surface temperatures under slow heating (5 oC/min) (The temperature 

profile is shown in Fig. 8.8 (c)). 
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(a) HPC90-110  
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(b) HPC28-110  

Fig. 8.31 Profile of predicted effective vapor pressure in concretes with 90% initial moisture 
content for different surface temperatures under slow heating (0.5 oC/min) (The temperature 

profile is shown in Fig. 8.8 (d)). 

 

              
 (a) HPC90-110   (b) NSC-40 

 EVP_max=4.60MPa  EVP_max=12.43MPa 
 EVP_min=1.25×10-3MPa EVP_min=4.68×10-3MPa 

Fig. 8.32 Distribution of predicted effective vapor pressure in concretes with 90% initial 
moisture content for surface temperature of 500 oC under ISO 834 fire. 
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8.7 Analysis of thermal reduction of elastic modulus  

In the mechanical analysis, under thermal load, the evolution of the elastic modulus with 
heating has to be known. Using the method proposed in Section 7.5 of Chapter 7, the variation 
of the elastic modulus of heated matrix is predicted based on the thermal decomposition 
analysis. Under the ISO 834 fire condition, the predicted reduction of the elastic modulus of 
the matrix of HPC90-110 and NSC-40 is shown in Fig. 8.33. The lower horizontal line in the 
figure indicates the effect of the complete decomposition of hydrated aluminates on the elastic 
modulus. The distribution of the predicted reduction of relative elastic modulus of the matrix 
of HPC90-110 for the surface temperatures of 300 oC, 400 oC, and 500 oC are shown in Fig. 
8.34. Under slow heating, the reduction is almost uniform in the concrete specimens due to 
the low temperature gradient (Fig. 8.8 (c and d)). The relative elastic modulus of the matrix of 
different concretes at different decomposition stages is shown in Table 8.8. The proposed 
prediction method has been verified in Section 7.6 of Chapter 7. 
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 (a) HPC90-110  (b) NSC-40 

Fig. 8.33 Profile of predicted relative elastic modulus of matrix of concretes for different 
surface temperatures under ISO 834 fire (The temperature profile is shown in Fig. 8.8 (a)). 

    
 (a) (b) (c) 
 T=300 oC T=400 oC T=500 oC 
 RE_max=9.26%  RE_max=15.67%  RE_max=19.03% 
 RE_min=0% RE_min=0%  RE_min=0.1% 

Fig. 8.34 Reduction of relative elastic modulus of matrix of HPC90-110 for different surface 
temperatures under ISO 834 fire. 
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Table 8.8 Relative elastic modulus of matrix at different decomposition stages 

 at AFt fully decomposed at CH fully decomposed 
HPC90-110  84.3% 75.6% 
HPC28-110  85.6% 76.7% 

NSC-40 84.6% 73.3% 

8.8 Thermo-poro mechanical damage analysis of heated concretes 

In this section, the thermo-poro mechanical damage of heated concretes are numerically 
investigated using the method proposed in Chapter 7. The afore-mentioned predictions of the 
temperature field, the vapor pressure, and the variation of the elastic modulus of the matrix 
are incorporated in the analysis. The damage mechanisms of HPC90-110 and NSC-40 under 
both fast heating (IOS 843 fire) and slow heating (5 oC/min) until the heating temperature 
reaches 600 oC are numerically studied, respectively. Two types of spalling, i.e., explosive 
spalling and surface spalling (scaling) are numerically encountered and interpreted.  

It should be pointed out that, for the thermo-poro mechanical analysis of heated concrete, 
although the vapor pressure and the elastic modulus can be predicted as shown in the previous 
sections, the effective thermal expansion coefficient (Eq. 7.6a) is still an unknown parameter. 
For free expansion, large scattering of the experimental data on the expansion coefficient can 
be found in the literature: It was found by Browne [1967] that the expansion coefficient of 
granite is in the rang of 1.8-11.9 (10-6 oC-1) and that of concrete made with granite is in the 
range of 8.1-10.3 (10-6 oC-1); It was reported by Komarovskii [1965] that the expansion 
coefficient of concrete made with granite is in the range of 0.71-15.9 (10-6 oC-1); For the 
matrix, it was found that the expansion coefficient changes from positive to negative during 
heating [Bažant and Kaplan, 1996]. In this thesis, the effective expansion coefficient is used 
for the mechanical analysis. The effective expansion is defined as the free expansion strain 
minus the microcracking-induced strain of free expansion (Section 7.2 in Chapter 7). 
However, experimental data on effective expansion coefficient can hardly be found in the 
literature. Owing to the lack of the experimental data on the effective expansion coefficient of 
the used material in Peng’s test and the scattering of the reported experimental results of the 
free expansion coefficient, different values of the effective expansion coefficient are used in 
the mechanism analysis of fire spalling. From the results of the analysis it can be seen that this 
method is feasible for the investigation of the mechanism of fire spalling.   

This section consists of three sub-sections: In Sec. 8.8.1, the fire spalling mechanism of 
HPC is investigated; In Sec. 8.8.2, the fire damage of NSC is studied; In Sec. 8.8.3, the 
mechanical damage of slow heating of both HPC and NSC is discussed.  

8.8.1 Fire spalling mechanism investigation of high-performance concrete 

To investigate the fire spalling mechanism of HPC, the patterns of mechanical damage caused 
only by thermal expansion (using different effective expansion coefficients) and only by 
vapor pressure are studied first, respectively. By comparing the numerically predicted damage 
pattern with the experimentally observed results, it can be concluded that the temperature 
gradient induced thermal stress plays a dominant role in fire spalling. This conclusion is then 
confirmed by the energy analysis in the fire spalling study. 
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8.8.1.1 Mechanical damage caused only by thermal expansion 

To study the mechanical damage to HPC90-110 caused only by thermal expansion (0% initial 
moisture content), different values (constant) of the effective expansion coefficient are used as 
shown in Table 8.9 (The value of 5.0×10-6 oC-1 is used for concrete by Bažant [1996]). For 
HPC90-110, no crack induced by volume mismatch between aggregates and the matrix was 
observed in the experiments [Peng, 2000], which implies the aggregate and the matrix have 
the same extent of expansion under the same heating condition. Thus, the effective expansion 
coefficients of the aggregate and the matrix are assumed to have the same value. The 
numerical results (Table 8.9) show that, when the effective expansion coefficient exceeds 
1.5×10-6 oC-1, the non-linear mechanical analysis fails to converge when the surface 
temperature reaches a certain value (Column 5 in Table 8.9), which means that the concrete 
specimen couldn’t sustain the thermal load [Rots, 1988], i.e., mechanical failure occurs. The 
damage pattern of the time step before failure is shown in Fig. 8.35 (the time step is 5 s). It 
can be seen from this figure that the failure can be corner spalling (Fig. 8.35 (a, b)) and 
explosive spalling (Fig. 8.35 (c ,d)). With the decrease of the effective expansion coefficient, 
the time and the surface temperature at spalling are increasing and the damage moves towards 
the central region of the specimen as shown in Fig. 8.35. When the effective expansion 
coefficient of concrete is equal to 1.5×10-6 (Case 5_HPC), no spalling but little damage in the 
deep central region occurs (Fig. 8.35 (e)).  

