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Abstract  

 
High performance concrete (HPC) is often used in tunneling, for columns of high raise build-

ings and similar structures, which require high compressive strength. However, when exposed to 
high temperature (fire) there is a strong degradation of mechanical properties of HPC and it 
shows unfavorable behavior i.e., explosive spalling of concrete cover. In the present experiments 
the behavior of normal strength concrete that was exposed to fire is monitored by acoustic emis-
sion (AE) technique. By the use of the AE technique damage processes in concrete can be ob-
served during the entire fire history and therefore the detection of initiation of explosive spalling 
can also be detected. The method enables the location and characterization of the micro-cracking 
before failure. The paper describes the proposed concept and preliminary results of fire experi-
ments on concrete specimens made of normal strength concrete. To support experimental results 
it is also important to have a numerical model, which is able to realistically predict behavior of 
concrete at high temperatures. Therefore, in the paper is also briefly discussed fully coupled 
thermo-hygro-mechanical model for concrete that is implemented into a 3D finite element code. 
The application of the model is illustrated on one numerical example, which demonstrates that 
the pore pressure in combination with thermally induced stresses can lead to explosive spalling 
of concrete cover.  
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Introduction 

  
When temperature increases for a couple of hundred of degrees Celsius, behavior of concrete 

changes significantly. The concrete mechanical properties, such as strength, Young’s modulus 
and fracture energy, are at high temperatures rather different from the concrete at normal tem-
perature. At high temperatures, large temperature gradients subject concrete structures to tem-
perature-induced stresses, which cause damage. Furthermore, creep and relaxation of concrete 
that is due to high temperature play also an important role. One of the reasons for the complexity 
of the behavior of concrete at high temperatures is due to the fact that concrete contains water, 
which at high temperature changes its state of aggregation and can generate significant pore 
pressure. Furthermore, the microstructure of concrete is extremely complex and at high tempera-
tures there are chemical changes, which significantly influence overall properties of concrete. 
Moreover, at high temperatures the aggregate can change its structure or it can lose its weight 
through the emission of CO2, as in calcium-based stones. Consequently, the behavior of concrete 
at high temperatures is strongly dependent on concrete type.  

 
Although the behavior of concrete at high temperatures is in the literature well documented 

(Thelandersson 1983, Khoury et al. 1985, Schneider 1986, Bažant and Kaplan 1996, Zhang and 
Bićanić 2002, Khoury 2006, Zieml et al. 2006) further experimental and theoretical studies are 
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needed to clarify the interaction between hygro-thermal and mechanical properties; for instance, 
explosive type of failure due to spalling of concrete cover, which is typical for high performance 
concrete (HPC). The main problem in the experimental investigations is that such experiments 
are rather demanding, i.e. one has to perform loading and measurement at extremely high tem-
peratures. Furthermore, such experiments can be carried out only on relatively small structures.  

 
To better understand the behavior of concrete at high temperatures and to support the ex-

periments, numerical analysis can be useful. However, one needs models, which can realistically 
predict behavior of concrete at high temperatures. To obtain realistic predictions the calibration 
of the models is needed. This can be done using acoustic emission and other non-destructive 
testing techniques. In the present paper, an experimental setup is proposed in order to observe the 
initial micro-cracking process and possibly explosive spalling during fire loading of concrete. 
The measured data will be in future compared with numerical results in order to improve the 
model. Acoustic emission (AE) technique is a well-established method for the detection of dam-
age in concrete structures that can be used to verify and improve numerical models. In the paper 
are shown some preliminary experimental results obtained by using AE technique on concrete 
specimens exposed to high temperatures. Moreover, a thermo-hygro-mechanical model for con-
crete is discussed, which should be in future verified and improved based on the experimental 
results on HPC using AE technique. 
 
Setup and Equipment 

 
For the preliminary fire tests one of the controlled furnaces at the material testing institute, 

University of Stuttgart (MPA), is used (see Fig. 1). The furnace is equipped with test specimen at 
two sides as well as at the top center of the oven as shown in Fig. 2. In the figure are marked the 
positions of the AE sensors. The burner cannot be seen because it is covered by the concrete 
specimen that have a size of 540 x 220 x 480 mm (side wall) and 800 x 630 x 220 mm (top wall), 
respectively. In the experiments the normal strength concrete was used with uniaxial compres-
sive strength of approximately 30 MPa. 
 

