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SUMMARY 

Nowadays, concrete pavements are one of the main traditional options of 
building roads and highways. Moreover, concrete pavements are used for various 
ground transport infrastructures such as sidewalks, streets and airport. On the other 
hand, concrete pavements can have indoor applications. These can be warehouses, 
parking or production areas.  

Due to several environmental, technological and economic advantages over 
flexible pavements along with the increasing investments in infrastructures, there 
is an increasing trend of construction of concrete pavements over the world. 
However, despite the current level of the technological development, if not properly 
designed and constructed, the performance of the concrete pavements may not be 
satisfying.  

Based on the pavement characteristics, performance can be divided into two 
stages: early age (usually up to 28 days) and service life. Many studies and models 
are develop to evaluate the service life performance of concrete pavements. In 
contrast, this is not true for early ages.  

In this context, over last 2 decades the interest of the industry about the early 
age behavior of concrete pavements has increased. At these stages, problems may 
arise related to the thermal, hygral and mechanical behavior of material. Usually, 
because of the complexity behind these phenomena, these subjects are addressed 
individually in literature. However, in order to evaluate the behavior of the material 
as well as the structure at early ages, these factors should be considered together, 
which is challenging.  

The subjects addressed in this doctoral thesis refer to the early age behavior 
of concrete and the modelling of concrete pavements at this age. The first subject 
covers the characterization of the thermal, hygral and mechanical properties and 
behavior of concrete at early ages. Several factors that influence these phenomena 
are analyzed and summarized separately. The study and the validations show the 
possibility of the integration of several phenomena affecting the behavior of 
concrete at early ages and the prediction of the interaction of these phenomena with 
a single coupled model.  

The second subject presents the application of the model to concrete 
pavements. Based on several factors that have been found to have a significant 
influence on concrete cracking at early ages, a parametric study is conducted. 
Derivation of optimal values for several physical parameters, such as maximal joint 
cutting time and optimal joint spacing distance is accomplished. The numerical 
results show consistency with the literature.  
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RESUMEN 

A día de hoy, los pavimentos de hormigón son una de las soluciones 
tradicionales para la construcción de firmes de carreteras y autopistas. Además, su 
uso también está ampliamente extendido en otro tipo de infraestructuras de 
transporte terrestre (calles, aceras o aeropuertos) así como en pavimentos 
industriales (almacenes o áreas de producción) y aparcamientos.  

Las ventajas medioambientales, tecnológicas y económicas que presentan 
sobre los pavimentos flexibles, junto al aumento de las inversiones en 
infraestructuras, hacen que a nivel mundial exista una tendencia creciente en la 
construcción de este tipo de pavimentos. A pesar de ello y aún con el nivel de 
desarrollo tecnológico actual, el desempeño de los pavimentos de hormigón puede 
ser no satisfactorio si su diseño y construcción no son adecuados.  

Basándose en las características del pavimento, su desempeño puede 
dividirse en dos etapas: tempranas edades (generalmente hasta los 28 días) y vida 
útil de servicio. Mientras que se han desarrollado muchos estudios y modelos para 
evaluar su vida útil, no ocurre lo mismo con el análisis a tempranas edades. 

En este contexto, en las últimas dos décadas el interés de la industria por el 
comportamiento a edades tempranas ha aumentado. Durante esta primera etapa 
pueden aparecer problemas relacionados con el comportamiento térmico, 
higrométrico y mecánico del hormigón. Por lo general y debido a la complejidad de 
los fenómenos que se produce, éstos se abordan únicamente de forma individual en 
la literatura. Sin embargo, con el fin de evaluar el comportamiento del material y su 
estructura a primeras edades, estos factores deben ser considerados 
conjuntamente. 

Los aspectos abordados en esta tesis doctoral comprenden el 
comportamiento a primeras edades del hormigón y la modelización de pavimentos 
de hormigón durante este periodo. El primer tema abarca la caracterización de las 
propiedades térmicas, higrométricas y mecánicas y su influencia global en el 
comportamiento del hormigón en edades tempranas. Varios de los factores que 
influyen en estos fenómenos son analizados y sintetizados por separado. El trabajo 
realizado muestra la posibilidad de integrar los fenómenos involucrados en el 
comportamiento a tempranas edades y cómo éste puede ser predicho un único 
modelo acoplado. 

El segundo tema presenta la aplicación del modelo desarrollado a los 
pavimentos de hormigón. Se desarrolla un estudio paramétrico en base a una serie 
de factores que se han encontrado tener una influencia significante en la fisuración 
del hormigón en edades tempranas. Se han derivado valores óptimos para 
parámetros físicos tales como la separación y el tiempo de corte de las juntas de los 
pavimentos. Los resultados numéricos muestran consistencia con la literatura. 
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1. INTRODUCTION 
 

  

 

 

 

1.1. BACKGROUND AND CONTEXT 
 

Since the ancient times pavements are one of the essential parts of the human 
life and nowadays these are everywhere. Pavements are used for roads, parking, 
airports and sidewalks for pedestrians. The pioneers in the road construction and 
use are believed to be Carthaginians about 2600 years ago according to Tillson 
(1990). Then, Romans took the practice from Carthaginians military roads and built 
approximately 87,000 km of roads in Roman Empire.   

 
Currently, the ground transportation is the most common mean of 

transportation. The world road map shown in Figure 1.1 highlights the current 
density of this infrastructure. It can be noticed higher density of this infrastructure, 
in dense populated areas. Hence, the road construction will continue to be one of the 
dominant industries in the world. Similarly, with the continuous population growth, 
the construction of airports, parking lots, sidewalks as well as streets, in growing 
cities will be of high importance.  

 



2   Chapter 1 
____________________________________________________________________________________________________________________________________________________________________________________________________________________ 
 

___________________________________________________________________________________________________________________________________________________________________________________________________________________

Development of a coupled FE model for early age concrete behavior: Application to concrete pavements 

 
Figure 1.1 World road map (Mappery.com, 2016) 

 
Nowadays, two main structural pavement systems are used for building of 

roads and highways: flexible (asphalt) and rigid (concrete). The key differences 
between flexible and rigid pavements should be considered before making the 
decision of which one to be used. Factors such as the type of traffic, weather 
conditions and availability of materials may be important elements for decision-
making. Moreover, wealthy and developed countries invest more in the 
improvement of the strategic infrastructures, such as roads and highways. Hence, 
although rigid pavement have higher initial cost, these are not usually constructed 
in less economically developed countries, where flexible pavements are preferred.  

 
In addition, used for various types of ground transport infrastructures, if 

properly designed and built, concrete pavements (CPs, hereinafter) may serve for 
decades even without any maintenance. The reported service life for CPs by highway 
agencies is 25-40 years, which is almost 2 times greater than service lives of asphalt 
pavements (APs, hereinafter) that are designed and built with equivalent standards 
(CALTRANS, 2006).  The first known CP was constructed in Bellefontaine, Ohio, in 
1891. Since then several types of CPs have been developed. These types use 
reinforcement steel, joints or both. Another example is the first CP built in Belgium 
in 1925, which was in service until 2003, when it received a concrete overlay (Hall 
et al., 2007).  

 
Moreover, the costs of the prime sources for producing asphalt (bitumen, 

form petrol) and concrete (cement) vary. Figure 1.2 gathers the relative cost of both 
materials with respect those in 1980 (Aguado et al., 2010). It can be seen, that both 
have increased in price. However, the general increasing tendency and the 
instability of the prices of petrol affects positively the demand of CPs. 
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Figure 1.2 Evaluation of the prices of bitumen and cement for last 30 years (Aguado et al., 2010) 

 
On the other hand, CPs, in comparison to APs, are less likely to present 

problems related to the imperfections over the surfaces, daily or seasonal 
temperature changes and vehicle fuel spillages. Due to the brighter color of CPs, 
reduction of the heat island effect1 is observed. This is generated, on one hand, 
because of more reflected solar energy in comparison to APs. Another reason is the 
reduced energy consumption to illuminate the pavement during nighttime. 

 
At structural level, there is a significant difference in the way that these two 

types of pavements transmit the loads as well as the bearing capacity. As shown in 
Figure 1.3a, in the case of CPs the loads and stresses are distributed over a wider 
area of subbase because of their high rigidity and strength. Contrarily, APs transmit 
lower stresses to the subbase (see Figure 1.3b). Therefore, for the same load 
magnitudes and serviceability requirements CPs demand thinner layer of structural 
transversal section. 

 

 
Figure 1.3 Mechanical interaction between the pavement and the supporting layers: a) rigid and b) 

flexible pavements 
 

                                                        
1 In urban areas, where the roads and buildings are replacing the open land and vegetation, the permeable 
and humid surfaces become impermeable and dry. These changes make urban areas to have greater 
temperatures than the surrounding rural areas, forming an ‘island’ of higher temperatures (EPA, 2014).  
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IECA (2012) reports several advantages of CPs, of which some are 
summarized in Table 1.1. 

 
Types Advantages 

Environmental 

 Normally consume local resources, which are not 
inexhaustible and no need to use petroleum. 

 Allow the use of recycled aggregates from the existing 
pavements and aggregates of lower quality than might be 
needed for other alternatives. 

 The recyclability of material is also allowing to save natural 
aggregates. 

 The durability allows to prevent CO2 emissions related to its 
maintenance. 

 Do not emit neither leachates nor volatiles. 
 The light coloring requiring less illumination for lighting thus 

consuming less energy. 
 The light color allows also to reduce the heat island effects and 

decrease the radiation absorption. 

Technological 

 The durability is the highest among other solutions with less 
maintenance and there are examples of more than 40 years of 
serving under constant loads. 

 High resistance to fuel attacks and chemical agents. 
 Reduced breaking distance for more secure driving  
 Made from non-combustible materials and being fire-

resistant, they do not emit toxic gases and safe to use inside 
tunnels 

 Depending on the chosen texture it’s possible to control the 
levels of slip resistance by adopting to any traffic and weather 
condition. 

 The use of pigments and the surface treatment are allowing to 
control the colors and textures of the pavement. 

 By using CPs it is possible to reinforce existing or already 
exhausted pavements, including flexibles. This technology is 
known as whitetopping. 

Economic 

 Due to the smaller deformations occurring in the CPs, there is 
a decrease in fuel consumption varying from 1.1% for light 
weighted and over 6.7% for heavy vehicles.  

 Total life-long costs related to the construction and 
maintenance, in a long term are lower than for other solutions. 

 Having seldom maintenance operations, the unwanted 
conditions created for the users is minimum. 

Table 1.1 Advantages of CPs (IECA, 2012) 
 
Nevertheless, number of problems associated with the construction and 

service life of CPs exist. These problems can be divided into two groups, regarding 
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to the age of the pavement: early age and service life. Early age refers to the time 
interval that starts from the placement of the concrete until the time the concrete 
reaches the strength to carry traffic (normally considered up to 28 days). Service 
life refers to the time after the early age. 

 
At early ages, the hydrating concrete is normally subjected to moisture and 

temperature-induced stresses that can drive cracking mechanisms. Resulting 
cracking may have a key role in short- and long-term performance of most concrete 
structures, in particular CP systems.  

 
Figure 1.4 presents four main phenomena developing in concrete during the 

hydration. These phenomena are interconnected as shown in the diagram. Hence, 
the phenomena are called CHEMO-THERMO-HYGRO-MECHANICAL. The blocks 
named CHEMO shows that during hydration, chemical reactions develop. Due to 
these reactions heat is liberated, which significantly affect the temperature of the 
structure during the first 3 days after the placement. On the other hand temperature 
affects the hydration rate and the humidity diffusion rate. Moreover, the evolution 
of the mechanical parameters are affected by the humidity and temperature. All 
these procedures complicate a precise analysis of stresses and strains developing in 
concrete at early ages. The complexity of these processes stresses the necessity for 
a model that may handle all abovementioned problems. 

 

 
 

Figure 1.4 CHEMO-THERMO-HYGRO-MECHANICAL phenomena in concrete at early ages  

In mature concrete, the influence of hydration processes in deformations are 
negligible. Thus, other factors such as fatigue and external cyclic loads along with 
temperature changes and drying shrinkage are the main factors affecting cracking 
mechanics in CPs at mature ages. 

 
Hence, the prediction of the behavior of concrete structures at early ages, 

particularly the massive ones, is of high importance. The development of the tools 
and models forecasting that behavior will certainly contribute to a safer optimized 
design. 
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1.2. OBJECTIVES 
 

During early ages, the properties of concrete are changing dramatically. At 
these ages, the characterization of the material can be divided into 4 groups: 
chemical, thermal, hygral and mechanical. Each of these can be presented in terms 
of parameters as depicted in Figure 1.5. Normally, these parameters are 
interdependent. Thus, the determination this interdependency is important in order 
to properly consider and apply for modelling of concrete structures at early ages. 
For this, each of these should be clearly defined and assessed. 

 

 
Figure 1.5 Typical parametric interdependence during hydration in early age concrete 

 
The thermal parameters of concrete such as heat capacity and thermal 

conductivity change significantly at early ages. The temperature of a new placed 
concrete is influenced by external conditions and the hydration heat. On the other 
hand, the factors related to the hygral characterization of the material may affect the 
drying and the corresponding drying shrinkage. The evolution of the strength and 
the other mechanical properties is also affected by the chemo-thermo-hygro 
characterization. All, if not controlled or evaluated precisely, might generate cracks 
at early ages and reduce the service life of pavements. 

 
To summarize the graphs in Figure 1.4 and Figure 1.5, maturing concrete at 

early ages is subjected to various phenomena that affect the durability and the life 
of the concrete structures. Hence, there is a need to develop a model to analyze 
concrete structures in a short-term period. In particular, this applies to CPs. 

 
Thus, in the scope of this study, two main objectives are addressed. The 

general objective of the study is to integrate and couple phenomena that affect the 
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behavior of concrete structures at early ages. The second objective to predict the 
interaction of these phenomena for the optimized design of CPs using a single 
numerical tool. In addition, implement a parametric study and provide models for 
optimization of saw cutting time and joint spacing for CPs based on this tool. In order 
to accomplish the general objectives, several specific objectives are defined. The 
specific objectives are listed in Table 1.2.  
 

Specific Objectives 

Thermal and 
chemical  
behavior 

 Identify the factors that affect the thermal behavior of concrete 
at early ages; 

 Establish the mathematical connection between thermal 
behavior and chemical composition; 

 Determine the evolution of thermal properties of concrete at 
early ages; 

Humidity 
behavior 

 Identify the factors that affect the hygral behavior of concrete at 
early ages; 

 Establish the mathematical connection between chemo-thermo 
and hygral problems; 

 Determine the hygral properties of concrete and factors that 
affect the drying shrinkage; 

Mechanical 
behavior 

 Identify the factors that affect the mechanical behavior of 
concrete at early ages; 

 Establish the mathematical connection between mechanical 
and chemo-thermo-hygral problems.; 

 Determine the mechanical properties of concrete; 

FEM 
Modelling 

 Select a numerical method and a corresponding computational 
program to solve the coupled chemo-thermo-hygro-mechanical 
problem; 

 Couple and normalize thermal and hygral loads along with 
parameters defining the mechanical properties of concrete at 
early ages; 

 Calibrate and validate the model against experimental results. 

Application 
of the model 

to CPs 

 Provide a demonstrative application of the model to CPs; 
 Determine the parameters that have significant influence on the 

early age performance of CPs; 
 Based on the parameters that affect significantly the behaviour 

of CPs, perform a parametric study to propose the maximal joint 
cutting time and optimal joint spacing distance. 

Table 1.2 Specific Objectives 
 
Having primary purpose of analyzing the behavior of CPs, the model is 

supposed to be universal for any shape of concrete member. That allows the 
application of the model in a large number of cases, such as  whitetoppings, concrete 
dams, concrete tunnel lining segments, sidewalk blocks and so on. 
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1.3. METHODOLOGY 
 

To achieve the proposed objectives, the research has been structured in a 
series of steps as depicted in Figure 1.6. First of all, a literature review is done to 
discover the existing studies and models in this area. This helps to reveal the 
problems associated with the temperature, humidity and the mechanical properties 
of the concrete at early ages. In addition to that, computational tools based on Finite 
Element Method (FEM, hereinafter) are presented and reviewed for the analysis. 

 

 
Figure 1.6 Methodology 

 
Once all the problems related to the CHEMO-THERMO-HYGRO-MECHANICAL 

phenomena are clear, a FEM tool is designed to analyze these phenomena. 
Afterwards, the thermal and humidity problems are coupled and the normalizations 
are done in order to evaluate the mechanical behavior of the concrete at early ages. 
Then, the calibration and the validation of the models are implemented.  
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Furthermore, the model is adopted to CPs and several scenarios are 
simulated. A parametric study is implemented to understand the influence of 
ambient relative humidity, duration of curing, drying shrinkage coefficient and 
concrete strength class on the time of cutting the joints and the distance between 
joints. Finally, based on the result of the parametric study, simplified formulations 
are proposed. 

 

1.4. ORGANIZATION OF THE DOCUMENT 
 
The content of the thesis is subdivided into 8 chapters. Chapter 2 is dedicated 

to the state of the art where brief overview of existing models and studies is done. 
In addition, several pavement design models are analyzed. Furthermore, the 
description of each of them is presented and comparisons are made.  

 
Chapter 3 is focused on the thermal problems related to the early ages of 

concrete. The chapter includes discussions about the evaluation of the temperature 
and the thermal parameters of the material. Moreover, the effect of the chemical 
composition on the heat release and the development of hydration is described.  

 
Chapter 4 is concentrated on the humidity problems and addresses issues 

regarding the humidity diffusion in concrete and drying. Moreover, several models 
from the literature that assess the humidity loss from the exposed surfaces and the 
drying shrinkage are described.   

 
Chapter 5 describes the development of the mechanical properties of 

concrete, such as modulus of elasticity, tensile and compressive strength, Poisson’s 
ratio, which are subjected to change at early ages and have negligible changes at 
mature ages. The chapter explains the concepts describing the theory behind 
physical and mechanical aspects of the existing problems. The viscoelastic behavior 
of concrete is also presented, considering the creep and creep related relaxation. 

 
Based on the discussions of abovementioned three sections, several models 

and equations are developed and adopted for application the in FEM analysis and 
simulations. 6th chapter is dedicated to discussing the available software packages 
and tools based on FEM. The chapter describes the steps and ways of bringing the 
existing physical problems to mathematical models and deriving simulation results. 
Additionally, the chapter includes the calibration and validation of the thermal and 
the humidity models, which are necessary for having reliable results from 
simulations. 
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 Chapter 7 describes the application of the model to the CPs. Several 
scenarios with different types of concrete and ambient conditions are run. 
Afterwards, a parametric study is implemented to suggest an optimized design for 
joint spacing distance and joints cutting time.  

 
Finally, the general conclusions are presented for the subjects addressed in 

the thesis. Moreover, the future perspectives of the research are suggested. 
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2. STATE	OF	THE	ART 
 

 

 

 

2.1. INTRODUCTION 
 

The identification of the accurate and suitable design is the principal aspect 
to extend the lifecycle of CPs. Particularly, the behavior of these elements at early 
ages has a special impact on the mechanical behavior during the service life as well 
as on the maintenance. Hence, the prediction of the behavior of concrete structures 
at early ages is significant.  To this extent, this procedure should include: 
appropriate material constitutive models, models capable to assess the thermal and 
humidity generation and transfer procedures, consideration of chemical and 
physical phenomena, such as the development of material (thermal, hygral and 
mechanical) properties as well as the hydration and the environmental factors. 
 

In this regard, the problems of early-age response of concrete are not usually 
linear. It is inaccurate to add independent results derived from linear analysis, 
therefore the coupling of these phenomena must be implemented. For the past two 
decades, several studies have been focused on handling these problems. In many 
cases, examples are not practical and the solutions are for particular problems. 
Moreover, most of the examples are rather focused on the modelling of bridges, 
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dams or other constructions (Radovanovic, 1998; Geun, 2010; Yuan and Wan, 2002; 
Teixeira, 2006). Other examples, that include the phenomena appearing at early age 
in concrete, are not for CPs (Azenha, 2009; Gawin et al., 2006; Sciume, 2013). 

 
Besides, the coupling of different phenomena is complex. Since its complex, 

in order to be evaluated, very complicated programming should be implemented 
and validated. This makes it very difficult for engineers develop these types of 
models. Therefore, in many cases simplifications are assumed, regarding some of 
the phenomena that are acting at early age in the CPs. Even though these 
simplifications reduce the complexity of the calculations and provide an answer, 
they may not be applicable to all cases. 

 
In this chapter, a deep revision and comparison of several studies and models 

related to the behavior of concrete at early ages is carried out. The literature review 
is meant to reveal academic achievements in the field and to revise already 
developed studies.  Additionally, a group of software packages used for pavements 
design is presented. The literature review and the overview of these software 
packages will help to build a strong theoretical background in order to achieve the 
objectives addressed in the first chapter.  

 

2.2. BRIEF OVERVIEW OF EXISTING STUDIES 
 
Table 2.1 shows the comparison of some studies in the area, describing early 

age behavior of concrete, where FEM or Finite Difference Method (FDM, 
hereinafter) was used for modelling. These studies were assessed in terms of 
applicability and complexity, as well as the number of phenomena included. 
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Practical for modelling        

Designed for CPs        

Temperature and related parameters evaluation        

Humidity and related parameters evaluation      Partial Partial 

Mechanical parameters evaluation  Partial  Partial    

Composition of concrete and cement type  Partial   Partial   

Table 2.1 Comparison of several studies 
Yuan and Wan (2002) presented a computational model for humidity 

diffusion and drying shrinkage analysis. The model was based on FEM and FDM and 
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programmed in C++. The model was developed to predict the cracking within early 
age due to thermal, drying and creep behavior. It considers the non-uniform internal 
relative humidity distribution in concrete, which generates the drying shrinkage 
strains. The model was validated against the experimental data from Kim and Lee 
(1998) and summarized by Yuan and Wan (2002), where a specimen sized 30cm x 
30cm x 15cm was considered. In addition, the model was proposed to consider the 
evaluation of temperature and thermal strains. However, only humidity diffusion 
and drying shrinkage problems were carried out. Furthermore, the model was not 
designed for CPs and was a general representation of humidity diffusion and drying 
shrinkage in concrete. 

 
Radovanovic (1998) and Geun (2010) have used ANSYS package to 

implement thermal and mechanical FE analysis of massive concrete structures at 
early ages. While massive concrete may be exposed to different ambient 
temperature conditions, depending on the size and the curing type, the temperature 
may vary along the thickness of the structure. Thus, the thermal and the mechanical 
properties of material might be affected differently. The change in the thermal and 
the mechanical properties of concrete were considered during hydration, but 
without taking into account the difference between the concrete layers. In reality, 
the development of these properties does not only depend on time, but also 
temperature, humidity and degree of hydration. Moreover, the humidity transfer 
and drying shrinkage were uncovered in these researches. In addition, the models 
were not designer for CPs. 

 
In comparison with the abovementioned studies, Teixeira (2006) completed 

another study that was more complete in terms of the amount of phenomena 
included. The work presents a method for the analysis of concrete layered 
structures, such as Roller Compact Concrete (RCC) dams, considering the thermal 
effect and creep. The numerical simulations were based on FEM and were 
implemented by using ANSYS software. The model was validated against 
experimental data. The disadvantages of the study are the lack of the moisture 
distribution and corresponding stress-strain analysis. Moreover, the models were 
constructed only for RCC Dams and were not designer for CPs. 

 
In his PhD thesis, Azenha (2009) included both thermal and humidity factors 

affecting stress-strain development. Moreover, the viscoelasticity of the material 
was considered. The evolution of the thermal and the mechanical properties of 
concrete at early ages were also included. The model was validated against 
experimental results. Nevertheless, the humidity diffusion coefficient for early ages 
was not assessed properly and more general empirical approaches were used. The 
inaccurate estimation of humidity diffusion coefficient may play a vital role in 
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evaluating the mechanical behavior of concrete at early ages. On the other hand, the 
model was not adopted for CPs. In this research, for numerical analysis DuCOM 
(Durability Models of Concrete) FEM based computer program, DIANA and MATLAB 
were used. The use of several FEM programs and programming languages for 
numerical simulations lead the model to be few practical for its use by the engineers.  

 
Gawin et al. (2006) have discussed the main problems and phenomena 

appearing at the early age concrete and proposed a theoretical approach for 
analysis. In addition, the model is applicable beyond early ages. The model includes 
most of phenomena and the coupling of these phenomena. However, the model is 
not applicable to CPs and is not practical.  

 
Afterwards, Sciume (2013) inspired by the approach from Gawin et al. 

(2006) developed a model, which simplifies some aspects suggested by Gawin. The 
model is also capable of considering the mechanical damage and 3D 
implementation. Nevertheless, the model was not designed for pavements. In 
addition, Cast3M FE code program was used for modelling, which is a non-
commercial program and there is a lack of literature and examples for this program. 
In addition, the model is not applicable to CPs. 

 
Based on the literature review it can be stated that: 
 

 The complex interconnection of all the processes such as development of 
thermal, humidity or mechanical properties in different regions of concrete 
specimen were not considered in none of the models implemented before. 
For developing an effective model, it is important to take into account each 
factor mentioned in Figure 1.5 in each time step of analysis and for each 
region of the material. 
 

 Another disadvantage may be recognized the absence of modelling of base 
(or subbase) as well as the interaction of CP with it. 
 

 If all the mentioned aspects are not gathered together in one model, an error 
in the results should be expected. Therefore, optimized design may not be 
achieved.  

2.3. AVAILABLE SOFTWARE PACKAGES FOR PAVEMENT DESIGN 
 
Several software packages are available for pavement design. Some of those 

were designed for rigid and others for flexible pavements. Another difference is the 
approach used for the calculations behind the models, as depending on the package 
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FEM or mechanistic-empirical approach is used.  Table 2.2 summarizes the list of 
more common pavement design packages by considering the most relevant 
features. 
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Early age behavior        

Concrete composition       Partial 

Humidity and related parameters evaluation       Partial 

Limitations on modelling        

Table 2.2 Pavement design packages 

 
Four separate computer packages (LAYERINP, KENLAYER, SLABSINP, and 

KENSLABS) are combined with the graphical program called KENPAVE. The input 
files can be run by different composites of the software.  
 

The base of KENLAYER is the solution for layered elastic model under a 
circular loaded area. The layered elastic model is able to assess stresses and strains 
at any point of the structure resulting from loads applied on the top surface. 
However, the package considers that each pavement layer is isotropic, linearly 
elastic and homogenous i.e. the same properties are assumed everywhere in the 
model. The damage analysis may be done by dividing each year into a maximum of 
12 periods, which considers the seasonal change of the thermal behavior of 
foundation. For each period, a foundation seasonal adjustment factor is assigned. 
Each of the 12 periods, can have no more than 12 axle load groups, to consider traffic 
and the types of vehicles. Damage caused by deformations and fatigue in each period 
is summed up in order to evaluate the design life of the pavement. The description 
shows that the package is not able to provide solutions to the problems that were 
proposed to achieve the goals of this doctoral thesis (Huang, 2004). 

 
KENSLABS is one of the first packages for pavement design analysis that is 

based on FEM. Three types of foundation may be modeled: liquid, solid and layers 
known as the Winkler, Boussinesq, and Burmister foundations, respectively (Huang, 
2004). These three types of foundations are simplified representations of real soil 
beneath the pavement. All of these use an elastic force-deflection relationship for 
contact with soil or subbase. Nevertheless, in reality there might be different types 
of subbase or subgrade layers under concrete slabs. KENSLABS is neither able to 
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evaluate stresses occurring in subbase or subgrade nor evaluate interaction 
between different types of subbases or subgrades.  

 
Moreover, KENSLABS does not consider nonlinear temperature 

approximation, because slab is modeled by thin plate elements. Furthermore, 
humidity diffusion and early age behavior of concrete are not implemented in the 
modelling.   
 

The next listed package, ILLI-SLAB, was developed in 1977 and was 
expanded and improved since then. In comparison with KENSLABS, ILLI-SLAB gives 
more choices to consider for foundation such as very soft, soft, medium, stiff and the 
ones mentioned for KENSLABS excepting Burmister foundation. However, ILLI-
SLAB does not include fatigue or damage analysis. Moreover, the program only 
analyses the slabs for stresses and deflections. In addition, ILLI-SLAB is limited in 
the number of slabs in transverse and longitude directions. The problems of the 
humidity diffusion and early age properties of concrete were neither considered in 
the modelling. 
 

INDISLAB was developed in the School of Engineering of Purdue University, 
Indiana, USA (Sotelino et al., 2005). The program is based on commercial program 
ANSYS and in comparison with KENPAVE or ILLI-SLAB has better implementation 
of contact algorithm between concrete the slab and the base (or subbase) layers (or 
soil) through contact elements. Moreover, INDISLAB is able to simulate wheel and 
nonlinear thermal loads. By comparison with the abovementioned packages, 
INDISLAB can evaluate pavement damage analysis more accurately, but similar to 
the packages mentioned before, the humidity transfer and the drying shrinkage is 
not modeled.   
 

DARWin-ME is a commercial package that supports the AASHTO’s 
Mechanistic Empirical Pavement Design Guide published in 2008.  Including over 20 
engineering modules, the package is covering 17 pavement design situations 
including rigid and flexible pavements and different overlays. DARWin-ME has user-
friendly interface and is easy to use. The program is applicable for pavement damage 
analysis during service stages considering traffic and temperature loads. However, 
the early age of concrete behavior is not covered. 
 

Another package that is based on FDM is HIPERPAV. The program predicts 
the early age evolution of the strength of concrete and the stress development in 
CPs. As input parameters, HIPERPAV considers several factors, such as 
environmental conditions and mix design of concrete. The results of the program 
were validated against the results of Ruiz et al. (2000). Nevertheless, the package is 



State of the Art                   17  
____________________________________________________________________________________________________________________________________________________________________________________________________________________ 

 

___________________________________________________________________________________________________________________________________________________________________________________________________________________

Razmik Martirosyan 

not capable to take into account the chemical composition of cement, the presence 
of mineral admixtures and cement fineness. The consideration of moisture loss due 
to evaporation is not implemented in the program and left as a possible 
improvement for the future versions (Schindler et al., 2002). 

 
More packages were developed that are used for pavement design and 

analysis, yet not adopted to CPs. An example of such package is MFPDS (Michigan 
Flexible Pavement Design System) that contains integrated modules for analysis and 
design of flexible pavements. For designing a pavement, MFPDS uses empirical 
AASHTO design procedures. MnPAVE is another package for flexible pavement 
design. It consists of three main inputs: climate, traffic and structure. The program 
accounts for the three level design that combine known empirical relationships with 
the representation of the physics and the mechanics of flexible pavement behavior. 
Since both are not compatible with the design and analysis of CPs, the further 
description is not given. 

 
Considering the discussion of the pavement design packages it can be 

concluded that several programs are available for design of the pavements. 
However: 

 
 Most of those are used for evaluation of stresses and deflections during the 

service stages of pavement, considering traffic and thermal loads.  
 

 Except HIPERPAV, the other packages that considers the environmental 
conditions, do not account the humidity diffusion factor, which might be 
important while analyzing the drying shrinkage phenomena. 
 

 Some of them are designed only for flexible pavements and are not applicable 
to rigid pavements. 

 
This situation stresses the need of a numerical model based on a strong 

theoretical background that integrates several phenomena, which affect the 
behavior of CPs at early ages.  
 

