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Abstract: This work proposes an accelerated drying protocol that allows reaching a hydric and 

mechanical state representative of normal service conditions while optimizing the storage time of the 

specimen before the fire resistance test. The temperature and relative humidity conditions are chosen in 

a range where microstructure changes are insignificant. An extensive experimental campaign on four 

concrete formulations is performed, including drying experiments (ambient and accelerated) and fire 

tests with different durations depending on the type of storage (normalized vs. accelerated drying). Then, 

the accelerated protocol is proposed based on the modeling of drying at moderate temperature. 

According to the predictive study, the target moisture content could be achieved under several drying 

conditions, showing that ad hoc solutions can be proposed. The reproducibility of the accelerated drying 

protocol is essential to ensure widespread application in research and industrial laboratories. This article 

focuses on the assessment of the water status. 

Keywords: concrete drying kinetics, water content, concrete spalling fire, microstructure. 

 

 

1. INTRODUCTION 

 

The fire behavior of concrete is a critical aspect of civil engineering works since spalling, resulting from 

fire exposition, can lead to severe durability and safety problems. Fire characterization tests are therefore 

required to study and prevent spalling. The spalling of concrete is a complex phenomenon involving 

several mechanisms, such as water vapor pressure (liquid water can also be thermal pressurized), 

thermomechanical stresses, and deformation incompatibility between cement paste and aggregates [1]–

[4]. Furthermore, it is strongly dependent on the hydric state and material permeability [5]. This means 

that if the concrete water content is high the day of the fire test and if it has low transfer properties, its 

resistance to spalling would be minor. The fire resistance test standard NF EN 1363-1 stipulates that at 

the testing time, the condition of the specimen should be representative of its normal service condition 

(mechanical strength and water content), considered to be obtained at equilibrium after storage in an 

ambient atmosphere. A conditioning period of at least three months is preconized. Drying processes 

play, therefore, a crucial role in the characterization of concrete susceptibility to spalling and should be 

studied carefully. 

Concrete drying is a complex phenomenon involving several mechanisms, i.e., molecular diffusion, 

Knudsen diffusion, surface diffusion, and permeation. The hydric and hygric gradient between the 

material and its external environment generates the movement of: liquid water, water vapor, and dry air. 

Several research works focus on the description of the drying mechanisms [6]–[10] and show that 

concrete drying occurs in two main phases. The first phase is fast and lasts only a few hours to a few 

days. The second phase is much slower and evolves as a square root of time. This last phase is even 

slower in massive structures. So, the preconized conditioning period may underestimate the fire 

resistance due to higher spalling susceptibility associated with high water content. This shortcoming is 



also reported by [11], who observed that a longer normalized conditioning time reduces the 

susceptibility of concrete to spalling.  

This study aims at optimizing the fire test protocol by reducing the conditioning period via the definition 

of a hydric state representative of a structure with a few years of exploitation. The approach adopted is 

based on the combination of an experimental and numerical study of drying in concrete. The 

experimental campaign allows defining the material parameters (porosity, density, etc.), characterizing 

the drying kinetics (desorption isotherm test, mass loss monitoring, water content measurement, etc.), 

and validating the numerical predictions of the water profiles in concrete structures. 

 

 

2. MATERIAL AND METHODS 

 

 

2.1. Materials 

  

To extend the reproducibility of the accelerated drying protocol and investigate its effectiveness on a 

wide range of concrete, four mix designs covering two prominent families of concrete were selected for 

this study. The table below shows the main characteristics of each mix design. The average compressive 

strength fcm is measured at 28 days on 12 specimens per concrete. The porosity is measured at 28 days 

also according to the AFPC-AFREM recommendations. PERFDUB38 mix contains 8,4 % of silica fume 

and PERFDUB41mix contains 25 % of metakaolin. 

 
Table 1 – The main characteristics of the studied concrete formulations. 

Concrete formula Source fcm [MPa] Porosity [%] * 

PERFDUB38 
French national project 

PERFDUB [12] 
86 ± 2,3 12,3 ± 0,2 

PERFDUB41 
French national project 

PERFDUB [12] 
93 ± 3,3 11,7 ± 0,2 

VERCORS EDF [13] 45 ± 2,0 15,4 ± 0,3 

CETU (containing 

polypropylene fibers) 
CETU 44 ± 3,3 21,1 ± 0,9 

* Corresponds to the standard deviation. 