 
 

Fig. 1: Furnace stands at the MPA University of Stuttgart. 
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For the preliminary tests, a set of 24 different sensors in total (see Fig. 3a) was used includ-
ing resonant, multi-resonant and broadband transducers (Grosse et al. 2003; Grosse and Ohtsu 
2008; Richter 2009). After pre-amplification AE signals were recorded using three multi-channel 
transient recorders. In parallel to the AE data the temperature in the furnace as well as on differ-
ent positions of the surface was recorded. Additionally the specimens were monitored using an 
infrared video camera observing the specimen from the outside and with a camcorder inspecting 
the inner furnace chamber (Fig. 3b).  

 
Fig. 2: 3D model of the experimental setup including the positions of the AE sensors. 

 
(a) (b) 

 
 

Fig. 3: (a) Some AE sensors and one of the transient recorders and (b) view into the furnace 
chamber. 
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Measurements 
 

Concerning AE recording, the experimental setup is critical due to the noise emitted from the 
furnace. Accordingly, the number of noise signals was unusually high. However, several hundred 
events were recorded showing a good signal-to-noise ratio enabling localization of events. An 
example of such signals showing an event recorded with eight channels is presented in Fig. 4. 

 

 
Fig. 4: Acoustic emission event recorded by an eight-channel transient recorded. The vertical 
lines mark the signals' onset at each channel. 
 

The AE hit rate is an equivalent for the number of recorded AE signals crossing the trigger 
level previously set. A comparison of the hit rate with the temperature in the furnace is displayed 
in Fig. 5, which gives a first overview of the deteriorations. According to AE signals, the crack-
ing process (damage) starts at 500°C and the number of AE hits develop with a high slope up to 
a temperature of approximately 750°C. After reaching this temperature the hit rate gradient is 
getting lower. In this temperature range strong degradation of hydration products usually occur 
in concrete (Schneider 1986).  
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Fig. 5:  Hit rate and temperature evolution inside the furnace chamber. 

 

 
Fig. 6: 3D localization of the AE epicenters and projection to the planes. 

 
The AE signals were classified in a way that only events recorded by six or more channels 

with localization accuracy better than 20 mm were recorded. An example of the localized events 
of one of the experiments is shown in Fig. 6. Most of the source locations are detected in the 
center of the slab that is the region of the highest temperature gradient. The accuracy of the AE 
locations given by the deviations in x and z direction is shown in Fig. 7.  
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Fig. 7: Projection to the x/z plane and error bars of localization. 

 
A reliable localization is based on the knowledge of the compression wave velocity that is 

usually determined prior to the experiment. However, the temperature gradients in the slabs dur-
ing the experiment caused velocity anomalies prohibiting the use of uniform velocity values. 
Therefore, infrared thermography (Fig. 8) will be used in further experiments to overcome this 
problem. Moreover, the fracturing of the material at higher temperatures leads to further ambi-
guities due to micro-cracks that change the travel path of the waves between source and receiver. 
A clustered AE event analysis using events clustered in a timely manner will be performed in 
future experiments to eliminate this effect. Travel time tomography methods will enable for a 
better determination of the velocity model.  
 

 
 

Fig. 8: Infrared thermography showing the temperature gradient in a slab during the experiment. 
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The present experiments were conducted on normal strength concrete. Due to the fact that 
normal strength concrete is rather porous and has relatively high permeability, no explosive 
spalling was observed in the experiments. Most of damage detected by AE is due to the degrada-
tion of concrete properties at high temperatures and thermally induced stresses in concrete 
specimen. However, in future experiments the technique presented here will be used to detect 
damage processes in HPC before explosive spalling that takes place 4 to 10 minutes after the 
start of heating (Ozbolt et al. 2008). 
 