The fields of the principal stress before spalling in Case 1_HPC and at the first element 
damaged in Case 6_HPC are shown in Fig. 8.36 and Fig. 8.37, respectively. It can be seen 
from these figures that the damaged elements lie in the tensile region of the first principal 
stress field. In comparison with the second principal stress, the first principal stress plays a 
dominant role in the resulting damage.  

Table 8.9 Mechanical damage caused only by thermal expansion at different effective thermal 
expansion coefficients (0% initial moisture content) 

 
Effective thermal 

expansion 
coefficient (oC-1) 

e
tα  

Spalling Spalling time 
(Second) 

Spalling 
surface 

temperature 
(oC) 

Damage 
pattern before 
spalling/until 

600 oC 

Case 1_HPC 5.0×10-6 Yes 15 184.6 Fig. 8.35 (a) 
Case 2_HPC 4.0×10-6 Yes 20 214.7 Fig. 8.35 (b) 
Case 3_HPC 3.0×10-6 Yes 25 239.7 - 
Case 4_HPC 2.0×10-6 Yes 55 337.6 Fig. 8.35 (c) 
Case 5_HPC 1.6×10-6 Yes 135 461.2 Fig. 8.35 (d) 
Case 6_HPC 1.5×10-6 No - - Fig. 8.35 (e) 
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 (a) e

tα =5.0×10-6 (t=10 s) (b) e
tα =4.0×10-6 (t=15 s) 

        
 (c) e

tα =2.0×10-6 (t=20 s) (d) e
tα =1.6×10-6 (t=50 s) 

 
(e) e

tα =1.5×10-6 (t=130 s) 

Fig. 8.35 Mechanical damage pattern in specimen of HPC90-110 caused only by thermal 
expansion at different effective thermal expansion coefficients before spalling (a to d)/until 

600 oC (e) under ISO 834 fire condition. 
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 (a) 1st principal stress (t=10 s)  (b) 2nd principal stress (t=10 s)  

Fig. 8.36 Stress field at effective thermal expansion coefficient of 5.0×10-6 oC-1 before 
spalling (Case 1-HPC in Table 8.9) (The direction of the stress is marked in arrow). 

   
 (a) 1st principal stress (t=145 s) (b) 2nd principal stress (t=145 s)  

Fig. 8.37 Stress field at effective thermal expansion coefficient of 1.5×10-6 oC-1 when first 
element failed at surface temperature of 471 oC (Case 6-HPC in Table 8.9) (The direction of 

the stress is marked in arrow). 

8.8.1.2 Mechanical damage caused only by vapor pressure 

The mechanical damage to HPC90-110 and HPC28-110 with 90% initial moisture content 
caused only by vapor pressure (no thermal expansion) under ISO 834 fire is also numerically 
investigated. No spalling occurs before the temperature reaches 600 oC (Table 8.10). The 
damage patterns in the specimens are shown in Fig. 8.38. The effective vapor pressure and the 
effective first principal stress are show in Fig. 8.39 and Fig. 8.40 for the two concretes.  

The comparison between Fig. 8.35 and Fig. 8.38 shows that the damage caused only by 
vapor pressure is more local than that caused only by thermal expansion, i.e., the 
mechanically damaged elements lie in the region where the vapor pressure is high (Fig. 8.39 
and Fig. 8.40) and the core region of the specimen remains intact. This can be explained as 
follows: From the constitutive equation (Eq. 7.6) it can be seen that the effect of the vapor 
pressure on the stress and strain field is similar to that of the thermal expansion. If the vapor 
pressure effect is converted into equivalent expansion, it can be calculated that the magnitude  

Stress (Pa) Stress (Pa)

Stress (Pa) Stress (Pa)
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(a) HPC90-110                      (b) HPC28-110  

Fig. 8.38 Damage caused only by vapor pressure to HPC-110 with 90% initial moisture 
content under ISO834 fire. 

             
 (a) Effective vapor pressure at 555 oC  (b) Effective vapor pressure at 600 oC 
 Evp_max=5.47 (MPa) Evp_max=5.47 (MPa) 
 Evp_min=5.80×10-3 (MPa)  Evp_min=4.37×10-4 (MPa) 

  
 (c) Effective 1st principal stress at 555 oC  (d) Effective 1st principal stress at 600 oC  

Fig. 8.39 Effective vapor pressure (a, b) and effective 1st principal stress induced only by 
vapor pressure (c, d) of HPC90-110 with 90% initial moisture content when surface 

temperature reaches 555 oC and 600 oC under ISO 834 fire. 

 
 
 
 
 
 
 
 
 
 

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0min 

max 

Stress (Pa) Stress (Pa)



Numerical investigation of spalling of heated concrete                        105 

of the coefficient of equivalent expansion, pα  ( /(3 )p p H Tα = ⋅ ), induced by vapor pressure 
is 10-7 (Fig. 8.41). It is one order of magnitude lower than the effective thermal expansion 
coefficient used for HPC90-110 (Table 8.9). Moreover, since vapor pressure only exists in the 
matrix and not in the aggregates, the equivalent expansion effect of the vapor pressure is even 
less. Therefore, the thermal stress induced only by vapor pressure in the core region is much 
lower than that caused only by thermal expansion. This can clearly be seen by comparing the 
stress fields in Fig. 8.39 and Fig. 8.40 with those in Fig. 8.37. 

Table 8.10 Mechanical damage caused only by vapor pressure to HPC-110 with 90% initial 
moisture content under ISO 834 fire 

 Spalling 
Surface temperature when the 
first damaged element appears 

(oC) 
Damage pattern at 600 oC 

HPC90-110  No 555.5 Fig. 8.38 (a) 
HPC28-110  No 461.1 Fig. 8.38 (b) 

 

              
 (a) Effective vapor pressure at 461 oC    (b) Effective vapor pressure at 600 oC   
 Evp_max=5.65 (MPa)  Evp_max=6.67 (MPa) 
 Evp_min=1.46×10-4 (MPa) Evp_min=2.10×10-4 (MPa) 

 

   
(c) Effective 1st principal stress at 461 oC     (d) Effective 1st principal stress at 600 oC 

Fig. 8.40 Effective vapor pressure (a, b) and effective 1st principal stress induced only by 
vapor pressure (c, d) of HPC28-110 with 90% initial moisture content when surface 

temperature reaches 461 oC and 600 oC under ISO 834 fire. 
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Fig. 8.41 Profile of coefficient of equivalent expansion induced by vapor pressure of matrix of 

HPC90-110 with 90% initial moisture content for different surface temperatures under ISO 
834 fire. 

To further illustrate the stress field induced by vapor pressure, corresponding to the field of 
the effective first principal stress of HPC28-110 shown in Fig. 8.40 (c), the field of the first 
principal stress is shown in Fig. 8.42 (a), where the value of the stress in the core region can 
be seen more clearly. To check the correctness of the calculation, the stress field in the 
y-direction ( yσ ) is shown in Fig. 8.42 (b) and the corresponding profile of element stress 
along the x-axis in the middle of the 2D region is also shown (Fig. 8.42 (c)). It can be seen 
from Fig. 8.42 (c) that the equilibrium is satisfied.   
 