2.4. SUMMARY 
 

 
The literature review confirms the lack of research and approves the need of 

more developed tool for the design of CPs. In all the cases, the available studies avoid 
to consider the change in thermal, humidity or mechanical parameters affecting the 
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corresponding thermo-hygro-mechanical evolutions for different regions of the 
structure. In addition, the majority are not for CPs but dams and other massive 
concrete constructions.  

 
One the other hand, several pavement design packages are reviewed. Most of 

these packages evaluate the behavior of CPs either at early or at mature ages. The 
rest are not designed for rigid pavements. In the majority of cases the humidity 
distribution and evolution along with drying shrinkage are not addressed. 
Furthermore, neither of them considers chemo-thermo-hygro -mechanical changes 
at different regions of CPs. Missing one of these factors in the analysis may bring to 
a non-optimal results.  

 
Deep research is done to reveal all the aspects of the thermal and the 

humidity problems in concrete during early ages. Following chapters discuss the 
thermal and the humidity problems for early ages. In addition, the development of 
the mechanical parameters as well as stresses and cracks under environmental and 
physical loads will be evaluated. All these factors are integrated in a single numerical 
tool, which can be used by engineers without deep understanding of the 
programming and mathematics behind it, by allowing to run different scenarios and 
implementing parametric studies. 
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3. EVOLUTION	OF	THE		
TEMPERATURE	AND	THERMAL	
PARAMETERS	OF	CONCRETE	AT	

EARLY	AGES 
 

 

 

3.1. INTRODUCTION 
 

Literature review indicates the complex interconnection of all the processes 
and phenomena such as development of thermal, humidity or mechanical properties 
in different regions of concrete construction during hydration. Moreover, due to 
high thermal gradients at early ages cracks may appear and affect the performance 
of the structure. Thus, the precise prediction of the evolution of the temperature in 
concrete at early ages is important. For this, several factors that affect the thermal 
behavior of concrete are studied.  

 
Shortly after the cement is mixed with water, heat starts to release due to the 

chemical reactions. This has significant influence on the temperature distribution in 
the first periods after the placement of CPs. During mature ages, temperature 
changes occur mainly because of external factors such as ambient temperature and 
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in particular for CPs, the temperature of the base or subbase (base, hereinafter). 
Moreover, during day and night time, the surface temperatures of the pavement 
exposed to the open air are likely to be influenced by radiation and irradiation. 

 
Moreover, the thermal parameters of concrete such as thermal conductivity 

and heat capacity change significantly at early ages, while these changes are 
negligible during mature ages. These parameters are directly related to the concrete 
composition, but the changes are connected to the hydration degree.  

 
In this chapter, the thermal problem is presented, evaluating the 

temperature and the thermal properties of concrete at early ages. In addition, 
external factors that affect the temperature of the structure are discussed.  

 

3.2. TEMPERATURE PREDICTION AND HEAT EXCHANGE WITH THE AMBIENT 
 

The temperature of a new placed CP is determined by the balance of the heat 
exchange with the ambient, the temperature of the base and the internal heat 
generation. The development of temperature (see Eq. (3.1) in hydrating concrete 
can be described by the transient heat balance with respect to distance (x, y, z) and 
time t, as governed by Fourier Law, where 푘 is the thermal conductivity, 휌 is the 
density and 퐶  is the specific heat capacity of concrete, 푄  is the rate of heat 
generation due to hydration. 

 

푘 · + 푘 · + 푘 · + 푄 = 휌 · 퐶 · 		 (3.1) 

 
Depending on the conditions, the surroundings can be an additional source 

of heat or provide lower temperature than the placed concrete. As opposed to the 
new placed concrete, the temperature in mature concrete depends mainly on 
ambient conditions and base temperature. The rate of the heat generation in that 
stage is negligible and does not affect the temperature. 

 
The surroundings affect the temperature of the placed CPs, by providing 

different thermal condition on the boundaries of the structure. Figure 3.1 shows the 
heat transfer mechanisms between a new placed CP and its surroundings. 
Convection is one example of heat flux to environment or via severs, depending on 
the ambient temperature, wind and the temperature of the pavement. The 
temperature of base under the CP might be another example of thermal boundary 
condition.  
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Figure 3.1 Heat transfer mechanisms between the CP and its surroundings 

 
This section introduces several factors that affect the temperature of 

hydrating concrete. In addition, various models are discussed for evolution of the 
thermal parameters and the development of the hydration heat.  

 

3.2.1. Temperature Development in Young Concrete 
 

At early ages, the factors affecting the temperature of concrete are different 
from the ones for mature ages. To assess the thermal distribution and the thermal 
stresses at early ages, an accurate evolution of temperature in young concrete is 
significant. This section discusses the phenomena and parameters related to the 
temperature development in early age concrete. 

 

3.2.1.1. Degree of Hydration 
 

At the moment cement is mixed with water, chemical reactions occur and 
lead to the mix hardening. These reactions are defined as hydration. This 
phenomenon can be grouped into 5 stages and represented by Figure 3.2 (Schindler 
et al., 2002). The first stage takes place at the moment when water and cement are 
mixed. In this stage, there is a rapid heat generation that lasts up to 30 minutes. This 
may affect the temperature of the fresh concrete, when the letter still in its plastic 
state.  
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Figure 3.2 Stages during the hydration (adopted from Schindler et al., 2002): 

 
The next stage is called induction period, which is a period of relative 

inactivity. This may last from 1 to 3 hours. In this stage, the cement is still plastic, 
which allows the workability and the handling of the material.  

 
The third stage is the acceleration period. This is a period of high activity of 

chemical reactions and the most of the heat release occurs in this stage. This stage 
may last from 3 to 12 hours and the paste is still in the phase of structure developing. 

 
Deceleration or the fourth stage is the phase when the speed of reactions 

slows and around 50% of cement hydrates until 24 hours. This stage may last from 
3 to 150 hours. The amount of the generated heat in this stage is small. 

 
Finally, in the fifth stage, all the reactions completed and the concrete earns 

its mature age strength. The stage is also called a steady stage.  
 

Depending on the composition, cements hydrate differently. Table 3.1 
provides a typical composition on an ordinary cement. 

 
  

Chemical Name Chemical Formula 
Shorthand 
Notation 

Weight 
Percent 

Tricalcium silicate 3퐶푎푂 ∙ 푆푖푂  퐶 푆 50 
Dicalcium silicate 2퐶푎푂 ∙ 푆푖푂  퐶 푆 25 

Tricalcuim aluminate 3퐶푎푂 ∙ 퐴푙 푂  퐶 퐴 12 
Tetracalcium aluminoferrite 4퐶푎푂 ∙ 퐴푙 푂 ∙ 퐹푒 푂  퐶 퐴퐹 8 

Calcium sulfate dihydrate (gypsum) 퐶푎푆푂 ∙ 2퐻 푂 퐶푆̅퐻  3.5 

Table 3.1 Typical Composition of Ordinary Cement (Mindess and Young, 1981) 
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The chemical formulas of those compounds are usually presented in an oxide 
notation. Table 3.2 summarizes the typical oxide composition of cement with 
shorthand notation widely used among cement researchers. 

 

Oxide 
Shorthand 
Notation 

Common Name 
Weight 
Percent 

퐶푎푂 퐶 lime 63 
푆푖푂  푆 silica 22 
퐴푙 푂  퐴 alumina 6 
퐹푒 푂  퐹 ferric oxide 2.5 
푀푔푂 푀 magnesia 2.6 
퐾 푂 퐾 

alkalis 
0.6 

푁푎 푂 푁 0.3 
푆푂  푆̅ sulfur trioxide 2.0 
퐶푂  퐶̅ carbon dioxide - 
퐻 푂 퐻 water - 

Table 3.2 Typical Oxide Composition of General-Purpose Portland Cement 
(Mindess and Young, 1981) 

 
Using the oxide composition from Table 3.2, compound composition can be 

calculated, known as a Bogue calculation (3.2) (Mindess and Young, 1981). 
Differently from case A, in case B, 퐶 퐴퐹 may also include 퐶 퐹 component. 

 
Case A: 퐴/퐹 ≥ 0.64    

(3.2) 

  퐶 푆 = 4.071퐶 − 7.600푆 − 6.718퐴 − 1.430퐹 − 2.852푆̅ 
  퐶 푆 = 2.876푆 − 0.7544퐶 푆 
  퐶 퐴 = 2.650퐴 − 1.692퐹 
  퐶 퐴퐹 = 3.043퐹 
     

Case B: 퐴/퐹 < 0.64    
  퐶 푆 = 4.071퐶 − 7.600푆 − 4.479퐴 − 2.859퐹 − 2.852푆̅ 
  퐶 푆 = 2.876푆 − 0.7544퐶 푆 
  퐶 퐴 = 0 
  퐶 퐴퐹 = 2.100퐴 + 1.702 

 
Nowadays, various types of portland cement have been developed to fulfil 

the requirements of the construction industries. Table 3.3 presents 5 types defined 
by ASTM C 150 (1998). These vary by chemical composition. Therefore, the 
hydration process develops differently for each of them. However, the composition 
of cement may vary within each type as well, depending on the production. 

 
The fineness (Blaine) of the cement is the overall particle size distribution of 

cement given by specific surface area (m²/kg). This has a major effect on the 
workability, the water content and the placeability of concrete. The higher the 
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fineness of the cement, the bigger area wetted surface, thus speeding the reactions 
between water and cement and increasing the rate of heat generation at early ages. 

 
Cement Type I II III IV V 

퐶 푆 50 45 60 25 40 
퐶 푆 25 30 15 50 40 
퐶 퐴 12 7 10 5 4 
퐶 퐴퐹 8 12 8 12 10 
퐶푆̅퐻  5 5 5 4 4 

Fineness (Blaine, m²/kg) 350 350 450 300 350 

Table 3.3 Typical Chemical Composition of Portland Cements, ASTM (Mindess and Young, 1981) 

 
The degree of hydration is used to describe the state of the hydration process. 

The degree of hydration is defined as the ratio of the amount of hydrated 
cementitious materials to the original amount. This concept is often used to evaluate 
the chemical reactions involved in the cement hydration process. Degree of 
hydration has a value of 0.0 at the beginning of hydration and 1.0 at the end. 
Nevertheless, the final value of 1.0 practically may never reach, because in reality 
not all the cementitious materials hydrate. 

 

훼(푡) =
푎푚표푢푛푡	표푓	푐푒푚푒푛푡	푡ℎ푎푡	ℎ푎푠	푏푒푒푛	푟푒푎푐푡푒푑	푎푡	푡푖푚푒, 푡

표푟푖푔푖푛푎푙	푎푚표푢푛푡	표푓	푐푒푚푒푛푡
 (3.3) 

 
A large number of models are available evaluate the hydration degree. It can 

be approximated by several parameters such as amount of chemically bound water, 
heat of hydration, mechanical properties of hardening concrete and so on. The 
approach, which uses the heat of hydration, is widely used among the researchers. 
To estimate the hydration degree (훼)	at time t  based on the heat generation in 
concrete, the formula (3.4) is used, where  퐻(푡) is the total heat generated at time t  
and 퐻  is the ultimate heat of hydration of cementitious materials at 100% 
hydration. 

 

훼(푡) =
퐻(푡)
퐻

 (3.4) 

 
Several mathematical models are available to assess the hydration degree 

based on maturity. Several are listed in Table 3.4. 
 
Hansen (1977) introduces an exponential function with hydration time (휏) 

and slope (훽) parameters given by Equation (3.5). Both parameters should be 
determined by the means of regression from the experimental data. 푡  is the 
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equivalent age. Further, Kjellsen and Detwiler (1993) used this model to determine 
the evolution of concrete strength during aging.  

 

Hansen (1977) 훼(푡 ) = 푒푥푝 −
휏
푡

 (3.5) 

Byfors (1980) 훼(푡 ) = 푒푥푝 −휆 · 푙푛 1 +
푡
휏

 (3.6) 

Knudsen (1982) 훼(푡 ) =
푡

1/훾
 (3.7) 

Nakamura et al. (1999) 훼(푡 ) = 1 − exp	(−훾 · 푡 ) (3.8) 

Schindler et al. (2002) 훼(푡 ) = 훼 ∙ 푒푥푝 −
휏
푡

 (3.9) 

Table 3.4 Hydration-maturity models 

 
Byfors (1980) proposed another model to evaluate the hydration degree 

during aging (see Eq. (3.6). The model handles with parameters (휆, 휏 and 훽) that 
should be obtained experimentally, where 휆 is the hydration shape parameter.  

 
Knudsen (1982) and Nakamura et al. (1999) are dealing with equations (3.7) 

and (3.8) to assess the hydration degree based on the maturity. The parameter 훾 for 
both equations is the hydration shape parameter that should be obtained 
experimentally. 

 
In the scope of this study, the model provided by Schindler et al. (2002) was 

used. The estimation of the degree of hydration at equivalent age (훼(푡 ))  is 
provided by Equation (3.9), where 훼  is the ultimate degree of hydration,	휏 and 훽 
are hydration time and slope parameters. The model is similar to the one provided 
by Hansen (1977) but the ultimate degree of hydration (훼 ) is considered.  

 
The authors have done extensive experimental study to evaluate the 

parameters of the equation and provide a full-model that does not require 
experimental data for calibration. According to them, the parameters 휏 and 훽 
depend on the chemical composition of cement and can be calculated by Equations 
(3.10) and (3.11), where 푃  is the weight ratio of the component 푖 to the total cement 
content.  
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휏 = 66.78 ∙ 푃 . ∙ 푃 . ∙ 퐵푙푎푖푛푒 . ∙ 푃 . ∙ exp	(2.187
∙ 푃 + 9.50 ∙ 푃 ∙ 푃 ) 

(3.10) 

 
훽 = 181.4 ∙ 푃 . ∙ 푃 . ∙ 퐵푙푎푖푛푒 . ∙ 푃 . ∙ exp	(−0.647

∙ 푃 ) 
(3.11) 

 
The hydration time parameter (휏) represents the time delay from mixing 

before setting. The earlier is the parameter, the more rapid is the hydration. An 
increase in slope parameter is related to more reactive cementitous materials that 
are present in concrete. 

 
The ultimate degree of cement hydration is governed by the factors of 

availability of water to react with cement and the space to deposit the hydration 
products. As after the placement the water is lost from the cement paste by diffusion, 
absorption, evaporation and other factors, the minimum 푤 푐⁄  should be assured. 
Thus, for full hydration, the minimum of 푤 푐⁄  ratio should be higher or equal to 0.42 
(Hansen, 1986). 

 
Based on the studies, Powers (1948) recommended Equation (3.12) for 

ultimate degree of hydration for cement without admixtures under saturated 
conditions. Schindler et al.  (2002) have modified the equation that characterizes 
the ultimate extent of hydration reaction (see Eq. (3.13). This equation was used for 
modelling.   

 

훼 =
1.031 ∙ 푤 푐⁄

0.194 + 푤 푐⁄
≤ 1 (3.12) 

 

훼 =
1.031 ∙ 푤 푐⁄

0.194 + 푤 푐⁄
+ 0.50 ∙ 푃 + 0.30 ∙ 푃 ≤ 1 (3.13) 

 
Other authors have noticed that fineness of the cement influences the 훼  

(Bentz and Haecker, 1999; Lin and Meyer, 2009). It was found that the more is the 
specific surface of grains the greater is the value of 훼 . This is because the finer 
grains may reach full hydration in an easier way. Nevertheless, this influence of 
fineness can be assumed insignificant for low 푤 푐⁄  ratios (Bentz and Haecker, 1999).  

 
Lin and Meyer (2009) proposed a model (see Eq. (3.18) that considers the 

influence of both 푤 푐⁄  ratio and Blaine (the fineness) on 훼 . Based on the findings of 
other authors (Hill et. al, 2003; Kjellsen and Detwiler, 1992; Escalante-García, 2003), 
the equation also included a correction factor for curing temperature (푇). This term 
was added to the model since it was  oriented for applying for hydration under high 
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temperatures . Nevertheless, the influence of the temperature when curing in 
conventional conditions is negligible. 

 

훼 = 푚푖푛
푤/푐
0.4

	 ,훼 , · 푒푥푝[−0.00003 · (푇 − 293) · 푆퐺푁(푇 − 293)]	, 1.0  (3.14) 

 

훼 , =

1
9.33 · (퐵푙푎푖푛푒/100) . + 0.38 · 푤/푐

퐵푙푎푖푛푒 − 220
147.78 + 1.656 · (퐵푙푎푖푛푒 − 220) + 푤/푐

 (3.15) 

 
 Figure 3.3 shows the influence of each parameter (휏, 훽, 훼 ) on the 

development of hydration degree during time. It can be seen that with the increase 
of 휏 the hydration degree increases. Nevertheless, in long term, this difference is 
compensated by time (see Figure 3.3a). Similar tendency is noticed for the 
parameter 훽 after several hours of hydration (see Figure 3.3b). However, this is not 
true at the beginning of the hydration. In addition, the greater the parameter 훼 , the 
higher is the hydration degree (see Figure 3.3c). 

 

   
Figure 3.3 Changes in a)	휏,  b) β and c) αu influencing the degree of hydration 

  
Equivalent age is defined with the formula given by (3.16) and may vary 

depending on the concrete temperature during the hydration process, if the relative 
humidity in concrete during hydration is kept constant. 푇  and 푇  are the reference 
and the concrete temperatures respectively, 퐸  is the activation energy and 푅 is the 
Universal gas constant (8.3144  J/mol). 

 

푡 (푇 ) = 푒푥푝
퐸
푅
	 ∙

1
273 + 푇

−
1

273 + 푇
∙ ∆푡 (3.16) 

 
The activation energy is related to the minimum amount of energy that is 

required to start the hydration chemical reactions. It can be assessed experimentally 
from the mortar samples cured at three different isothermal temperatures (ASTM C 
1074, 1998) or by using isothermal calorimetry data. Various authors (Gauthier, 
1982; Malhotra, 1981; Barnes, 1977; Ma, 1994) cited by Schindler et al. (2002), 
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assumed a constant value for 	퐸  depending on the cement type. However, Hansen 
(1977) proposed a model that considers the curing temperature (see Eq. (3.17). 

 
퐸 = 35000	퐽/푚표푙,                                               if   푇 ≥ 20°C 

(3.17) 
퐸 = 33500 + 1470 · (20 − 푇 )	퐽/푚표푙,          otherwise. 

 
After an extensive experimental program, Schindler et al. (2002) proposed 

an expression that counts for both cement composition and fineness (3.17). It allows 
considering the presence of both fly ashes and ground-granulated blast-furnace 
slags. According to the formula, 퐸  does not depend on temperature. 

 
퐸 = 22100 ∙ 푓 ∙ 푃 . ∙ 푃 . ∙ 퐵푙푎푖푛푒 .  (3.18) 

 

푓 = 1 − 1.05 ∙ 푃 ∙ 1 −
푃

0.40
∙ 0.40 ∙ 푃  (3.19) 

 

3.2.1.2. Rate of Heat Generation 
 

The heat of hydration can vary depending on the composition of cement. The 
primarily components responsible for heat generation are 퐶 퐴 and 퐶 푆 clinker 
minerals (see Table 3.5). The amount of the developed heat is different for each 
component. To evaluate the heat that generates when all of the cement particles 
reach to 100% of hydration, the ultimate heat of hydration is introduced. It can be 
calculated if the total content and the heat of hydration per unit of weight of all the 
cementitious materials are known. Schindler et al. (2002) provided Equation (3.20) 
to present the total ultimate heat of concrete considering both cement and mineral 
admixtures, where 퐶  is the cementitious materials content and 퐻  is the ultimate 
heat of hydration of cementitious materials at 100% of hydration defined by (3.21). 

 
퐻 = 퐻 ∙ 퐶  (3.20) 

 
퐻 = 퐻 ∙ 푃 + 461 ∙ 푃 + 1800 ∙ 푃 ∙ 푃  (3.21) 

 
The existence of fly ash reduces the hydration rate, thus affecting the rate of 

heat liberation as well. According to ACI 207.2R (2007) the early-age heat 
contribution of fly ash may conservatively be estimated to range between 15 and 35 
percent of the heat contribution from the same weight of cement. Fly ash can be 
added to the cement to slow down the heat generation rate to avoid very high 
temperatures at early ages and minimize the risks of thermal cracking. 

 



Evolution of the Temperature and the Thermal Parameters of Concrete           29  
____________________________________________________________________________________________________________________________________________________________________________________________________________________ 

 

___________________________________________________________________________________________________________________________________________________________________________________________________________________

Razmik Martirosyan 

The component 퐻  is the ultimate heat of hydration of the cement given by 
(3.22), where ℎ  is the heat of hydration of individual i-th component. 

 

퐻 = ℎ 푃  (3.22) 

 
Typical values of mass ratios of components depend on the cement type and 

some are presented in Table 3.5. The presence of the slag and the fly ash also affecs 
the heat release. 

 

Property 푪ퟑ푺 푪ퟐ푺 푪ퟑ푨 푪ퟒ푨푭 

Heat of hydration of individual compounds(J/g) 500 260 866 850 

Type I average composition (%) 50 25 12 8 

Compound contribution to heat of cement (J/g) 250 62.5 104 68 

Table 3.5 Primarily responsible components for heat in hydrating Cement Type I 

 
To estimate the heat generation in concrete at time t, the following formula 

of evaluation of degree of hydration is used in modeling, where  훼(푡)	is the degree 
of hydration and 퐻(푡) is the total heat development at time	푡.  

 

훼(푡) =
퐻(푡)
퐻

⟺ 퐻(푡) = 훼(푡) ∙ 퐻  (3.23) 

 
Once the total generated heat is assessed, the rate of heat liberation during 

the hydration should be evaluated. Factors affecting the rate of heat liberation are 
the initial temperature of concrete, cement type and others. Figure 3.4a represents 
the heat generation rate for three mixes that have same composition but distinct 
initial temperatures. It can be observed from the graph, that higher is the initial 
temperature, the earlier is the peak. Figure 3.4b shows rates of heat generation 
considering different cement types. According to the curves, The peak is higher for 
Cement Type III and lower for Cement Type IV. 

 

  
Figure 3.4  Heat generation rates depending on a) initial temperature and b) type of cement 
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3.2.2. Thermal Conductivity 
 

Thermal conductivity is the the property of the material to conduct heat. 
Thermal conductivity can be defined as the ratio of the rate of heat flux to the 
gradient of temperature. According to Kim et al. (2003), the thermal conductivity of 
concrete is influenced by several parameters such as types of admixtures, aggregate 
volume fraction, fine aggregate fraction and w/c ratio. Several authors provide 
values for thermal conductivities of various aggregates (see Table 3.6).  
 

Aggregate Type  Midness and Youngs, 1981 Kim et al. ,2003 Breugel, 1998 
Granite 11.2 10.5-11.1 9.4-9.7  
Basalt 5.0  10.3 6.8-7.9  

Limestone 11.2 9.6-11.6 9.4-11.9  
Dolomite 13.0  - 11.5  
Marble 9.7  8.8 - 

Quartzite 15.5  18.7 12.7  

Table 3.6 Thermal conductivities for aggregates according to various authors (kJ/mh°C) 

 
The variation of thermal conductivity of cement paste depending on w/c 

ratio is summarized in Table 3.7. Higher the w/c ratio, lower the thermal 
conductivity. 

 
Cement Paste  Thermal Conductivity (kJ/mh°C) 

w/c=0.4 4.7 
w/c=0.5 4.3  
w/c=0.6 3.6 

Table 3.7 Thermal conductivities for cement pastes having various w/c, (Mindess and Young, 1981) 
 

In addition, the density of concrete affects the thermal conductivity of the 
material. This is because of concrete with lower density has higher porosity i.e. large 
volume of air voids. Moreover, within normal climatic ranges, the thermal 
conductivity is independent of temperature. However, above 100°C, the 
conductivity of material decreases linearly with temperature (Mindess and Young, 
1981). 

 
During mature ages, thermal conductivity is assumed constant. Nevertheless, 

at early ages, the thermal conductivity of concrete is changing along with hydration. 
According to Ruiz et al. (2005), during the hydration the thermal conductivity 
decreases to its final value from 133% of it. The evolution of the thermal 
conductivity is provided through the relation between the ultimate thermal 
conductivity (푘 , for mature concrete) and the degree of hydration (훼) by Equation 
(3.24).  
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푘(훼) = 푘 ∙ (1.33 − 0.33 ∙ 훼) (3.24) 
 

Hence, the evaluation of the thermal conductivity of the concrete at early ages 
is of high importance to assess the thermal gradients and the thermal stresses in 
concrete. In the modelling Equation (3.24) is used to assess the thermal conductivity 
during early ages.  
 

3.2.3. Specific Heat 
 

The specific heat of a material is defined as the amount of heat per unit mass 
required to raise the temperature by one degree Celsius. For concrete, as opposed 
to the conductivity, this property is affected slightly by the aggregate types. The 
specific heat or heat capacity significantly depends on w/c ratio, temperature and 
water content (see Table 3.8). According to Mindess and Young (1981), the specific 
heat of concrete varies in a range of 800-1200(J/kg°C). 

 
W/C Ratio Temperature (°C) Specific heat (J/kg°C) 

0.25 
21 1140 

65 1680 

0.6 
21 1600 

65 2460 

Table 3.8 Specific heat of cement paste for variating w/c ratio and temperatures (Mindess 
and Young, 1981) 

 
During early ages, the specific heat of concrete has higher values than during 

mature ages when it can be assumed constant. One of the reasons is the conversion 
of the free water to chemically bound water. DeSchutter and Taerwe (1995) report 
a 13% decrease in the value of specific heat during hydration. Van Breugel (1997) 
introduces Equation (3.25) for assessing the specific heat of concrete mixture (퐶 ) 
during hydration, where 휌 is the density of concrete, 푊 ,푊 ,푊  and 퐶 ,퐶 ,퐶  are 
the amounts by weight and specific heats of cement, aggregate and water 
accordingly. 퐶  is the fictitious specific heat of the hydrated cement defined by 
(3.27), where 푇  is the current concrete temperature. 

 

퐶 =
1
휌
푊 ∙ 훼 ∙ 퐶 + 푊 ∙ (1 − 훼) ∙ 퐶 + 푊 ∙ 퐶 + 푊 ∙ 퐶  (3.25) 

퐶 = 8.4 ∙ 푇 + 339 (3.26) 

Typical values for specific heat of concrete constituents (cement, water and 
aggregates) are provided in Table 3.9. 
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Material Specific Heat (J/kg°C) 
Cement 1140 

Water 4187 

Aggregates 770-910 

Table 3.9 Typical values of specific heat of concrete composites (Schindler et al., 2002). 
 

3.2.4. Boundary Conditions of Thermal Problem 
 
After the placement, CPs are subject to different thermal loads such as 

ambient temperature, temperature of soil and radiative thermal loads. In addition, 
the availability of water in the surface may affect to cooling as a result of 
evaporation. All these factors are introduced as thermal boundary conditions and 
explained in details.  
 

3.2.4.1. Convection 
 

Convection is the heat transfer by mass motion of a fluid or gas, such as water 
or air, in which the heated particles move away from the source of heat by carrying 
the heat with them. For concrete structures, convection depends on the types of the 
formwork, setting period, curing methods and wind speed. Newton’s law of cooling 
describes the overall effect of convection with Equation (3.27), where 푞  is the 
convection heat flux, ℎ  is the surface convection coefficient, 푇  is the surface 
temperature and 푇  is the temperature of surroundings (air temperature). 

 
푞 = 	 ℎ ∙ (푇 − 푇 ) (3.27) 

 
If the monitoring data is not available, the hourly air temperature (푇 ) can 

be estimated by an empirical function (see Eq. (3.28) that considers the average 
daily temperature and the amplitude (Mehdi et al., 2012). The member 푇 is the 
average daily temperature, 퐴  is the amplitude of air temperature (the half of 
difference between maximum and minimum of air temperatures) and 푡 is the time 
in hours.  

 

푇 = 	 푇 + 퐴 cos 2휋
푡 − 13

24
 (3.28) 

 
Convection coefficient (ℎ ) depends on several factors such as wind speed, 

shape of the object and surface temperatures. From the experimental results, 
McAdams (1954) obtained Equation (3.29) for evaluating ℎ , where 푉  is the wind 
speed.  
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							ℎ =
20.24 + 14 ∙ 푉 ,															if	V ≤ 4.87	m/s
25.82 ∙ 푉 . ,																													Otherwise  (3.29) 

 
Schindler et al. (2002) provided Equation (3.30) for assessing ℎ , where	퐶 is 

a constant depending on the shape and heat flow condition (퐶=1.79 if the surface is 
warmer than the air, and 퐶=0.89 otherwise). If enough data is not present, the 
simplified approach from McAdams (1954) can be used to model heat convection.  

 
ℎ = 	3.727 ∙ 퐶 ∙ (0.9 ∙ (푇 + 푇 ) + 32) . ∙ (푇 − 푇 ) .

∙ 	 1 + 2.857 ∙ 푉  
(3.30) 

 
In addition, for calculating the heat transfer through insulation, Jonasson 

(1994) deals with a scheme of calculation of surface boundary coefficient by using 
an electrical analogy. In accordance to this scheme, in case of n material layers 
between the concrete and the ambient, the heat transfer through the layers can be 
estimated by equivalent convective transfer coefficient (ℎ ) given in Equation 
(3.31), where 퐿  and 푘  are the thickness and the thermal conductivity of i-th 
material correspondingly.  

 

ℎ = 	
1
ℎ

+
퐿
푘

 (3.31) 

 
According to the author, this approach can be used if the specific heat per 

volume (휌 ∙ 퐶 ) is significant less for insulation materials than for concrete and the 
volume of insulation materials used in framework is small enough to neglect the 
heat storage in this material.  

 

3.2.4.2. Radiation/Irradiation 
 

Radiation is the only type of energy transfer that is taking place without any 
material medium. Any body with temperature higher than 0 K emits 
electromagnetic waves, which transfer energy away from it. Two ways of radiation 
mechanisms may occur: longwave radiation/irradiation and shortwave 
radiation/absorption (see Figure 3.5). Longwave radiation/irradiation is related to 
the body energy emission in the form of infrared rays due to its temperature. In 
comparison to longwave radiation, shortwave radiation contains more energy. 
Shortwave radiation is the transfer of radiant energy that has both forms: ultraviolet 
and visible light. 
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Figure 3.5 Radiative heat transfer between environment and a solid: a) shortwave and b) longwave 

  
The solar energy enters to the atmosphere as a shortwave radiation. Solar 

absorption is the heat flux absorbed by the concrete surface through exposure to 
incoming solar radiation. Schindler et al. (2002) provide Equation (3.32) to assess 
the solar energy (푞 	) absorbed by the concrete surface, where 훽  is the solar 
absorptivity, 퐼  is the intensity factor to account for angle of sun during a 24h day 
and 푞  is the instantaneous solar radiation. 

 
푞 = 	 훽 ∙ 퐼 ∙ 푞  (3.32) 

 
The solar absorptivity can vary from 0, in case of an ideal white-body to 1.0, 

in case of ideal black-body. For concrete, the solar absorptivity is a function of the 
surface color and usually ranges from 0.5 to 0.6. For comparison, black asphalt has 
a solar absorptivity of 0.9, which is a primary reason of high temperatures when 
exposed to sun. 

 
Intensity of solar radiation, assumed as a sinusoidal function during daytime 

as the solar radiation, is negligible during nighttime. The following function (Eq. 
(3.33) is introduced to evaluate the intensity factor to account for angle of sun 
during a 24h day, where	푡  is the reminder from division of simulation time to the 
current time of the day and 	푡  is the time of the day when solar intensity is the 
maximum, both in hours. 