Thermo-hygro-mechanical Model 
 

The present phenomenological model for concrete is a thermo-hygro-mechanical one. It is 
formulated in the framework of continuum mechanics under the assumption of validity of irre-
versible thermodynamic. The following unknowns control the response of the model: tempera-
ture, pore pressure (moisture), stresses and strains. In the numerical model, temperature, mois-
ture and pore pressure are coupled with stresses and strains, i.e. thermo-hygral part of the model 
depends on damage of concrete. Moreover, the relevant macroscopic mechanical properties of 
concrete (Young’s modulus, tensile strength, compressive strength and fracture energy) are tem-
perature dependent. 
 
Coupled Heat and Moisture Transfer in Concrete 
 

The general approach for the solution of the problem of coupled heat and mass transfer in a 
porous solid, such as concrete, is well known within the framework of irreversible thermody-
namic. However, there are a number of complex details; therefore, for the practical application 
the problem must be simplified (Bažant and Thonguthai 1978). 

 
After introducing simplifications and assuming for a moment that the moisture flux (J) and 

heat flux (q) in concrete are independent of the stress and strain, the following is valid (Bažant 
and Thonguthai 1978): 

  (1) 

  (2) 

where p = pore pressure, T = temperature,  b = heat conductivity, ap/g = permeability, which is in 
the present model taken as a function of temperature according to the proposal of Bažant and 
Thonguthai (1978), with g = gravity constant.  
 

The governing equation for mass conservation is written in Eq. (3), where w = water content, 
t = time and wd = total mass of water released into the pore by dehydration. In the present model, 
dehydration is not accounted for. The balance of heat is written in Eq. (4), where C = mass den-
sity and isobaric heat capacity of concrete, Ca = heat sorption of free water and Cw = heat capac-
ity of water, which is in the present model neglected. 

  (3) 

  (4) 

Boundary conditions at concrete surface can be defined as: 
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  (5) 
  (6) 

where αw = surface emissivity of water, αG = surface emissivity of heat, T0 and p0 are tempera-
ture and pore pressure at concrete surface and TE and pE are temperature and pore pressure of 
environment. 
 

The main difficulty in the above equations is the determination of the material properties. 
Assuming for a moment no stress-dependency, the constitutive laws for p, w and T follow sim-
plified suggestions proposed by Bažant and Thonguthai (1978). To describe the state of pore 
water in concrete, one has to distinguish between three different states: (i) non-saturated con-
crete, (ii) saturated concrete and (iii) transition from non-saturated to saturated concrete. For 
non-saturated concrete, the pore pressure is mainly influenced by the total amount of free water 
w and by the saturation water content ws, which is a function of temperature. In the present 
model, a semi-empirical expression proposed by Bažant and Thonguthai (1978) is adopted. 

 
For saturated concrete one can theoretically calculate p for given w and T by using steam ta-

bles, accounting for the porosity as the given volume available to pore water. This would, how-
ever, already for relative low temperatures yield to extremely high pore pressure, which is not 
realistic. Therefore, one has to take into account the increase of the available pore space (poros-
ity), which is mostly due to the decrease of the adsorbed water portion; i.e. the release of some 
water molecules, which were chemically bound at room temperature (Bažant and Thonguthai 
1978). In the presented model, the pore pressure for saturated concrete is mainly controlled by 
porosity, which is defined as a function of temperature. Following the weight loss experiments 
by Harmathy and Allen (1973), it is assumed that the amount of mass loss of concrete at certain 
temperature equals to the mass of evaporated water. Assuming constant water weight density, it 
is possible to calculate the change of water content in the available volume. 

 
Except for an extremely slow change in pore pressure, the transition from non-saturated to 

saturated concrete can be abrupt. For most practical situations the transition is most likely 
smooth. Furthermore, an abrupt transition would cause numerical difficulties. Therefore, for rela-
tive humidity between 0.96 and 1.04, linear increase of free water content is assumed (Bažant 
and Thonguthai 1978). 
 
Thermo-hygro-mechanical Coupling 
 

To account for the influence of temperature on the strain development in concrete, the total 
strain tensor ε  for stressed concrete exposed to high temperature is decomposed as (Khoury et al. 
1985, Nielsen et al. 2002): 
 

  (7) 
 
where εm = mechanical strain tensor, ε ft = free thermal strain tensor, ε tm = thermo-mechanical 
strain tensor and ε c are strains due to the temperature dependent creep of concrete. For more de-
tails about the mentioned strain components, see Ožbolt et al. (2008). 
 