              
(a) 1st principal stress 

Stress (Pa)

Surface temperature
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(b) Stress in y-direction, yσ  
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(c) Profile of element stress in y-direction, yσ , at y=0.05 m 

Fig. 8.42 First principal stress (a), stress in y-direction (b), and profile of stress in y-direction   
induced only by vapor pressure of HPC28-110 with 90% initial moisture content when surface 

temperature of specimen reaches 461 oC under ISO 834 fire. 
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8.8.1.3 Analysis of mechanism of fire spalling by comparing damage patterns  

In Sections 8.8.1.1 and 8.8.1.2, under the ISO 843 fire condition, the mechanical damage 
caused only by thermal expansion and only by vapor pressure is investigated respectively and 
the corresponding damage patterns are studied. To determine which one of the two factors 
plays the dominant role in fire spalling, the numerical damage patterns in Fig. 8.35 and Fig. 
8.38 are compared with the observed results in the fire spalling experiments of specimens 
with different moisture contents shown in Fig. 8.43 [Peng, 2000]. In the experiments, as the 
probability of fire spalling is not 100% for the concrete specimens from the same batch, such 
as two samples out of three spalled, the un-spalled specimens with different moisture contents 
were sawn in half for the observation of internal cracks. Fig. 8.43 clearly shows internal 
cracks near/in the central region of the specimens. The spalled specimens (explosive spalling) 
are shown in Fig. 8.43 (d). Explosive spalling occurred when the surface temperature is in the 
range of 480 oC to 510 oC and the heating duration is around 3 minutes. It can be inferred 
from the comparison that under the ISO 834 fire condition, the internal cracks are mainly 
caused by the temperature gradient induced thermal stress since the pattern of damage caused 
only by thermal expansion correlates well with the experimentally observed results. Thus, it 
can be concluded that the explosive spalling of HPC is mainly attributed to the temperature 
gradient induced thermal stress.  

8.8.1.4 Fire spalling analysis of high-performance concrete 

The fire spalling of the specimen of HPC90-110 with 90% initial moisture content is 
numerically studied. The effective thermal expansion coefficient of 1.5×10-6 in Case 6_HPC 
(Table 8.9) is used since the experimental result showed that the specimen of HPC90-110 with 
0% initial moisture content didn’t spall [Peng, 2000]. The numerical analysis shows that, 
when the surface temperature reaches 476.1 oC, mechanical failure occurs, i.e., the nonlinear 
mechanical analysis fails to converge. The damage pattern of the time step before spalling is 
shown in Fig. 8.44. The corresponding effective principal stress and the effective vapor 
pressure before spalling are shown in Fig. 8.45. From these two figures it can be inferred that 
the spalling mode is explosive since, in the central region, the effective 1st principal stress is 
the highest and some cracks exist in the central region already. Comparing Fig. 8.44 with Fig. 
8.43, it can be seen that the predicted damage in the up-right corner is similar to that of the 
major cracks in Fig. 8.43 (a) and the predicted cracks in the central region are similar to the 
small cracks in Fig. 8.43 (a to b). Therefore, the numerical result of spalling correlates well 
with the experimental results in terms of both the spalling time and the damage pattern.  

The profile of effective vapor pressure together with the profile of temperature is plotted in 
Fig. 8.45 (d). It can be seen from Fig. 8.45 (c) and (d) that, although the effective vapor 
pressure profile correlates well with the pressure profile described in the moisture-clog 
spalling theory (Fig. 2.4 in Chapter 2) [Bažant, 1997; Consolazio et al., 1998; Kalifa et al., 
2000], the high stress resides in the central region of the specimen (Fig. 8.45(a)). It suggests 
that explosive spalling is not caused by the moisture clog, but by the thermal stress in the 
central region of the 100 mm cubic specimen.  

It should be pointed out that since the coefficient of effective expansion is used in the 
mechanical analysis, i.e., the microcracking induced strain of free expansion is already 
deducted from the thermal strain (Section 7.2 in Chapter 7), a relatively low value of the 
coefficient of effective expansion is resulted.  
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It has been shown by experiments that the probability of spalling of HPC can be lowered 
by adding polypropylene fibers to concrete and it was supposed that the vapor release-effect 
of the fiber upon melting plays a dominant role in avoiding spalling [Knack, 2009]. However, 
according to the numerical analysis of this thesis, for different heating conditions, the role that 
the fiber plays should be different. For fast heating, the concrete stiffness-lowering effect of 
the fiber should also be accounted for because the effect lowers the thermal stress in concrete. 
For slow heating, the vapor pressure release-effect of the fiber should be dominant since the 
mechanical damage is mainly caused by vapor pressure as shown in the following sections.   

   
     (a) HPC-110 ( 0

dS =100%)                    (b) HPC-70 ( 0
dS =100%) 

 
 (c) HPC-70 ( 0

dS =75%) (d) HPC-110 ( 0
dS =88%); HPC-120 ( 0

dS =100%)) 

Fig. 8.43 Experimentally observed damage pattern of un-spalled concrete specimens (a to c) 
and spalled concrete specimens (d) with different initial moisture contents exposed to ISO 834 
fire up to 600 oC [Peng, 2000] (Explosive spalling occurred when the surface temperature is 

in the range of 480 oC to 510 oC and the heating duration is around 3 minutes). 
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Fig. 8.44 Damage pattern before spalling in specimen of HPC90-110 with 90% initial moisture 

content when surface temperature reaches 471 oC under ISO 834 fire. 

 

    
 (a) Effective 1st principal stress  (b) Effective 2nd principal stress  
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    (c) Effective vapor pressure                     (d) Profiles of temperature  
      Evp_max= 4.47 (MPa)                      and effective vapor pressure 
    Evp_min=1.14×10-4 (MPa) 

Fig. 8.45 Field of effective principal stress (a, b) and effective vapor pressure (c), and profiles 
of temperature and effective vapor pressure (d) in specimen of HPC90-110 with 90% initial 

moisture content before spalling for surface temperature of 471 oC under ISO 834 fire. 
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8.8.1.5 Energy analysis of fire spalling 

To further confirm the conclusion drawn in the previous sections, i.e., fire spalling is mainly 
caused by the temperature gradient induced thermal stress, the mechanism of fire spalling will 
be interpreted from an energy perspective in this section. The development of the elastic strain 
energy is investigated. In the 100×100 mm region (unit thickness), the elastic strain energy, 

cI , can be calculated as follows 

  
1

1 '
2

ne
e

c ij ij e
k

I Aσ ε
=

=∑  (8.2) 

where e
ijσ  is the effective stress, 'ijε  is the elastic strain (Eq. 5.9 in Chapter 5 and Eq. 7.14 

in Chapter 7), eA  is the surface area of each element, and ne is the number of elements. The 
development of the elastic strain energy in HPC90-110 with 0% and 90% initial moisture 
content exposed to ISO 834 fire in the region is calculated and plotted in Fig. 8.46. It can be 
seen that, in the case of 90% initial moisture content, spalling occurs at the highest elastic 
strain energy, where the energy induced by thermal expansion reaches the highest value. It can 
also be noted as shown in the figure that the increase of energy induced by vapor pressure is 
very low, only 12.6% of the strain energy of thermal expansion at spalling. It implies that, 
from the energy perspective, the thermal expansion induced strain energy plays a dominant 
role in spalling, which confirms the conclusion drawn in Section 8.8.1.3. Fig. 8.46 also shows 
that the strain energy of thermal expansion decreases with the increase of temperature after 
the peak value at around 476 oC. This is due to the decrease of the heating rate (Fig. 4.11 (b)), 
which lowers the temperature gradient and thus decreases the thermal stress and the elastic 
strain energy in the region.  
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Fig. 8.46 Development of elastic strain energy in 100×100 mm region (unit thickness) of 
HPC90-110 with 0% and 90% initial moisture content as a function of heating temperature 

under ISO 834 fire.  
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8.8.2 Fire damage investigation of normal strength concrete 

Under the ISO 834 fire condition, to compare with the fire spalling analysis of HPC, the 
mechanical fire damage to NSC-40 with 90% and 0% initial moisture content is numerically 
studied. First, the mechanical damage caused only by thermal expansion (0% initial moisture 
content) and only by vapor pressure is investigated. Then, the behavior of NSC-40 with 90% 
initial moisture content under the fire condition is studied and the elastic strain energy is also 
analyzed.   