	퐼 = 푚푎푥

⎩
⎨

⎧푐표푠 2휋
(	푡 − 	푡 )

24

0

 (3.33) 

 
Simulation time mentioned for Equation (3.33) is accumulative time, in 

hours, used for timing the simulation. The time of the day when solar intensity is 
reaching its maximum may differ through seasons, usually occurring from 12h00 to 
14h00. This function is adopted considering the needs of the modeling, so it can be 
edited or changed in case if needed. The change of the intensity factor depending on 
the time of the day depicted in Figure 3.6. 

 

a) b) 
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Figure 3.6 Intensity factor to account for angle of sun during 24h day 

 
The instantaneous solar radiation is a function of a cloud cover. Several 

values are provided in Table 3.10. 
 

Sky Conditions Solar Radiation, J, (W/m²) 
Sunny 1000 

Partly Cloudy 700 
Cloudy 300 

Table 3.10 Solar radiation dependence on sky conditions (Schindler et al.,2002) 
 
Longwave radiation occurs due to the temperature difference between the 

material and the environment. As opposed to radiation, irradiation, which affects 
the pavements surface, is heat transfer from pavement to the air. A good example is 
the lower than air temperatures of pavements at night i.e. night cooling effect. For 
description of these types of heat transfers, the Stafan-Bolztmann law is commonly 
used (see Eq. (3.34). 푞  is the heat flux from the surface, 휎 is the Stefan-Bolztmann 
radiation constant (5.67 ∙ 10 퐽/m²s°∁ ),	휀 is the surface emissivity of concrete, 푇  
and 푇  are the surface and night sky temperatures correspondingly.  

 
푞 = 	−휀 ∙ 휎 ∙ (푇 − 푇 ) (3.34) 

 
For concrete, the surface emissivity depends on the color. An ideal black body 

would have a value of 1.0 for surface emissivity. 
 

Night sky temperature cannot be assumed the ambient temperature 
measured directly in the place. Alnaser (1990) presents an approximation of night 
sky temperature based on the ambient temperature, given by Equation (3.35), 
where 푇  is the temperature of surrounding (air temperature).  

 

푇 = 	0.6 ∙ 푇  (3.35) 
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3.2.4.3. Evaporative Cooling 
 

The phenomenon when after the placement some amount of water rises to 
the surfaces from concrete mixtures called bleeding. This may happen because the 
water has lower specific gravity than other mixture components and therefore the 
latter tend to settle. This water gathers on the surface (see Figure 3.7) and 
evaporates upon the framework removal, which causes cooling.  

 
 

  
Figure 3.7 Accumulation of water on the surface of fresh concrete 

 
Equation (3.36) reported by Schindler et al. (2002) determines the heat flux 

due to evaporative cooling (푞 ), where 퐸  is the evaporative rate of water from 
concrete surface and ℎ  is the latent heat of vaporization. The latent heat of 
vaporization is the quantity of heat required to evaporate 1 gram of water. ℎ  is a 
function of the surface water temperature and approximated according to Equation 
(3.27), where 푇  is the temperature of surface water.  

 
푞 = 	−퐸 ∙ ℎ  (3.36) 

 
ℎ = 	2,500,000 + 1859 ∙ 푇  (3.37) 

 
In addition, the base can affect the temperature of the concrete. For this, the 

data should be gathered and applied in the surfaces of the CPs as conductive heat 
transfer. 

 
Overall, these are the major environmental factors, which can affect the 

temperature development in CPs. For precise modelling, each of them should be 
properly evaluated and applied. 
 

3.3. DEVELOPMENT OF THERMAL STRESSES 
 

Due to the heat release during hydration and the heat exchange with the 
environment, thermal gradients occur in concrete structures at early ages. The 
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magnitude of the thermal stresses depend on the magnitude of the temperature 
changes in concrete structures. In particular, stresses appear in the cross section of 
pavement because of temperature gradients along the thickness of the element. 
Therefore, the evolution of the thermal stresses in the design stage of CPs is 
significant. If not considered, the cracks may appear due to high thermal gradients 
and affect the lifetime of the structure.  

 
At early ages, temperature distribution along the thickness of CPs is not 

linear. The non-linear distribution (see Figure 3.8a) may be decomposed in three 
components as demonstrated in Figure 3.8. Figure 3.8b corresponds to the average 
of temperature. This generates uniaxial deformation. The second component (see 
Figure 3.8c) corresponds to the linear gradient and brings a curvature to the section. 
Finally, the third component (see Figure 3.8d) is the non-linear part that does not 
cause deformations in the slab, but generates self-equilibrating stresses. 

 

  
 (a) (b) (c) (d)  

Figure 3.8 Nonlinear Temperature Distribution 

 
Metha and Monteiro (2006) provide Equation (3.38) for an accurate 

estimation of the thermal stresses (휎 ). The equation assesses the stress both, 
during early ages and over the service life of pavement, taking into account the creep 
effect	(휑) and the degree of restraint (퐾 ). ∆푇 is the estimated temperature gradient 
in concrete, 훼  is the coefficient of thermal expansion of concrete and 퐸  is the 
modulus of elasticity. 

 

휎 = ∆푇 ∙ 훼 ∙
퐸

1 + 휑
∙ 퐾  (3.38) 

 
In addition, the deformations due to thermal gradients may bring to the 

curling of concrete slabs. Figure 3.9 shows two cases of deformation of slab caused 
by thermal stresses. Case (a) normally occurs if the upper layers of the slab have 
higher temperatures than the layers below. This situation may develop during 
daytime or hot seasons, when the ambient temperature and the solar radiation heat 
top surfaces of the slab. Case (b) occurs if the upper layers have lower temperatures 
than the ones below. This may occur during nighttime or cold seasons, when the  
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ambient temperature is lower than the temperature of base. Moreover, irradiation 
factor may favor it. 
 

 
Figure 3.9 Curling of a slab due to temperature change: a) downward curling and b) upward 

curling 

The thermal expansion coefficient (훼 ) plays a vital role in the evaluation of 
thermal stresses being the primarily responsible for volumetric changes in the 
concrete due to thermal gradients. Depending on the mix-design and the aggregates 
present in concrete, 훼   can vary. Table 3.11 shows the values of 훼  for concrete 
composites and the concrete itself during service life. Having the highest value of 훼  
among the listed composites, cement paste directly affects the coefficient.  

 
Material Coefficient of Linear Expansion (x10ˉ⁶/°C) 

Aggregate Type 
Granite 7-9 
Basalt 6-8 

Limestone 6 
Dolomite 7-10 
Marble 4-7 

Quartzite 11-13 
Sandstone 11-12 

Cement Paste 
0.4⩽ w/c ⩽ 0.6 18-20 

Concrete 
Concrete 7.4-13 

Table 3.11 Thermal expansion coefficients of concrete composites (Mindess and Young, 1981) 
 
In addition, higher values for 훼  are reported at the beginning of hydration 

(Azenha, 2009). Nevertheless, this variation is negligible after the first periods of 
hardening. Considering the factor that the modulus of elasticity is still very low at 
these periods, the influence of the variation of 훼  on the generated stresses is 
unimportant. Thus, a constant value for 훼  can be applied during all hydration 
process and thereafter. The value of 10ˉ⁶	 /°C	 is	 considered	 for	 the	
modelling(Schindler et al. ,2002; Azenha, 2009). 
 

a) b) 
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3.4. SUMMARY 
 

Chapter 3 presented the development of the thermal properties and the 
temperature profiles at early age concrete. The temperatures, so the thermal 
stresses, are seriously affected by boundary conditions and internal heat generation. 
Based on this chapter, the following conclusions may be considered: 
 

 
 Chemical composition of cement as well as the initial temperature of 

concrete are affecting significantly the heat generation in hydrating concrete. 
The amount of generated heat is affected mostly by the composition whereas 
heat generation rate is additionally affected by the initial temperature of the 
mix. 

 
 Since the presence of the fly ash is negatively affecting the hydration rate, it 

may be used to slow down the heat generation rates to avoid high 
temperatures at early ages to mitigate the risks of thermal cracking. 
 

 Thermal conductivity of concrete is significantly affected by the types of 
admixtures, aggregate volume fraction, w/c ratio and  hydration degree. At 
the beginning of hydration, the thermal conductivity is almost 33% greater 
than for hydrated concrete. 
 

 As opposed to the conductivity, the specific heat of concrete significantly 
depend on w/c ratio, temperature and water content, thus yielding higher 
values at early ages due to presence of more free water, which becomes 
chemically bound, during hydration. 
 

 In order to correctly predict the temperatures in young concrete, the correct 
determination and evaluation of boundary conditions, such as convection 
and radiation/irradiation is essential for modelling. 
 

 The magnitude of the thermal stresses depend on thermal gradients along 
the thickness of CPs. High thermal gradients may cause early age cracking by 
affecting the lifelong performance of the structure. 
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4. HUMIDITY	DIFFUSION	AND	
DRYING	SHRINKAGE	IN	

CONCRETE 
 

 

 

 

4.1. INTRODUCTION 
 

During the production of concrete more water is added than strictly required 
for cement hydration in order to guarantee the fresh concrete workability. As a 
result, two types of water appear in concrete: chemically bound and free water, 
which is contained in the pore structures. If the concrete specimen is not sealed, 
there is a humidity transfer from the concrete (HR=100%) towards the 
environment (HR<100%), followed by drying shrinkage. Consequently, a self-
compensated stress pattern with tensile stresses at the surfaces occurs. This may 
lead to cracking. The cracking may be avoided or minimized by applying appropriate 
curing methods and using proper cement types and concrete mixes. 

 
On the other hand, some of the water is consumed due to chemical reactions 

during hydration, which is also resulting to shrinkage. This type of shrinkage is 
called autogenous shrinkage. The water diffusion and corresponding drying 
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shrinkage occurring due to water loss from the concrete, as well as the phenomenon 
of autogenous shrinkage are discussed in this section. 

 

4.2. MOISTURE MOVEMENT IN CONCRETE 
 

Once exposed to the ambient, the concrete structures are starting to loss the 
water. Factors that affect the moisture loss from concrete are the ambient conditions 
and the size and the shape of the structural element. The moisture moves from high 
concentration regions to the low ones, leading to a non-uniform moisture 
distribution. This causes differential drying shrinkage. As stated previously, the 
assessment of the shrinkage in concrete is directly related with the evolution of the 
humidity during drying. For this reason, the moisture diffusion in concrete should 
be modeled accurately. 

 
The moisture flux in concrete is proportional to the gradient of the pore 

humidity. The Model Code 2010 (CEB-FIP, 2013) (MC2010, hereinafter) presents 
Equation (4.1) for humidity flow inside the concrete and the relationship to 
humidity diffusion coefficient, when the pore  relative humidity 0 < ℎ < 1 and 퐷(ℎ) 
is the humidity diffusion coefficient. 
 

휕ℎ
휕푡

= 푑푖푣(퐷	푔푟푎푑	ℎ) (4.1) 

 
The humidity diffusion coefficient is defined as a function of relative pore 

humidity. Equation (4.2), firstly reported by Bazant and Najjar (1971), allows 
assessing the humidity diffusion coefficient for isothermal conditions. The 
parameter 퐷  is the maximum of the 퐷(ℎ), when ℎ = 1.0, 훼 = 퐷 /퐷  where 퐷  is 
the minimum of the 퐷(ℎ) when ℎ = 0.0, ℎ  is the pore relative humidity when 
퐷(ℎ) = 0.5 ∙ 퐷  and 푛 is an exponent. 

 

퐷(ℎ) = 퐷 ∙ 훼 +
1 − 훼

1 + [(1 − ℎ) (1 − ℎ )⁄ ]  (4.2) 

 
According to Bazant and Najjar (1971), the value of 퐷 	may vary depending 

on several factors such as the w/c ratio or the strength of the concrete. According to 
the MC2010 퐷 	can be approximated by the means of Equation (4.3) ,where 퐷 , =
	3.6∙10ˉ⁶m²/h, 푓 =10MPa and 푓  is the characteristic compressive strength of 
concrete. 

 

퐷 =
퐷 ,

푓 /푓
 (4.3) 
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In Table 4.1 Bazant and Najjar (1972) have summarized various evaluations 
of values for constants 훼 ,	ℎ ,푛 and 퐷  for slab type of specimens by different 
authors. The specimens were reported to have different thickness, w/c ratios, mix 
proportions, ages and were exposed to different external conditions.  

 
Reference 1 2 3 4 

Parameters 
훼  - 0.05 0.05 0.05 
ℎ  - 0.75 0.75 0.75 
푛 - 16 16 16 

퐷 	(m²/h) 1.46∙10ˉ⁶ 0.60∙10ˉ⁶ 1.59∙10ˉ⁶ 0.78∙10ˉ⁶ 
Conditions 

Thickness 
3.81-

17.78cm 
1-2mm 15.24cm 30.48cm 

Environmental humidity 30%-40%  47% 
10%, 35%, 

50% 
10% 

Age (days) 7 - 7 7 
Test temperature (°C) 21.1-23.9 25 22.8±1 22.8 

w/c ratio 0.636 - 0.60 0.45 

Table 4.1. Moisture diffusion coefficient parameters, adopted from Bazant and Najjar (1972) 

 
The parameter ℎ 	characters the humidity at which the moisture diffusion 

coefficient drops half-way between its maximum and minimum values. The 
parameter 훼  represents the ratio of minimum and maximum values of 퐷(ℎ) and 
may range between 0.025 to 0.100, according to Bazant and Najjar (1972). The 
parameter 푛 characterizes the spread of the drop in 퐷(ℎ), which ranges between 6 
and 16. The variation of 퐷(ℎ) depending on those parameters is depicted in Figure 
4.1. One can see that the values of moisture diffusion coefficient are quiet stable for 
RH<60% and RH>90%, meanwhile there is a noticeable variation in between both 
ranges.  

 

Figure 4.1 Changes in ℎ ,	훼  and 푛, affecting moisture diffusion coefficient 

 
Kim and Lee (1999) presented a model to evaluate the moisture diffusion for 

two concrete specimens with different mixes, where the w/c ratio and aggregate 
composition are different. In both cases ASTM Type I ordinary Portland cement was 

0

0.2

0.4

0.6

0.8

1

0.4 0.6 0.8 1

D(
h)

/D
₁(h

)

h

hc=0.70 hc=0.75 hc=0.80a)

0

0.2

0.4

0.6

0.8

1

0.4 0.6 0.8 1

D(
h)

/D
₁(h

)

h

α0=0.025 α0=0.05 α0=0.10b)

0

0.2

0.4

0.6

0.8

1

0.4 0.6 0.8 1

D(
h)

/D
₁(h

)

h

n=6 n=9 n=16c)



44  Chapter 4 
____________________________________________________________________________________________________________________________________________________________________________________________________________________ 
 

___________________________________________________________________________________________________________________________________________________________________________________________________________________

Development of a coupled FE model for early age concrete behavior: Application to concrete pavements 

used. To assess the humidity diffusion coefficient, Equation (4.2) was used. The 
information about the mixes, w/c ratios as well as the constant values from Equation 
(4.2) that were used for modelling are summarized in Table 4.2. The parameter 퐷  
was derived from Equation (4.3). 

 
It should be mentioned that Equation (4.2) offered and validated by Kim and 

Lee (1999), referred as well by the MC2010, is valid for isothermal conditions for 
well cured hydrated concrete, meanwhile early age concrete would yield contrasting 
values of humidity diffusion coefficient. In the MC2010, the constants 훼 ,	ℎ ,푛 are 
approximated to 0.05, 0.80 and 15 respectively. 

 
 Mix I Mix II 

Parameters 
훼  0.05 0.05 
ℎ  0.80 0.80 
푛 15 15 

퐷 	(m²/h) 1.81∙10ˉ⁶ 1.00∙10ˉ⁶ 
Mix proportions 

w/c ratio 0.65 0.40 
Water (kg/m³) 202 172 

Cement (kg/m³) 310 430 
Sand (kg/m³) 740 661 

Gravel (kg/m³) 1020 1079 
푓  (MPa) 28 44 

Table 4.2 Moisture diffusion coefficient parameters (Kim and Lee, 1988) 
 
Moreover, Bazant and Najjar (1972) have found an influence of aging and 

temperature on moisture diffusion coefficient. The parameter 퐷  from Equation 
(4.4) can be derived according to Equation (4.5), which considers the age and the 
temperature. 퐷  is estimated to be 3.6∙10ˉ⁶m2/h,	 푡  is the equivalent age of the 
concrete in days, 푇  and 푇are reference (296K) and absolute temperatures in Kelvin 
respectively, 퐸  is the activation energy and 푅 is the universal gas constant (퐸 /푅 ≈
	4700 K). 

 

퐷(ℎ) = 퐷 ∙ 0.05 +
0.95

1 + 3 ∙ (1 − ℎ)
 (4.4) 

  

퐷 (푇, 푡 ) = 퐷 ∙ 0.3 +
13
푡

∙
푇
푇
푒푥푝

퐸
푅푇

−
퐸
푅푇

 (4.5) 

 
It should be noted that unlike to Equation (3.16) reported in the Chapter 3, 

Bazant (1988) in addition to the temperature considers the dependence of the 
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equivalent age on the humidity. Equation (4.6) presents this dependence, where 훽  
is the temperature and 훽  is the humidity effect on equivalent time, where the 
reference temperature is equal to 23°C. 

 

푡 = 훽 훽 훽 푑푡 ≈ 훽 훽 푑푡 (4.6) 

 
훽  is an empirical function of relative humidity of concrete and estimated by 

Equation (4.8). 훽  can be obtained by using Equation (4.8).  According to Bazant 
(1988), there might be dependence of hydration from stresses, thus 훽  is introduced 
to take into account the hydrostatic pressure component in concrete. Being a 
hypothesis, in the scope of this doctoral thesis this factor is ignored for modeling the 
hydration process.  

 

훽 = 푒푥푝
퐸
푅

1
273 + 푇

−
1

273 + 푇
 (4.7) 

  

훽 =
1

1 + (5 − 5 ∙ ℎ)
 (4.8) 

 
According to Equation (4.5), the moisture diffusion coefficient is higher when 

high than reference temperatures are observed in concrete, and via severs, if the 
temperature is lower than the reference value. On the other hand, the humidity 
diffusion coefficient is higher at earlier ages, then for well-hydrated concrete.. This 
is mainly because of the porosity of the material, which changes during hydration. 
In addition, the moisture diffusion coefficient is higher when the pore relative 
humidity is higher. The following graphs shown in Figure 4.2 summarize the effect 
of each abovementioned parameter separately on moisture diffusion coefficient.  

 
From Figure 4.2a, it can be concluded that the humidity drop affects 

significantly the hydration in a negative way and at the levels of 30% of relative 
humidity, the hydration rate almost equals to 0.  

 

 
Figure 4.2 Effect of a) humidity, b) temperature and c) age on humidity diffusion coefficient 
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Moreover, it can be seen an exponential growth in humidity diffusion 
coefficient, if the temperature of concrete increases more than 30°C. According to 
Figure 4.2b, the humidity diffusion coefficient is almost 4 times greater at 
temperatures close to 50°C and 2 times smaller at close to 0°C, than at reference 
temperature. Similarly, 퐷(ℎ) almost 5 times higher at very early ages, as shown in 
Figure 4.2c, than for well hydrated concrete. Thus, considering that at early ages the 
temperature of concrete is normally higher that surroundings, due to the hydration 
heat, the value of humidity diffusion coefficient may have tenfold of its value than 
for well cured and hydrated concrete. This is stressing the importance of the 
introduction of an equation, which consider all abovementioned factors. 

 
Equation (4.2) will be modified to Equation (4.9) and used along this study 

and modelling of early age concrete for humidity diffusion calculations. The constant 
parameters (훼 ,	ℎ ,푛) are the same as mentioned in Equations (4.2) and (4.4) and 
퐷  is as defined by Equation (4.3). 

 

퐷(ℎ) = 퐷 ∙ 0.3 +
13
푡

∙
푇
푇
푒푥푝

푄
푅푇

−
푄
푅푇

∙ 훼 +
1 − 훼

1 + [(1 − ℎ) (1 − ℎ )⁄ ]  (4.9) 

 

4.3. EVAPORATION FROM EXPOSED SURFACES 
 

Hydrating concrete carry two types of water: the water kept in capillary and 
gel pores, which is evaporable water and non-evaporable water, combined with 
cement and other hydration products. Figure 4.3 presents the volume relationships 
among the components of paste during hydration. 

 

 
Figure 4.3 Volume relationships among constituents of hydrated pastes (Mindess and Young, 1981) 
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During hydration, the space available in the capillary pores is filled with the 
hydration products, thus decreasing capillary porosity and increasing the amount of 
gel pores. This leads to the limitation of movement of moisture through capillary 
pores. The reduction of capillary pores reduces the rate of evaporation 
(Mukhopadhyay et al., 2006). Water available in capillary pores evaporates when 
concrete is exposed to the ambient conditions. As the humidity loss occurs mostly 
from the exposed surfaces, the humidity gradient reaches highest values near the 
surfaces, which may bring to surface cracking.  

  
At the boundaries, an appropriate relative humidity factor is applied, which 

depends on the relative humidity values of surroundings. The boundary conditions 
on exposed surfaces are given by Equation (4.10), where 휕ℎ/휕푛 is the moisture 
gradient at the drying surface identified by unit normal (푛), ℎ  is the environmental 
humidity, ℎ  is the drying surface humidity and	푓 (m²/h )is the surface factor,. 

 

퐷(ℎ)
휕ℎ
휕푛

= 푓 ∙ (ℎ − ℎ ) (4.10) 

 
Sakata (1983) reports that the surface factor has a close relationship with 

the concrete water-cement ratio. Based on number of experiments, Equation (4.11) 
is established for approximation of surface factor as a function of w/c ratio. Kwak et 
al. (2006) uses the same approach of evaluation of surface factor. 

 
푓 = 2.17 × 10 (푤 푐) − 8.56 × 10⁄  (4.11) 

 
Another approach may be used to adopt the surface factor i.e. humidity 

convective coefficient depending on the ambient humidity and temperature, 
temperature of exposed surface of concrete as well as the wind speed. For 
approximation of surface factor, evaporation rate models for concrete surfaces are 
used. Moreover, to avoid plastic shrinkage cracking at very early ages, the control 
over evaporation rates is significant. The evaporation may be controlled and 
minimized at early age by using appropriate curing methods. 

 
The commonly used method to assess the evaporation rates from concrete 

surfaces is shown on the nomograph in Figure 4.4. This nomograph is proposed by 
ACI 305R (1996) and is based on Menzel’s (1954) formula. This method allows to 
consider the concrete and the air temperatures, wind speed and relative humidity 
factors. The nomograph provides a graphical method for evaluation of the moisture 
loss from concrete surfaces under various environmental conditions. Air 
temperature and relative humidity should be measured from 1.2 to 1.8 meters above 
the concrete surface. The wind speed is reported to be the horizontal wind speed at 
a level of approximately 0.5m from evaporating surface. 
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Figure 4.4 Effect of concrete and air temperatures, relative humidity, and wind speed on the rate of 

evaporation of surface moisture from concrete 
 
Uno (1998) reports equivalent to the chart equations to evaluate the 

evaporation from surfaces (see Eq. (4.12)). This equation is based on Menzel’s 
(1954) formula that considers the vapor pressures of air and of saturated surfaces. 
The formula incorporate the vapor pressure values with correlation coefficient of 
0.99. Hence, there is no need to calculate the vapor pressures. 푇  and 푇  are the 
concrete surface and ambient temperatures (°C ) correspondingly, 푅퐻(%) is the 
relative humidity of ambient and 푉  (km/h ) is the wind speed. 

 

퐸푅 = 5 ∙ (푇 + 18) . −
푅퐻
100

∙ (푇 + 18) . ∙ (푉 + 4) × 10  (4.12) 

 
Another approach to assess the water loss from the exposed surfaces of a 

concrete member was proposed by Bazant and Najjar (1972). The authors assume 
an additional thickness to the specimen that is the equivalent surface thickness for 
calculations of moisture loss through exposed surfaces. In case of perfect insulation, 
the value for equivalent thickness is approaching to infinite. Contrarily, if the 
insulation is not considered or the equivalent thickness is zero, the surface has 
infinite emissivity. 

 
To consider all the possible environmental factors that affect the water loss 

from concrete surfaces, such as temperature, ambient relative humidity and wind 
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velocity, Equation (4.12) has been considered in the numerical model developed 
herein. It should be noted that the inner variation of relative humidity due to self-
desiccation is mostly neglected and only considered when high-strength concretes 
are analyzed. Therefore, as this research is focused on concrete pavements that are 
usually produced with normal compressive strength concretes (25 MPa ≤	fc ≤	50	
MPa), self-desiccation neglected. 

 
In addition, the base or subbase may affect the humidity change in concrete 

so the constant value may be applied depending on the sealing type or the type of 
base or subbase. In general, these are the major factors affecting the humidity 
changes in concrete. The proper calculation and application of the discussed models 
will guide to percise results. 

 

4.4. DRYING SHRINKAGE OF CONCRETE 
 

Drying shrinkage in concrete occurs due to drying of free water from pores. 
It can be one of the main reasons of concrete structure deterioration. As a result of 
drying shrinkage, contraction occurs in concrete member. The shrinkage in concrete 
members is normally limited by external or internal restraints. Due to combination 
of both, contraction and restraint, tensile stresses generate. If the tensile stresses 
exceed the tensile strength, they cause cracking. Figure 4.5 demonstrates a process 
of cracking due to drying shrinkage for a restrained specimen. 

 

  
Figure 4.5 Drying shrinkage causing cracking 

 
In case of CPs, when the construction is directly exposed to the environment, 

top surfaces lose free water faster than the bottom ones, which can be saturated for 
a longer period (e.g., water table, plastic sheets). This creates non-linear moisture 
gradients through the slab thickness, which generates differential shrinkage. This 
shrinkage creates internal tensile stresses close to top surface areas of pavement, 
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where drying occurs most, and compression stresses in bottom parts. Depending on 
the size and the degree of restraints of CP slab, the stresses generated by the 
restrained shrinkage can exceed the tensile strength and cause cracking. Figure 4.6 
demonstrates the development of tensile and compressive stresses in CP due to 
drying shrinkage. 

 

 

Figure 4.6 Development of tensile and compressive stresses due to drying shrinkage 

 
According to Mukhopadhyay et al. (2006), for a concrete member exposed to 

environmental conditions, approximately 15%-20% of the ultimate shrinkage 
occurs within the first two to three weeks and about 80% within one year. Factors 
affecting the ultimate shrinkage in concrete are found to be aggregate types and 
content, relative humidity, water content and w/c ratio. The relative humidity, size 
of the concrete member and drying time reported to be responsible for moisture 
loss rate (ACI 224R, 2001). 

 
Thus, in order to assess the drying shrinkage the precise relationship 

between the pore relative humidity and the shrinkage at each part of the concrete 
structure is significant. Bazant and Chern (1985) introduces Equation (4.13) to 
evaluate the free drying shrinkage strain with no restraint and stress available, 
when the whole specimen shrinks uniformly. This equations is used by other 
authors widely. The parameter 푡  in the equation is the time when the drying starts, 
∆ℎ is the change in pore relative humidity, 푘 (푡) = 휀 ∙ 푔 (푡) is the shrinkage 
coefficient, where 휀  is the shrinkage on complete drying and 푔 (푡) = 퐸(푡 ) 퐸(푡)⁄ . 
퐸(푡 ) and 퐸(푡) are the values of  modulus of elasticity at starting of the drying 
process (푡 ) and at time 푡 corresnpondingly.  
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∆휀 (푡, 푡 ) = 푘 (푡) ∙ ∆ℎ (4.13) 

 
Bazant and Chern (1985) present the shrinkage values on complete drying 

obtained experimentally from various authors and summarized in Table 4.3. The 
specimens from the experiments were varying by sizes and shapes, water-cement-
sand-aggregate ratios, cement types, strengths of concrete and humidity 
diffusivities. Thus, the estimation of the ultimate shrinkage is a complex issue and in 
most of studies, it was introduced as an empirical constant. 

 
Reference 

Specimen 
Type 

Size (cm) wat:cem:sand:aggr 
Cement 

Type 
풇풄풌 

(MPa) 
푫ퟎ 

(mm2/day) 휺ퟎ 

1 Cylinders 10.16x35.56 0.59:1:2:3.67 I 17.2 7.74 0.0017 
2 Prisms 7x7x28 0.49:1:1.75:3.07 NA 34.8 3.95 0.001 
3 Cylinders 1.52x4.06 0.425:1:2.03:2.62 II 50.5 9.03 0.00055 

4 Cylinders l: 10-61, 
d: 4.57-14.73 

0.71:1:3.3:2.7 III 41.4 15.80 0.0012 

5 Cylinders 7.6x25.5 0.5:1:2:4 I 44.2 7.74 0.0008 
6 Prisms 10.16x15.24x50.8 0.4:1:2:3 III NA 7.75 0.008 
7 Beams 5.08x5.08x81.28 0.5:1:2.08:2.42 NA NA 6.45 0.0008 

Table 4.3. Ultimate drying shrinkage values, adopted from Bazant and Chern (1985) 
 
Nevertheless, MC2010 provides Equation (4.14) to assess the ultimate 

drying shrinkage (휀 ), which considers the environmental relative humidity (RH%). 
The parameter 푓  (MPa) is the mean compressive strength of the concrete at age 
of 28 days, 훼  and 훼  are coefficients that depend on the type of the cement 
according to Table 4.4 and parameter	훽  is a function of strength defined by 
Equation (4.16). 

 
휀 (푓 ) = [(220 + 110 ∙ 훼 ) ∙ exp	(−훼 ∙ 푓 )] ∙ 10 ∙ 훽  (4.14) 

 

훽 = −1.55 ∙ 1 −
푅퐻
100

0.25, 푓표푟	푅퐻 ≥ 99%
, 푓표푟	40 ≤ 푅퐻 ≤ 99% ∙ 	훽  (4.15) 

 

훽 =
35
푓

.

≤ 1.0 (4.16) 

 
Strength class of cement 휶풅풔ퟏ 휶풅풔ퟐ 

32.5 N 3 0.013 
32.5 R, 42.5 N 4 0.012 

42.5 R, 52.5 N, 52.5 R 6 0.012 

Table 4.4 Coefficients 휶풅풔ퟏ,휶풅풔ퟐ useq in equations 
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A similar model is offered by Model B3 from Bazant and Baweja (1995) 
where drying shrinkage depends on the drying time and the humidity. According to 
this model, the shrinkage in the cross section at drying is calculated by Equation 
(4.17), where 푆(푡) is a time function defined by Equation (4.18), 푘 (푡) is the 
humidity dependence determined by the system (4.19) and 휀  is the ultimate 
shrinkage given in Equation (4.22). 

 
휀 (푡, 푡 ) = −휀 ∙ 푘 (푡) ∙ 푆(푡) (4.17) 

 
 

Time dependence:  

 푆(푡) = 푡푎푛ℎ
푡 − 푡
휏

/
 (4.18) 

 푡: age of concrete, days,  
 푡 : age when drying begins, days,  

 휏 : shrinkage half-time, days,  Eq. (4.20)   
 

Humidity dependence:  

 푘 =
1 − ℎ ,																																				ℎ ≤ 0.98
−0.2,																																								ℎ = 1

linear	interpolation,					0.98 ≤ ℎ ≤ 1
 (4.19) 

 
Size dependence:  

 휏 = 푘 (푘 퐷)  (4.20) 
 퐷 = 2푣/푠 , effective cross section,  
 푣/푠 : volume-surface ratio,  

 
푘 : cross-section shape factor, 
 

 

 
 

푘 =

⎩
⎪
⎨

⎪
⎧

1.0,
1.15,
1.25,
1.30,
1.55,

 

an infinite slab 
an infinite cylinder 
an infinite square prism 
a sphere 
a cube 

 
 
 
 
 

 
 푘 = 8.5 ∙ 푡 . ∙ 푓 / (days/cm²) (4.21) 

 
Time dependence of ultimate shrinkage: 
 

 

 휀 = 휀 ∙
퐸(607)

퐸(푡 + 휏 )
 (4.22) 

 
Alvaredo (1995) introduces another model for evaluation of shrinkage strain 

related to the humidity change expressed by Equation (4.23), where 훼 (ℎ) is the 
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drying shrinkage coefficient and ∆ℎ is the change in pore relative humidity. The 
shrinkage strain increment ∆휀  of an element is considered proportional to the 
change in relative humidity of concrete.  