The mechanical strain tensor  that comes into the 3D constitutive law for concrete (mi-
croplane model) is calculated as = . The mechanical strains are than used to 
calculate the effective stresses increments  (stress in solid phase of concrete matrix) and  
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macroscopic stresses increments  from the microplane constitutive law (Ožbolt et al. 2001, 
2005, 2008): 
 

  (8) 
 
where D = tangent material stiffness tensor obtained from the microplane model, = increment 
of the mechanical strain tensor and = increment of pore pressure, which is calculated from the 
increment of volumetric pore pressure , with = increment of pore pressure. Note that 
according to definition pore pressure p is negative. 
 

In general, the mechanical strain component can be decomposed into elastic, plastic and 
damage part. The source of mechanical strain is external load, thermal strain induced stress and 
pore pressure in concrete. The parameters of the microplane model are modified such that the 
macroscopic response of the model fits temperature dependent mechanical properties of concrete 
(Ožbolt et al. 2005). To account for finite strains the co-rotational stress tensor together with 
Gree-Lagrange strain tensor (Ožbolt et al. 2008) are used in the formulation of microplane 
model. The finite strain formulation is needed in order to investigate the influence of geometrical 
instabilities of concrete layer (buckling) on the explosive type of spalling of concrete cover. 

 
Free thermal strain is stress independent and it is experimentally obtained by measurements 

on a load-free specimen. The total free thermal strain consists of temperature dilatation and 
shrinkage of concrete, which can be experimentally isolated (Khoury 2006). In the present 
model, the temperature dependent shrinkage is a part of the free thermal strain. 

 
The thermo-mechanical strain is stress and temperature dependent. It appears only during 

first heating and not during subsequent cooling and heating cycles (Khoury et al. 1985, Khoury 
2006). This strain is irrecoverable and leads to severe tensile stresses in concrete structures dur-
ing cooling. Temperature dependent creep strain is of the same nature as the thermo-mechanical 
strain except that it is partly recoverable. In an experiment it is not possible to isolate this strain. 
For low temperature rate, which is normal case in the experiments, this strain component com-
pared to the thermo-mechanical strain is small. Therefore, temperature dependent creep strain is 
neglected in the present model.  

 
(a) 

 

(b) 

 

Fig. 9. Porosity (a) and normalized permeability (b) as function of crack width. 
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The thermo-hygral processes are coupled with mechanical properties of concrete. It is known 
that permeability and porosity of concrete are relevant parameters that control transport proc-
esses in concrete. On the other hand, both porosity and permeability are strongly influenced by 
damage, i.e. for higher level of damage, porosity and permeability increase. To account for this, 
permeability and porosity of concrete are assumed to be strain dependent. Following suggestions 
from the literature (Wang et al. 1997, Aldea et al. 2000), the relations plotted in Figs. 9 are 
adopted in the present model. Damage (crack opening) is calculated using temperature dependent 
microplane model (Ožbolt et al. 2008). 

 
Besides the constitutive law in the mechanical part of the model the equilibrium must be full-

field: 
  (9) 

where V represents volume forces (gravity loads and pore pressure). 
 
Numerical Analysis 
 

The strong finite element (FE) formulation described above is first rewritten into a weak FE 
form and then implemented into a 3D FE code. The FE analysis is incremental and based on the 
direct integration method. To assure stability of the time integration, a backward difference 
method is used. Since the controlling parameters are coupled, the linear differential equations 3 
and 4 have to be solved iteratively. In solving the non-mechanical part of the model, the me-
chanical properties of concrete (damage) are assumed to be constant. Similarly, in solving equi-
librium equation, non-mechanical properties of concrete (temperature and pore pressure) are 
assumed to be constant. For more detail see Ožbolt et al. (2001, 2005, 2008). 
 