8.8.2.1 Mechanical damage caused only by thermal expansion 

For the analysis of the mechanical damage caused only by thermal expansion (0% initial 
moisture content), four cases of using different effective thermal expansion coefficients are 
studied (Table 8.11). The numerical results (Table 8.11 and Fig. 8.47) show that in Case 
1_NSC, where the effective expansion coefficient of concrete is equal to that in Case 6_HPC 
(Table 8.9), spalling occurs when the surface temperature reaches 396.4 oC. As the matrix of 
NSC is much more porous than that of HPC, the coefficient of effective expansion of the two 
matrices should be different. It has been found that, under the free expansion condition,  
heated harden cement paste of normal strength contracts after the temperature reaches around 
200 oC, namely, the coefficient of free expansion changes from positive to negative [Bažant, 
1996]. It has also been found that, when the same aggregate was used, NSC expands less than 
HPC under both loaded and unloaded conditions [Hu and Dong, 2002]. In addition, it has 
been reported by Peng [2000] that NSC with zero moisture content didn’t spall. Thus, it can 
be deduced that the coefficient of effective thermal expansion of the matrix of NSC-40 is 
lower than that of HPC90-110 as the same aggregate was used for both NSC and HPC. 
Therefore, the effective expansion coefficient of the matrix of NSC-40 is decreased in Case 
2_NSC through Case 4_NSC. Fig. 8.47 shows that the bigger the difference between the 
effective expansion coefficient of the aggregate and that of the matrix, the more severe the 
local damage induced by volume mismatch. In Case 2_NSC and Case 3_NSC, spalling occurs. 
In Case 4_NSC, no spalling occurs till the heating temperature reaches 600 oC and the 
damage pattern is shown in Fig. 8.47 (d).  

Table 8.11 Mechanical damage at different coefficients of effective thermal expansion  

Coefficient of effective 
thermal expansion e

tα
(oC-1)  

Aggregate Matrix 

Spalling 
Spalling 
time 
(Second)

Spalling  
surface 
temperature 
(oC) 

Damage 
pattern before 
spalling/until 
600 oC 

Case 1_NSC 1.5×10-6 1.5×10-6 Yes 85 396.4 Fig. 8.47(a) 
Case 2_NSC 1.5×10-6 1.0×10-6 Yes 245 546.8 Fig. 8.47(b) 
Case 3_NSC 1.5×10-6 0.8×10-6 Yes 305 578.8 Fig. 8.47(c) 
Case 4_NSC 1.5×10-6 0.68×10-6 No - - Fig. 8.47(d) 
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 (a) e

tα =1.5×10-6  (b) e
tα =1.0×10-6 

        
 (c) e

tα =0.8×10-6  (d) e
tα =0.68×10-6 

Fig. 8.47 Pattern of mechanical damage to NSC-40 caused only by thermal expansion at 
different coefficients of effective thermal expansion of matrix before spalling (a to c)/until 

600 oC (d) under ISO 834 fire. 

8.8.2.2 Mechanical damage caused only by vapor pressure 

The mechanical damage to NSC-40 with 90% initial moisture content caused only by vapor 
pressure (no thermal expansion) under ISO 834 fire is numerically studied. The numerical 
result shows that, when the surface temperature reaches 369.9 oC, the non-linear mechanical 
analysis fails to converge. The effective first principal stress and the damage pattern of the 
time step before divergence (Fig. 8.48) suggest that the mechanical failure is caused by partial 
surface layer breaking off (surface spalling). The reason for this is that, although the 
permeability of NSC-40 is high, the effective vapor pressure can still reach a high value, as 
shown in Fig. 8.29 (b), and can cause local damage to the matrix. 
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         (a) Damage pattern                (b) Effective first principal stress  

Fig. 8.48 Damage pattern (a) and effective first principal stress (b) of NSC-40 with 90% 
initial moisture content induced only by vapor pressure before surface spalling under ISO 843 

fire condition.  

8.8.2.3 Fire damage analysis of normal strength concrete 

The behavior under fire of NSC-40 with 90% initial moisture content is numerically studied. 
The effective thermal expansion coefficient in Case 4_NSC, i.e., 1.5×10-6 for the aggregates 
and 0.68×10-6 for the matrix is used (Table 8.11) since the experimental results showed that 
the specimen of NSC-40 with 0% initial moisture content didn’t spall [Peng, 2000]. The 
numerical result shows that, when the surface temperature reaches 396.4 oC, the non-linear 
mechanical analysis fails to converge. From the damage pattern of the time step before 
divergence shown in Fig. 8.49 (the time interval is 5 s), it can be inferred that the divergence 
is caused by the partial surface layer breaking off (surface spalling). 

The development of the elastic strain energy in the 2D region (unit thickness) is plotted in 
Fig. 8.50, together with the elastic strain energy of NSC-40 with 0% initial moisture content 
(the case of expansion only) for comparison. It can be seen from Fig. 8.50 that the energy at 
mechanical failure is lower than the peak value of the energy induced only by thermal 
expansion and thus lower than the energy-storage capacity of the sample. It suggests, 
therefore, that local failure occurs. In the case of local failure, only part of the stored energy is 
released and the energy stored in the bulk specimen is not released. Thus, compared with the 
energy released by explosive spalling of HPC90-110 shown in Fig. 8.46, the energy released 
by the local failure of NSC-40 is much lower, i.e., the surface spalling of NSC-40 is much less 
violent compared with the explosive spalling. It is conceivable that, when the heating 
proceeds, the energy will be released progressively by local failure. Hence, explosive spalling 
will not occur in NSC. This is in good agreement with the experimental results that explosive 
spalling usually occurs in HPC but not in NSC [Hertz, 1992; Sanjayan and Stocks, 1993; Peng, 
2000].  

Stress (Pa)
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Fig. 8.49 Damage pattern of NSC-40 with 90% initial moisture content when surface 
temperature reaches 396.4 oC under ISO 834 fire. 
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Fig. 8.50 Development of elastic strain energy in 2D domain of NSC-40 with 0% and 90% 

initial moisture content under ISO 834 fire condition. 