 
∆휀 = 훼 (ℎ) ∙ ∆ℎ (4.23) 

 
According to Alvaredo (1995) drying shrinkage coefficient 훼 (ℎ) depends 

on relative humidity values of concrete. The graph on Figure 4.7 shows the 
relationship between the shrinkage coefficient and the relative humidity of two 
different mortars obtained experimentally. 

 

 
Figure 4.7  Relationship between shrinkage coefficient and relative humidity (Alvaredo,1995) 

 
According to the author, the shrinkage deformation at a certain moment is 

not material property, but depends on the size and the geometry of the deformed 
specimen, drying and the response of the specimen to stress state. Thus, to 
overcome the problem to include all the abovementioned factors, Alvaredo (1995) 
approximates a constant value for 훼 (ℎ), which is independent from humidity by 
Equation (4.24). The parameter 푙 is the gauge length and ∆푙 →  is the experimentally 
determined gauge length change of corresponding to the hygral equilibrium with 
ambient conditions.   

  

훼 =
∆푙 →
푙∆ℎ

 (4.24) 

 
Another model to determine the shrinkage coefficient is developed by 

Jafarifar et al. (2014). The shrinkage coefficient, as a function of moisture content, is 
back calculated using free shrinkage test results. The change of shrinkage coefficient 
due to the change in moisture content is described by a power function depicted in 
Equation (4.25), where 퐶  and 퐶 are the reference and actual (kg of water/kg 
saturated water content) moisture contents respectively. According to the author, 
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the constant parameters 푎 and 푏 are obtained by inverse analysis for different 
experimental concrete mixes and are presented in Table 4.5. The relationship of the 
humidity and the drying shrinkage coefficients of different concrete mixes are 
illustrated in Figure 4.8. 

 
훼 = −푎 ∙ (퐶 − 퐶)  (4.25) 

 
 

Concrete mix 풂 풃 

Plain CC 1.1e-3 0.35 
SFR-CC 0.9e-3 0.4 

Plain RCC 2.5e-3 0.8 
SFR-RCC 1.9e-3 0.9 

Table 4.5 Back-Calculated constant parameters (Jafarifar et al., 2014). 

 
It can be seen that similar to Alvaredo’s (1995) model, the shrinkage 

coefficient reported by Jafarifar et al. (2014) has higher values when the concrete 
humidity is higher. On the other hand, the model reported by Jafarifar et al. (2014) 
derived higher values for the drying shrinkage coefficient in comparison to those 
proposed by Alvaredo (1995). Reasons might be different, such as different w/c 
ratios, concrete mixes and aggregates that were used in the experimental programs. 
Before applying in the modelling, experimental data should be used to calibrate the 
constant parameters in both equations.  

 

 
Figure 4.8 Relationship between drying shrinkage coefficient and relative humidity of concrete (Jafarifar 

et al., 2014) 
 
Peng and Liu (2013) carried out inverse analysis to derive the constitutive 

parameters related to concrete drying shrinkage. These authors established a range 
0.0005 < 훼 < 0.0030. Alvaredo’s (1995) model is adopted to this range and used 
in the scope of this study and the modelling. 
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4.5. AUTOGENOUS SHRINKAGE 
 

Autogenous shrinkage is defined as a change in concrete volume occurring 
without moisture transfer to the environment, as a result of chemical reactions 
developing in cement components during hydration. Bazant (1988) approximated 
the values of autogenous shrinkage to be 5% of drying shrinkage, thus many studies 
are neglecting the presence of this component of shrinkage in calculations. On the 
other hand, Tazawa (1999) is stressing the significance of consideration of 
autogenous shrinkage in some types of concretes summarized in Table 4.6. These 
types are high strength, self-compacting and massive concretes. 

 

Concrete Type Mix Proportions and Materials 

High strength concrete 
Binder content: 450~600 kg/m3; Water to binder ratio: 0.25~0.40; 
Mineral admixture: Silica fume, Blast-furnace slag and Anhydrite; 
Chemical admixture: AE high range water reducing agent 

Self-compacting 
concrete 

Binder content: 350~500 kg/m3; Water to binder ratio: 0.30~0.60; 
Mineral admixture: Blast-furnace slag, Lime stone powder, Fly ash; 
Chemical admixture: AE high range water reducing agent, Viscosity 
controlling agent (cellulose type, acrylic type and glucose type) 

Massive concrete 
Binder content: 250~350 kg/m3; Water to binder ratio: 0.45~0.60; 
Cement: Low-heat cement, Blended cement; Mineral admixture: 
Blast-furnace slag, Fly ash 

Table 4.6 Materials and mix proportions of concretes (Tazawa, 1999) 
 

 Thus, to model CPs as a particular case of massive concrete, the autogenous 
shrinkage phenomenon becomes significant factor to include. This will allow to 
accurately evaluate the stresses and prevent or minimize possible cracks in 
construction. EHE-08 (CPH, 2008) provides Equation (4.26) to assess the 
autogenous shrinkage along time, which depends on the compressive strength and 
is valid for concretes 20MPa<푓 <100MPa. The parameter 훽 (푡) = 1 −
exp	(−0.2푡 . ) is a function of time and  
휀 , = −2.5 ∙ (푓 − 10) ∙ 10¯⁶ is the ultimate autogenous shrinkage, where  
푓 (MPa) is the characteristic compressive strength of concrete.  

 

휀 (푡) = 훽 (푡) ∙ 휀 ,  (4.26) 
 
MC2010 classifies concrete types based on its compressive strength. The 

grade of concrete is defined as the value of its characteristic compressive strength. 
Various concrete grades and their strength values are depicted in Table 4.7. 
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Concrete Grade C12 C16 C20 C25 C30 C35 C40 C45 C50 C55 C60 C70 C80 C100 

풇풄풌 12 16 20 25 30 35 40 45 50 55 60 70 80 100 

풇풄풌,풄풖풃풆 15 20 25 30 37 45 50 55 60 67 75 85 95 115 

Table 4.7 Characteristic strength values of normal weight concrete, MPa (CEB-FIP, 2013). 
 

Figure 4.9 illustrates the curves for autogenous shrinkage that are 
constructed according to the concrete grades to emphasize the difference in 
shrinkage depending on the strength of the concrete. One can observe higher values 
of autogenous shrinkage strain for higher concrete grades concretes. Moreover, it 
can be noticed that about 40% of autogenous shrinkage generates during the first 
10 days. 

 
Figure 4.9 Autogenous shrinkage during time related to different concrete grades  

 

4.6. SUMMARY 
 

Chapter 4 presented the types of shrinkage such as drying and autogenous, 
as well as the movement of moisture in concrete members and from the surfaces. 
The following conclusions are considered: 

 
 The variation of the values of humidity diffusion coefficient is not only due to 

the strength classes of concrete and humidity levels, but also the temperature 
and age. Literature review stresses the importance of including both 
parameters while analyzing early age moisture diffusion. 
 

 The values of humidity diffusion coefficient are constant in the humidity less 
than 60% and more than 90%, meanwhile between these values the change 
rate of those values are noticeable.  
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 Humidity transfer coefficient depends on ambient humidity, temperature of 

exposed surface of concrete member as well as the wind speed and w/c 
ratios. 
 

 To assess the risk of plastic shrinkage cracking at very early ages, the 
evaporation rates from exposed surfaces of concrete members should be 
controlled. 
 

 Hydrating concrete carry two types of water: the water kept in capillary and 
gel pores, which is evaporable water and non-evaporable water, combined 
with cement and other hydration products. The first one is responsible for 
drying shrinkage and the second for autogenous shrinkage. 
 

 Drying shrinkage, that generates the tensile stresses and the surface cracks, 
is influenced by the aggregate types and content, relative humidity, water 
content and w/c ratio as well as by the age of the concrete. According to 
several studies, the variation of the drying shrinkage coefficient may be great, 
depending on several factors, affecting the results of calculations. Thus, if 
data about shrinkage coefficient is missing, experimental program should be 
set to assess it. 
 

 Several studies suggest that drying shrinkage coefficient does not depend on 
humidity, and others provide nonlinear or linear dependency. Both methods 
found sufficient for analysis of drying shrinkage phenomena so using a 
constant value, in case if experimental data is missing, will provide precise 
results. 

 
 In several studies, autogenous shrinkage is evaluated as negligible factor, 

thus not considered in analysis. On the other hand it is suggested to take into 
account that phenomenon while modeling high-strength, self-compacting or 
massive concretes. For high grade concretes autogenous shrinkage is higher 
than for low grades. 
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5. MECHANICAL	PROPERTIES	
OF	CONCRETE 

 
 
 
 
 
 

5.1. INTRODUCTION 
 
In order to assess stress patterns and the risk of cracking due to thermo-

hygrometrical phenomena during early age of concrete, the time–dependent 
mechanical properties of the material (modulus of elasticity, compressive and 
tensile strengths, Poisson’s ratio and creep) along with the thermal and humidity 
gradients should be evaluated. During the hydration, these properties might change 
dramatically. At mature ages, the changes are so slow that constant values may be 
considered along the life of the structure. On the other hand, the viscoelastic 
properties of concrete, such as creep and creep related relaxation, should be 
considered for simulating the behavior at early ages.  

 
Mechanical properties of concrete depend on several factors, these being 

primarily the cement dosage, cement types, aggregates, environmental and curing 
conditions. There are number of models that evaluate the development of the 
mechanical properties of concrete and several are discussed within this chapter. 
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5.2. STRENGTH OF CONCRETE 
 
Strength is a general term referring to the capacity of the material to resist a 

load. The term strength can refer to the compressive or the tensile strength of the 
material, as concrete is brittle in tension, but relatively resistant in compression. 
Thus, these characteristic values differ from each other. The chart shown in Figure 
5.1 summarizes the numerous factors that affect the strength of the concrete.  

 
 

 

Figure 5.1  Interplay of factors influencing the concrete strength (Mehta and Monteiro, 2006). 
 

The compressive strength (푓 ) is one of the most important characteristics of 
the concrete and can be determined through specimen tests (AENOR, 2009). The 
compressive strength is usually referred to its characteristic value (푓 ) at 28 days. 
The characteristic strength is defined as the strength of the concrete below which 
not more than 5% of the test results are expected to fall. This value is applied for 
design and analysis of concrete structures (CEB-FIP, 2013).  The mean value of 
compressive strength (푓 ) can be estimated based on 푓  by using Equation (5.1), 
both at ages of 28 days, where ∆푓 =8MPa. As mentioned previously in Table 4.7, 
MC2010 describes the concrete grade according to characteristic compressive 
strength values. 

 
푓 = 푓 + ∆푓 (5.1) 
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To assess the mean compressive strength of the concrete another model is 
provided by GL 2000 (Gardner, 2004). The relationship between the 푓  and 푓  at 
28 days in MPa is given by Equation (5.2). 

 
푓 = 1.1 ∙ 푓 + 5 (5.2) 

 
According to Mehta and Monteiro (2006), while working with massive 

concrete structures, where steel reinforcement is not used to resist the tensile 
stresses in cracked regions, the assessment of the tensile strength of concrete (푓 ) 
becomes crucial. The factors influencing 푓  are similar to those affecting 푓 . 
Nevertheless, according to the Model Code 90 (MC90, hereinafter) (CEB-FIP, 1993) 
푓  can be further affected by the shape and the surface texture of aggregates. 
MC2010 provides Equation (5.3) to assess the average value the tensile strength of 
concrete (푓 ) at 28 days.  

 

푓 =
0.3 ∙ (푓 ) ⁄ ,																																				for	푓 ≤ 50	MPa
2.12 ∙ 푙푛 1 + 0.1 ∙ (푓 + ∆푓) ,			for	푓 > 50	MPa	

 (5.3) 

 
Besides, MC2010 suggests to estimate the lower and the upper values for 

characteristic tensile strength (푓 , ,푓 , ) using Equations (5.4) and (5.5). 
Table 5.1 may be used as reference for these values for different grades of concretes 
at mature ages. 

 
푓 , = 0.7 ∙ 푓  (5.4) 
푓 , = 1.3 ∙ 푓  (5.5) 

 
 
Concrete Grade C12 C16 C20 C25 C30 C35 C40 C45 C50 C55 C60 C70 C80 C100 

풇풄풕풎 1.6 1.9 2.2 2.6 2.9 3.2 3.5 3.8 4.1 4.2 4.4 4.6 4.8 5.2 

풇풄풕풌,풎풊풏 1.1 1.3 1.5 1.8 2.0 2.2 2.5 2.7 2.9 3.0 3.1 3.2 3.4 3.7 

풇풄풕풌,풎풂풙 2.0 2.5 2.9 3.3 3.8 4.2 4.6 4.8 5.3 5.5 5.7 6.0 6.3 6.8 

Table 5.1 Tensile strength for different concrete grades, MPa (CEB-FIP, 2013). 
 

5.3. MODULUS ELASTICITY OF CONCRETE 
 
Another key mechanical property of concrete is the stiffness of the modulus 

of elasticity (퐸 ), which is the ratio of increment stress to the increment of strain. 
According to Mehta and Monteiro (2006). 퐸  of concrete is affected by several 
factors that are  summarized in the chart illustrated in Figure 5.2. 
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Figure 5.2 Factors affecting Young’s Modulus of concrete (Mehta and Monteiro, 2006) 

 
MC2010 reports the relationship between the secant modulus of elasticity 

(퐸 ) and 푓  given by Equations (5.6) and (5.7), where	퐸  is the tangential modulus 
of elasticity at 28 days. The constant 훼  is the aggregate qualitative coefficient that 
depends on the types of aggregates and summarized in Table 5.2. 훼  is a parameter 
that depends on 푓  and defined by Equation (5.8). 

 

퐸 = 21.5 ∙ 10³ ∙ 훼 ∙ (푓 /10) ⁄  (5.6) 

퐸 = 훼 ∙ 퐸  (5.7) 

훼 = 0.8 + 0.2 ∙
푓
88

≤ 1.0 (5.8) 

 
Types of Aggregates 휶푬 

Basalt, dense limestone aggregates 1.2 

Quartzite aggregates 1.0 

Limestone aggregates 0.9 

Sandstone aggregates 0.7 

Table 5.2 Aggregate qualitative coefficient (CEB-FIP, 2013) 
 
Table 5.3 may serve as a reference for the values of secant and tangential 

modulus of elasticity for different grades of concretes at mature ages. 
 

Concrete 
Grade 

C12 C16 C20 C25 C30 C35 C40 C45 C50 C55 C60 C70 C80 C100 

푬풄풊 27.1 28.8 30.3 32.0 33.6 35.0 36.3 37.5 38.6 39.7 40.7 42.6 44.4 47.5 

푬풄 22.9 24.6 26.2 28.0 29.7 31.4 33.0 34.5 36.0 37.5 38.9 41.7 44.4 47.5 

휶풊 0.845 0.855 0.864 0.875 0.886 0.898 0.909 0.920 0.932 0.943 0.955 0.977 1.0 1.0 

Table 5.3 Tangent modulus and reduced modulus of elasticity, GPa (CEB-FIP, 2013). 
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More models are available to assess the mean modulus of elasticity 
(퐸 ,MPa), provided by the ACI Building Code 318 (2005), Spanish Code (2008), 
Eurocode 2 (CEN 1992), Brazilian Standard ABNT NBR 6118 (2004), GL 2000 
(Gardner, 2004). All of these are summarized in Table 5.4.  

 
MC 2010 (2013) 퐸 = 2.15 ∙ 10 ∙ 훼 ∙ (푓 /10) /  (5.9) 

ACI 318R (2005) 퐸 = 휌 . ∙ 0.043 ∙ 푓  (5.10) 

ABNT-NBR 6118 (2004) 퐸 = 5600 ∙ 푓  (5.11) 

EHE-08 (2008) 퐸 = 8500 ∙ 푓  (5.12) 

EUROCODE2 (1992) 퐸 = 2.2 ∙ 10 ∙ (푓 /10) .  (5.13) 

GL 2000 (2004) 퐸 = 3500 + 4300 ∙ 푓  (5.14) 

Table 5.4 Several models to assess the modulus of elasticity 

 
Table 5.5 summarizes the values of 퐸  for 28 day concrete according to the 

models mentioned in Table 5.4 . The comparison shows the differences in the values 
of 퐸  obtained from those models while considering the same grade of concrete. 
Hence, to minimize the errors in modelling, the experimental results are 
recommended to use. In the scope of this study, the equations from MC2010 were 
used for modelling. 

 

 

5.4. POISSON’S RATIO 
 
If the material is subjected to a load, the ratio of lateral strain to axial strain 

within elastic range is called Poisson’s ratio. According to Mehta and Monteiro 
(2006) the values of Poisson’s ratio for mature concrete, are reported to vary from 

풇풄풎(MPa) 
푬풄풎(GPa) 

MC2010 ACI 318R ABNT-NBR 6118 EHE-08 EUROCODE2 GL 2000 

20 22.9 22.6 19.4 23.1 27.1 22.7 

25 25.0 25.3 23.1 24.9 29.0 25 

30 26.9 27.7 26.3 26.4 30.6 27.1 

35 28.7 29.9 29.1 27.8 32.0 28.9 

45 32.0 33.9 34.1 30.2 34.5 32.3 

50 33.6 35.7 36.3 31.3 35.7 33.9 

Table 5.5 Elastic modulus according to different codes. 
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0.15 to 0.2. MC2010 provides values in range between 0.14 and 0.26 for the 
Poisson’s ratio of mature concrete. The Poisson’s ratio can be considered as a 
constant after hardening, but should be carefully evaluated at early ages since higher 
values are expected. 

 

5.5. EVOLUTTION OF MECHANICAL PROPERTIES OF CONCRETE AT EARLY AGES 
 
To evaluate the risks of cracking and the durability of the construction, the 

mechanical properties of concrete are not only significant to assess at mature ages, 
but also at early ages. Various models are able to assess the development of those 
parameters during the hydration depending on time, hydration degree, cement type, 
environmental conditions and other factors. 

 
According to MC2010, the compressive strength of concrete at time  푡 is 

influenced by various factors, such as the type and the strength class of cement used, 
admixtures, w/c ratio, curing time and ambient conditions. For a concrete cured 
under mean temperature of 20°C, Equation (5.15) is proposed for evaluation of 
compressive strength at age 푡, where  푓 ,  is the mean compressive strength (MPa) 
at age of 28 days and 훽 (푡) is a function that describes the strength development 
with time. The same approach for modelling 푓 (푡) is provided by EHE-08 (2008) 
and EUROCODE2 (1992). 

 
푓 (푡) = 훽 (푡) ∙ 푓 ,  (5.15) 

 
The parameter 훽 (푡) is determined by Equation (5.16), where 푠 is a 

coefficient that depends on the strength class of cement, described in Table 5.5, 
푡 (푇, 푡) is the concrete adjusted age in days taking into account the temperature 
defined by Equation (5.17). The parameter ∆푡  is the number of days where a 
temperature 푇	(°C) prevails and 푇(∆푡 ) is the mean temperature during time period 
∆푡 .  
 

훽 (푡) = 	푒푥푝 푠 ∙ 1 −
28
푡

.

 (5.16) 

 

푡 = ∆푡 ∙ 푒푥푝 13.65 −
4000

273 + 푇(∆푡 )
 (5.17) 
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풇풄풎 (MPa) Strength class of cement S 

≤60 
32.5N 

32.5 R, 42.5 N 
42.5 R, 52.5 N, 52.5 R 

0.38 
0.25 
0.20 

>60 All classes 0.20 

Table 5.6 Coefficients for different types of cement (CEB-FIP, 2013). 

 
For the strength development with time, GL 2000 (Gardner, 2004) provides 

the modification of the model from MC90.  The relationship between 푓 (푡) and  
푓 ,  is given in Equation (5.18), where 훽 (푡) is a function describe the strength 
development with time as shown in Equation (5.19). 푠 is a coefficient that depends 
on the type of cement and applied as 0.335 for Type I cement, 0.4 for Type II cement 
and 0.13 for Type III cement.  

 
푓 (푡) = 훽 (푡) ∙ 푓 ,  (5.18) 

  

훽 (푡) = 	푒푥푝
푠
2
∙ 1 −

28
푡

 (5.19) 

 
ACI 209.2R (2008) reports another model for assessing the compressive 

strength over time given by Equation (5.20), where a and b are constant parameters 
that depend on curing and cement type. These parameters are summarized in Table 
5.7. 

 

푓 (푡) =
푡

푎 + 푏 ∙ 푡
∙ 푓 ,  (5.20) 

 
 

Type of the 
cement 

Moist-cured concrete Steam-cured concrete 
a b a b 

I 4.0 0.85 1.0 0.95 

III 2.3 0.92 0.70 0.98 

Table 5.7 Values of the constant a and b (ACI 209.2R, 2008) 

 
To evaluate the tensile strength of concrete with time (푓 (푡)), EHE-08 

(2008) provided Equation (5.21), where 훼 is a coefficient that depend on the age of 
the concrete (푡) and 푓 . 훼 is defined in the system (5.22).  

 
푓 (푡) = 훽 (푡) ∙ 푓 ,  (5.21) 
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훼(푡,푓 ) =

⎩
⎪
⎨

⎪
⎧

1, if	t ≤ 28	days
2
3

, if	t ≥ 28days	and	푓 ≤ 50	MPa

1
2

, if	t ≥ 28days	and	푓 > 50	MPa

 (5.22) 

 
The estimation of the modulus of elasticity over time at age 푡 ≠28 days is 

given by Equation (5.23) from MC2010, where 퐸  is the tangential modulus of 
elasticity at 28 days calculated by Equation (5.6). 훽 (푡) is a coefficient that depends 
on the age of concrete and given in Equation (5.24).  

 
퐸 (푡) = 퐸 ∙ 훽 (푡) (5.23) 

  

훽 (푡) = 훽 (푡) (5.24) 
 
The model provided by GL 2000 (Gardner, 2004) relates the development of  

퐸 (푡) with time to 푓 (푡). This relationship is similar to the model for mature 
concrete provided by the same author and given by Equation (5.25). 

 
퐸 (푡) = 3500 + 4300 ∙ 푓 (푡) (5.25) 

 
A model introduced in the Model B3 from Bazant and Baweja (1995) relates 

the 퐸 (푡) and 퐸 ,  with Equation (5.28), where 푡 is the time in days. 
 

퐸 (푡) = 퐸 , ∙
푡

4 + 0.85 ∙ 푡
 (5.26) 

 
Kanstad et al. (2003b) proposed the modified equations (5.27)-(5.29) from 

MC90 for the modeling of the compressive strength, tensile strength and modulus of 
elasticity of concrete, by introducing a time-zero (푡 ) parameter. Time-zero 
parameter is the time when the stiffness and the strength of concrete are considered 
to be zero, and only after this time these start to increase rapidly. Time-zero 
parameter takes into account the adjustment of setting times for different mix 
temperatures or admixtures that can be used to accelerate or retard the hydration 
process.  This parameter guarantees the rational coupling between the strength 
development and hydration. According to Kanstad et al. (2003b) typical values for 
푡  may vary from 9 to 12 hours which corresponds to about 15%-20% of hydration. 
The parameter 푠 is a coefficient describing the curvature of the development of 
mechanical property versus time, parameters 푛푡 and 푛퐸 express the different 
shapes of the material properties. 
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Compressive Strength:  

 푓 (푡 ) = 푓 , ∙ 푒푥푝 푠 ∙ 1 −
28

푡 − 푡
 (5.27) 

 
 

Tensile Strength:  

 푓 (푡 ) = 푓 , ∙ 푒푥푝 푠 ∙ 1 −
28

푡 − 푡
 (5.28) 

 
 

Modulus of Elasticity:  

 퐸 (푡 ) = 퐸 ∙ 푒푥푝 푠 ∙ 1 −
28

푡 − 푡
 (5.29) 

 
 
Table 5.8 summarizes the parameters and the values of mechanical 

properties for six different concretes discussed by Kanstad et al. (2003a). The values 
of mechanical properties are reported to have statistical variations in the range of 
2%-9% according to Kanstad et al. (2003b). 
 

Parametric Values 

Concretes 푓 , (MPa) 푓 , (MPa) 퐸 , (GPa) 푠 푡 (hours) 푛푡 푛퐸 
REF-A 71.5 3.96 33.3 0.170 12 0.573 0.337 

BASIC-5 81.0 4.44 34.3 0.173 11 0.658 0.394 
BASIC-10 85.0 4.75 36.6 0.211 10 0.621 0.400 
BASIC-15 78.3 4.18 36.7 0.219 9 0.539 0.299 
REF STD 62.8 3.66 33.3 0.124 9 0.501 0.340 
REF FA 67.2 4.05 33.8 0.135 10 0.632 0.432 

Table 5.8 Parametric Values (Kanstad et al., 2003b). 
 

Figure 5.3 shows the evolution of mechanical properties in terms of their 
relative values during the hydration for BASIC-5 concrete mentioned in Table 5.8. 
The difference between these curves means that some properties develop faster 
than others do. According to the graph in Figure 5.3, the stiffness developes faster 
than the compressive or tensile strengths. In addition, the tensile strength 
development is faster than the compressive strength. However, these properties 
reach their maximum at the ultimate degree of hydration, where the relative values 
of these three is 1. 
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Figure 5.3 Relative strengths and stiffness development for the BASIC-5 Concrete according to the 

materials models (Kanstad et al., 2003b). 
 
De Schutter and Taerwe (1996) provided a model for evaluation of 

mechanical properties of concrete with time, where the development of mechanical 
properties are related to the degree of hydration. The evolutions of 푓 , 푓  and 퐸  can 
be expressed by one general form expressed in Equation (5.30). 훼 is the degree of 
hydration in the moment the mechanical property is evaluated and no mechanical 
property develops before the hydration reaches to the value of 훼 . 푓(훼) is the 
assessed mechanical property (푓 , 푓  or 퐸 ) at degree of hydration 훼 and 푎 is a 
parameter depending on the type of the cement and the mechanical property. 

 
푓(훼)

푓(훼 = 1)
=

훼 − 훼
1 − 훼

 (5.30) 

 
Table 5.9 summarizes some values for the parameters mentioned in Equation 

(5.30). In comparison with the model proposed by Kanstad et al. (2003b), in the 
model provided by De Schutter and Taerwe (1996) the role of time-zero parameter 
(푡 ) plays parameter α₀.  

 
Parametric Values 

Cement Type 훼  푓 (훼 = 1) 푎(푓 ) 퐸 (훼 = 1) 푎(퐸 ) 푓 (훼 = 1) 푎(푓 ) 
CEM I 52.5 0.25 50.0 MPa 0.84 37.0 GPa 0.26 2.8 MPa 0.46 

CEM III/B 32.5 0.25 32.5 MPa 1.40 37.0 GPa 0.62 2.1 MPa 0.88 
CEM III/C 32.5 0.29 30.0 MPa 0.97 37.0 GPa 0.43 1.9 MPa 0.78 

Table 5.9 Parametric Values (De Schuttrer and Taerwe, 1996) 
 
The graph on Figure 5.4 presents the development of the mechanical 

properties with their relative values for concrete with CEM I 52.5 cement against 
the degree of hydration. It can be seen that the properties start to develop in the 
moment when the degree of hydration is reaching to 0.25, as defined by Table 5.9. 
These trends are similar to the Kanstad et al. (2003b) model. 
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Figure 5.4 Relative strength and stiffness development for the concrete with CEM I 52.5 type of cement 

(De Schuttrer and Taerwe, 1996) 

 
In the abovementioned models, the development of mechanical properties of 

concrete are quiet similar: in one case the changes are considering maturity time, in 
another the hydration degree. The model by De Schutter and Taerwe (1996) is used 
in the scope of this study, because the model is based on the hydration degree of the 
concrete. In addition, the relationships between the parameters and degree of 
hydration to be more convenient for modeling.  

 
Furthermore, according to De Schutter and Taerwe (1996), at the very 

beginning of hydration, the values of Poisson’s ratio may reach up to 0.5. Figure 5.5 
shows the evolution of the Poisson’s ratio of concrete during the hydration. De 
Schutter and Taerwe (1996) suggest Equation (5.31) to describe the change of 
Poisson’s ratio, depending on degree of hydration, where 훼 is the hydration degree. 

 
 

휈(훼) = 	0.18 sin
휋훼
2

+ 0.5푒  (5.31) 

 
 

 
Figure 5.5 Poisson’s Ratio during hydration (De Schuttrer and Taerwe, 1996) 
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5.6. VISCOLESASTIC BEHAVIOUR OF CONCRETE AT EARLY AGES 
 
The temperature variation and the drying shrinkage are significant factors 

that affect cracks of concrete at early ages and the subsequent durability of the 
structures. In addition, several factors such as the degree of restraint of concrete 
member, the mechanical properties and creep related relaxation might influence the 
cracking mechanism. 

 
Under the loads, concrete have both elastic and inelastic strains coupled with 

the shrinkage. Thus, concrete is not totally brittle material but viscoelastic. The 
viscoelastic properties of concrete may cause a gradual decrease of stress as 
depicted in Figure 5.6. In this figure, it can be noticed varying predicted cracking 
time depending on weather stress relaxation is taken into account, otherwise, only 
shrinkage is restrained without the possibility of stress relief. Some studies (Gao et 
al., 2013, Jin-Sun et al., 2014) report the calculated stresses at early age concrete, to 
be up to 55% less, when solidifying viscoelastic properties are considered in 
comparison to those models where concrete is modeled as elastic material. 

 

 
Figure 5.6 Influence of shrinkage and creep on concrete cracking (Mehta and Monteiro, 2006) 

 
The phenomenon of a gradual increase in strain with time under a given level 

of sustained stress is called creep. The phenomenon of gradual decrease in stress 
with time under a given level of sustained strain is called stress relaxation (Mehta 
and Monteiro, 2006). Hence, the total strain in concrete may be described by the 
composition of elastic strain, shrinkage or expansion strain and the creep, as 
depicted in Figure 5.7.  

 
Basic creep is the creep appearing at both constant temperature and 

humidity under a constant stress. Drying creep is the additional creep that occurs in 
a specimen under the load, which is also drying. Thus, the total creep is the addition 
of drying and basic creep, as highlighted in Figure 5.7a.  
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In general, the strain-time curve for a material subjected to a creep is 
depicted in Figure 5.7b. Initially, the strain of the applied load is only present. Then 
three stages of creep are defined: primary, secondary and tertiary creep. In the 
range of primary creep, the creep rate decrease with time, meanwhile the secondary 
creep corresponds to the steady state creep rate. For normal levels of stresses, the 
primary creep may not be distinguished from the secondary creep. The tertiary 
creep may exist depending on the increase of stress. In concrete, this may appear 
because of micro-cracking at high stresses (over 40% of the compressive strength). 