 

 

2.2. Concrete drying simulation 

 

2.2.1. Drying at an ambient temperature 

We briefly recall the nonlinear diffusion equation describing concrete drying. The formulation is based 

on the assumption of mass conservation and  allows simulating the movement of water in its liquid and 

vapor forms in cementitious materials using the Darcy and Fick laws [14]. The liquid phase is assumed 

to be incompressible, so the density constant. The gaseous phase decomposes into dry air and water 

vapor. An isothermal temperature at 20 °C is considered [15], [16]. The Van Genuchten model is used 

to simulate the desorption isotherm [17]. Under these assumptions, the balance equation used to simulate 

the concrete drying at ambient temperature reads:  
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where ρl liquid density, ρv vapor density, Φ porosity, pc capillary pressure, Sl liquid water 

saturation degree, μl dynamic liquid viscosity, Dv diffusion coefficient, Kl apparent permeability, 

Mw molar density, R gas constant, T the temperature and t time.  

(1) 

 

Boundary conditions are Dirichlet-type ones. [10], [18], [19] show that this condition is sufficient to 

simulate drying in cementitious materials. 

 



2.2.2. Drying at a moderate temperature 

The choice of temperature is limited to moderate temperatures (up to 60 °C) to assume that no significant 

microstructural changes occur safely. For this study, the temperature is taken equal to 40 °C ± 2°C. The 

temperature effect on the material parameters (porosity, density, intrinsic permeability, etc.) is 

considered negligible [20]. We explicitly account for the temperature-dependence of the water viscosity 

[21] (cf. equation (2)), the saturation vapor pressure [22] (cf. equation (3)), the intrinsic diffusivity (cf. 

equation (5)) [23] and the desorption isotherm [24] (cf. equation (4)): 

𝜇𝑙 = 𝐴𝜇10
𝐵𝜇

𝑇−𝐶𝜇     

where T temperature, Aμ=2,414e-5 Pa, Bμ=247,8 K, and Cμ=140 K.  
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where T0 reference temperature, amu0, bmu and Tkvgn material parameters.  

(4) 

𝐷𝑣0 = 2,17.10−5
𝑝𝑎𝑡𝑚

𝑝𝑔

(
𝑇

𝑇0

)
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pg gas pressure taken equal to patm. 

(5) 

 

Drying kinetics differ from one concrete to another depending on its porosity, pore size distribution, 

permeability, etc. Thierry [25] shows that ordinary concretes drying is driven mainly by the diffusion of 

water vapor, whereas in high-performance concrete concretes, the drying is driven primarily by the 

permeation of liquid water. Nonetheless, the temperature does not act the same way on the diffusion as 

on the permeation. The problem is even more complicated since the weight of each mechanism in the 

drying process is unknown. The acceleration factor obtained on VERCORS concrete with the adopted 

approach is compared to other methods in literature where an equivalent transfer coefficient is 

considered [26]–[28].  Figure 1 shows an acceleration factor of about 3.5 for diffusion and about 1.5 for 

permeation, going from 20°C to 40°C. To avoid this problem, an equivalent transfer coefficient will be 

used in the drying simulation, as shown in equation (6). The hydration and the wall effects are not 

considered in this model. 

 

  

Figure 1 – Diffusion and permeation acceleration factor as a function of temperature. Comparison with 

factors obtained by other approaches in literature [26], [27]. 
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2.3. Experimental program 

 

2.3.1. Drying kinetics characterization 

The experimental characterization of the drying process consisted firstly of measurements of mass loss, 

porosity, and desorption isotherms for the numerical identification of the concrete transfer parameters. 

Mass loss experiments were conducted on cylinders Ø 11x10 cm to accelerate the equilibrium 

achievement while respecting the Representative Elementary Volume (generally superior or equal to 2.5 

times the diameter of the largest aggregate). Thinner specimens (a few mm thick) were used to measure 

the desorption isotherm. Secondly, water content measures were carried out at different conditioning 

durations to validate the numerical prediction. The tests were launched in the two conditioning modes:  

- 23 °C, 50 % RH which corresponds to the normalized conditioning, and  

- 40 °C, 65 % RH which corresponds to the accelerated drying (defined numerically for each 

concrete). 

The reference geometry corresponds to the geometry of the test bodies of the fire test, i.e., slabs of 

dimensions 1.7 x 1 x 0.3 m3. for technical, operational reasons and to simplify the numerical study and 

the characterization of water profile evolution is carried out on cylinders Ø 15x30 cm which dry 

unidirectionally in height. This drying mode represents an element located in the middle of the slab 

(Figure 2). 

 

  

Figure 2 – The reference geometry and the drying configuration of the representative specimens. 

 

2.3.2. Fire testing 

Table 2 summarizes all the fire tests performed so far and provides the different parameters of the tests 

for each family of concrete (fire curve, loading, geometry of the specimens, and duration and 

conditioning mode). The tests carried out at three months of standardized conditioning correspond to 

the usual tests on concrete structures. An examination under the ISO 834 fire curve is conducted on 

PERFDUB concrete proof bodies subjected to the accelerated drying protocol. This accelerated drying 

is representative of a 3-month drying period under standard conditions according to the first approach 

of the numerical study. The objective of this first test is to evaluate the sensitivity to spalling in the 

drying modes (normalized vs. representative accelerated ones). One slab per concrete in an unloaded 

configuration is tested in each condition.  