8.8.3 Mechanical damage analysis under slow heating condition 

To investigate the heating rate effect on the mechanical damage of heated concrete, the 
mechanical behaviour of HPC-110 and NSC-40 with 0% and 90% initial moisture content 
under slow heating (5 oC/min) until the heating temperature reaches 600 oC is numerically 
studied (the time interval for the calculation is 2 minutes). The effective expansion 
coefficients have the same values as those in the fire spalling analyses (Section 8.8.1.4 and 
Section 8.8.2.3), i.e. 1.5×10-6 oC-1 for HPC-110 and 1.5×10-6 oC-1 and 0.68×10-6 oC-1 for the 
aggregate and the matrix of NSC-40, respectively. The numerical results are summarized in 
Table 8.12.  

- High-performance concrete For HPC-110 specimens with 0% and 90% initial moisture 
content, no divergence occurs in the non-linear mechanical analysis. It implies that no spalling 
occurs. Although no spalling occurs but many elements in the matrix are damaged in the case 
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of 90% initial moisture content (Fig. 8.51). The effective first principal stress of HPC-110 
with 90% initial moisture content when the surface temperature reaches 600 oC is shown in 
Fig. 8.52. The development of the elastic strain energy in the 2D region (with unit thickness) 
is plotted in Fig. 8.53.  

It can be seen by comparing Fig. 8.51 with Fig. 8.44 that the damage pattern of HPC-110 
under the slow heating condition is different from that under the fire condition. In the latter 
case, the damage clusters in certain regions, while in the former case, the damage is more 
evenly distributed in the matrix over the cross section. By comparing the field of the effective 
first principal stress in Fig. 8.52 and Fig. 8.45 (a), it can be concluded that, for HPC-110 with 
90% initial moisture content under slow heating, the local effect of vapor pressure plays a 
dominant role in the resulting damage. This conclusion can be further confirmed by the 
energy analysis as shown in Fig. 8.53. It can be seen from Fig. 8.53 that the strain energy in 
the 2D region of HPC90-110 with 90% initial moisture content is almost completely induced 
by vapor pressure, which is different from the case under the fire condition (Fig. 8.46).  

Table 8.12 Results of mechanical analysis of different concretes under slow heating condition 
(5 oC/min) 

 HPC90-110 HPC28-110 NSC-40  
Initial moisture content 0% 90% 0% 90% 0% 90% 

Explosive spalling No No No No No No 

Surface spalling No No No No No Yes 

Surface temperature when 
the first damaged 
element appears (oC) 

- 470 - 380 390 310 

Surface temperature at 
mechanical failure (oC) - - - - - 330 

Time at mechanical 
failure (min) - - - - - 66 

Damage pattern before 
mechanical failure/until 
600 oC 

- Fig. 8.51
(a) - Fig. 8.51 

(b) 
Fig. 8.54 
(a) 

Fig. 8.54
(b) 

- Normal-strength concrete  For NSC-40 with 0% initial moisture content, before the 
surface temperature reaches 600 oC, no divergence occurs in the non-linear mechanical 
analysis. It implies that no spalling occurs. The elements in the matrix are, however, damaged 
after the surface temperature reaches 390 oC after heating for 78 minutes. The damage pattern 
and the first principal stress when the surface temperature reaches 600 oC are shown in Fig. 
8.54 (a) and Fig. 8.55 (a), respectively. As the coefficient of effective thermal expansion of the 
matrix is lower than that of the aggregate, the volume mismatch induced thermal stress can be 
clearly seen in Fig. 8.55 (a) (the red color in the figure), which causes the damage to the 
matrix.  
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For NSC-40 with 90% initial moisture content, the non-linear mechanical analysis fails to 
converge when the surface temperature reaches 330 oC after heating for 66 minutes. The 
damage pattern, the first effective principal stress, and the effective vapor pressure of the time 
step before divergence are shown in Fig. 8.54 (b), Fig. 8.55 (b), and Fig. 8.56, respectively. As 
can be seen from the damage pattern (Fig. 8.54 (b)), the mechanical failure of the sample is 
caused by partial surface layer breaking off. From the energy development shown in Fig. 8.57, 
it can be seen that the elastic strain energy of NSC-40 with 0% initial moisture content 
increases gradually with the increase of the surface temperature due to the volume mismatch 
between aggregates and the matrix. In the case of 90% initial moisture content, the energy 
increases dramatically with the increase of vapor pressure. When some elements fail after 
heating for around one hour, the energy drops due to the release of vapor pressure.     

         
 (a) HPC90-110 (b) HPC28-110  

Fig. 8.51 Mechanical damage to HPC-110 with 90% initial moisture content when surface 
temperature reaches 600 oC under slow heating condition (5 oC/min) (No divergence occurs in 

the non-linear mechanical analysis, i.e., no spalling occurs).  

  
 (a) HPC90-110  (b) HPC28-110  

Fig. 8.52 Effective first principal stress of HPC-110 with 90% initial moisture content when 
surface temperature reaches 600 oC after heating for 116 minutes under slow heating 

condition (5 oC/min).   

Stress (Pa) Stress (Pa)
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Fig. 8.53 Development of elastic strain energy in HPC90-110 with 0% and 90% initial 

moisture content under slow heating condition (5 oC/min) (The strain energy induced only by 
thermal expansion is very low. This is attributed to the low thermal stress induced by the low 

temperature gradient of slow heating (Fig. 8.8 (c))).  

             
 (a) Surface T=600 oC, t=120 min (0%) (b) Surface T=330 oC, t=66 min (90%) 

Fig. 8.54 Mechanical damage to NSC-40 with 0% (a) and 90% (b) initial moisture content 
under slow heating condition (5 oC/min). 

  
 (a) Surface T=600 oC, t=120 min (0%) (b) Surface T=330 oC, t=66 min (90%) 

Fig. 8.55 Effective first principal stress of NSC-40 with 0% (a) and 90% (b) initial moisture 
content under slow heating condition (5 oC/min). 
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 (a) Field of effective vapor pressure (b) Profile of effective vapor pressure  
Fig. 8.56 Effective vapor pressure in NSC-40 with 90% initial moisture content when surface 

temperature reaches 330 oC after heating for 66 minutes under slow heating condition (5 
oC/min). 
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Fig. 8.57 Development of elastic strain energy in NSC-40 with 0% and 90% initial moisture 

content under slow heating condition (5 oC/min). 

8.9 Summary and conclusions 

In this chapter, the thermo-chemo-hydro-mechanical behaviour of the specimens of HPC and 
NSC with 0% and 90% initial moisture content in the experiments of Peng [2000] has been 
numerically studied at a meso-level. Different heating rates have been considered, i.e., fast 
heating (ISO 834 fire) and slow heating at the heating rates of 0.5 oC/min and 5 oC/min. The 
concrete specimens have been modeled as 2D plane strain two-phase composites. In the 
analysis, the predicted evolution of temperature field has been verified with the experimental 
results. The thermal variation of the material properties of the matrix, such as the permeability 
and the elastic modulus have been predicted according to the heating history. The vapor 
pressure in the matrix has been determined by the use of the steam tables and the moisture 
transport driven by the vapor pressure gradient has been analyzed. The mechanism of 
explosive fire spalling of HPC has been investigated. The role of the vapor pressure and the 
temperature gradient induced thermal stress in the mechanical damage has been quantitatively 
analyzed. The development of the elastic strain energy of the heated concrete has also been 
studied.  
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Owing to the lack of the experimental data on the effective expansion coefficient of the 
used material in Peng’s test [Peng, 2000], different values of the effective expansion 
coefficient have been used in the mechanism study of fire spalling. It has been shown by the 
analysis results that this method is feasible for the investigation of the mechanism of fire 
spalling. According to the results of the numerical analysis, the following conclusions can be 
drawn: 

- The temperature gradients generated in concrete under the ISO 834 fire condition are 
much higher than that under slow heating conditions (Fig. 8.8).  