 

  
Figure 5.7 Total strain of concrete with time a) and general form of ε‐t curve for materials 

subjected to creep b) (Neville et al., 1983) 

 
Once the load is removed from the concrete, it exhibits an instantaneous 

recovery, which is followed by the time-dependent recovery i.e. creep recovery. As 
demonstrated by the graph in Figure 5.8, the concrete subjected to sustained 
stresses and afterwards unloaded, exhibits irrecoverable or residual strain. 

 

 
Figure 5.8  Instantaneous and creep recoveries (Neville et al., 1983) 

 
Under a constant strain, the creep action will lead to a stress relaxation. Thus, 

relaxation and creep are physically connected. Figure 5.9 represents the relaxation 
of stresses under a constant strain. 

 
According to Mehta and Monteiro (2006) and Neville et al. (1983) the factors 

that affect the creep are the materials and the mix proportions, such as w/c ratio 

a) b) 
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and admixture content, age of the concrete at time of loading, curing history, 
humidity, temperature, geometry. In addition, the creep is inversely proportional to 
the strength of concrete.  

 

  
Figure 5.9 Relaxation of stress under a constant strain: a) constant strain ε₀ from age t₀, and   

b) relaxation of stress from age t₀ (Neville et al., 1983). 

 
To assess accurately the cracking risks the creep and the relaxation 

phenomenon at early age concrete should be considered for modeling and stress 
calculation. When experimental data is not available, various models are available 
for evaluation of creep with time. According to MC2010, the total strain in a concrete 
member 휀(푡) at time 푡, while uniaxially loaded at time t₀, with a constant stress σ(t₀) 
can be calculated by Equation (5.32). The component 휀 (푡 ) is the initial strain at 
loading time 푡 ,	휀 (푡) is the creep strain at time 푡 > 푡 , 휀 (푡) and 휀 (푡) are the 
shrinkage and thermal strains correspondingly, at time 푡. 

 
휀(푡) = 휀 (푡 ) + 휀 (푡) + 휀 (푡) + 휀 (푡)	 (5.32) 

 
Hence, the total strain (휀) may be presented by two components: stress-

dependent strain (휀 ) and stress-independent strain (휀 ). The stress dependent 
strain is defined as the sum of elastic (휀 ) and creep stains (휀 ), whereas the 
component of stress-independent strain is the sum of shrinkage and thermal strains, 
as shown in Equations (5.33) and (5.34).  

 
휀 (푡) = 휀 (푡 ) + 	 휀 (푡) (5.33) 

  
휀 (푡) = 휀 (푡) + 	 휀 (푡) (5.34) 

  
The elements from Equation (5.33) can be written separately, by Equations 

(5.36) and (5.37), where 휎(푡 ) is a constant stress applied at time 푡 ,	퐸 (푡 ) is the 
modulus of elasticity at time 푡  and defined by Equation (5.23) and   휑(푡, 푡 ) is the 
creep coefficient. 

 

a) b) 
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휀 (푡 ) =
휎(푡 )
퐸 (푡 )

 (5.35) 

  

휀 (푡, 푡 ) =
휎(푡 )
퐸

	 ∙ 	휑(푡, 푡 ) (5.36) 

 
Thus, according to Equations (5.37) and (5.36), the stress dependent strain 

may be expressed by Equation (5.37). The member 	퐽(푡, 푡 ) in this equation is the 
creep function or creep compliance, representing the total stress-dependent strain 
per unit stress (CEB-FIP, 2013).  

 

휀 (푡, 푡 ) = 휎(푡 ) ∙
1

퐸 (푡 )
+
휑(푡, 푡 )
퐸

= 휎(푡 ) ∙ 퐽(푡, 푡 ) (5.37) 

 
In the approach proposed by MC2010 the total creep coefficient is presented 

as the by Equation (5.38) as the sum of the basic creep (휑 ) and the drying creep 
(휑 ). 

 
	휑(푡, 푡 ) = 휑 (푡, 푡 ) + 휑 (푡, 푡 ) (5.38) 

 

휑 (푡, 푡 ) = 훽 푓 , ∙ 훽 (푡, 푡 ) (5.39) 

훽 푓 , =
1.8

푓 ,
.  (5.40) 

훽 (푡, 푡 ) = ln
30
푡 ,

+ 0.035 (푡 − 푡 ) + 1  (5.41) 

푡 , = 푡 , ∙
9

2 + 푡 ,
. + 1 ≥ 0.5	푑푎푦푠 (5.42) 

 
 
In Equations (5.39) and (5.40), 푓 ,  is the mean compressive strength 

(MPa) at age of 28 days defined by Equation (5.1). 푡 ,  from Equation (5.42) is the 
age of the concrete at loading, defined by Equation (5.17). 훼 is a coefficient that 
depends  on the type of the cement presented in system (5.43). 

 
 −1

0
1

 
 for strength class 32.5 N;  

훼 =   for strength classes 32.5 R, 42.5 N; (5.43) 
  for strength classes 42.5 R; 52.5 N, 52.5 R.  
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On the other hand, the drying creep coefficient may be expressed by Equation 
(5.44), where RH(%) is the relative humidity of the ambient. The parameter ℎ =
2퐴 /푢, is the notional size of the member in mm, where 퐴  is the cross-section in 
mm2 and 푢 is the perimeter of the member in contact with the atmosphere in mm. 
The other parameters related to the equation are defined through (5.45) - (5.51).  

 

휑 (푡, 푡 ) = 훽 (푓 ) ∙ 훽(푅퐻) ∙ 훽 (푡 ) ∙ 훽 (푡, 푡 ) (5.44) 

훽 (푓 ) =
412

푓 ,
.  (5.45) 

훽(푅퐻) =
1 − 푅퐻

100

0.1 ∙ ℎ
100

 (5.46) 

훽 (푡 ) =
1

0.1 + 푡 ,
.  (5.47) 

훽 (푡, 푡 ) =
(푡 − 푡 )

훽 + (푡 − 푡 )

( )

 (5.48) 

훾(푡 ) =
1

2.3 + 3.5
푡 ,

 
(5.49) 

훽 = 1.5 ∙ ℎ + 250 ∙ 훼 ≤ 1500 ∙ 훼  (5.50) 

훼 =
35

푓 ,

.

 (5.51) 

 
Another model for calculation of creep coefficient is provided by Equation 

(5.52), from EHE-08 (CPH, 2008), where 휑  is the basic creep coefficient and 훽 (푡 −
푡 ) is the function describing the evolution of the creep with time. These parameters 
are defined through equations (5.53) - (5.61). 

 
휑(푡, 푡 ) = 휑 ∙ 훽 (푡 − 푡 ) (5.52) 
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 휑 = 휑 ∙ 훽(푓 ) ∙ 훽(푡 ) (5.53) 

휑 = 1 +
1 − 푅퐻

100
0.1√푒

, if	푓 ≤ 35MPa (5.54) 

휑 = 1 +
1 − 푅퐻

100
0.1√푒

∙ 훼 ∙ 훼 , 푖푓	푓 > 35MPa (5.55) 

훽(푓 ) =
16.8
푓 + 8

 (5.56) 

훽(푡 ) =
1

0.1 + 푡 .  (5.57) 

훽 (푡 − 푡 ) =
(푡 − 푡 )

훽 + (푡 − 푡 )

.

 (5.58) 

훽 = 1.5 ∙ [1 + (0.012 ∙ 푅퐻) ]푒 + 250 ≤ 1500,         if 푓 ≤ 35MPa (5.59) 

훽 = 1.5 ∙ [1 + (0.012 ∙ 푅퐻) ]푒 + 250 ≤ 1500 ∙ 훼 , if 푓 ≥ 35MPa (5.60) 

훼 =
.

; 훼 =
.

; 훼 =
.

. (5.61) 

 
Number of studies have been done to evaluate the phenomenon of creep for 

hardened concrete but very few experimental data and evaluations are available for 
the early age.  Gao et al. (2013) presented a ring test that was used for evaluation of 
non-cracking performance concrete and which allows assessing the stress 
relaxation parameters in tension at early ages. The authors define the effective 
shrinkage strain(휀 ), as the strain that is used to generate the shrinkage 
stresses.	휀  is presented by Equation (5.62), where 휀  is the creep strain after 
loading period of (푡 − 푡 ). 

 
휀 (푡) = 휀 (푡) − 휀 (푡, 푡 ) (5.62) 

 
Taking into the consideration in Equation (5.62), the relationship of creep 

strain with effective shrinkage strain can be expressed by the formula (5.63). 
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휑(푡, 푡 ) =
휀 (푡, 푡 )
휀 (푡, 푡 )

 (5.63) 

 
On the other hand, according to the study of Bazant and Panula (1978), the 

creep coefficient is presented as a function of loading time and loading period 
expressed by the means of Equation (5.64). The parameters 휑 , 푑 and 푝 mentioned 
in this equation depend on the material and might be determined experimentally or 
approximate values might considered. 

  
휑(푡, 푡 ) = 휑 ∙ 푡 ∙ (푡 − 푡 )  (5.64) 

 
Finally, from Equations (5.63) and (5.64), 휀  can be expressed in terms of 

휀  and 휑. This relationship is presented by Equation (5.65). 
 

휀 (푡) = 휀 (푡) ∙ 1 −
휑(푡, 푡 )

1 + 휑(푡, 푡 )  (5.65) 

 
Considering the initial shrinkage strain to be 휀  at time 푡 , which does not 

include the effect of the creep, after a time period of (푡 − 푡 ), the strain can be 
presented as 휀 . If (푡 − 푡 ) interval is divided into 푛 sections, there will be time 
intervals of ∆푡 ,∆푡 , … ,∆푡 , … ,∆푡  , where the strain increment at each interval is 
∆휀 ,∆휀 , … ,∆휀 , … ,∆휀 . (see Figure 5.10a). 

 
 

  
Figure 5.10 Procedures of creep coefficient on the effective shrinkage strain (Gao et al., 2013) 

 
In Figure 5.10b, the creep effect is taken into account. In this case, the 

effective shrinkage strain at time 푡  may be expressed by Equation (5.66), where 
푡 = 푡 + ∑ ∆푡 . It is worth to mention that time 푡  should be converted to 
equivalent time, according to Equation (3.16).  

 

a) b) 
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휀 (푡, 푡 ) = 휀 (푡 ) ∙ 1 −
휑(푡, 푡 )

1 + 휑(푡, 푡 ) + ∆휀 (푡 ) ∙ 1 −
휑(푡, 푡 )

1 + 휑(푡, 푖)
 (5.66) 

 
During the experimental tests, Gao et al. (2013) validated the method for 3 

strength classes of concrete. The parameters 휑 , 푑 and 푝 were approximated based 
on the experimental results and presented in Table 5.10. 

 
Concrete 

Grade 
흋ퟏ 풅 풑 

퐂ퟑퟎ 2.01-2.08 0.67 ∙ φ  - 0.51 0.49 ∙ φ  - 0.92 

퐂ퟓퟎ 1.82-1.95 0.34 ∙ φ  - 0.06 -0.17 ∙ φ  + 0.43 

퐂ퟖퟎ 0.47-0.53 1.94 ∙ φ  - 0.71 -0.26 ∙ φ  + 0.27 

Table 5.10 Summary of creep parameters (Gao et al., 2013) 
 
Bazant	 and	 Oh	 (1984)	 suggested	 that	 the	 creep	 coefficient	 in	 tension	 is	

threefold	of	creep	coefficient	in	compression,	whereas	more	authors	are	considering	
the	same	value	for	both	cases	(Marı,́	2000;	Torres,	2001).	Thus,	the model proposed 
by Gao et al. (2013) can be used with high accuracy for modeling the creep and creep 
related relaxation. In the scope of this study the model provided by Gao et al. (2013) 
is used.  

 

5.7. SUMMARY 
 

Chapter 5 presented the evolution of mechanical properties of concrete such 
as compressive and tensile strengths, modulus of elasticity, Poisson’s ratio as well 
as the viscoelastic behavior of the concrete subjected to the load over time. The 
following conclusions may be considered: 

 
 푓  of concrete depends on various parameters such as cement type, 

aggregates, w/c ratio, admixtures and hydration degree. Factors that 
influence the 푓  of the concrete are similar that for 푓 , but 푓  is more affected 
by the shape and surface texture of aggregates. 
 

 Although the 퐸  can be approximated from values of 푓 , the available 
equations are recommended to use only for approximation, as the 
comparison of the models provided by Table 5.5 suggests significantly 
different values. Therefore, for precise modelling the experimental 
evaluation of 퐸  is important.  
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 For the assessment of the early age concrete behavior subjected to different 
types of loads, such as humidity and thermal stresses, the accurate evolution of 
the mechanical properties is significant. Evolution of mechanical properties 
over time are similar, considering the maturity time in some cases, and 
hydration degree on others. Nevertheless, the proportional change is not the 
same for 푓 , 푓  and 퐸 . The equations considering the relationships between 
the parameters and degree of hydration considered modeling. 
 

 Poisson’s ratio is reported to have value in a range of 0.14 to 0.24 for mature 
concrete, although for early age this has higher values. In particular, at the 
beginning of hydration Poisson’s ratio may reach up to 0.5. 
 

 The viscoelastic properties of concrete such as creep and creep related 
relaxation affect significantly the stresses at early age. Studies suggest that 
the stresses calculated for a concrete as viscoelastic material are up to 50% 
less, than if considered as a totally elastic material. Thus, this emphasizes the 
priority of considering these properties in modelling to correctly asses the 
cracking risks and the durability of concrete structures.  
 

 Creep in concrete is affected by the mix proportions, such as water/cement 
ratio and admixture content, age of the concrete at time of loading, curing 
history, humidity, temperature, geometry, as well as the creep is inversely 
proportional to the strength of the concrete.  
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6. COUPLED	FE	SIMULATION	
OF	CHEMO-THERMO-HYGRO-	
MECHANICAL	BEHAVIOUR	OF	

CONCRETE 
 

 

 

6.1. INTRODUCTION 
 

In the previous three chapters, the phenomena related with the early age 
concrete behavior have been identified and several formulations were established 
to deal with the simulations. These phenomena are associated with the 
environmental conditions and the composition of concrete. Considering and 
coupling these phenomena in a numerical tool is challenging and requires the use of 
advanced mathematical methods.  

 
In order to achieve this objective, a Finite Element Method (FEM) model is 

developed. FEM is widely used and accepted in almost every engineering field for 
design and analysis. This allows defining accurately the real shape of the structure, 
applied loads, boundary conditions as well as representative material properties 
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and constitutive laws. Altogether, these provide great precision and accuracy of 
analysis in comparison with other conventional methods. 

 
In this chapter, a computational model that establishes a connection between 

these phenomena is introduced. The strategy of FEM modelling is presented and the 
available FEM packages are reviewed.  In addition, the coupling and the 
normalization of thermal and humidity loads and the introduction of the viscoelastic 
behavior of concrete are presented and validated. 

 

6.1.1. Objectives 
 
The first objective pursued in this chapter is to demonstrate the modelling of 

physical problems behind the concrete behavior at early ages by a computational 
FEM program.  The second objective is the validation of the model for thermal, 
hygral and mechanical models. For this, following specific objectives are defined: 
 

 Define the FEM modelling strategy for solving the chemo-thermo-hygro-
mechanical problem; 
 

 Couple and normalize the thermal and hygral loads along with the 
parameters characterizing the mechanical behavior of early age concrete;  

 
 Calibrate and validate the thermal model; 
 
 Calibrate and validate the hygral and the mechanical model; 

 

6.1.2. Outline of the chapter 
 
Initially, in Section 6.2 the FEM modelling strategy is presented. Then, the 

description of the coupled model is presented. Moreover, the normalizations related 
with several situations for the coupled problem are presented in Section 6.3. The 
calibration and the validation of the thermal and humidity model are accomplished 
and presented in Section 6.4. Finally, in Section 6.5 the main conclusions of the 
chapter are highlighted.  

 

6.2. FEM MODELLING STRATEGY 
 

Nowadays, by the development of Information Technologies and by the huge 
increase of computational power, most of the physical and mathematical analysis 
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are dealt with software packages, which are based on different numerical method.  
Physical problems normally include a structure or body subjected to loads. To 
convert the physical problem to mathematical, several assumptions and conditions 
must be established beforehand, which altogether lead to the differential equations 
system governing the mathematical model. It should be noted that for the most cases 
not all the physical phenomena are possible to convert to the mathematical model 
with great precision. However, more of these phenomena are converted, more 
accurate is the mathematical solution  

 
Hence, in engineering analysis the selection of the appropriate mathematical 

model is a key step. According to Bathe (1996) two factors are the most important 
regarding the selection of mathematical models: the effectiveness and the reliability. 
One of such example of numerical methods is FEM. FEM is a procedure for obtaining 
numerical solutions from the equations that govern the problems found in nature, 
which can be described by integral or partial equations. For practical problems, 
these equations may contain more than thousands unknowns. This means that the 
final system of algebraic equations can be solved only by using computers (Oñate, 
2009).  

 
Thus, the physical models should be converted to mathematical models. 

Then, these can be solved by computational models that are based on FEM. 
Afterwards, based on the results, predictions can be made. The general 
representation of this sequence is illustrated in Figure 6.1. 

 

 
Figure 6.1 Sequence of the steps for solution of engineering problems by FEM 

 
The process of Finite Element Analysis (FEA, hereinafter) is detailed in 

Figure 6.2. Once the mathematical model is obtained, the FE solution of 
mathematical problem starts. To perform a FEA, finite elements, the mesh density 
and the solution parameters should be defined. Then, the boundary conditions, 
constraints and loads should be set. 

 
 As a numerical procedure, the assessment of the accuracy of FEM solution is 

significant. In case if the results are not accurate, the FE solution has to be repeated 
with refined solution parameters until the satisfactory accuracy is met (Bathe, 
1996). The latter may refer either to the elements mentioned in FE solution block 
(mesh, time-steps, solution parameters) or to the mathematical model (geometry, 
material law, kinematics, etc.). Afterwards, based on the results, the design 
improvements for structural optimization can be made. 



82  Chapter 6 
____________________________________________________________________________________________________________________________________________________________________________________________________________________ 
 

___________________________________________________________________________________________________________________________________________________________________________________________________________________

Development of a coupled FE model for early age concrete behavior: Application to concrete pavements 

 
Figure 6.2 The process of Finite Element Analysis (Bathe, 1996) 

 
In this context, a question arises for the FEA tools users about the assessment 

of confidence in modelling and results. To assess the confidence of FEM results 
validation and verification should be performed. A typical scheme of validation and 
verification processes in FEM is presented in Figure 6.3. 

 
Validation process is the evaluation of the computational model by 

comparing the numerical and experimental results. Experimental results are 
obtained from tests performed in the laboratory or found in the literature. For an 
accurate validation, the correct definition of all the factors that exist in experiments 
is significant.  

 
Verification is done by comparing the numerical results from FEM 

computations with analytical solutions. In Figure 6.3 two type of verifications are 
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highlighted: code verification and calculation verification. Code verification can be 
performed to guarantee that the mathematical model and the solution algorithms 
are working properly. Calculation verification can be carried out in order to confirm 
the accuracy of the discrete solution of the mathematical model i.e. estimate error 
in numerical solution due to discretization. If desirable accuracy is not achieved, 
higher order elements can be used or finer discretization can be applied (Oñate, 
2009). 

 

 
Figure 6.3 Scheme of the verification and validation processes in the FEM (Oñate, 2009) 

 
Shortly, the validation is meant to check if the derived solution is accurate 

and answers to the question ‘If the constructed models were right?’ . The verification 
serves to check if the right problem is going to be solved and answers to the question 
‘If the right models were constructed?’  Finally, the last step is performed to assess 
the predictive capability of the model. If an acceptable agreement is achieved, the 
model can be used to make predictions. 
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6.2.1. Overview of Available FEM Programs 
 

Several software packages are available for simulations of physical processes 
by using FEM technique. Several software packages are listed in Table 6.1. The 
software packages are divided into two categories: open source and closed source.  

 
The open source programs are free of use. These are mainly used for 

academic purposes. Most of these were developed by the academic or the scientific 
groups, for a specific problem. Then, the additional capabilities were introduced, 
which made the use of these programs more general. 

 
Open Source Closed Source 

OOFEM ABAQUS 
OpenSEES ANSYS 

FELyX DIANA 
Code_Aster  

ELMER  

Table 6.1 List of FEM packages 

 
OpenSees (The Open System for Earthquake Engineering Simulation) is a 

software framework for simulating the seismic response of structures considering 
the structure-soil interaction. OpenSees has been developed as the computational 
platform for research in performance-based earthquake engineering at the Pacific 
Earthquake Engineering Research Center (Opensees.berkeley.edu, 2017). This 
package has advanced capabilities for modeling and analyzing the nonlinear 
responses of systems. In addition, OpenSees includes a wide range of solution 
algorithms. 

 
Another example is ELMER which is an open source multiphysical simulation 

software mainly developed by CSC (IT Center for Science Ltd) and administered by 
the Ministry of Education, Science and Culture of Finland. The development of the 
software started in 1995 as a result of collaboration between CSC, Finish 
Universities, research centers and industry. The use and development of the 
program became international in 2005 after its open source publication (Csc.fi, 
2014). 

 
The second group that was studied is closed source. The programs in this 

group are not free and usually used for both academic and commercial purposes. 
 
The program DIANA mentioned in the list was developed as a result of over 

30 years of research and experience by TNO DIANA BV which was founded in 2003 
as a spin-off company from the Computational Mechanics Department of TNO 
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Building and Construction Research Institute in Delft, The Netherlands. The 
company provides products in the field of Finite Element solutions in the sphere of 
civil, earthquake and geotechnical engineering (Tnodiana.com, 2014). 

 
The development of ANSYS has started in 1970 by the company named 

Swanson Analysis Systems, Inc (SASI) founded by John Swanson, an American 
engineer and entrepreneur. SASI’s main purpose was to develop a commercial FEA 
tool for structural physics that could simulate static, dynamic and thermal problems. 
Now ANSYS is considered one of the most powerful software for FEA. It has a wide 
range of element types and types of analyses such as 1D, 2D and 3D structural 
analyses, heat transfer, fluid dynamics, electromagnetics, fracture mechanics and 
others. (Ansys.com, 2014). In addition, ANSYS has strong forum support from the 
users worldwide.  

 
Overall, both groups have advantages and disadvantages. The advantage of 

the first group is that these are free, open source software. Several examples of real 
case applications are available. However, there is a lack of literature and materials.  
In addition, the forum support for these is weak. Moreover, these programs do not 
provide a user-friendly interface and to work with these assumes the knowledge of 
additional programming languages.  

 
The second group programs are commercial and expensive, but provided 

with a strong customer support services. A lot of materials, examples and literature 
available for learning with strong forum support and most of the programs are 
advised in research works. Furthermore, the programs have developed user-
friendly interfaces and an engineer with a basic knowledge of programming is able 
to learn and use the software. Some of these also provide cheaper or even free 
student versions.  

 
By considering the abovementioned factors along with the complexity and 

the idea of the goal of this study it was decided to choose ANSYS. Other factors for 
making the decision were the references from the literature and free student version 
with several limitations. The idea of the modelling was to write a complementary 
model to ANSYS that could be available for other users both from the academic and 
from the commercial sides. 

 

6.2.2. Selection of Finite Elements  
 

In the scope of this research, different types of FE are used to represent the 
behavior of the concrete at early age. The suitability of each of the FE established in 
the model is discussed herein. 
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6.2.2.1. 3D Thermal Solid 
 
For the thermal and the humidity analysis, 3D thermal solid elements are 

used to represent the CP and the base. The element has 8 nodes. The typical 3D solid 
elements are shown in Figure 6.4. Normally, 3D thermal solid elements can be 
tetrahedrons, hexahedrons, pyramids or prisms in a shape with either curved or flat 
surfaces. 

 

 
Figure 6.4 3D solid finite elements 

 
In ANSYS, the equivalent element SOLID70 is used to fulfill the simulation 

requirements. This is a 3D thermal solid that has thermal conduction capability. The 
element has 8 nodes with one degree of freedom at each node (temperature). 
SOLID70 can be used for 3D, steady-state and transient thermal analysis. In the 
scope of this study, this element is applied for thermal and humidity analysis. It 
should be noted that if the structural responses to thermal (humidity) changes are 
planned to analyze, an equivalent element should be used for the structural analysis. 

 
In order to use this element for humidity analysis, thermal-moisture analogy 

scheme should be set up. According to the theory, the equations of heat conduction 
and moisture diffusion are analogous. This can be shown in (6.1), where 푇 and ℎ are 
the temperature and the relative humidity of the material,	푡 is the time, 퐷 is the 
moisture diffusivity and 훼 is the thermal diffusivity (훼 = 푘/휌푐 ). 

 
 

훼
휕 푇
휕푥

+
휕 푇
휕푦

+
휕 푇
휕푧

= 	
휕푇
휕푡
					∼ 				퐷

휕 ℎ
휕푥

+
휕 ℎ
휕푦

+
휕 ℎ
휕푧

= 	
휕ℎ
휕푡

 (6.1) 

 
 

Various authors (Yoon et al., 2007, Madenci and Guven, 2007) have reported 
correspondences between the key parameters of thermal and moisture diffusion 
analogy. These correspondences are depicted in Table 6.2. 
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Property Thermal Direct Analogy Normalized analogy 

Primary variable Temperature, 푇 Moisture Concentration, 퐶 Normalized Concentration 
Density 휌 (kg/m³) 1 1 

Conductivity 푘 (J/m∙h∙°C) 퐷 (m²/h) 퐷 ∙ 퐶 (kg/h∙m) 
Specific heat 푐  (J/kg∙°C) 1 퐶  (kg/m³) 

Table 6.2 Thermal-Moisture analogy schemes 

 
If the material is homogenous the FE formulation with direct analogy can be 

used for moisture analysis. Nevertheless, if multiple dissimilar materials are 
involved in the analysis, normalized analogy should be used, because the moisture 
concentration, unlike the temperature, is not continuous along the materials 
interfaces. 

 

6.2.2.2. 3D Structural Solid 
 
For the mechanical analysis, 3D structural solid elements are considered that 

have 8 nodes with 3 degrees of freedom at each node (node translations in x, y, and 
z directions). The structural solid element can be used to represent the mechanical 
behavior of the CP and the base. Similarly to 3D thermal solids, elements can be 
tetrahedrons, hexahedrons, pyramids or prisms in a shape with either curved or flat 
surfaces as depicted in Figure 6.4. However, for the analysis in the scope of the 
modelling hexahedron elements are used. 

 
Besides, the elements that simulate concrete should be capable to represent 

both thermal and drying shrinkage cracking. For this, failure criteria should be set 
in modelling. Pioneering articles in numerical modelling of cracking in concrete 
were presented by Rashid (1968) and Ngo and Scordelis (1967). These authors have 
introduced the discrete cracking and smeared cracking approaches.  

 
In case of discrete cracking, crack propagation is modeled by changing the 

topology of FE model (see Figure 6.5a), by separating the nodal points of the finite 
element mesh domain around the crack faces or by using contact elements. As there 
may exist many cracks of different sizes in concrete, to model cracking under 
number of coupled loads by discrete cracking approach is extremely challenging. 
Another disadvantage of discrete cracking approach is the lack of knowledge of 
where the crack will occur. Therefore, there is a risk to define a cracking plane or 
surface that is not coherent with the boundary conditions and the loads. However, 
the simulation of the crack is more realistic and can be more precise in discrete 
cracking approach if the zone of cracking is known.  
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Figure 6.5 Cracking in FEM: a) discrete and b) smeared cracking 

 
For smeared cracking approach, re-meshing is not necessary. Cracks are 

assumed to be presented by local FE or by the volumes attached to the integration 
point of the element (Figure 6.5b). In order to accommodate existing mechanical 
deterioration derived from the cracking, the stiffness matrix of each cracked 
element is modified. Since the mesh does not change i.e. no re-meshing done, this 
can be used to model cracks under coupled loads, such as thermal and moisture. A 
disadvantage of this approach is that the solutions can depend on the size and the 
shape of each element. In this case, the solution can be improved by re-meshing with 
a smaller elements and repeating all the simulations.  

 
The structural solid elements SOLID65 and SOLID185 are selected from 

ANSYS element library  to deal with the structural analysis. The former is used to 
model the CPs and the nonlinearity of the material while the latter is used to model 
the base.  

 
SOLID65 is capable of cracking in tension and crushing in compression. The 

element works on smeared cracking approach. While applied to simulate concrete, 
the element has rebar capability that can be used for the reinforcement. SOLID65 is 
also applicable to model reinforced composites or soil and rock materials. The 
element is similar to other 3D structural solid elements defined in ANSYS, which is 
additionally provided by cracking (in three orthogonal directions) and crushing 
options. In addition, SOLID65 is capable of plastic deformation, creep and treatment 
of nonlinear material properties. 

 
With SOLID65 element, the concrete is modeled as a crack/crush enabled 

solid that meets the William-Warnke (William and Warnke, 1974) failure criterion 
under multi-axial state. The criterion is a function to predict the failure in concrete 
and other cohesive-frictional materials such as soil, ceramics and rocks. The 
criterion used to identify the failure at one of the integration points or at the 
centroids of the element as well as to assess the onset of failure. The failure criterion 
due to multi-axial state is expressed by Equation (6.2), where 퐹 is a function of the 

a) b) 
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principal stress state,	푆 is the failure surface,	푓  is the uniaxial crushing strength of 
the material and 휎 ,휎 ,휎  are the principal stresses in 3 directions. 

 
퐹
푓
− 푆 ≥ 0 (6.2) 

 
The failure surface S is expressed in terms of principal stresses and five input 

parameters: uniaxial tensile strength (푓 ), uniaxial compressive strength (푓 ), biaxial 
compressive strength (푓 ), compressive strength for a state of biaxial compression 
superimposed on hydrostatic stress state 휎  (푓 ) and Ultimate compressive 
strength for a state of uniaxial compression superimposed on hydrostatic stress 
state 휎  (푓 ). However, the specification of the failure surface is also possible by 
introducing only two constants (푓 ,	푓 ). The rest of the parameters would be defined 
by default as shown in equations (6.3)-(6.5).  

 

푓 = 1.200푓  (6.3) 

푓 = 1.450푓  (6.4) 

푓 = 1.725푓  (6.5) 

 
This is valid if the condition |휎 | ≤ √3푓  is met, where 휎  is the hydrostatic 

stress state and is defined as 휎 = 휎 + 	휎 + 	휎 . Failure surface of this 

criterion is shown in Figure 6.6a. 
 
Figure 6.6b presents a 3D failure surface (S) for stress states, which are 

biaxial or nearly biaxial. Assume, that most significant nonzero principal stresses 
are in 휎  and 휎  directions and the three other surfaces presented are for 	휎  
slightly greater than zero, 휎  equal to zero and 휎  slightly less than zero.  
 

 
 

Figure 6.6 3D Failure surface in a) principal stress space  and in b) principal stress space with nearly 
biaxial stress  

 

a) b) 
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The mode of material failure is a function of a sign of 	휎 . For instance, if  휎  
and 휎  are both negative and	휎  is slightly positive, the cracking will be in a 
perpendicular to the  	휎  direction, if  	휎  is slightly negative or zero, the material 
assumed to crush. Hence, the failure of concrete is categorized into four domains 
where 휎 = 푚푎푥(휎 ,휎 ,휎 ) (first principal stress) and 휎 = 푚푖푛(휎 ,휎 ,휎 ) 
(third principal stress). 
 