Numerical Example – Explosive spalling of concrete cover 
 

The proposed thermo-hygro-mechanical model for concrete is employed to investigate explo-
sive spalling of concrete cover. In the numerical example a concrete slab of infinite length is 
locally heated at the free surface (see Fig. 10a). The height of the segment of the slab is 150 mm 
and the considered width of the slab is 480 mm (only symmetric part is analyzed). Varied are 
concrete strength, porosity, permeability and moisture content. Moreover, the role of geometrical 
nonlinearity (instability) for the problem of explosive spalling is studied as well. To assure mesh 
objective results, in the mechanical part of the model the crack band method (Ožbolt et al. 2005) 
is used. In the analysis eight-node solid elements are used (see Fig. 10b) assuming plane strain 
condition. Except at the free concrete surface, all boundaries of the specimen are restrained in all 
three directions. Note that the analysis is static, i.e. structural inertia forces are not accounted for. 
The linear increase of air temperature in time is applied with a temperature gradient of 80°C/min. 
Pore pressure at the surface is taken to be 1.0 kN/m2. The analysis is performed for the time pe-
riod of 12 minutes (duration of heating). The initial thermo-hygro-mechanical properties of con-
crete are summarized in Table 1.  
 

The concrete properties used in the present example of explosive spalling of concrete cover 
were: initial permeability a0 = 10-12 m/s, humidity RH0 = 75%, initial temperature of concrete 
T0 = 20°C, initial porosity n0 = 0.10. The remaining parameters were the same as listed in Ta-
ble 1. The failure mode, which is typical for explosive spalling, is shown in Fig. 11. Figure 11a 
shows the initiation of spalling. The dark zone (maximal mechanical principal strain) shows lo-
calization of damage. After initiation, complete spalling takes place very quickly. The corre-
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sponding failure mode is shown in Fig. 11b. To understand the failure mechanism, the distribu-
tion of macroscopic stresses parallel (σy) and perpendicular (σx) to the free surface, at initiation 
and after spalling, are shown in Fig. 12. From Fig. 12a it can be seen that because of equilibrium 
reason the stresses in direction perpendicular to the free surface are almost zero. On the other 
hand, stresses parallel to the free surface are relatively high compressive stresses, which after 
spalling reduce almost to zero. It turns out that these stresses are not high enough to cause buck-
ling of concrete cover. Namely, the companion numerical analysis, in which pore pressure was 
not considered, predicts almost the same macroscopic stresses but no spalling. In absence of lat-
eral stresses, which are generated by pore pressure, there is no spalling. Therefore, it can be con-
cluded that in the present example the main driving force for initiation of spalling is pore pres-
sure and not strain induced stresses.  
 
(a) 

 

(b) 

 
Fig. 10: Geometry of the heated concrete slab and the corresponding FE model. 

 
Table 1 Properties of concrete used in the FE analysis. 

Young’s modulus E [MPa] 30000 Mass density ρ [kg/m3] 2400 
Poisson’s ratio ν 0.18 Water/cement ratio 0.5 
Tensile strength ft [MPa] 2.0 Saturation water content [kg/m3] 100 
Uniaxial comp. strength fc [MPa] 30.0 Parameter αa 0.0 
Fracture energy GF [N/mm] 0.1 Parameter αn 0.375 
Conductivity b [J/(msK)] 1.67 Surface emissivity of water αw  max. 
Heat capacity C [J/(kgK)] 900 Surface emissivity of heat αG  max. 
 

Figure 13a shows the time evolution of pore pressure in the element, in which spalling is ini-
tiated. The relative high pore pressure predicted by the model is supported by a simple engineer-
ing model according to which the critical pore pressure, i.e. pore pressure that corresponds to the 
tensile strength of bulk material (concrete), reads: pcrit = ft (1-n)/n. For initial porosity n = 0.1, 
pore pressure at initiation of spalling is pcrit = 9ft. After accounting for the reduction of tensile 
strength due to high temperature, tensile strength of concrete is in the range of 1.0 to 1.5 MPa. 
For this strength the critical pore pressure is in the range of 9.0 to 13.5 MPa, which is in good 
agreement with the outcome of the present model. 
 

In the present study, pore pressure, and therefore initialization of spalling, is mainly con-
trolled by permeability of concrete. To illustrate this, the evolution of pore pressure for the initial 
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permeability, which is 10 times larger than the original one, is also shown in Fig. 13a. Compared 
to the original case, the maximal pore pressure is reduced by the factor of approximately 5 and 
therefore no spalling takes place. 
 