- Under the ISO 834 fire condition, before the surface temperature reaches 500 oC, only 
little CH decomposed and the depth of the decomposition in concrete specimens is 
around 3 mm (Section 8.5).   

- The intrinsic permeability of the matrix can only be increased much after the capillary 
porosity exceeds the percolation threshold (Section 8.6.1). 

- The water saturation degree of both HPC and NSC with 90% initial moisture content 
is high before the temperature reaches the critical point (374.15 oC ) (Fig. 8.17 (a, b) 
and Fig. 8.18). 

- For HPC, the moisture content doesn’t change much before the capillary porosity 
exceeds the percolation threshold for both fast heating and slow heating. For NSC, the 
moisture escapes fast after the temperature reaches the critical point. 

- The vapor pressure resides in the outer layer of the concrete specimens until the 
surface temperature reaches 600 oC under the ISO 834 fire condition, while it resides 
in the central region of the specimen under the slow heating condition. 

- The mechanical damage caused only by vapor pressure and only by thermal expansion 
is different. The damage caused by the former lies in the region where the vapor 
pressure is present, however, the damage caused by the latter goes to deeper region in 
the specimen with the decrease of the effective thermal expansion coefficient under the 
ISO 834 fire condition. 

- The temperature gradient induced thermal stress plays a dominate role in fire spalling 
of the HPC specimen. 

- Fire spalling of the HPC specimen is not caused by the moisture-clog phenomenon. 

- Under the ISO 834 fire condition, the thermal expansion induced elastic strain energy 
of specimens of both HPC and NSC increases to a peak value when the surface 
temperature reaches around 470 oC and then decreases with the increase of the heating 
temperature.  

- From the energy perspective, the thermal expansion induced elastic strain energy plays 
a dominant role in the fire spalling of HPC specimens.  

- Under the slow heating condition, the mechanical damage of NSC with 0% initial 
moisture content is caused by volume mismatch between the aggregate and the matrix. 

- For both slow heating and fast heating, partial surface layer breaking off caused by 
vapor pressure occurs to NSC specimens with high initial moisture content.  

- For HPC with 90% initial moisture content, the damage pattern under the slow heating 
condition is different from that under the fire condition. In the latter case, the damage 
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is clustered in certain regions, while, in the former case, the damage is distributed in 
the matrix. 

- Under slow heating conditions, for HPC with high initial moisture content, the elastic 
strain energy is mainly induced by vapor pressure. 

- Under slow heating conditions, as most of the moisture is still trapped in the matrix, 
the non-spalling behavior of HPC specimens with high initial moisture content is 
attributed to the low thermal stress/low elastic strain energy induced by low 
temperature gradient.  
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Chapter 9 Conclusions and prospects 

Conclusions and prospects 
 
 
                                                          
 

Under high temperature conditions, such as fire, HPC is prone to spalling. Two types of 
spalling are often encountered in reality: surface spalling/scaling and explosive spalling. For 
HPC, explosive spalling has been frequently reported. Two hypotheses have been proposed to 
explain spalling of heated concrete: the vapor pressure mechanism and the temperature 
gradient induced thermal stress mechanism. However, the quantitative analysis of the spalling 
mechanism is still inadequate and the spalling mechanism is still not clear (Chapters 1 and 2). 
The first goal of this thesis is to investigate the spalling mechanism in a quantitative manner. 
In view of the fact that the heating history effect on the material properties hasn’t been 
considered in the existing models, the second goal of this thesis is to propose a heating 
history-based material-property prediction model to investigate the spalling mechanism. The 
third goal of this thesis is to quantitatively study the influencing factors of spalling, such as 
the moisture content and the heating rate. 

To achieve the aforementioned goals, the thermo-chemo-hydro-mechanical behavior of 100 
mm cube specimens of both HPC and NSC with 0% and 90% moisture content has been 
numerically studied. In the study, the cube specimen has been modeled as a 2D plane strain 
two-phase (aggregate and matrix) composite. For the analysis of the heating rate effect on 
spalling, both fast heating (ISO 834 fire) and slow heating (0.5 oC/min and 5 oC/min) have 
been considered. The highest heating temperature is 600 oC. In the analysis, the temperature 
field has been numerically determined. The thermal decomposition of the matrix and the 
variation of material properties of the matrix, such as the permeability and the elastic modulus, 
have been predicted according to the heating history. The vapor pressure build-up and the 
moisture transport have been analyzed. The mechanical analysis incorporating the vapor 
pressure has been conducted. Although the cube concrete specimens have been modeled in 
two-dimension, the results show that the spalling mechanism has been reasonably explained. 
The specific features, the conclusions, and the prospects are shown in the following sections. 

9.1 Specific features 

In this thesis, the following contributions have been made to the existing techniques for the 
computational modeling of thermal damage of heated concrete:  

- The heating history-based prediction of the thermal decomposition of hardened cement 
paste (Chapter 4). As the material properties are determined by the microstructure and 
the microstructure is closely related to the thermal decomposition process, it is of 
fundamental importance to appropriately evaluate the decomposition in the fire spalling 
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analysis of heated concrete. However, there is no such model available in the literature. 

- The heating history-based prediction of material properties of hardened cement paste, 
such as the permeability and the elastic modulus (Chapters 6 and 7). In most existing 
models, material properties are taken as temperature dependent according to the 
experimental results. However, in experiments, usually the heating rate is low and the 
heating duration is long. A significant drying shrinkage of the matrix might be induced 
and the material properties could be affected markedly. As fire spalling occurs in the 
first several minutes of heating and the shrinkage effect is negligibly small, the actual 
material properties under the fire condition can be much different from the 
temperature-dependent ones. In this thesis, the material properties have been predicted 
based on the heating history-based decomposition analysis. 

- The prediction of vapor pressure using steam tables with the consideration of the 
coarsening and moisture release effect of thermal decomposition of the matrix (Chapter 
5). The ideal gas equation is usually adopted for the determination of vapor pressure in 
existing models. However, when the moisture saturation degree is high, water vapor 
behaves much differently from ideal gases, resulting in a large deviation. When the 
steam tables are used, better predictions can be expected. 

- The meso-level quantitative analysis of spalling (Chapter 8). In most of the existing 
models, spalling is analyzed at the macro-level, where concrete is treated as a 
homogenous material. Some details are, therefore, missing for the spalling investigation, 
such as the aggregate influence on the moisture transport, the decomposition of the 
matrix, the damage induced by the volume mismatch between aggregates and the matrix, 
the vapor pressure effect on the stress/strain field, etc. 

- The energy-based analysis of the spalling mechanism (Chapter 8). The interpretation of 
the mechanism of fire spalling from an energy perspective is seldom reported in the 
literature. 