1. 0 ≥ 휎 ≥	휎 ≥ 	휎  (compression - compression - compression) 

 
If Equation (6.2) is satisfied, the concrete assumed to be crushed; 

 
2. 휎 ≥ 0 ≥	휎 ≥ 	휎  (tensile - compression - compression) 

 
If Equation (6.2) is satisfied, cracking will occur in a direction perpendicular to 

휎 ; 
 
3. 휎 ≥ 	휎 ≥ 0 ≥	휎  (tensile - tensile - compression) 

 
If Equation (6.2) is satisfied, the ultimate tensile strength linearly decreases with 
the drop of 휎 . Cracking occurs in the planes perpendicular to principal stresses 
휎  or 휎  separately; 
 

4. 휎 ≥ 	휎 ≥ 	휎 ≥ 0  (tensile – tensile-tensile) 
 
The ultimate tensile strength assumes 푓 . Cracking occurs in the planes 
perpendicular to principal stresses 휎 , 휎  or 휎  separately; 

 
The function F  and the failure surface S are expressed in terms of principal 

stresses denoted as stresses 휎 , 휎 , 휎  take different forms to accommodate the 
failure modes. Once a failure occurs, the stiffness matrix of element is updated. 

 
To complete the definition of the material in ANSYS, in addition to defining 

the mechanical properties, three other coefficients should be introduced. These 
coefficients present shear transfer for open and closed crack states, and the stiffness 
multiplier for cracked tensile condition. The shear transfer coefficient for open 
cracks (훽 )  represents the conditions at the crack face. The value of the coefficient 
ranges from 0 to 1. 훽 = 0 represents a smooth crack with complete loss of shear 
transfer. Otherwise, 훽 = 1 represents a rough crack situation with no loss of shear 
transfer. If the crack closes, the shear crack coefficient is introduced as 훽 .	Similarly 
to 훽 	,훽  can vary from 0 to 1.  Kachlakev et al. (2001) analyzed the works from other 
authors (Bangash, 1989; Huyse et al., 1994; Hemmaty, 1998), where the shear 
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transfer coefficient for open cracks varied in 0.05⩽훽 ⩽0.25 interval. Nevertheless, 
Kachlakev et al. (2001) faced convergence problems when less than 0.20 values 
were used for calculations. Thus, the author applied 훽 = 0.20 for simulations. 
Similarly, the value for shear transfer coefficient for closed cracks were reported to 
be  훽 = 0.6. The stiffness multiplier for cracked tensile condition is applied if the 
crack relaxation is available for the element. The default value of the coefficient in 
the program is 0.6. To derive values for a specific type of concrete, the values for 
open and closed crack shear transfer coefficients and the stiffness multiplier should 
be experimentally calibrated. Otherwise, values from literature can be assumed.  

 
Hence, in the element, for three directions (x, y, and z) four cracking states 

exists: crushed, open-cracked, closed-cracked and none of these. Therefore, there 
are 16 combination for the cracking state (see Table 6.3). 

 
Combination 

Number 
State in 

Direction 1 
State in 

Direction 2 
State in 

Direction 3 
Combination 

Number 
State in 

Direction 1 
State in 

Direction 2 
State in 

Direction 3 

1 Crushed Crushed Crushed 9 Closed Closed Open 
2 Open None None 10 Open Closed None 
3 Closed None None 11 Open Open Closed 
4 Open Open None 12 Closed Open Closed 
5 Open Open Open 13 Closed Closed None 
6 Closed Open Open 14 Open Closed Closed 
7 Closed Open None 15 Closed Closed Closed 
8 Open Closed Open 16 None None None 

Table 6.3 SOLID65 Element Status 
 

6.2.2.3. Contact Elements  
 
Normally, a concrete slab lays on a pavement layer or directly on the soil 

(properly treated), which is defined as the base. There are thermal and humidity 
transfers through the interfaces of CP and base. In addition, friction along these 
surfaces might restrain the horizontal contraction or expansion of concrete slab, 
leading to tensile stresses that can result in concrete cracking.  

 
Two interface elements should be defined to represent the interaction of the 

contact between the CP and the base for both cases. In the scope of this study surface 
to surface contact was established. The pair of CONTA173 and TARGE170 elements 
was chosen from ANSYS elements library to simulate the contact between the base 
and the pavement. Each contact pair is identified via the same real constant number. 
Each element have 4 nodes. In case of rigid-flexible (ex.: CP-Soil) contact usually 
target elements is representing rigid surface (pavement) and contact elements the 
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deformable one (base or subbase). The geometry of the elements is given in Figure 
6.7. 

 

  

Figure 6.7 CONTA173 and TARGE170 element geometries (ANSYS, 2013) 

 

6.3. DESCRIPTION OF COUPLED FEM MODEL  
 

The numerical model developed for this research consists of two conceptual 
parts: thermal and mechanical analysis. The first concept of thermal is used to 
perform both the thermal and the humidity analysis.  Thermal analysis is performed 
to simulate the internal temperature development due to adiabatic hydration 
cements reactions and the environment-concrete heat transfer. Once the thermal 
model is validated, the temperature evolution results are used to carry out the 
humidity analysis. Then, the validity of humidity analysis is examined. To complete 
the mechanical analysis, thermal and humidity profiles along the cross sections with 
other mechanical parameters are coupled and normalized within a single 
parameter: a virtual temperature. Afterwards, the virtual temperature is applied as 
one thermal load. The algorithm of the modelling can be described according to 
Figure 6.8. 

 

 
Figure 6.8 Algorithm of Analysis 

 
Depending on the shape or the size of the concrete structure, the temperature 

and the humidity can vary along the thickness and the time. This is because in those 
parts of the structure that are closer to the exposed surfaces, the thermal or the 
humidity equilibrium is reached faster than those that are placed deeper. This 
variation may affect the hydration according to the position of each layer, thus 
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influencing the mechanical properties of concrete at early ages. Hence, the algorithm 
should allow the access to each element of the mesh for assigning the updated 
properties or obtaining the information about temperature and humidity at each 
time step of simulation. 

 
In general, FE analysis consist of three major and separate stages: 

preprocessing, solution and postprocessing. The preprocessing stage includes the 
definition of analysis type, element types, geometry and meshing, as well as material 
properties and boundary conditions. In the solution phase, the program derives the 
governing matrix equations from the model and solves. The postprocessing stage 
serves to examine the results and check the validity of the solution. Figure 6.9 can 
present the algorithm of thermal and humidity stress analysis in stages. 

 

 
Figure 6.9 Steps of thermo (hygro)-mechanical analysis  

 
The description of the coupling of thermal and humidity loads are given in 

the following section. In addition, the viscoelastic properties of concrete are 
introduced and the normalizations are performed. 

 

6.3.1. Coupling and Normalization Of Thermal And Hygral Loads For Early Age Concrete 
 

As stated previously, prior to mechanical analysis thermal and then humidity 
analysis are run separately. This is performed in order to extract the thermal and 
the humidity loads, couple them, normalize and apply as a single thermal load. The 

a) b) 
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coupling is done because the element that is used to model the concrete for 
mechanical analysis supports only one thermal load: thermal or hygral. On the other 
hand, the normalization is implemented because of the following reasons: the 
changes in the values of drying shrinkage coefficient during humidity loss, the 
changes in the values of modulus of elasticity during hydration, the incorporation of 
the autogenous shrinkage and the application of viscoelastic properties of concrete 
at early ages. Hence, different situations in modelling are examined and the 
normalizations according to each situation are described. 

 

6.3.1.1. Situation 1: Constant Modulus of Elasticity and Constant Drying Shrinkage 
Coefficient   

 
This situation mainly occurs if a mature concrete is considered for analysis 

of thermal and humidity loads. In this scenario, both the elasticity modulus of the 
material and the drying shrinkage coefficient can be assumed as constants 

  
The mechanical solution is obtained by a series of static analysis, applying 

time steps. In each time step, the mechanical properties of the material are updated. 
If these properties were constant, the coupled load, i.e. the virtual thermal load, 
might be constructed in a simple way by Equation (6.6). As a virtual temperature, 
푇  can be applied to the model as the thermal load at each time step 푡  to calculate 
the real stresses by the means of virtual strains. To each of the finite element of the 
mesh the material properties and the loads can be assigned separately. Hence, 푇  
and 퐻  are the real temperature and the relative humidity in a given FE at time	푡 , 
훽  is the hygral contraction coefficient of concrete (same as drying shrinkage 
coefficient), at time 푡  and 훼  is the thermal expansion coefficients. 휀 ,  is the 
autogenous shrinkage strain according to eq.(4.26), at time 푖. 

 

푇 = 	 푇 + 퐻
훽
훼

+
휀 ,

훼
 (6.6) 

 
푇  is the real temperature whereas the second term of the equation is 

transforming the change in humidity to a change of temperature. For that, first the 
equivalent strain variation is calculated by multiplying 퐻  and 훽 . Then, the 
equivalent strain variation due to humidity change is transformed to temperature 
variation by dividing it by 훼 . Similarly, the third term of the equation is 
transforming the equivalent augogenous shrinkage strain variation to a change of 
temperature. 
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6.3.1.2. Situation 2: Variable Modulus of Elasticity and Constant Drying Shrinkage 
Coefficient  

 
The 2nd situation in modelling may occur when the behavior of the early age 

concrete structure is examined. At early ages the value of modulus of elasticity of 
concrete increases as hydration process in cement develops. However, for 
simplicity, the drying shrinkage is assumed constant. 

 
The change of modulus of elasticity during time step analysis may bring to 

erroneous results in terms of stresses, if applied without any normalization. This is 
because the thermal strains are calculated by taking into account the reference 
temperature, which is defined as a parameter at the start of the simulation. Thus, 
the stress at each step will increase in terms of new updated value of the modulus 
of elasticity and the total strain.  

 
The following example explains the issue in terms of calculations. For 

simplicity let’s assume a drying concrete with a constant temperature. In addition, 
the autogenous shrinkage is not considered. The reference i.e. the initial relative 
humidity of concrete is equal to 퐻 . At each 푖-th time step the real humidity is 
updated to 퐻  and the values of elasticity modulus to 퐸 . The coefficient of drying 
shrinkage is set to 훽 = 훽 = 푐표푛푠푡. Thus, if normalization is not performed, at 
each step the stress variation calculation is shown in the system of equations (6.7). 

 
∆휎 = 훽 ∗ 퐸 ∗ (퐻 − 퐻 ) 
∆휎 = 훽 ∗ 퐸 ∗ (퐻 − 퐻 ) 
…………………………………… 
∆휎 = 훽 ∗ 퐸 ∗ (퐻 − 퐻 ) 

(6.7) 

 
It can bee seen, that according to this approach, after the 푛-th step the total 

humidity stress variation will be equal to ∆휎 , = 훽 ∗ 퐸 ∗ (퐻 − 퐻 ) , which is 
not correct. This is how the model in the program will be calculated if normalization 
is not introduced. However, in reality, the stress calculation should be done at each 
step by considering each step’s stress variation and sum them up. In comparison 
with the equations system (6.7), the humidity stress increase at each time step 
should be presented similar to the one depicted in system (6.8). 

 
∆휎 = 훽 ∗ 퐸 ∗ (퐻 − 퐻 ) 
∆휎 = 훽 ∗ 퐸 ∗ (퐻 − 퐻 ) 
…………………………………… 

     ∆휎 = 훽 ∗ 퐸 ∗ (퐻 − 퐻 ) 
                                     ∆휎 , =∑ ∆휎 = 훽 ∗ ∑ 퐸 ∗ (퐻 − 퐻 ) 

(6.8) 
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This idea can be presented visually by a graph in Figure 6.10, for a specific 

case. For simplicity a hardening concrete specimen with linear humidity change in 
drying nodes from 퐻 =100% to 퐻 =40% is considered. The drying shrinkage 
coefficient is considered 훽 = 0.0015.	In addition, the evolution of elasticity 
modulus during hardening is considered linear from 퐸 =0 to 퐸 =35GPa during 12 
time intervals. Two curves are presented in Figure 6.10: stress calculation for 
normalized and un-normalized cases. For the normalized case, the stress variation 
is calculated according to the system of equations (6.8). The un-normalized curve 
presents the case, when the stress variation is calculated according to (6.7), which 
is the default by computational program. The estimated errors at each time step in 
stress variation between two cases are noted and highlighted in the figure.  

 

 
Figure 6.10 Error generation of un-normalized loads (Situation 2) 

 
Hence, the virtual thermal load should not be applied directly as proposed in 

Equation (6.6).  The normalization of thermal and humidity loads along with the 
change of modulus of elasticity when the drying shrinkage coefficient is kept 
constant at each time step 푡  can be applied as thermal load (푇∗ ) derived by 
Equation (6.9), where 푇  is obtained from Equation (6.6). This allows the model to 
calculate the real stresses by the means of virtual strains. 

 

푇∗ =
1
퐸

(푇 − 푇 )퐸 + [푇 − 푇 ] + 푇  (6.9) 

 

6.3.1.3. Situation 3: Constant Modulus of Elasticity and Variable Drying Shrinkage 
Coefficient  

 
The current situation in the modelling may occur when the drying shrinkage 

along with thermal deformations is occurring at mature ages when the modulus of 
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elasticity is considered as constant but the value of drying shrinkage coefficient can 
vary. The coefficient may be affected by humidity or other factors. For a better 
explication of the situation, a particular case is assumed. 

 
Similar to the previous situation, for simplicity let's consider a drying mature 

concrete with a constant temperature. In addition, the autogenous shrinkage is not 
considered. The reference i.e. the initial relative humidity of concrete is equal to 퐻 . 
At each 푖 -th time step the real humidity is updated to 퐻  and the values of elasticity 
modulus are constant and equal to 퐸 . The coefficient of drying shrinkage is updated 
at each time step 푖 and set to 훽 . Thus, at each step the stress variation calculation 
is shown in the system of equations (6.10). 

 
 

∆휎 = 훽 ∗ 퐸 ∗ (퐻 − 퐻 ) 
∆휎 = 훽 ∗ 퐸 ∗ (퐻 − 퐻 ) 

…………………………………… 
∆휎 = 훽 ∗ 퐸 ∗ (퐻 − 퐻 ) 

(6.10) 

 
 

If the normalization is not applied, the computational model will be 
calculated according to this approach, where the total humidity stress variation at 
the end of the 푛-th step will be  ∆휎 , = 훽 ∗ 퐸 ∗ (퐻 − 퐻 ). This is not correct 
and the solution with this approach will be erroneous.    

 
However, in reality, the stress calculation should be done at each step by 

considering each step’s stress variation and sum them up. In comparison with the 
equations system (6.10), the humidity stress increase at each time step should be 
presented according to the equations system depicted in (6.11). 

 
 

∆휎 = 훽 ∗ 퐸 ∗ (퐻 − 퐻 ) 
∆휎 = 훽 ∗ 퐸 ∗ (퐻 − 퐻 ) 

…………………………………… 
     ∆휎 = 훽 ∗ 퐸 ∗ (퐻 − 퐻 ) 

                                      ∆휎 , =∑ ∆휎 = 퐸 ∗ ∑ 훽 ∗ (퐻 − 퐻 ) 

(6.11) 

 
 
The modified example from the second case can be applied for this situation 

to demonstrate the problem visually. One difference is the modulus of elasticity, 
which is considered as a constant and 퐸 =35GPa. Another difference is that the 
drying shrinkage coefficient is applied as variable that depends on the relative 
humidity of concrete (훽 (퐻 )). For simplicity, this dependence is considered linear. 
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Two curves are presented in Figure 6.11: stress calculation for normalized and un-
normalized cases. It can be seen that with the decrease of the humidity the error in 
the generated stress is increasing.  

 

 
Figure 6.11 Error generation of un-normalized loads (Situation 3) 

 
Therefore, the virtual thermal load cannot be applied directly as mentioned 

in Equation (6.6).  Hence, the normalization of thermal and humidity loads along 
with the change of drying shrinkage coefficient when the modulus of elasticity is 
constant at each time step 푡  can be applied as thermal load (푇∗∗) introduced in 
Equation (6.12), where 푇  is obtained from Equation (6.6). This allows the model 
to calculate the real stresses by the means of the virtual strains. 

 

(6.12) 
푇∗∗ = 푇 + 퐻

훽
훼

+
1
훼

퐻 (훽 − 훽 ) +
휀 ,

훼
	 

 

6.3.1.4. Situation 4: Variable Modulus of Elasticity and Variable Drying Shrinkage 
Coefficient  

 
The 4th situation is different from last three situations. In this case both 

variables, the modulus of elasticity and the drying shrinkage coefficient may change. 
This situation occurs at early ages of concrete during hardening. Similar to the 
second and third situations, the thermal and humidity loads need to be normalized 
before the application to the model. According to the conclusions made from 
previous situations, the applied virtual thermal load should be the composition of 
Equations (6.9) and (6.12) and presented as 푇∗∗∗ defined by Equation (6.13). 

 

푇∗∗∗ =
1
퐸

(푇∗∗ − 푇∗∗)퐸 + [푇∗∗ − 푇∗∗ ] + 푇  (6.13) 
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The current section emphasized the importance of the coupling and the 
general normalization of thermal and humidity loads before applying them to the 
model.  Different situations were discussed that included early and mature ages 
behavior of concrete. Furthermore, normalized equations were offered to use for 
modelling. However, the concrete is a viscoelastic material and still another 
normalization is needed to apply the creep and the creep related relaxation. Next 
section describes the incorporation of these factors to the normalized thermal and 
humidity loads.    

 

6.3.1.5. The introduction of The Viscoelastic Behavior of Concrete in Modelling 
 
In the program, the viscoelastic behavior of hydrated concrete can be 

introduced in terms of creep coefficients. However, if the normalization is not done 
for thermal and humidity loads for early age concrete, the introduction of the creep 
coefficients directly to the model will not be appropriate. That approach is only valid 
for a material that has constant mechanical parameters, such as elasticity modulus, 
strength and others, during the simulation. 

 
For this reason, the viscoelasticity of concrete at early ages can be applied in 

terms of creep and creep related relaxation described in the Chapter 5. The method 
of effective shrinkage strain (Gao et al., 2013) is used in the scope of the modelling, 
taking into account Equations (5.62) - (5.66). In order to apply these to the model 
together with the virtual thermal loads, several modifications are needed. This 
section explains the mechanism of the adaptation of the equations from Gao et al. 
(2013) to the computational model.  

 
In the first step, the creep coefficients (휑 푡 , 푡 ) from Equation (5.64) are 

introduced in a matrix form 휙 ,  as depicted in (6.14), where 휙 , = 1 − ,
,

 and 

푛 is the number of the sections, that the time interval (푡 − 푡 ) is divided into 
(timesteps). 

 

휙 = 	

⎣
⎢
⎢
⎡
휙 ,
휙 ,
⋮

휙 ,

휙 ,
휙 ,

⋮ 휙 ,
휙 ,

⋮ ⋱ ⋮
휙 , ⋯ 휙 , ⎦

⎥
⎥
⎤
 (6.14) 

 
Then, in the second step of the algorithm, the matrix 휙 should be transposed. 

Furthermore, the elements in the main diagonal along with entities below it are set 
to 0. The resulted matrix is denoted as 휙∗ and demonstrated in (6.15). 
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휙∗ = 	
0
0
⋮
0

	휙 ,
0

⋮
⋯

휙 ,
휙 ,

⋮ ⋱ ⋮
0 ⋯ 0

 (6.15) 

 

Afterwards, another matrix is constructed with the values of virtual 
temperatures defined in the previous section. Depending on the situation, the virtual 
thermal load might present in one of the forms presented in Equations (6.6), (6.9), 
(6.12) and (6.13). It should be noticed that these equations are considering not only 
the time change but also the universality of the model allows applying the thermal 
loads element by element. This means that all the parameters and the loads may 
vary through each element of the model mesh, to provide precise results. In other 
words, if we have  푁 elements and 푛 time steps, the virtual temperature elements 
푇 ,  can be presented in a matrix of 푛 × 푁 size. The index 푖 that goes from 1 to N 
(푖 = 1,푁) is for elements and the index 푗 (푗 = 1,푛 )is for the timesteps. Then, the 
matrix is constructed by the elements mentioned in the formulation (6.16), where 
퐸 ,  is the value of modulus of elasticity of 푖-th element at time step	푗. 

 

Γ , = 푇 , − 푇 , ∙ 퐸 ,  (6.16) 
 

Finally, the two matrixes from formulations (6.15) and (6.16) are multiplied. 
The elements of the resulting matrix Ψ ,  are applied in the modeling as virtual 
temperatures, where 푛 is the number of timesteps and 푁 is the number of elements 
presenting in the mesh of the model. 

Ψ , = 휙 ,
∗ ∙ Γ ,  (6.17) 

 

6.4. CALIBRATION AND VALIDATION OF THE MODELS 
 

Once the models are constructed and the normalization is performed, the 
validation of the models needs to be done. For this, several parameters are 
calibrated and the models are validated against experimental data provided by 
other authors. 

6.4.1. Thermal Analysis 
 

Described in the third section of the current chapter, the algorithm of the 
thermal analysis in steps can be shown by Figure 6.12. The analysis algorithm is 
composed of three sequential phases: preprocessing, solution and posprocessing. 
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There are five steps in the first component. In the first (A) step, the type is defined 
as thermal analysis. Then, the element type for concrete thermal conduction is 
defined as a 3D thermal solid (SOLID70). In addition, constant parameters are 
inputted in the step A that will be used for meshing. These parameters along with 
meshing algorithm are used to predict the number of elements in the model for each 
body present in the simulation (concrete pavement or subbase). This allows to 
manipulate the material properties and temperature of each part of the concrete 
structure. Finally, the reference temperature is assigned.  

 
In the next step (B) thermal properties of material are specified. The density 

of the material is considered a constant whereas the thermal conductivity and the 
specific heat can change during hydration of concrete. The change in these 
parameters is defined by Equations (3.24) and (3.25). Furthermore, the 
compositions of the cement and the concrete are specified.  

 

 
Figure 6.12 Steps of thermal analysis 

 
The meshing pattern is defined next (C), which depends also on the type of 

elements used. In the scope of this study, a mapped meshing is used with SOLID70 
hexahedron elements, that have 8 nodes.  
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In step D, the initial temperature is applied. The temperature should be equal 
to the placement temperature of the concrete. 

 
Finally, before the solution phase, the boundary conditions are defined (E). 

Once the convective surfaces are assigned, the equivalent heat transfer is applied. 
The equivalent heat transfer includes convection, radiation/irradiation and 
evaporative cooling effects. 

 
The second component of the algorithm is the solution. The solution is composed 

of time step iterative analysis so in each time step the output of the solution is used 
for the next step. Hence, the formulations are made to calculate the change in 
thermal parameters for each time step and reapply for the next one. The parameter 
푡푠  is an index that goes from 0  to the final step (푓푖푛_푡푖푚푒). In addition, the internal 
heat generation is applied as thermal load, considering the hydration rate of 
concrete. 

 
After the solution phase, in the posprocessing component, the results are 

examined. Furthermore, most of the results are saved in an external file to be used 
for the humidity and mechanical analysis.  

 

6.4.1.1. The Validation of Thermal Model 
 
The validation of thermal model is implemented by using the experimental 

results reported in the PhD Thesis of Azenha (2009) was selected. The purpose of 
his research was to study and to model the behavior of early age concrete. The work 
was selected due to the amount of the data available in experimental campaign. The 
purpose of the experiment was the validation of the numerical model for 
temperature and thermal strains developed by the author.   

 
The geometry of the specimen for the validation was chosen due to the 

possibility of an accurate numerical discretization. In addition, the dimensions had 
to be acceptable to work with in laboratory conditions. Hence, a concrete prism with 
dimensions of 0.60⨉0.30⨉0.60 m³ was considered for the experiment. The lateral 
faces and the base of the specimen were insulated with polystyrene plates and 
plywood formworks. The thickness of the polystyrene plates was 6cm and the 
thickness of the plywood formworks was 2.1cm. The prism is shown in  Figure 6.13a. 
On the other hand, the mix composition of the concrete was defined. The concrete 
was composed of 1134kg/m³ of calcareous gravel, 263kg/m³ of recycled concrete 
sand, 264kg/m³ of natural sand, 400kg/m³ of cement type I 42.5R and 200kg/m³ of 
water. The thermal properties of materials that were used for the experiment are 
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summarized in Table 6.4. The author considered these values for modelling. The 
initial temperature of the mix was estimated to be equal to 25°C. 

 
Material Thermal Conductivity, K (J/mh°C) ρC (J/m³°C) 
Concrete 9360 2.4×10⁶ 

Polystyrene 126 2.84×10⁴ 
Plywood 540 8.544×10⁵ 

Table 6.4 Thermal properties (Azenha, 2009) 

 
Concrete casting and experimental procedures took place inside a climatic 

chamber with a constant temperature T=20°C and relative humidity of RH=50%. 
Data gathering was started once the casting operations were finished. The location 
of the temperature sensors in the specimen is schematically depicted in Figure 
6.13b. 

 

 
Figure 6.13 Concrete specimen and thermal sensors locations (Azenha, 2009) 

 
Two types of temperature sensors were placed at symmetrical positions in 

relationship to plane B-B’. According to the author, the thermocouple type K (TP) 
sensors are easy to use and economical but have low precision (±2.2°C). Sixteen 
such sensors were placed in different thickness of the specimen.  In addition, two 
resistive temperature sensors (PT100) were places that were considered more 
precise (±0.1°C). However, the data available from the experiments presents only 
the results obtained from TP sensors.   

 
For the validation of the thermal model, a corresponding to the experiment 

model was built. The algorithm of the modelling was done based on the steps 
proposed in the previous section of this chapter. In the modelling, all the 
abovementioned parameters were fixed with the values presented by the author. 

a) b) 
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However, several parameters were calculated and inputted differently. These 
parameters include the cement composition and the equivalent convection 
coefficients on surfaces of the specimen. In addition, the specific heat and the density 
of concrete were presented as multiplication of both terms in Table 6.4. However, in 
the modeling both parameters should be inputted separately. Thus, they were 
separated considering the composition of the concrete. 

 
The data about the composition of cement was absent in the description of 

the experiment. Nevertheless, the type of the cement was reported. Hence, in 
accordance to the data about the oxide composition of the cement type I 42.5R given 
in the thesis, the Bogue composition was calculated and summarized in Table 6.5. 

 
 

Compound Average Composition 
퐶 푆 61 

퐶 푆 11 

퐶 퐴 5 

퐶 퐴퐹 10 

Fineness (Blaine, m²/kg) 411 

Table 6.5 Bogue compounds for Cement Type I 42.R 

 
 

On the exposed to the air as well as on the insulated surfaces equivalent 
convection-radiation coefficients reproducing the heat flux to environment were 
reported by author. For the top and bottom surfaces the equivalent convection 
coefficient was considered ℎ =28.8 kJ/m²h°C and for lateral surfaces 
ℎ =15.12 kJ/m²h°C. Nevertheless, taking into account the data from Table 6.4 and 
Equation (3.31) the equivalent convective transfer coefficients were calculated for 
the lateral surfaces and the bottom. Then, the coefficients were applied in the 
computational model. 

 
Finally, the results from the model were compared with the experimental 

results. The data from six thermocouples at different positions in the specimen were 
obtained. The TP1 and TP11 thermocouples were located on the top surface, close 
to the corners. TP2 and TP12 were places in the depth of 15cm from the surface, in 
lateral insulated faces. TP3 and TP13 were also located in lateral insulated faces, 
30cm deep from the surface. The comparison of the results from the computational 
model with the experimental results obtained from the thermocouples is depicted 
in Figure 6.14.  
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Figure 6.14 Comparison of the model results with the experimental 

 
One can observe slight variations in curves, which may have their logical 

explanation. Although a lot of data was provided about the experiment, two main 
factors might affect these differences: the group of input parameters that were 
applied in the modelling with the values reported by the author and the group of 
input parameters that were recalculated according to the data given by author.  

 
The first group includes the thermal properties of the materials, excluding 

the specific heat. These parameters might be valid and probably calibrated for 
author’s model but not calibrated for FEM modelling. The second group includes the 
cement composition, equivalent convection coefficients and the specific heat of 
concrete. The parameters from this group were recalculated according to the 
modelling principles defined in the current study and then applied in the 
computational model. The parameters were not calibrated against the experimental 
data, which was probably implemented by the author. Moreover, the parameters in 
both group might affect the hydration process and the heat generation in the 
concrete. 

 
Overall, these factors might be the reason of non-coinciding the thermal 

peaks in Figure 6.14b and c and providing small error in fitting. However, it has been 
shown that the computational model provides sufficient accuracy to simulate the 
temperature development and heat exchange with the environment for early age 
concrete. 
 

6.4.2. Humidity Analysis 
 

Similar to the thermal analysis, the humidity analysis algorithm is composed 
of three sequential phases: preprocessing, solution and posprocessing (see Figure 
6.12). The algorithm is similar to the one for thermal model including several 
modifications. In the first (A) step, the analysis type is defined as thermal analysis. 
3D thermal solid (SOLID70) element is selected to implement the humidity analysis. 
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In the second step (B) the properties of the material are inputted according 
to the thermal-moisture analogy summarized in Table 6.2. The density and specific 
heat of material properties are inputted as 1 and the humidity diffusion coefficient 
is set as the thermal conductivity of the material.  

 
The meshing patters is defined identical to the thermal analysis. Then, the 

placing humidity and evaporative surfaces are defined. Then, the solution part is 
started. The solution is composed of time step iterative analysis so in each time step 
the output of the solution is used for the next step. Finally, after the solution, the 
results are examined. Similar to the thermal analysis, most of the results are saved 
in an external file to be used for coupling, normalization and mechanical analysis.  

6.4.2.1. The Validation of Humidity and Mechanical Models 
 

Following to the model construction, the humidity model needs to be 
validated as well. For this reason, a computational model for internal relative 
humidity distribution is built based on the experimental results implemented by 
Kim and Lee (1998) and summarized by Yuan and Wan (2002). The objective of 
their study was the prediction of early-age cracking in the concrete after placing. 
Based on the experimental results, Yuan and Wan (2002) built a numerical model 
that could consider the effects of hydration, creep and moisture transport.   

 
Two specimens with different compositions were made by using the same 

type (ASTM Type I) of ordinary portland cement. River sand and crushed granite 
gravel were used as fine and coarse aggregates correspondingly. Table 6.6 
summarizes the detailed mix proportions for two specimens. 

 
Mix proportions Mix I Mix II 

w/c ratio 0.65 0.40 

Water (kg/m³) 202 172 

Cement (kg/m³) 310 430 

Sand (kg/m³) 740 661 

Gravel (kg/m³) 1020 1079 

풇풄풎 (MPa) 28 44 

Table 6.6. Mix proportions of concrete 
 
In both cases, the casted specimens were concrete prisms with sizes 

0.30⨉0.30⨉0.15m³. Thermal gauges were put to monitor the relative humidity  in 
the specimen. The gauges were located in the thickness of 2cm, 5cm, 8cm and 12cm 
as shown in Figure 6.15. 

 



Coupled FE Simulation of CHEMO-THERMO-HYGRO-MECHANICAL Behaviour of Concrete          107 
____________________________________________________________________________________________________________________________________________________________________________________________________________________ 

 

___________________________________________________________________________________________________________________________________________________________________________________________________________________

Razmik Martirosyan 

 
Figure 6.15 Specimen diagram 

 
The specimens were exposed by the top surface to the ambient conditions of 

20±1°C and 68±2% relative humidity. The other 5 surfaces were sealed with 
paraffin wax to block the humidity transfer. Input data for moisture diffusion 
coefficient were given by the coefficients summarized in Table 6.7. 