 
Table 2 – Assessment of the fire tests carried out to date 



Concrete 
Fire 

curves 

Loading 

[MPa] 
Specimens 

Conditioning 

period  

Conditioning 

mode 

PERFDUB 

ISO 834 0 and 4 
Two slabs  

(1,7 x 1 x 0,3 m3) 
90 days 

Normalized 

conditioning 

ISO 834 0 
Two slabs 

(1,7 x 1 x 0,3 m3) 
15 days 

Accelerated 

drying 

Vercors and 

CETU 
HCM 0 and 4 

Two slabs 

(1,7 x 1 x 0,3 m3) 
90 days 

Normalized 

conditioning 

 

 

3. RESULTS AND DISCUSSION 

 

 

3.1. Prediction of concrete drying under normalized conditioning 

 

In the first part, the following figures illustrate the numerical results after identification of material 

parameters for VERCORS concrete compared to the experimental results. Figure 3 compares the 

theoretical/experimental results of the mass loss of a cylinder Ø 15x30 cm of VERCORS concrete 

drying unidirectionally. The results are consistent given the uncertainty associated with this 

measurement (± 0.1 % due to material variability).  

Figure 4 shows the theoretical/experimental results of the average water content per 2.5 cm in 

VERCORS concrete. With only the first section, the theoretical and empirical results are very close 

considering the standard deviation on the experimental measurement. For the first slice, which 

corresponds to the skin area, the drying is underestimated, which may suggest the impact of wall effects 

(i.e., the impact of the formwork, microcracking, hydration evolution, etc.). The wall effects are not 

considered in the drying model at this study stage. 

 

 

Figure 3 – Theoretical and experimental mass loss of a cylinder Ø 15x30 cm of VERCORS concrete drying uni-

directionally. 



   
 

Figure 4 – Theoretical and experimental water content per cylinder Ø 15x30 cm slice of uni-directionally 

drying VERCORS concrete. 
 

 

 

3.2. Development of an accelerated drying protocol 

 

3.2.1. Numerical prediction and validation  

Theoretically, to reach a similar water profile as a 23 °C, 50 % RH curing after 90 days, it is sufficient 

to cure for 15 days at 40 °C, 65 % RH with a 7-day conservation period in sealing condition before 

accelerated curing. This period is necessary to allow the hydration to progress. The allowed deviation is 

chosen to be equal to ± 0,4 % in absolute value for the water content. It is set to be equal to the maximum 

uncertainty value in the experimental measurements after a literature review.  Experimental results are 

used in the numerical identification of drying parameters, and their uncertainty will propagate to the 

numerical results. In this case, it is not possible to set a more restrictive permissible deviation. The 

accelerated drying protocol is tested in the short term on PERFDUB38 concrete. The experimental 

results show good consistency between the moisture content measured in the two drying modes. The 

deviation is minimal and remains below the permissible deviation. This first test shows that it is possible 

to achieve a given moisture profile target by modifying the drying conditions and duration. This first 

short-term test of the accelerated protocol provides more confidence for the future and a test targeting a 

water profile at a few years of accelerated drying. 

 

    

Figure 5 – Predicted water profile of a uni-directionally drying PERFDUB38 concrete after 90 days of 

normalized drying compared to the profile after 15 days of accelerated drying. On the right, the average water 

content per 2,5 cm from the drying surface to the core of Ø 15x30 cm cylinder. 
 

 

3.2.1. Effect of accelerated drying on microstructure  

Carbonation and microcracking are the two main possible microstructural changes that may occur 

because of the drying acceleration at moderate temperature. 



Carbonation is maximal for a relative humidity range of about [40 % - 70 %]. The effect of 

temperature is more controversial in the literature [29]–[31], and the comparison of studies is not evident 

since the materials and test conditions are different. Papadakis and al. [32] have recently shown, through 

accelerated carbonation tests at temperatures ranging from 20 °C to 80°C, that carbonation increase 

linearly with temperature in concretes formulated with CEM I. However, the increase in the depth of 

carbonation is not significant. Therefore, the effect of the accelerated drying protocol (40 °C, 65 % RH) 

on the increase of the carbonation risk remains low. The evaluation of carbonation at 23 °C, 50 % RH 

and at 40 °C, 65 % RH confirms this hypothesis. The experiment consists of spraying Phenolphthalein 

on the Ø 11x10 cm cylinders having dried for 13 months uni-directionally. At 23 °C, 50 % RH, the 

carbonate thickness observed in PERFDUB concretes from 0 to 1 mm, from 0 to 3 mm in VERCORS 

concrete and from 2 to 5 mm in CETU concrete. At 40 °C, 65 % RH, the carbonate thickness observed 

in PERFDUB concretes varies from 0 to 2 mm. It varies in the same way in VERCORS concrete and 

from 2 to 3 mm in CETU concrete (Figure 6). 