9.2 Conclusions 

From the two-dimensional spalling analysis of the heated 100 mm cube specimens, several 
conclusions can be drawn. It is emphasized, however, that for validating the conclusions, only 
little experimental data were considered. Still, the conclusions are considered relevant and in 
line with other reported data. 

- The temperature gradient induced thermal stress/elastic strain energy plays a dominant 
role in explosive fire spalling of HPC. 

- The fire spalling of the HPC specimen is not caused by the moisture-clog 
phenomenon. 

- The pattern of damage caused only by vapor pressure is different from that caused 
only by thermal expansion. For the former, the damage lies in the region where the 
vapor pressure exists, while for the latter, the damage goes to the deeper inner region 
in the specimen with the decrease of the thermal expansion coefficient under the fire 
condition. 

- For the NSC specimen with 0% initial moisture content, the mechanical damage is 
caused by the volume mismatch between aggregates and the matrix under slow heating 
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conditions. 

- For both slow heating and fast heating, partial surface layer breaking off caused by 
vapor pressure occurs to the NSC specimens with high initial moisture content.  

- Under slow heating conditions, as most of the moisture is still trapped in the matrix, 
the non-spalling behavior of HPC specimens with high moisture content is attributed 
to the low thermal stress/elastic strain energy induced by low temperature gradient.  

Under the ISO 834 fire condition, in the early stage of heating, the aforementioned 
conclusions can be generalized for HPC and NSC structural elements as follows:  

For HPC structural elements: 

- The temperature gradient induced thermal stress plays a dominant role in fire spalling.  

- Vapor pressure exists in the outer layer of the elements. 

- Vapor pressure can only cause local damage to the elements. 

- Decreasing the expansion extent of heated concrete is more efficient than working out 
measures for releasing vapor pressure in preventing concrete from spalling. 

For NSC structural elements: 

- The non-spalling (explosive) behavior is attributed to the relatively low expansion 
extent of NSC compared with HPC.  

- When the moisture content is high, local damage caused by vapor pressure will occur. 

9.3 Prospects 

Although in this thesis several aspects have been considered in the meso-level analysis of fire 
spalling, to get a better picture of the thermo-mechanical behavior of heated concrete, the 
following aspects need to be considered in the future work: 

- The effect of water expansion on the mechanical damage to concrete. In this thesis, the 
expansion of water with increasing temperature has been assumed negligible (90% 
initial moisture content). However, when concrete is fully saturated (100% initial 
moisture content), the expansion might exert some effect on the mechanical damage.  

- The upper bound of the build-up vapor pressure in heated concrete. Owing to the lack 
of the experimental data, an upper bound of the build-up vapor pressure in the pore 
system of heated concrete has been assumed in this thesis (35 MPa). This aspect needs 
to be investigated further. 

- The effect of vapor pressure on the thermal decomposition kinetics of hardened cement 
paste. This effect has been considered negligible in this thesis. The effect need to be 
quantitatively evaluated and incorporated into the decomposition analysis.      

- The drying shrinkage effect on material properties, such as the elastic modulus and the 
permeability. Drying shrinkage will cause additional microcracks to concrete and thus 
will cause further material degradation in addition to the thermal decomposition effect. 
In this thesis, since the heating duration before spalling is very short (several minutes), 
the shrinkage effect has been considered negligibly small.  
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- The moisture diffusion. For the fire spalling analysis, as the heating duration before 
spalling is very short, the effect of moisture diffusion on the moisture content has been 
assumed negligible. However, for prolonged heating, the effect should be considered.  

- The initial moisture distribution. The initial moisture distribution might not be uniform 
in concrete, which depends on the environment where the concrete stored and the 
pretreatment of concrete.  

- The 3D analysis. To precisely predict the behavior of heated concrete, 3D modeling is 
needed.   

- The fully coupled model. In this thesis, the coupled thermo-chemo-hydro-mechanical 
reaction of concrete to high temperatures has been modeled in the staggered way. A 
fully coupled model will be considered in the future work. 

- The heat sink effect of the vaporization of water and the thermal decomposition of 
concrete on the temperature field determination. In this thesis, this effect has been 
assumed negligible and the predicted evolution of temperature correlates well with the 
experimental results. However, in other cases, such as prolonged heating, the heat sink 
might exert some effect on the temperature distribution. 

- The thermal creep modeling of heated concrete. Although thermal creep has been taken 
into account implicitly in the spalling analysis in this thesis, an explicit model will be 
helpful in better understanding the thermo-mechanical behavior of heated concrete, 
especially under longer heating conditions. 

- The ITZ effect. In this thesis, the ITZ effect on the thermo-hydro-mechanical behavior 
of heated HPC has been assumed negligible. However, for NSC, the ITZ effect should 
be considered.   

- Macro-level fire spalling investigation. The proposed method needs to be scaled up for 
the analysis of structural elements, where the effect of reinforcing steel bars and the 
external load need to be considered.   
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Summary 
 
 
                                                          

 

Nowadays, high-performance concrete (HPC) is increasingly applied in various structures 
as it can satisfy the expectations for excellent mechanical properties and a long service life. 
However, from the evidence of fire accidents that have happened in reality, it has been found 
that HPC is prone to explosive spalling under fire conditions. The explosive spalling can 
cause direct exposure of steel reinforcement to high temperatures, resulting in a lower fire 
resistance capacity of HPC structures compared with NSC structures.  

To investigate the fire spalling of HPC, considerable experimental and modeling work have 
been conducted by researchers. It has been found that explosive spalling is closely related to 
the heating rate, the moisture content, and the strength of concrete. The higher the heating rate, 
the moisture content, and the strength, the higher the probability of explosive spalling. Two 
hypotheses have been proposed to explain spalling: the vapor pressure mechanism and the 
temperature gradient induced thermal stress mechanism. However, the quantitative analysis of 
fire spalling is still inadequate and the spalling mechanism is still not clear. 

In this thesis, the mechanism of fire spalling has been quantitatively studied. In view of the 
fact that the heating history effect on the material properties hasn’t been considered in the 
existing models, a heating history-based material-property prediction model has been 
proposed. The influencing factors of spalling, such as the moisture content and the heating 
rate, have also been investigated. The following aspects has been considered in the analysis: 
the evolution of temperature field, the thermal decomposition of hardened cement paste, the 
vapor pressure, the moisture transport, and the non-linear mechanical behavior of heated 
concrete. 

In Chapter 3, the modeling part of the prediction of the temperature field has been 
presented. The finite element method has been used. The predicted evolution of temperature 
field has been verified with the test results for spalling mechanism investigation. In Chapter 4, 
the thermal decomposition of heated hardened cement paste has been analyzed based on the 
kinetic and stoichiometric analysis according to the heating history. The volume variation of 
various constituents in hardened cement paste has been calculated. The modeling part of the 
build-up vapor pressure has been shown in Chapter 5. The vapor pressure has been 
determined on the application of steam tables. The thermal decomposition effect on the 
build-up vapor pressure, such as the release of moisture and the change of porosity, has also 
been considered. The transport effect on the vapor pressure has been taken into account. The 
mechanical effect of vapor pressure on fire spalling has also been modeled based on the 
theory of poro-mechanics. The moisture transport driven by vapor pressure has been modeled 
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and shown in Chapter 6. The evolution of the permeability of matrix with the heating process 
has been predicted. The effects of the slip-flow of the gas phase and the water saturation 
degree on the permeability have been taken into account. The non-linear mechanical analysis 
has been presented in Chapter 7. The fixed anisotropic smeared crack concept has been 
employed to analyze the non-linear thermo-poro mechanical response of heated concrete. 
Both the thermal load and the load of vapor pressure have been considered. A heating 
history-based numerical method for the prediction of the variation of the elastic modulus of 
the matrix has been proposed. In Chapter 8, all the modeling parts presented in the previous 
chapters have been integrated to investigate the spalling mechanism of 100 mm cubic 
specimens of concrete on a meso level. The thermo-chemo-hydro-mechanical behavior of 
both HPC and NSC are modeled. The effect of the moisture contents and the heating rate on 
spalling has been studied. The spalling mechanism has also been interpreted from an energy 
perspective. 