 
Parameters Mix I Mix II 

훼  0.05 0.05 
ℎ  0.80 0.80 
푛 15 15 

퐷 	(m²/h) 1.81∙10ˉ⁶ 1.00∙10ˉ⁶ 

Table 6.7 Input Data for Moisture Diffusion 
 
Figure 6.16 shows a sufficient accuracy in fitting of the computational model 

results with the ones from experimental. Nevertheless, insignificant differences are 
noticed in the curves. Two factors might affect these differences. On one hand, the 
humidity diffusion coefficient was not calibrated for the model.  On the other hand, 
the surface factor for the humidity loss from the exposed surfaces was calculated 
taking into account the given data. Thus, the surface factor was neither calibrated 
against the experimental data. Hence, the model can be considered valid for using 
on other types of concrete constructions. 

 

Figure 6.16 Comparison of experimental and calculated internal RH values for a) Mix I and b) Mix II 
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As oppose to thermal expansion, which is linearly related to the temperature 
change by thermal expansion coefficient, the drying shrinkage is more complex. 
Different models were presented in Chapter 4 for evaluation of drying shrinkage 
coefficient. Thus, the validation and calibration of drying shrinkage model is of high 
importance.  

 
The results of the same experiment are used to validate and calibrate the 

drying shrinkage coefficient for FEM model. Among existing models discussed in 
Chapter 4, the modified model of Jafarifar et al. (2014) is applied to assess the drying 
shrinkage coefficient. According to that model, the relationship between shrinkage 
coefficient and humidity is nonlinear and defined by constant that can vary 
depending on the composition of the concrete. These constant were calibrated for 
the modelling. 

 
The comparison of the experimental data along with the data from the FEM 

are depicted in Figure 6.17. The curves show an acceptable accuracy to consider the 
computational model for analysis of humidity and drying shrinkage behavior of 
early age concrete for other concrete structures. 

 
 

Figure 6.17 Comparison of experimental and calculated shrinkage for a) Mix I and b) Mix II 
 

6.5. CONCLUSIONS 

 
Chapter 6 presented the strategy of the modelling in FEM and the 

development of the coupled and normalized model for CHEMO-THERMO-HYGRO-
MECHANICAL behavior of concrete for early ages. Various available FEM programs 
were reviewed and the selection of finite elements for simulations was performed. 
In addition, the thermal and the humidity models were calibrated and validated 
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against the experimental results from other authors. Hence, the following 
conclusions may be considered: 

 
 In the scope of this chapter the physical problems related to the early age 

behavior of the concrete are  modeled using FEM techniques. For this, several 
finite elements were defined and a FEM software was selected. In addition, 
the computational modelling was separated into 3 sequential stages: 
thermal, hygral and mechanical. 
 

 Thermal analysis strategy along with the thermal finite elements were used 
to accomplish the humidity analysis. For this, Several thermal parameters 
were adopted to the hygral problem. 
 

 Normally, two cracking approaches are used for modelling of cracks in FEM: 
discrete and smeared. If the zone of the crack is known, discrete cracking 
approach may be used. However, if the zone of the cracks is unknown and the 
crack may appear everywhere in the structure, the smeared approach is 
recommended.  
 

 In order to perform the 3 stage analysis, the thermal and humidity loads were 
coupled and normalized to accomplish the mechanical analysis. The coupling 
and the normalization of thermal and humidity loads were presented for 4 
cases related to the values of 퐸  and 훽 . These cases present various 
situations that an engineer might face while modelling a concrete at early 
ages. For each of the cases a different equation was derived for virtual 
thermal loads, which can be directly applied in the modelling. 
 

 Thermal and humidity models were calibrated and validated against the 
experimental results from other authors. The validations of the models 
showed sufficient accuracy for the models. Hence, the models can be used to 
simulate concrete pavements at early ages with high accuracy. 
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7. APPLICATION	TO	CONCRETE	
PAVEMENTS	AND	PARAMETRIC	

STUDY 
 

 

 

7.1. INTRODUCTION 
 

As noted previously, several factors affect the behavior of concrete structures 
at early ages. These factors include the chemical composition of cement, the 
composition of concrete, environmental conditions and geometrical specifications 
of the structure. Depending on these, the performance of CPs at early ages may vary 
significantly. 

 
Thus, the behavior of CPs at early ages is possible to predict if all of the factors 

affecting its behavior are known. The chemical composition of the cement and the 
composition of the concrete may be controlled in the stage of the production. These 
compositions could be modified in order to change the repercussion on drying 
shrinkage and thermal expansion coefficients.  

 
Environmental conditions, such as wind speed, ambient relative humidity, 

temperature of air, radiation and irradiation may be controlled by choosing the time 
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of the day to cast the concrete in order to favor the proper evolution of the 
properties at early ages.  

 
In addition, precautionary measures to mitigate problems related to these 

conditions may be applied. These measures could protect the pavement from the 
effects of wind or direct solar radiation. The techniques of application of the 
precautionary measures and the intensity of these techniques can vary from case to 
case depending on the environmental conditions.  

 
Geometrical specifications of CPs, such as the thickness of the slabs and joint 

spacing, are possible to take into account at the construction site. Moreover, 
normally it is necessary to cut joints at certain distances and during certain time 
window to favor cracking places in a controlled way.  

 
The joint saw-cutting is performed to avoid uncontrolled mid-slab cracking. 

The cutting should be done during the time window when the cutting is safe to 
perform. If the cutting is done too early, the pavement may be damaged by the 
sawing equipment. Otherwise, if the cutting is performed too late, the cracks may 
form damaging the pavement. According to Yu et al. (1998), the transverse cracking 
risk is higher when: drier climates, higher temperature gradients and longer joints 
spacing are expected. Moreover, various authors (AASHTO, 2008; Huang, 2004; 
Smith et al., 1990) suggest the transverse joint spacing distance to be from about 2 
to 6 meters for JPCP, depending on the thickness, doweling, aggregates, traffic, 
shrinkage and climatic conditions. If joint spacing is very long, random and 
uncontrolled cracks may appear affecting the durability and the structural 
performance of CPs. Otherwise, if joint spacing is too short, in a unit of length, it can 
take more time and resources to perform saw cuttings that might not be even 
necessary. Usually, the time of the cutting and the distance between joints are 
decided based on the experience. However, the definition of how these parameters 
are affected by the environmental conditions or the composition of cement and 
concrete is not clear.  

 
Hence, for the modelling of CPs, the chemical composition of cement, the 

composition of concrete, environmental conditions and geometrical specifications 
of the structure can be introduced as parameters. Then, the model should allow to 
conduct a parametric study to reveal the degree of response of stresses and cracks 
to these parameters at early ages. In addition, the model can be used to propose 
values for the maximal joint cutting time and the optimal distance between 
transversal joints of the pavement that may be useful in practice. The complexity 
behind the model should permit the user to include or modify all the parameters 
based on experimental or theoretical results and monitoring. The universality of the 
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model should also allow its application to a concrete member of any possible shape 
that is at the interest of investigation.  

 

7.1.1. Objectives 
 
Two main objectives are pursued in this chapter. The first objective is to 

adopt  the model described in Chapter 6 to CPs and demonstrate the application of 
the model to CPs. The second objective is to predict the maximal joint cutting time 
and the optimal distance between transversal joints depending on several factors 
that affect the behavior of CPs at early ages. For this, the following specific objectives 
are defined: 

 Define the input parameters and models for thermal, humidity and 
mechanical analysis; 
 

 Adopt the model to CPs, define the input parameters for CPs and 
implement a demonstrative thermal, humidity and mechanical analysis; 

 
 Determine the main parameters as the ones that influence significantly 

the behavior of the CPs at early ages and confirm this significance with 
the model; 

 
 Propose maximal joint cutting time, depending on the main parameters; 
 
 Propose optimal distance between transversal joints of the pavement 

depending on the main parameters. 
 

7.1.2. Outline of the chapter 
 
In the current chapter, the input parameters for modelling the CP are 

presented. Then, a demonstrative model of CPs is simulated to show the adoption of 
the general model to CPs. For this, different analysis including the thermal, the 
humidity and the mechanical are implemented. Next, a parametric study is 
conducted in Section 7.4 to achieve the proposed goals defined in the scope of this 
chapter. Finally, the main and specific conclusions of this chapter are presented. 

 

7.2. DEFINITION OF INPUT PARAMETERS 
 
Number of variables are used for input parameters to represent physical 

specifications and the geometry of the structure, chemical, thermal, hygral, and 
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mechanical characterization of the concrete and the boundary conditions in 
modelling. Some of these variables are applied as constants. Others may vary 
depending on conditions. In addition, several mathematical models that were 
previously discussed through three chapters of this doctoral thesis are applied for 
the characterization of the concrete properties. Hence, the input parameters and the 
mathematical models can be divided into five groups and are presented in this 
section.  

 

7.2.1. Physical Specifications of the geometry of CP 
 

The physical specifications and the geometry of the structure, can be 
presented by Figure 7.1. The figure presents a model of concrete pavement that has 
6 slabs with transversal and longitudinal joints. The slabs are places over base.  

 
Figure 7.1 Geometry of the model 

 

The length, the width and the thickness of the slabs as well as the thickness 
of the base can be inputted as parameters. Moreover, the depth of the saw-cut notch 
can be introduced as input parameter. In the scope of this chapter, the sizes of the 
slabs and the thickness of the base (or subase) are defined according to Table 7.1 . 

 

Parameter Value 
Slab width 3.0 m 
Slab length 5.0 m 

Slab thickness 0.25 m 
Base Thickness 0.50 m 

Table 7.1 Input parameters for geometry 
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7.2.2. Chemical input parameters 
 
The chemical composition of cement is defined according to Table 3.3. For 

each of the components, individual input parameter is used. In addition, an 
individual parameter is used to input Blaine. For the models discussed in the scope 
of this chapter Cement Type I is used without fly ash and without slag. The average 
chemical composition of this cement and the Blaine is given in Table 7.2. Moreover, 
heat of hydration of each individual compound may inputted separately.  

 

Composite Average composition, % 
Heat of hydration of 

individual compounds(J/g) 
푪ퟑ푺 50 500 
푪ퟐ푺 25 260 
푪ퟑ푨 12 866 
푪ퟒ푨푭 8 850 

Blaine, m²/kg 350 - 

Table 7.2 Bogue compounds of Cement Type I 
 

7.2.3. Thermal model input parameters 
 
The thermal characterization of concrete is defined by the thermal properties 

of the main composites (cement, water and aggregates) and the mathematical 
models that assess the evaluation of the thermal properties of material during early 
ages. To this end, several input parameters are defined to assess the hydration rate, 
heat release, the thermal properties of material and the boundary conditions during 
early ages. 

 
Degree of hydration rate and the heat release are estimated by equations 

(7.1) - (7.3). These models were introduced in Chapter 3.  
 

Hydration degree: 훼(푡 ) = 훼 ∙ 푒푥푝 −
휏
푡

 (7.1) 

Total heat released: 퐻 = 퐻 ∙ 퐶  (7.2) 

Heat release rate: 퐻(푡) = 훼(푡) ∙ 퐻  (7.3) 

 
In addition, the related parameters of these models (훼 , 휏, 푡 ,훽,퐻 ,퐶 ) are 

calculated according to their definition in Chapter 3. The equivalent time is defined 
as an array and updates in each time step of the analysis. The values of the rest are 
summarized in Table 7.3. 
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Parameter Value 

α  0.753 
τ 26.562 
β 0.475 

H  486.92 kJ/kg 
C  380 kg/m3 

Table 7.3 Hydration related input parameters 

 
To assess the thermal properties of concrete, the volume fraction and the 

thermal properties of each composite are inputted as separate parameters. With 
regard to the propositions by several authors (see Chapter 3), these values are 
summarized in Table 7.4.  

 
Composite Volume fraction (kg/m3) Conductivity (J/mh°C) Specific Heat (J/kg°C) 

Cement 380 1050 1140 

Water 200 2090 4190 

Aggregates 1800 11300 800 

Table 7.4 Typical concrete composition and the thermal properties of composites 
 
Based on these values, the initial thermal conductivity and specific heat of the 

mix are assessed (푘 =9000 J/mh°C and 퐶 , =1140 J/kg°C). Then, the evolution 
of these parameters during hydration are modeled by equations (7.4) and (7.5).  

 
Thermal conductivity: 푘(훼) = 푘 ∙ (1.33 − 0.33 ∙ 훼) (7.4) 

   

Specific heat: 
퐶 =

1
휌
푊 ∙ 훼 ∙ 퐶 + 푊 ∙ (1 − 훼) ∙ 퐶

+ 푊 ∙ 퐶 + 푊 ∙ 퐶  
(7.5) 

 
Furthermore, several parameters are inputted to present the boundary 

conditions of the model. Two boundaries are defined for heat exchange with CPs: 
the ambient and the base. 

 
To model heat exchange with the ambient, the heat fluxes due to each factor 

(convection, evaporative cooling, radiation and irradiation) are estimated. Then, 
these values are summed up and applied as a single thermal flux to the surface of 
the pavement. For this, each of these factors is applied according to the models 
proposed in Chapter 3 and represented in Equations (7.6) - (7.9).  
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Convective heat flux: 푞 = 	 ℎ ∙ (푇 − 푇 ) (7.6) 

Evaporative cooling: 푞 = 	−퐸 ∙ ℎ  (7.7) 

Radiation heat: 푞 = 	 훽 ∙ 퐼 ∙ 푞  (7.8) 

Irradiation heat: 푞 = 	−휀 ∙ 휎 ∙ (푇 − 푇 ) (7.9) 

 
In the scope of the parametric study, the CPs are assumed to be exposed to 

indoor conditions. Therefore, 푞  and 푞  are applied with a value of 0. In addition, for 
simplicity, no evaporative cooling is considered (푞 =0). Nevertheless, an 
additional demonstrative simulation of thermal model is implemented to show the 
distribution of temperature considering daily temperature variation, radiation and 
irradiation.  

 
Since the evaporative cooling is not considered in the modeling, the 

parameters 퐸  and ℎ  are left open for the users. In addition, to assess the convective 
heat, 푇  is obtained from the surface of the pavement model and the ambient 
temperature (푇 ) is applied as a function of time (퐼 ) and average daily temperature. 
However, for indoor pavements constant value for 푇 =20°C is assumed. Moreover, 
to estimate ℎ  the wind velocity of 1km/h is considered. The rest of related 
parameters (훽 ,휎, 휀,푇 ) are calculated based on their definition given in Chapter 3 
and shown in Table 7.5.  

 
Parameter Value 

훽  0.50 
휎 5.67∙10-8 J/m²s°∁4 
푇  12 °∁ 
휀 0.88 

Table 7.5 Thermal flow related input parameters 

 
Complementary to these, initial temperatures are defined for the concrete 

and the base. In the modelling these parameters are applied with a value of 푇 =20°C. 
In addition, the base is assumed to be made of crushed gravel. Therefore, the thermal 
properties of the material are inputted based on the findings proposed in Chapter 3 
(kbase=2500 J/mh°C and Cbase=1200 J/kg°C). Considering a constant temperature 
for subgrade, the temperature for the bottom layer of the base that is in a contact 
with the subgrade is fixed to 푇 =15°C. Depending on the season and the 
geographical location, this temperature may vary. 푇  can vary depending on the 
season so this parameter.  
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7.2.4. Humidity model input parameters 
 
The humidity input parameters of concrete are defined based on the hygral 

properties of the material and the mathematical models that assess the evaluation 
of these properties during early ages. Hence, several input parameters are defined 
to assess the moisture movement in concrete, evaporation from exposed surfaces 
and the drying shrinkage during early ages. 

 
The moisture movement in concrete is defined by the humidity diffusion 

coefficient (see Eq. (7.10) demonstrated in Chapter 4.  
 

퐷(ℎ) = 퐷 ∙ 0.3 +
13
푡

∙
푇
푇
푒푥푝

퐸푎
푅푇

−
퐸푎
푅푇

∙ 훼 +
1 − 훼

1 + [(1 − ℎ) (1 − ℎ )⁄ ]  (7.10) 

 
The parameter 퐷  is inputted as a function of a strength of concrete. Two 

different concretes are considered in the scope of this chapter: C30 (푓 , =30MPa) 
and C50 (푓 , =50MPa). Therefore, for each concrete, 퐷  is calculated separately. 
푇 is the absolute temperature of the concrete during time, obtained from the thermal 
analysis. The rest of the related parameters are applied according to the definitions 
given in Chapter 4. These values are  summarized in Table 7.6. 

 
Parameter Value 
푫ퟏ,푪ퟑퟎ 1.20∙10ˉ⁶ m²/h 
푫ퟏ,푪ퟓퟎ 7.20∙10ˉ7 m²/h 
푻ퟎ 294 K 
푹 8.3144 J/mol K 
휶ퟎ 0.05 
풉풄 0.80 
풏 15 

Table 7.6 Parameters to estimate 푫(풉) 

 
Initially the concrete is assumed to be totally saturated. Thus, the initial pore 

relative humidity of concrete is set to 100%. Then, after the curing period, the 
pavements starts to loose moisture through exposed surfaces. A perfect curing block 
any humidity transfer with the environment, therefore no shrinkage related to 
drying takes place during curing period. Nevertheless, the curing property might be 
modified, if the effectiveness of the curing compounds is known. Moreover, a 
parameter is introduced to deal with the curing time (푡 ). 

 
Furthermore, no moisture transport between the slabs and the base is 

assumed. For CPs, the surface for the exchange of humidity is bigger along the 
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thickness than along the lateral surfaces. Therefore, for simplicity no moisture 
transfer is assumed from the lateral surfaces. 

 
 Throughout the analysis, the ambient relative humidity (푅퐻 ) is 

considered constant. However, for different scenarios this parameter can be 
inputted independently and a variation can be assumed. Typical input parameters 
for ambient relative humidity and the curing period are summarized in Table 7.7. 
Moreover, for the parametric study several additional values of these parameters 
are applied to the model. 

 
Parameter Values 

푡  3 days 
푅퐻  70% 

Table 7.7 Humidity model input parameters 

 
According to the literature, depending on the type of the concrete, degree of 

hydration and the humidity of the concrete drying shrinkage coefficient may vary 
within 0.0005⩽훼 ⩽0.0030. Throughout the analysis, this parameter is applied 
with a constant value. Nevertheless, for each scenario 훼  can be applied with 
different values.   

 
To model autogenous shrinkage Equation (7.11) is used, where 휀 ,  is a 

function of the concrete strength and  훽 (푡) is a function of time. Both of them are 
described in Chapter 4. 

 
휀 (푡) = 훽 (푡) ∙ 휀 ,  (7.11) 

 

7.2.5. Mechanical model input parameters 
 
The mechanical characterization of concrete is defined by the mechanical 

properties of the material and the mathematical models that assess the evaluation 
of these properties during early ages. For this, several input parameters are defined 
to determine the evolution of the strength of concrete (푓 ,푓 ), modulus of 
elasticity (퐸 ) and Poisson’s Ratio (휈) over time based on the characteristic strength 
of the concrete. Moreover, additional parameters are defined to assess the creep and 
creep related relaxation during early ages.  

 
To determine the evolution of the mechanical properties of concrete 

(푓 ,푓 ,퐸 , 휈) over time, the values of these properties are first assessed at 28 days, 
according to Equations (7.12)-(7.14).  
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Compressive Strength: 푓 = 푓 + 8 (7.12) 

Tensile strength: 푓 = 0.3 ∙ (푓 ) ⁄  (7.13) 

Modulus of elasticity: 퐸 = 2.15 ∙ 10 ∙ 훼 ∙ (푓 /10) /  (7.14) 

 
Based on the types of concretes proposed in the previous section, Table 7.8 

summarizes the values of these properties at 28 days. The value of Poisson’s ratio is 
inputted similar for both concretes  with regard to the values proposed in literature. 

 
Parameter C30 C50 

푓  30.0 MPa 50.0 MPa 

푓  38.0 MPa 58.0 MPa 

푓  2.90 MPa 4.10 MPa 

퐸  29.7 GPa 36.0 GPa 

휈 0.2 0.2 

Table 7.8 Input parameters for mechanical properties of concrete at 28 days 

 
Next, the evolution of theses parameters over time during 28 days is modeled 

based on the equations introduced by De Schutter and Taerwe (1996) and 
represented in Chapter 5. For this, the function shown in (7.15) is applied, where 푎 
depends on the type of the cement and varies for each parameter of mechanical 
properties (푓 ,푓 	and 퐸 ).  

 
푓(훼)

푓(훼 = 1)
=

훼 − 훼
1 − 훼

 (7.15) 

 
The values reported by the author (푎(푓 ),푎(푓 ) and 푎(퐸 ))   are for exact 

type of cement. Therefore, this parameter should be calibrated based on the 
experimental results. If the experimental data is not available, an algorithm is 
developed to estimate this constant. The values of 푎(푓 ),푎(푓 ) and 푎(퐸 ) that are 
used in the scope of this model are shown in Table 7.9. Mainly affected by the 
ultimate degree of hydration and the hydration rate, these parameters are applied 
with similar values for both concretes as the cement composition is assumed the 
same for both.  

 
Parameter Value 

푎(푓 ) 0.56 
	푎(푓 ) 0.37 
푎(퐸 ) 0.28 

Table 7.9 Parametric values for 푎 
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In addition, the evolution of Poisson’s Ratio is inputted as a function of 
hydration degree (훼) as depicted in Equation (7.16).  

 
 휈(훼) = 	0.18 sin + 0.5푒  (7.16) 

 
Moreover, the relationship between the creep and the effective strain is 

defined with the function (7.17) described in Chapter 5. The parameters 휑 ,푑 and 푝 
can be decided experimentally. Nevertheless, in the computational model these 
parameters are inputted according to the experimental values obtained by Gao et 
al., 2013 and summarized in Table 7.10 휑  inputted with a value of 2.05 for C30 
concrete and 1.90 for C50. 

 

휀 (푡) = 휀 (푡) ∙ 1 −
휑(푡, 푡 )

1 + 휑(푡, 푡 )  (7.17) 

 
휑(푡, 푡 ) = 휑 ∙ 푡 ∙ (푡 − 푡 )  (7.18) 

 
 

Concrete Grade 훗ퟏ 퐝 퐩 
C30 2.01-2.08 0.67 ∙ φ  - 0.51 0.49 ∙ φ  - 0.92 

C50 1.82-1.95 0.34 ∙ φ  - 0.06 -0.17 ∙ φ  + 0.43 

Table 7.10 Input creep parameters 

 

7.3. DEMONSTRATIVE ANALYSIS OF THE MODEL FOR CONCRETE PAVEMENTS   
 
Once the input parameters are defined, a demonstrative model is simulated 

with the typical values of the parameters described in the previous section. The aim 
of this model is to demonstrate the adoption of the model to CPs and the capabilities 
of the model, while analyzing CPs. This section is divided into three parts: thermal, 
humidity and mechanical analysis. For each of them the input parameters are 
mentioned and the results are discussed.  

 

7.3.1. Thermal Analysis of Concrete Pavements 
 

The model for thermal analysis consists of the base and the pavement itself 
as shown in Figure 7.2. The input parameters of the thermal model and the thermal 
characterization of the materials are stated previously in this chapter. 
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Figure 7.2 Thermal model description 

Once the geometry, the execution parameters, the thermal properties of 
concrete and the boundary conditions are defined, the meshing is implemented. The 
FE meshing of the CP slabs and the base is illustrated in Figure 7.3. For simplicity, 
the heat transfer from lateral surfaces is not considered. Hence, at each moment of 
hydration the temperature of concrete is similar along the width and length for the 
entire pavement, but changes along the thickness. Therefore, the thermal properties 
of the concrete also change only along the thickness. For this reason, the elements 
and the nodes are numbered along the thickness for the evaluation of the 
temperature, thermal properties and hydration heat during early ages. The 
elements are numbered from E1 to E6 as from surface to bottom respectively, and 
the nodes are numbered from N1 to N7 according to the same principle. 

 

 
Figure 7.3 Elements and nodes in the mesh 

After the solution of the thermal model, the results are gathered and 
presented. Typical thermal distributions in the pavement together with the base at 
different moments of time during hydration are shown in Figure 7.4. It can be seen 
that the temperature of the slab is significantly higher after a day of the placement. 
However, this temperature decreases during time. At the top surfaces temperature 
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is affected by the ambient temperature. On the other hand, the heat exchange with 
the base that is cooler than the pavement, affects the temperature of the slab. 

 

 

 
Figure 7.4 Temperature profiles in pavement and base during first 28 days after paving (°C) 

 
The evolution of the thermal conductivity and the specific heat of concrete as 

well as the heat release are depicted in Figure 7.5. It can be noticed a decrease in 
values of thermal conductivity and specific heat during hydration. Furthermore, the 
heat release rate increases dramatically in the first hours but then decreases during 
several days. 

 
In addition, the curves showing the evolution of thermal properties for 

elements E1 to E6 are similar. This is because of the thin layer of placed concrete, 
which provides similar rates of hydration along the thickness, if the relative 
humidity of concrete is kept constant. Unquestionably, while working with thick 
layers or other massive concrete constructions, such as dams or blocks, these 
properties may vary significantly along the thickness. In comparison to CPs, these 
structures may have smaller exposed surface to volume ratio.  
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Hence, due to high insulating property of concrete, the interchange of heat 
with environment may be limited. As a result, the thermal equilibrium may not be 
achieved equally for all the layers of the structure and influence the hydration. 
Therefore, the thermal parameters might be affected as well.   

 

Figure 7.5 Evolution over time of: a) heat release, b) thermal conductivity and c) specific heat 

The thermal gradients along the thickness at corresponding moments of time 
are illustrated in Figure 7.6. The predicted temperature at the surface is presented 
at level of 0cm and for the bottom layer of the slab is at 25cm accordingly. It can be 
seen that during the first 3 days after placement the temperature of the entire slab 
is significantly higher. This is due to the heat release as the cement hydrates. In 
addition, during first days the temperature of middle layers is higher from the 
temperature of the top surface and the layer of the pavement that is in a contact with 
the base. Moreover, the thermal distribution becomes close to linear after 2 weeks 
of the placement.  

 
Figure 7.6 Thermal gradients along with thickness (a specific case of an indoor pavement) 
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Figure 7.7a shows the temperature evolution for each element along the 
thickness for indoor pavements. One can notice a significant rise in temperature 
along the all thickness of the slab in the first day. This is due to internal heat 
generation because of cement hydration. Then this is followed by a steady decrease, 
being affected by the ambient and the base temperatures as well as the decrease of 
the heat generation.  

 
An additional simulation was run to demonstrate the prediction of the 

temperature distribution for outdoor pavements. In this case, the ambient 
temperature is assumed a function of the daily average temperature, applied as 
+20° and the day-night variation of 10°C. Moreover, radiation and irradiation are 
applied according to the description given in Section 7.2.3. In addition, the heat 
release rate increases dramatically in the first hours but then decreases during 
several days. 

 
 The rest of the conditions are left similar to the previous case. Figure 7.7b 

presents the temperature development and variation along the thickness of an 
outdoor concrete pavement. Despite the temperature variation, a trend similar to 
indoor pavements is noticed for outdoor pavement. The average temperature rise 
significantly in the first day followed by a steady decrease.  

 

Figure 7.7 Thermal analysis results: a)indoor pavement and b) outdoor pavement 

 

From both graphs illustrated in Figure 7.7 it can be seen that the temperature 
at the top surface is lower than the temperature of lower layers of indoor pavement. 
Whereas for outdoor pavement, this temperature is significantly higher at daytime 
and lower at nighttime than the temperatures of lower layers. This is because the 
top surface of the pavement is directly affected by the air temperature meanwhile 
the temperature of the lower layers is more influenced by the base that, which in 
this particular case, has lower thermal conductivity than concrete. Moreover, for the 
outdoor pavement, the components of radiative and irradiative heat fluxes are 
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added to the convective heat flux. Consequently, considering that the initial 
temperature of the concrete and the average daily temperature were applied with 
the same values, the heat flux is positive in daytime and negative in nighttime.  

 

7.3.2. Humidity Analysis of Concrete Pavements 
 
The humidity analysis model consists only from the pavement, since the 

bottom layer of the pavement is assumed isnulated. For typical analysis, the input 
parameters of this model are presented previously in this chapter. Once the solution 
of the demonstrative humidity model is performed, the results are gathered and 
presented. Typical humidity distributions in the pavement at 7th, 14th and 28th days 
are shown in Figure 7.8, where ambient relative humidity of 70% and 3 days of 
perfect curing is applied. C30 and C50 concretes are used for this model. 

 
It can be seen that after seven days of placement, the relative humidity has 

decreased only on the top surface of the pavement. Whereas along the thickness the 
humidity does not change. After 2 weeks of the placement the humidity changes 
along half thickness of the slab, but this change is still negligible. However, after 28 
days the humidity distribution along all the thickness changes. Moreover, the change 
is significant along the half thickness of the slab close to the exposed surface. 
Nevertheless, the bottom layers of the pavement remain saturated.  

 

 
Figure 7.8 Relative pore humidity profiles in pavement during first 28 days after paving 

 
To summarize, Figure 7.8 illustrates that even after more than 3 weeks of 

drying, the relative humidity is still high along the thickness of the entire pavement. 
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Moreover, if no humidity loss through the bottom layers is considered, after 28 days 
these layers remain saturated. 

 
Figure 7.9 shows the evolution of the humidity diffusion coefficient over time. 

From Figure 7.9a and b, the difference in values of 퐷(ℎ) for both concretes can be 
observed. The initial value of 퐷(ℎ) for C30 concrete is about 50% more than for C50. 
Despite this, both values decline rapidly during first 4 days after the placement. The 
hardening of concrete and the temperature decrease cause this decline. 
Nevertheless, during 28 days 퐷(ℎ) is slightly higher for C30 concrete than for C50. 
Moreover, for each concrete 퐷(ℎ) is similar along the thickness.     

  

Figure 7.9 Evolution of humidity diffusion coefficient for a) C30 concrete and b) C50 concrete 
 
In addition, the humidity distributions at 7th, 14th and 28th days along the 

thickness for two different concretes (C30 and C50) exposed to the same ambient 
conditions are presented in Figure 7.10. Similar to the previous simulation, ambient 
relative humidity of 70% and 3 days of perfect curing are applied.  

 
It can be seen that after 28 days of the placement, the internal relative 

humidity differs along the thickness for both concretes. The change of pore relative 
humidity is greater in the layers closer to the exposed surface than in the bottom 
layers. Moreover, the relative humidity is lower at the top surface of C50 concrete, 
than for C30. 

 

  
Figure 7.10 Relative humidity profiles in pavement during first 28 days after placing for a) C30 and b) 

C50 concrete 
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Furthermore, the hourly distribution of the relative humidity at each element 
of the pavement along the thickness are depicted in Figure 7.11. No internal relative 
humidity change is noticed during first 72 hours after placement. Then, a rapid 
decrease can be seen at the surfaces of both concretes during next 150 hours after 
the curing followed by steady decrease. Moreover, a similar trend to Figure 7.10 can 
be observed in Figure 7.11a and b. The elements located at the top surface exposed 
to the ambient have lower relative humidity for C50 concrete than for C30. 
Nevertheless, the tendency for humidity of bottom layers is dissimilar, where lower 
humidity values are observed for C30 concrete than for C50 in the equivalent layers 
of the pavements.  

 
These phenomena can be explained by the difference between 퐷(ℎ) for both 

concretes. Higher values of 퐷(ℎ) for C30 transfer the water faster from saturated 
layers to the layers with lower humidity. Hence, in comparison with C50 concrete, 
this results higher relative humidity values at top surfaces and lower at bottom 
layers for C30. 