 

       

Figure 6 – Evaluation of carbonation by colored indicator (Phenolphthalein) in specimens of CETU concrete 

after unidirectional drying for 13 months at 23°C, 50% RH (left), and at 40 °C, 65 % RH (right). 

 

Microcracking is observed with a Keyence optical microscope on Ø 11x10 cm cylinders dried at 40 °C, 

65 % RH, and cylinders of the same geometry and size dried at 23 °C, 50 % RH. In both conditioning 

modes, the drying lasted 13 months and occurred in all directions. The maximum cracking rate and 

maximum openings are observed in the CETU concrete. Minor cracking is observed in VERCORS 

concrete. The PERFDUB concrete shows almost no cracking. This observation is valid for both drying 

modes. Comparing the cracking rate observed for the two drying modes in each concrete, the micro-

cracking is almost identical for PERFDUB concretes, and more important in the case of drying at 23 °C 

for both VERCORS and CETU concretes. In this case, the effect of the deformations due to the thermal 

gradients passing from 23 °C to 40 °C might be negligible. The impact of the water gradient will be 

investigated to affirm whether drying at 23 °C, 50 % RH, induces more microcracking than drying at 

40 °C, 65 % RH or not. For the moment, the result obtained is encouraging in the sense that the 

microcracking rate is not higher in the case of the accelerated drying. 

 
Table 3 – Selection of microscopic cracking images (3300 x 2500 µm) on the PERFDUB38 and 

CETU concretes in the two drying modes (23 °C, 50 % RH) and (40 °C, 65 % RH). 

Concrete  23 °C, 50 % RH 40 °C, 65 % RH 

PERFDUB38 

 

 
 

 

 
 

CETU   



 
 

 
 

 

 

3.3. Spalling sensibility: effect of the concrete conditioning 

 

The effect of the conditioning mode on spalling due to fire has been tested on both PERFDUB mixes 

(§0). Table 4 shows the comparison of spalling sensibility, water content, and compressive strength 

between the normalised conditioning and the accelerated drying in the PERFDUB38 concrete mix. 

Results show good representativeness of the accelerated protocol compared to the normalized 

conditioning of 3 months. In the case of a drying time of 3 months, only the first centimeters of the 

specimen have dried, the core remains almost saturated. Therefore, for a water status representative of 

a short duration standardized drying (≤ 3 months), the 40 °C, 65 % RH accelerated drying protocol is 

validated. Furthermore, this accelerated drying protocol is also validated for a representative skin water 

status regardless of the drying duration. The same findings are observed on PERDUB41 concrete mix. 

 
Table 4 – The impact of the storage conditions on the spalling susceptibility PERFDUB38 concrete mix. 

Storage  90 days under 23 °C, 50 % RH 15 days under 40 °C, 65 % RH 

fcm [MPa] 91 88 

Water content 

  

Spalling  

Max depth [mm] 21 25 

Mean depth [mm] 12 12 

topography of the 

spalling 

 

 
 

 

 

 

4. CONCLUSION AND PERSPECTIVES 

 

In this work, the experimental study allowed us to identify the concrete drying parameters and to 

validate the theoretical predictions. The drying prediction allowed us to evaluate the hydric profile 

evolution in the reference structure in short and long term and to define the target profile and then the 

optimal drying conditions to reach it in a few months only. The main conclusions are: 

- The modeling of the drying phenomenon at different thermal and hydric solicitations shows that 

temperature plays an essential role in the acceleration of concrete drying. The relative humidity 

controls the water content on the surface of the test bodies but can delay in counterpart the 

drying if its value is high.  

- According to the numerical results so far, drying during 15 days at 40°C, 65% RH after 

preservation in sealed condition for 7 days allows to reach the same water profile as for drying 

90 days at 23 °C, 50% RH. 



- Theoretically, several options of accelerated drying protocol are possible. A target water profile 

could be reached by different temperature and relative humidity combinations. In our study, the 

temperature is limited to 40°C in order to not to alter significantly the material microstructure.  

- The first test of the accelerated drying protocol shows good consistency between theoretical 

predictions and experimental results of concrete water content. It also indicates that the 

accelerated drying did not modify the fire behavior. 

Perspectives of this study include optimizing the numerical study by separating the two main drying 

mechanisms: and optimizing and refining the accelerated drying protocol by type of concrete. Also, we 

envision validating the accelerated drying protocol in the long term by assuming a target hydric state in 

a structure with a few years of operation. Applications of this study are broad and can go beyond fire 

behavior because of the strong dependence on the water profile of, for instance, delayed behavior and 

pathologies in concrete.  
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