It can be inferred from the numerical analysis that the temperature gradient induced 
thermal stress plays a dominant role in the explosive fire spalling of 100 mm cubic specimens 
of HPC; Under slow heating conditions, the non-spalling behavior of HPC specimens with 
high moisture content is attributed to the low thermal stress induced by low temperature 
gradient; Vapor pressure can only cause local damage to heated concrete; Decreasing the 
expansion extent of heated concrete can be helpful in preventing concrete from fire spalling; 
Under slow heating conditions, however, the vapor pressure becomes dominant in the 
thermo-mechanical damage of concrete. The results of this study can provide a guidance and 
reference to engineers and researchers for working out measures to prevent HPC from 
spalling and to designers for designing HPC structures with high fire-resistance capacity. 

 



 

Samenvatting 
 
 
                                                          

 

Tegenwoordig wordt high-performance beton (HPC) meer en meer toegepast in 
verschillende constructies omdat het voldoet aan de hoge verwachtingen van excellente 
mechanische eigenschappen en een lange levensduur. Echter, uit de resultaten van diverse 
branden in de praktijk is gebleken dat HPC gevoelig is voor explosief afspatten tijdens brand. 
De explosief afspatten kan directe blootstelling van de wapening aan hoge temperaturen 
veroorzaken, wat kan leiden tot een lagere brandbestendigheid van HPC vergeleken met 
normale sterkte beton (NSC) constructies. 

Om afspatten van HPC te onderzoeken is een aanzienlijke hoeveelheid werk verricht door 
onderzoekers, zowel experimenteel als numeriek. Men heeft gevonden dat explosief afspatten 
nauw verbonden is met zowel de snelheid van temperatuursverandering, het vochtgehalte als 
de sterkte van het beton. Hoe sneller de temperatuursverandering, en hoe hoger het 
vochtgehalte en de sterkte zijn, des te hoger is de kans op explosief afspatten. Twee 
hypotheses zijn voorgesteld om explosief afspatten te verklaren: het stoomdruk mechanisme 
en het door temperatuurgradiënten geïntroduceerd temperatuursspanning mechanisme. Echter, 
de kwantitatieve analyse van afspatten is nog onvoldoende en het mechanisme van afspatten 
is nog onduidelijk. 

In dit promotiewerk is het mechanisme van afspatten bij brandbelasting op kwantatieve 
wijze onderzocht. In het licht van het gegeven dat het effect van de warmtegeschiedenis op de 
materiaaleigenschappen niet wordt beschouwd in de bestaande modellen, wordt een model 
gebaseerd op de warmtegeschiedenis voorgesteld voor de voorspelling van de 
materiaaleigenschappen. De factoren die beïnvloeden, zoals vochtgehalte en de snelheid van 
temperatuursverandering, zijn ook onderzocht. De volgende aspecten zijn in de analyse 
beschouwd: de ontwikkeling van het temperatuursveld, de decompositie van de uitgeharde 
cementpasta ten gevolge van temperatuur, de stoomdruk, het vochttransport en het 
niet-lineaire mechanische gedrag van verhit beton. 

In hoofdstuk 3 wordt de modellering van de voorspelling van het temperatuursveld 
gepresenteerd, waarvoor de eindige elementen methode is gebruikt. De voorspelde 
ontwikkeling van het temperatuursveld is getoetst aan testresultaten van afspatonderzoek. In 
hoofdstuk 4 wordt de decompositie van de verhitte uitgeharde cementpasta geanalyseerd, 
gebaseerd op kinetische en stoichiometrische analyse volgens de temperatuursgeschiedenis. 
De variatie in volume van de diverse componenten in uitgeharde cementpasta is berekend. Het 
model voor de opgebouwde stoomdruk wordt getoond in hoofdstuk 5. De stoomdruk is 
berekend door toepassing van stoomtabellen. Het decompositie-effect op de opgebouwde 
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stoomdruk, zoals de afgifte van vocht en de verandering van porositeit, is eveneens 
beschouwd. Het mechanische effect van stoomdruk op afspatten is gemodelleerd op basis van 
de poro-mechanische theorie. Het vochttransport dat wordt aangedreven door de stoomdruk is 
gemodelleerd en getoond in hoofdstuk 6. De ontwikkeling van de doorlatendheid van de 
matrix tijdens verhitting is voorspeld. De effecten van slip-flow van de gasfase en 
verzadigingsgraad van het water op de doorlatendheid zijn in rekening gebracht. De 
niet-lineaire mechanische analyse wordt gepresenteerd in hoofdstuk 7. Het concept van 
gefixeerde anisotrope uitgesmeerde scheuren is toegepast voor het niet-lineaire thermo- 
poreuze mechanische gedrag van verhit beton. Zowel de thermische belasting als de belasting 
van de stoomdruk zijn in rekening gebracht. Een numerieke methode gebaseerd op de 
temperatuursgeschiedenis voor de voorspelling van de variatie in elasticiteitsmodulus van de 
matrix wordt voorgesteld. In hoofdstuk 8 worden alle delen van het model uit de voorgaande 
hoofdstukken geintegreerd om het mechanisme van afspatten van een 100 mm3 betonmonster 
op meso-niveau te onderzoeken. Het gecombineerde thermo-chemo-hydromechanische 
gedrag van zowel HPC en NSC zijn gemodelleerd. Het effect van vochtgehalte en snelheid 
van temperatuursverandering zijn bestudeerd. Het mechanisme van afspatten is ook 
geinterpreteerd middels een energiebeschouwing. 

Uit de numerieke analyse kan worden afgeleid dat de temperatuurspanning die wordt 
veroorzaakt door de temperatuursgradient een belangrijke rol speelt in het explosief afspatten 
van een 100 mm3 monster HPC. Het feit dat HPC monsters met een hoog vochtgehalte niet 
afspatten onder langzame verhitting, wordt toegewezen aan de lage temperatuursspanning ten 
gevolge van de langzame temperatuursverandering; de stoomdruk veroorzaakt slechts lokaal 
schade aan het verhitte beton. Verlaging van de expansie van het verhitte beton kan helpen om 
afspatten van het beton te voorkomen. Echter, onder langzame temperatuursverandering wordt 
de stoomdruk dominant voor de thermo-mechanische schade van het beton. De resultaten van 
deze studie kunnen een leidraad en referentie vormen voor ingenieurs en onderzoekers om 
maatregelen uit te werken om afspatten van HPC te voorkomen tijdens het ontwerp van HPC 
constructies met hoge brandweerstand. 
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