 

  
Figure 7.11 Humidity analysis results 

7.3.3. Mechanical Analysis of Concrete Pavements 
 
The model of mechanical analysis consist from the pavement and the base. 

The contact surface between the pavement and the base is considered unbonded 
and frictional. In addition, the gravity is applied. Thus, the loads for the first 28 days 
are the thermal and the humidity loads that are applied as a single coupled and 
normalized load and the self-weight of the CP. Moreover, creep related relaxation 
and autogenous shrinkage are considered.  

 
Once the analysis is performed, the results are gathered and presented. The 

input parameters for the mechanical model are defined previously in this chapter. 
Moreover, the thermal and the hygral loads are obtained from the thermal and 
humidity analysis described before. 
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The evolution of the mechanical properties (푓 ,푓 ,퐸 , 휈) at each layer of the 
pavement during the first 28 days are presented in Figure 7.12. It can be seen that 
during several hours after the placement the concrete is still in plastic state and then 
starts to harden. Moreover, the concrete obtains about 75% of its 28th day strength 
(푓 ,푓 ) and the stiffness (퐸 ) during first 3-4 days after the placement. Then, these 
parameters continue to increase as hydration continues. On the other hand, 
Poisson’s Ratio decreases rapidly during the first day after the placement, following 
negligible increase during the rest of the time (see Figure 7.12g and h). 

 
 

  

  

  

  
Figure 7.12 Evolution of mechanical properties for C30 and C50 concrete 
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After examining the figures, several differences are notices between the 
mechanical properties of different layers for the same concrete. The strength and 
the stiffness are higher at the bottom layers than at the top. Moreover, this difference 
is more evident for C50 (see Figure 7.12b, d, f and h) concrete than for C30 (see 
Figure 7.12a, c, e and g).  

 
This can be explained by the difference in hydration degree of these layers, 

as the bottom layers contain more moisture. Thus, concrete at the bottom layers 
hydrates faster because of available water. In contrast, the relative humidity at the 
exposed surfaces are low. Furthermore, as it has been shown in humidity analysis, 
for the same ambient conditions lower relative humidity is observed for the top 
surface of the pavement with C50 concrete than for C30.  

 
To demonstrate the typical development of stresses in CPs at early ages, the 

concrete is modeled as an elastic material without a cracking option. The stresses 
are examined in the sections shown in Figure 7.13, where the sections correspond 
to the transversal and longitudinal joints.  

 
 

 

 

Figure 7.13 Sections of CP in modeling 
 
The development of the first principal stresses at each node along the 

thickness of the CP are depicted in Figure 7.14. It can be noticed from the graphs 
that the tensile stresses that appear on the exposed surface are higher than in other 
layers. The reason of such tendency is that the layers close to the exposed surfaces 
loose water faster than the rest of the pavement. Due to this, differential shrinkage 
occurs. In reality, the stresses might not reach to the values shown in the figure, 
because of the cracking and the cracking related stress relaxations. Moreover, 
during first hours no stress is generated because of the plastic state of the concrete. 
Then, during first 3 days stress increase is observed only due to thermal expansion 
and autogenous shrinkage.  
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Figure 7.14 Development of the principal stresses at the 1st section 

 

7.4. PARAMETRIC STUDY 
 

The parametric study is conducted to evaluate the level of the stresses in 
pavement. Then based on this, to assess the maximum time for the cutting and the 
optimal distance of the cutting the joints. The parameters may incorporate several 
factors proposed in the previous section.  

 
However, if the number of such parameters is high, to run all possible 

scenarios with all parametric configurations is complicated and time consuming. 
For instance, if there are 10 input parameters with 3 values included for each, it 
takes 310 = 59049 scenarios and comparisons of those results to find the optimal 
values.  

 
Therefore, before the implementation of the global parametric study, the 

parameters would be separated into two groups. Based on the literature the 
parameters that have significant influence on the behavior of CPs at early ages and 
are directly related to the problem, in terms of stresses and cracking are called main 
parameters. Secondary parameters have negligible effect on the stresses and the 
cracking. On the other hand, the parameters that are not relevant to the proposed 
problem are included in the secondary group.  

 
Once the main and secondary parameters are separated, the final parametric 

study is performed based on the main parameters. The main parameters vary 
between a range suggested by the literature or based on experience. The secondary 
parameters might be present in simulations by their most common or average 
values based on the literature. Then, to study the degree of the influence of each 
main parameter, all the parameters are fixed in their most common values except 
the one that is studied at that moment. Afterwards, several scenarios are simulated 
with different values of that parameter. For instance, if the subject of interest is the 
influence of the drying shrinkage coefficient on the stresses and cracking, several 
simulations are performed with different values of that coefficient, by maintaining 
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the rest of the input parameters, both main and secondary constant. The strategy of 
parametric study is explained in details in the next sections.  

 

7.4.1. Parametric Study to Derive Maximal Joint Cutting Time 
 

As mentioned previously in this chapter, for saw cutting of joints, there is a 
time window when the cutting is safe to perform. If the cutting process is started too 
early, when the concrete does not have enough strength, the cutting may result to 
raveling and spalling at the edges of the cut. In addition, the sawing equipment might 
damage the pavement. Otherwise, if the cutting is performed too late, the cracks may 
form damaging the pavement (see Figure 7.15). The time window may vary 
depending on the properties and the composition of the concrete and the ambient 
conditions. Normally, the cutting time is decided in the construction site, by 
empirical considerations. Nevertheless, with the development of this model 
different scenarios are possible to analyze in short time and obtain the maximum 
joint cutting time based on the various factors. 

 

 
Figure 7.15 Crack control window (Okamoto et al., 1994) 

 
The initial time point when the concrete has a minimum allowable strength 

to avert excessive saw-cut raveling, can be considered the final setting time. The 
final setting time can be easily determined experimentally, whereas the same is not 
true for the maximum time of the cutting of joints. For this reason, a model is needed 
that is capable to derive the final moment of the saw-cut time window. Thus, the 
parametric study for deriving the maximal cutting time of joints of CPs is performed 
to find the moment when the maximum stress occurs and after which the cracks can 
form. If the cutting is not performed before that time, the CPs are damaged and the 
cutting is worthless. 
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Many authors concluded that the crack initiation in concrete is mainly 

affected by the material strength parameters, the method and the quality of curing, 
and the early age creep and shrinkage (Vepakomma et al., 2002; Lim et al., 2013; 
Kim and Lee, 1998). Based on this, several parameters that are directly related to 
these factors are selected as main parameters. Table 7.11 summarizes the main 
parameters and the range of applicability based on the literature review. Initially, 
these parameters are applied by their extreme values. Then, if a significant 
difference is noticed in the evaluation of the cutting time, the importance of the 
parameter is confirmed and other values are added in between of this range. For all 
the scenarios two strength grades of concrete are applied: C30 and C50. In addition, 
the scenarios consider CPs with six slabs as depicted in Figure 7.1. The parameters 
for the thermal model are similar to the demonstrative model proposed in section 
7.3.1. Neither ambient temperature or relative humidity variation nor radiation 
(irradiation) is considered, corresponding to indoor conditions. Moreover, no 
humidity or thermal transfer through lateral surfaces of the CPs is considered. 

 
Parameter name Range 

Ambient relative humidity (%) 50 - 80 
Drying shrinkage coefficient 0.0005 - 0.0030 

Curing time (days) 1 - 4 
Concrete strength grade C30 or C50 

Table 7.11 Parameters included in parametric study for maximal cutting time 
 

7.4.1.1. Parameter 1: Drying Shrinkage Coefficient 
 

Discussed in the 4rd chapter, the drying shrinkage coefficient (훼 ) on 
average may vary from 0.0005 to 0.0030, depending on the material, the humidity 
and the age of the concrete. Moreover, no experimental data is available approving 
the variation of this coefficient depending on the pore relative humidity and other 
factors during hydration. Hence, the constant values are suggested.  

 
The curing time is fixed on 3 days and no moisture transfer is considered with 

ambient for this period after the placement. The ambient relative humidity is fixed 
on 70%. Hence, the thermal and the humidity distributions are similar to Figure 7.6 
and Figure 7.10 respectively. 

Initially two simulations of mechanical model are run with the extreme 
values of drying shrinkage coefficient according to the values shown in Table 7.11: 
minimum (훼 =0.0005) and maximum (훼 =0.0030). Figure 7.16 presents the 
development of the stresses and the strength during first 28 days. 푓  and 푓  
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are the values of tensile strength for the first (E1) and second (E2)  elements 
respectively, and 휎 ,  and 휎 ,  are  the first principal stresses appearing at the first 
(N1) and the second (N2) nodes, according to notations in Figure 7.14.  

 
It can be seen that for both concretes (see Figure 7.16a and b) the maximum 

stresses do not reach the tensile strength when 훼 =0.0005. In contrast, the curves 
of the principal stresses and the strength cross within several hours after the curing 
period when 훼 =0.0030 (see Figure 7.16c and d). Hence, it can be concluded from 
that the maximum cutting times are affected significantly by the drying shrinkage 
coefficient variation for both concretes. Therefore, the drying shrinkage coefficient 
can be confirmed as main parameter.  

 

  

  
Figure 7.16 The cutting time for extreme values of	훼 : a) and b)	0.0005, c) and d)	0.0030 

 
Furthermore, additional values between the minimum and the maximum 

defined limits are introduced (0.0010, 0.0015, 0.0020 and 0.0025) and analyzed. 
Thus, in total six scenarios with different values of drying shrinkage coefficient are 
run to check the influence on the maximum time of the cutting the joints. Next, the 
intersections of the curves of the generated stresses and the development of the 
strengths (see Figure 7.17) are assumed the maximal moment of time after the 
placement, when the cuts are still desirable to perform.  From Figure 7.17 it can be 
seen that with the increase of 훼 , the maximum cutting time decreases. Moreover, 
within the range of 0.0015 ≤ 훼 ≤ 0.0030, the cracks may appear shortly after the 
curing period. In addition, C50 concrete cracks later than C30. 
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Figure 7.17 The cutting time for additional values of	훼 : a) and b) 0.0010, c) and d)	0.0015, e) and 

f)0.0020, g) and h) 0.0025 
 

Afterwards, once the moments of the first cracking are obtained, the 
dependence of maximum joint cutting time on the drying shrinkage coefficient can 
be modeled. This relationship can be shown by Figure 7.18. It can be seen that for 
both concretes the cutting time decreases with a similar trend for both concretes 
when 훼  increses. This decrease is significant and rapid when 0.0010 ≤ 훼 ≤
0.0015, whereas within the range of 0.0015 ≤ 훼 ≤ 0.0030, the decrease in joint 
cutting time is smaller and slower. In addition, the joint cutting time is about two 
times greater for C50 concrete, than for C30 when 훼 = 0.0010. Whereas this 
difference is negligible at the maximum value of 훼 . 
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Figure 7.18 Joint cutting time vs. 훼sh 

7.4.1.2. Parameter 2: Curing Time 
 

In the modelling, the curing time is defined as the duration of the time that 
the curing agent is applied to the surface of the CPs to prevent the moisture transfer 
to the ambient. Number of factors may affect the curing period. Normally, the curing 
is performed to protect the early age concrete from harmful weather conditions and 
to assure an acceptable surface strength by avoiding early surface cracking. In 
addition, curing is done to minimize the plastic shrinkage (CEB-FIP, 2013). 
According to the type, the curing effectiveness can vary. Based on the definition in 
Section 7.2.4, for parametric study a perfect curing is assumed. 

 
The duration of the curing is applied as an input parameter, which can be 

modified according to the real curing time. Initially, two simulations of humidity and 
mechanical models are run with the extreme values of curing time proposed in Table 
7.11: minimum (1 day) and maximum (4 days) (see Figure 7.19).  

 

  

  
Figure 7.19 The cutting time for extreme values of 푡 : a) and b)1 day, c) and d) 4 days 
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It can be seen significant difference in maximum joint cutting time for each 
concrete when the time of curing is varied (see Figure 7.19a and c, b and d). 
Moreover, the time of cutting varies also within the concrete types (see Figure 7.19a 
and b, c and d), if those are cured during similar period. Hence, the curing time can 
be confirmed as main parameter. 

 
Afterwards, additional values for curing period between the minimum and 

maximum defined limits are introduced (2 days, 3 days) and then analyzed. In total, 
for this parameter 4 values are considered and applied in the parametric study. For 
the additional values of curing periods, the maximum cutting time can be obtained 
from the intersections of the curves of the generated stresses and the development 
of the strengths depicted in Figure 7.20.  

 

  

  
Figure 7.20 The cutting time for additional values of	푡 : a) and b)	2 days, c) and d) 3 days 

 
The dependence of the cutting time on the curing duration is depicted in 

Figure 7.21 for both concretes. The figure suggests that the difference of the joint 
cutting time between the types of the concrete is significant and does not depend on 
the curing period. For both concretes, similar trends are noticed. Moreover, within 
the range of 2 ≤ 푡 ≤ 4, the cutting time increases while the curing period is 
increasing. Furthermore, this increase is linear. In addition, if a concrete is perfectly 
cured for 1 day, the cutting time is greater than for 2 days of curing. This can be 
explained by 2 factors: the humidity diffusion coefficient in the first hours after the 
placement and the viscoelastic properties of the concrete. If the drying starts earlier 
when the humidity diffusion coefficient is still significantly higher, the moisture 
gradient along the thickness may be smaller, if the rest of the conditions are the 
same. Thus, the differential shrinkage is also smaller. On the other hand, if the 
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material is shrinking at earlier ages, it is more flexible and may creep. Thus, this 
produces a reduction in stress levels. 

 

 

Figure 7.21 Joint Cutting time vs. 푡  

7.4.1.3. Parameter 3: Ambient Relative Humidity 
 
The ambient relative humidity is another factor that may affect the early age 

cracking and subsequent damage in the CPs. The chance of the damage of concrete 
is higher if exposed to lower relative humidity. To analyze the influence of ambient 
relative humidity on the cutting time, the variation of that parameter is considered 
according to Table 7.11. The range of variation is taken from 50% to 80%. The curing 
time is fixed to 3 days. 

 
Two simulations of humidity and mechanical models are run with the 

extreme values of the relative humidity proposed in Table 7.11: minimum (50%) 
and maximum (80%). The results are depicted in Figure 7.22.  

 

  

  
Figure 7.22 The cutting time for extreme values of RHAmb: a) and b) 50%, c) and d) 80% 	 
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It can be seen significant difference in the maximum joint cutting time for 

each concrete when the ambient relative humidity is varied (see Figure 7.22a and c, 
b and d). In addition, the time of cutting varies also within the types of concrete (see 
Figure 7.22a and b, c and d), if those are exposed to the same environmental 
conditions. Hence, the ambient relative humidity can be confirmed as main 
parameter. 

 
Additional values of ambient relative humidity between the minimum and 

the maximum defined limits are introduced (60%, 70%) and then analyzed. Overall, 
for this parameter 4 values are considered and applied in the parametric study. The 
relationship between the maximum cutting time and the ambient relative humidity 
for the additional parameters can be obtained from the intersections of the curves 
depicted in Figure 7.23.  

 

  

  
Figure 7.23 The cutting time for additional values of RHAmb: a) and b) 60%, c) and d) 70%  

 

The curves demonstrating the dependence of the maximal joint cutting time 
on the ambient relative humidity for both concretes are shown in Figure 7.24. The 
figure suggests that for the both concretes the influence of ambient relative 
humidity on the cutting time increases exponentially along with the humidity 
increase when RHAmb>70%. Whereas constant downward slopes are noticed below 
70%. The time of the cracking for C50 concrete is always higher than for C30. 
Moreover, for about 80% of ambient relative humidity, the former does not crack.  

 
This may suggest that for indoor conditions if at least 70% of ambient relative 

humidity is assured, the probability of the early age cracking is low. 
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Figure 7.24 Cutting time vs. RHAmb 

7.4.2. Parametric Study to Derive Optimal Joint Spacing Distance 
 
The model for deriving of optimal transverse joint spacing distance is 

constructed differently from the one for the cutting time. The idea behind the 
modelling is to include different points of preferential cracking in order to detect the 
distance of the cracks that generate. The typical distance between these cracks may 
be used for the distance of the joints. If the distance of the joints are longer, the 
cracks may appear in between the joints. In addition, a criteria for joint opening is 
set in the model. The joint is considered open when the majority of the elements 
along the thickness of the CP in the FE model are cracked. Then, a parametric study 
is conducted to show the influence of the main parameters defined for the previous 
analysis on the joint spacing. The philosophy behind this parametric study is the 
same as for the maximum joint cutting time.  
 

For this, a 20 m long slab is assumed. The geometry of the model with the 
plan and the profile views of the pavement and the cuts is shown in Figure 7.25. 

 

 
Figure 7.25 Geometry of virtual saw-cut model 

0

5

10

15

20

25

30

35

40 50 60 70 80 90
Ti

m
e,

 d
ay

s
RHAmb %

C50 C30



Application to Concrete Pavements and Parametric Study           141  
____________________________________________________________________________________________________________________________________________________________________________________________________________________ 

 

___________________________________________________________________________________________________________________________________________________________________________________________________________________

Razmik Martirosyan 

Several points of the preferential cracking are modeled with virtual saw-cuts 
of 7/8 of thickness of the slab. These virtual cuts are located at a distance of every 
25 cm. That allows to predict the cracking pattern with an accuracy of 25 cm. The 
thickness of the concrete slab and the base are assumed 0.25 and 0.5 meters 
respectively.  

 
A section of the mesh of the model is shown in Figure 7.26. The concrete is 

modeled with elements that have cracking option (SOLID65) to allow the free 
cracking in the pavement. The virtual cuts allow initiating the cracks at those 
notches if the generated stresses are higher than the strength of the concrete at any 
moment of time.  

 
Figure 7.26 Mesh of the model for optimal joint spacing distance 

 
The CPs are assumed to be exposed to ambient conditions with +20°C 

constant temperature and a constant relative humidity, since the model correspond 
to ideal indoor conditions. In addition, no humidity or thermal transfer through the 
lateral surfaces of the CP is assumed. The temperature of subgrade that is in a 
contact with the base is assumed +15°C. The simulations are performed by applying 
two strength grades of concrete: C30 and C50. Since the significant influence several 
parameters were confirmed in the previous study, the ranges of applicability of the 
main parameters are similar to the previous analysis and summarized in Table 7.11.  

 
Typical joint crack openings are shown in Figure 7.27. It can be seen that the 

pavement cracks in several places along the length (see Figure 7.27b). Moreover, 
the distance between these cracks is normally symmetrical.  

 

Figure 7.27 The results of FEM model for the optimal joint spacing distance 
 
The section of the full model is illustrated in Figure 7.27a. The curvature of 

the pavement shows that the shrinkage in the top part is more than in the bottom. 

a) 

b) 
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In addition, the crack formations are noticed. For this particular case, based on this 
figure, it can be proposed that the optimal joint spacing distance is 2.25 m. 

 

7.4.2.1. Parameter 1: Drying Shrinkage Coefficient 
 
The results of the parametric study are summarized in Table 7.12. It can be 

seen that the variation of the joint spacing distance due to the drying shrinkage 
coefficient is significant. For the range of 0.0005 ≤ 훼 ≤ 0.0010, no significant 
cracking is observed. It should be noted that in the previous analysis (see Figure 
7.16a and b) the curves of stresses do not reach to the strength curves for 훼 =
0.0005. This may suggest that the model is smaller than the cracking distance. 
Otherwise, this value provided in literature is not realistic and higher values should 
be considered in the model. However, Figure 7.17a and b suggest that there should 
be cracking in concrete when 훼 = 0.0010. In this case, insignificant crack may 
appear only on the top surface. Then, because of cracking stress relaxation, the 
cracking does not continue along the thickness. 

 
Nevertheless, for higher values of 훼 , the distance of joint spacing is greater 

for C50 concrete than for C30. Moreover, within the range of  0.0015 ≤ 훼 ≤
0.0020, the difference between the joint spacing distance is about 0.50 meters for 
C30 and C50 concretes. For higher values, this difference reaches up to 0.25 meters. 
One of the reasons is that the tensile strength of C50 concrete is higher than for C30. 

 
Parameter 

name 
Parametric Value C30 C50 

Dr
yi

ng
 sh

rin
ka

ge
 c

oe
ffi

ci
en

t, 
x1

0ˉ
³ 

0.5 No Cracking No Cracking 

1.0 No Cracking No Cracking 

1.5 2.25 2.75 

2.0 1.75 2.25 

2.5 0.75 1.00 

3.0 0.75 1.00 

Table 7.12 Dependence of joint spacing distance on 휶풔풉 

 

7.4.2.2. Parameter 2: Curing Time 
 
As parameter, the curing time is varied from 1 to 4 days. Nevertheless, 

because of the convergence problems the results for 푡 = 1 day are not obtained. 
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Therefore, the results are obtained for the range of 2 days ≤ 푡 ≤ 4 days and 
presented in Table 7.13. 

 
In this range, for both concretes the shorter duration of curing yields longer 

joint spacing. This phenomenon can be explained by the higher values of humidity 
diffusion coefficient at earlier ages and the viscoelasticity of the concrete. The earlier 
is the drying, the higher is the humidity diffusion coefficient. Then, the smaller is the 
moisture gradient and the differential shrinkage is also smaller. In addition, the 
earlier the shrinkage, the higher is the flexibility of the concrete. Thus, because of 
the creep related relaxation the stress levels are low. Moreover, the suggested 
distance between joints for C50 concrete is 10%-20% longer than for C30, which 
can be justified by the difference in the tensile strength of the materials.  

 
Parameter 

name 
Parametric Value C30 C50 

Cu
rin

g 
tim

e 
(d

ay
s)

 

2 2.75 3.00 

3 2.50 2.75 

4 2.25 2.75 

Table 7.13 Dependence of joint spacing distance on 풕풄풖풓 

 

7.4.2.3. Parameter 3: Ambient Relative Humidity 
 
The influence of ambient relative humidity on transversal joint spacing 

distance is presented in Table 7.14. It can be noticed that for 80% of ambient relative 
humidity, no joint crack opening are observed. Nevertheless, Figure 7.22a shows 
that C30 concrete should crack at the top surfaces. In this case, insignificant crack 
may appear and because of the cracking stress relaxation, the crack does not 
continue along the thickness.  

 
Parameter 

name 
Parametric Value C30 C50 

Am
bi

en
t r

el
at

iv
e 

hu
m

id
ity

 (%
) 

50 1.00 1.00 

60 1.25 1.75 

70 2.50 2.75 

80 No Cracking No Cracking 

Table 7.14 Dependence of joint spacing distance on RHAmb 

 



144   Chapter 7 
____________________________________________________________________________________________________________________________________________________________________________________________________________________ 
 

___________________________________________________________________________________________________________________________________________________________________________________________________________________

Development of a coupled FE model for early age concrete behavior: Application to concrete pavements 

In addition, when 50% of ambient relative humidity is assumed, the joint 
spacing distance is similar for both concretes. However, this changes when RHAmb  is 
higher. The joint spacing distance increases when the ambient relative humidity 
raises. For a pavement from C30 concrete exposed to RHAmb=60% and RHAmb=70%. 
this difference is about 100%, and 60%, in comparison with C50 concrete. Moreover, 
in comparison with C30, C50 provides 40% and 10% longer spacing distance for 
RHAmb=60% and RHAmb=70% respectively. 

 

7.5. CONCLUSIONS 
 

Chapter 7 presented the application of the model to the CPs. Thermal, hygral 
and mechanical analysis of CPs are carried out and then parametric studies are 
performed for two strength classes of concrete: C30 and C50. The parametric study 
is performed based on several phenomena that can affect significantly the behavior 
of CPs at early ages to understand how these factors influence the early age behavior 
of the structure.  From the analysis, the following conclusions may be derived:  

 
 A demonstrative model was constructed for analyzing CPs, to illustrate the 

capabilities of the model. Then, a thermal, hygral and mechanical analysis 
were performed. Afterwards, based on this model, the parametric study was 
implemented.  
 

 Based on the literature review, several parameters were chosen and a 
sensitivity analysis was performed with these parameters. The model 
confirms that material strength, curing time and the early age shrinkage are 
among the main factors that influence the time of the cutting of joints and the 
distance between joints. Thus, the results are consistent with the literature. 
 

 No cracking is noticed in any layer of CP, when drying shrinkage coefficient 
was applied as 훼 = 0.0005. However, when higher values considered 
(0.0015 ≤ 훼 ≤ 0.0030), the cracking may appear shortly after the curing 
period. In addition, the cracking time varies significantly depending on the 
strength class of the concrete when 훼 ≤ 0.0020. This variation is not 
significant for higher values of 훼 .  
 

 The maximum cutting time increases linearly if the curing period is increased 
linearly and 푡 ≥ 2 days. In addition, for higher strength grade concretes 
the suggested maximal cutting time is greater. However, the cutting time 
greater for 1 day curing than for 2 days, which may be related to the 
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viscoelastic properties of concrete and the higher humidity diffusion 
coefficient at early ages.  
 

 The joint cutting time shows linear increase when the ambient relative 
humidity is increased from 50% to 70%. However, this increase is 
exponential for higher values of ambient relative humidity. This might 
suggest that for reducing the risk of the cracking of indoor pavements, at least 
70% or relative humidity should be guaranteed for the ambient. 
 

 Based on the parametric study, the transverse joint spacing may vary from 
0.25 to 3 meters depending on the input parameters. The strength of the 
concrete, the ambient relative humidity and the drying shrinkage influence 
significantly the joint spacing distance. However, the influence of curing time 
is moderate. 
 

 According to the results, for the values 훼 ≤ 0.0010, no joint crack openings 
are appearing in the CP.  However, in comparison to C30 concrete the joint 
cutting distance is about 20% and 30% higher for C50 concrete when 훼 =
0.0015 and  훼 ≥ 0.0020 are applied respectively. The results suggest that 
for longer distances for joint spacing, higher strength of material is 
recommended.  
 

 If the CP is cured for more than 2 days, the joint spacing distance decrease 
with the increased curing period. This tendency can be explained by the 
viscoelastic behavior of concrete and the higher humidity diffusion 
coefficient at early ages. However, for shorter curing periods, the model is 
facing convergence problems and is not able to provide solutions. 
 

 The results suggest that for both types of concrete used in this study the joint 
spacing distance is similar for ambient relative humidity of 50%. However, 
this  distance increases when the humidify is increasing. Moreover, for C50 
the joint spacing distance is longer.  
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8. CONCLUSIONS	AND	FUTURE	
PERSPECTIVES 

 

 

 

 

8.1. GENERAL CONCLUSIONS 
 

In the past 20-25 years, significant advances in the technologies of concrete 
pavements design were achieved. However, several aspects still require further 
research. For this reason, a more general numerical model was developed to provide 
a practical answer to the general objective: to integrate and couple several 
phenomena that affect the behavior of concrete at early ages as well as to predict 
the interaction of these phenomena for the optimized design of pavements using a 
single numerical tool. To this end, the doctoral thesis is focused on three main 
research lines: characterization of thermal, hygral and mechanical behavior of 
concrete at early ages, gathering and modeling of these phenomena in a single 
numerical as well as the application of the model to concrete pavements. Hence, this 
section presents the general conclusions obtained for the main objectives defined in 
Chapter 1.  
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The results obtained in this work demonstrate that the coupling of chemo-
thermo-hygro-mechanical phenomena allows the evolution of the early age 
behavior of concrete by using a single numerical tool. Moreover, based on the 
algorithm behind the modelling, this could be applied to different types of 
simulations in terms of the types of the structures and the environmental conditions. 

 Furthermore, the model was used to accomplish a parametric study to derive 
several practical parameters for concrete pavements such as the joint cutting time 
and the joint spacing distance. The results suggest that the model can predict these 
parameters based on several conditions. 

 Based on the study that was carried out throughout the present doctoral 
thesis, a computational model was developed that showed the possibility of 
simulation of whole process related to concrete structures at early ages. This 
approach can reduce the experimental work prior to construction procedures.  

 

8.2. SPECIFIC CONCLUSIONS 
 
Several specific objectives are defined in Chapter 1, which are classified in 5 

groups. Concerning these specific objectives, the improvements and the results are 
detailed in the previous chapters of this thesis. In order to provide a general 
overview of the accomplishments, the most relevant specific conclusions are 
addressed next.  

 

 The analysis of the literature related to the physical phenomena described in 
Chapters 3, 4 and 5 allowed to understand these phenomena and the 
coupling of the chemo-thermo-hygro-mechanical behavior of concrete at 
early ages in a single simulation model based on FEM. 
 

 The proposed approach has been validated using data from literature. The 
results show that the numerical simulation approach the experimentally and 
numerically results obtained by other authors, thus confirming the capability 
of predicting the real early age behavior of the material. 
 

 The sensitivity analysis is performed based on several parameters that were 
suggested to influence the early age behavior of concrete significantly. The 
results confirm that material strength, curing time and the early age 
shrinkage are among the main factors that influence the time of the cutting 
of the joints and the distance between joints.  
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 According to the results obtained from the parametric study, in comparison 
to C30 concrete, the maximum time of joint cutting for C50 is significantly 
higher, independently from the curing period. However, this tendency is not 
true for lower ambient relative humidity conditions and higher drying 
shrinkage coefficient values.  
 

 Based on this analysis it was possible to propose an approach to evaluate 
aspects with clear practical engineering impact. These cases were the 
derivation of the maximal joint cutting time and the distance between joints. 
These models can take into account the behavior of various input 
parameters, such as the boundary conditions, geometrical characterization 
of the structure and the properties of the material. 
 

 The results suggest that the shorter curing period favor longer joint spacing 
distance. On the other hand, if the curing period is shorter than 2 days, the 
cracks may appear later, than it was for 2 days of curing. These may be be 
explained by the viscoelastic behavior of concrete and the higher humidity 
diffusion coefficients at early ages. 
 

 During the parametric study, several drawbacks of the model were observed, 
related to the convergence problems of the mechanical analysis. These 
problems are mostly associated with the nonlinearity of the model due to 
behavior of the concrete after the first hours of the placement. Hence, for 
several conditions, the model may not implement the mechanical analysis for 
this very early age behavior.   
 

8.3. FUTURE PERSPECTIVES 
 

Despite the advances reported in the previous sections, during the 
development of this doctoral thesis several topics and aspects need further 
research. For that reason, in this chapter several suggestions for future research are 
presented.  

 

 Further experimental study needs to be done for evaluation of drying 
shrinkage coefficient for early age concrete. According to literature, this 
parameter can be influenced by drying, hydration, composition and the 
mechanical properties of concrete.  Thus, a mathematical model may be 
constructed to include all these factors for the assessment of the drying 
shrinkage coefficient. 
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 Extensive experimental campaign should be implemented to collect data for 

temperature, humidity, composition and mechanical properties of concrete 
for CPs from a construction site, in order to calibrate and validate the 
computational model against the experimental data.  
 

 Due to convergence problems the model is capable to predict the mechanical 
behavior of concrete from the moment the mechanical properties are 
starting to develop. Thus, first hours of hydration after the placement is not 
analyzed mechanically. A complementary model should be developed to 
analyze the structure at the very beginning of hydration to assess plastic 
shrinkage.  
 

 Several approaches were presented to assess the surface factor humidity 
transfer to the ambient. However, in most cases these models do not include 
all the related factors. For this, an experimental study should be done to 
derive a precise mathematical model for the surface factor.  
 

 In the model, the moment when the strength of the concrete starts to develop, 
is presented based on values proposed by other authors. However, there is 
no clear definition of this parameter depending on the composition of 
concrete and environmental conditions. Experimental study may be 
conducted to derive mathematical models for this parameter.   
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