(a)

 

(b) 

 

Fig. 11: a) Localization of damage (max. mechanical principal strains) at initialization of spalling 
and b) crack pattern due to spalling. 
 
(a) 

 

(b) 

 

Fig. 12: Distribution of stresses caused by deformation of concrete before and after spalling: a) 
in direction perpendicular to concrete surface (σx) and b) in direction parallel to concrete surface 
(σy). 
 

Figures 13a, b also show the evolution of volumetric stress, temperature, humidity and satu-
ration pressure. In Figs. 13c, d, the results are plotted for the analyses without geometrical non-
linearity. It can be seen that the evolution of relevant quantities in the critical section (initializa-
tion element) is similar as shown in Figs. 13a, b (geometrical nonlinearity), except that in the 
analysis with geometrical nonlinearity spalling initiates earlier and closer to the concrete surface. 
This clearly indicates that geometrical nonlinearity increases the risk for explosive spalling. 

 
Typical distribution of pore pressure, volumetric stresses, moisture and temperature as a 

function of the depth is shown in Fig. 14. The results are plotted for time steps before and after 
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spalling (dotted lines). It can be seen that the maximal moisture (over saturation) is localized in 
front of maximal pore pressure. The highest pore pressure and volumetric stresses are generated 
at crack initiation. After crack propagation (spalling) pore pressure and volumetric stresses 
abruptly decrease. The pore pressure decreases from approximately 20 MPa at initiation of spall-
ing to 4 MPa at spalling. The volumetric stress drops from 8 MPa to 1 MPa. 
 
 (a) 

 

(b) 

 

(c) 

 
 

(d) 

 
Fig. 13: Time evolution of: a) pore pressure, volumetric stress and saturated pore pressure and 
b) temperature and humidity in the finite element in which spalling initiates for the case with 
geometrical non-linearity; c) and d) the same as a) and b) but without geometrical non-linearity 
(with initial parameters – a0 = 10-12 m/s, RH0 = 75%, T0 = 20°C and n0 = 0.1). 

 
Although the present results are not directly compared with predictions of similar models, 

based on the literature review (Gawin et al. 1999, 2006, Tenchev et al. 2001), it should be men-
tioned that the majority of models principally predict similar results. The largest discrepancy in 
the predictions of various models is due to the prediction of pore pressure. For the same or simi-
lar material properties and boundary conditions as used in the present example, the predicted 
maximal pore pressure in the literature varies from 1 MPa to 10 MPa (Gawin et al. 1999, 2006, 
Tenchev et al. 2001). Therefore, the results of the present model must be considered as a pre-
liminary, i.e. further work is needed to verify the model and to come up with results, which can 
bring more light in the mechanisms that govern explosive spalling of concrete cover. This is es-
pecially the case for the loading with higher heating rates where besides pore pressure the  
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compressive stresses parallel to free concrete surface together with geometrical nonlinearity may 
have influence on explosive spalling. 

 
 (a) 

 

(b) 

 

(c) 

 

(d) 

 

Fig. 14: Distribution of: a) pore pressure, b) volumetric stresses, c) temperature and d) humidity, 
before and after spalling, measured from the concrete surface (with initial parameters – a0 =  
10–12 m/s, RH0 = 75%, T0 = 20°C and n0 = 0.1). 
 
Conclusions and Outlook 

 
The preliminary experiments presented demonstrated that AE method can successfully be 

used to investigate deterioration of concrete under fire load. Signal-based AE techniques can 
produce detailed 3D picture of the fracture process during fire loading. Problems related to this 
method of the analysis are due to the large temperature gradient and the micro-cracking phenom-
ena that both cause ambiguities of the velocity model. In future these problems will be handled 
and a series of experiments testing different concrete mixes will be conducted. The main goal of 
future research is to better understand explosive spalling of concrete in order to improve per-
formance of the HPC under fire load. Moreover, future experiments based on the AE method 
will be used to verify and improve the thermo-hygro-mechanical model of concrete presented 
here.  
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