
University of Colorado, Boulder
CU Scholar

Civil Engineering Graduate Theses & Dissertations Civil, Environmental, and Architectural Engineering

Spring 1-1-2014

The Effect of Temperature on Moisture Transfer in
Concrete
Yao Wang
University of Colorado at Boulder, Yao.Wang-1@colorado.edu

Follow this and additional works at: https://scholar.colorado.edu/cven_gradetds

Part of the Civil Engineering Commons, and the Engineering Science and Materials Commons

This Thesis is brought to you for free and open access by Civil, Environmental, and Architectural Engineering at CU Scholar. It has been accepted for
inclusion in Civil Engineering Graduate Theses & Dissertations by an authorized administrator of CU Scholar. For more information, please contact
cuscholaradmin@colorado.edu.

Recommended Citation
Wang, Yao, "The Effect of Temperature on Moisture Transfer in Concrete" (2014). Civil Engineering Graduate Theses & Dissertations.
156.
https://scholar.colorado.edu/cven_gradetds/156

https://scholar.colorado.edu?utm_source=scholar.colorado.edu%2Fcven_gradetds%2F156&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholar.colorado.edu/cven_gradetds?utm_source=scholar.colorado.edu%2Fcven_gradetds%2F156&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholar.colorado.edu/cven?utm_source=scholar.colorado.edu%2Fcven_gradetds%2F156&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholar.colorado.edu/cven_gradetds?utm_source=scholar.colorado.edu%2Fcven_gradetds%2F156&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/252?utm_source=scholar.colorado.edu%2Fcven_gradetds%2F156&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/279?utm_source=scholar.colorado.edu%2Fcven_gradetds%2F156&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholar.colorado.edu/cven_gradetds/156?utm_source=scholar.colorado.edu%2Fcven_gradetds%2F156&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:cuscholaradmin@colorado.edu


 
 

THE EFFECT OF TEMPERTAURE ON MOISTURE TRANSFER IN CONCRETE  

 

 

By 

YAO WANG 

B.S., Taiyuan University of Technology, 2012 

 

 

 

 

 

 

 

 

 

A thesis submitted to the 

 Faculty of the Graduate School of the  

University of Colorado in Partial Fulfillment of the requirement for the degree of 

Master of Science 

Department of Civil, Environmental and Architectural Engineering  

2014 

 
 

 



 
 

 

This Thesis entitled: 

 

The Effect of Temperature on Moisture Transfer in Concrete 

 

 

Written by Yao Wang 

 

 

Has been approved for the  

Department of Civil, Environmental and Architectural Engineering 

 

 

 

 

 

 

       

Yunping Xi 

 

 

       

George Hearn 

 

 

       

Petros Sideris 

 

 

 

 

 

Date    

 

 

 
 

The final copy of this thesis has been examined by the signatories, and we find that 

both the content and the form meet acceptable presentation standards of scholarly 

work in the above mentioned discipline  

 



iii 
 

Yao Wang (M.S., Civil, Environmental and Architectural Engineering) 

 

 

The Effect of Temperature on Moisture Transfer in Concrete 

 

 

Thesis directed by Professor Yunping Xi 

 

 

       This thesis presents results of an experimental investigation of how the temperature gradient 

affects the moisture in concrete.  

 

      The thesis includes two major parts. The first part introduces the background information as 

well as the theoretical review which includes theory definition and formula derivation. 

 

     The second major part includes the development of the experimental setup, analysis of the 

results and formulation of the governing equation to characterize the moisture and temperature 

coupling effect. The investigational and numerical results in this section are used to validate 

assumptions made about how the temperature gradient affects the moisture transfer in concrete.  
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CHAPTER 1 

INTRODCUTION 

 

1.1 Background  
 

      The transport of moisture in concrete is of a major concern in predicting the long-term 

performance of reinforced concrete structures such as buildings and bridges. The 

transport of moisture in concrete can cause the following durability and serviceability 

problems (Zhong, Z. et al [2008]): 

1. Volume changes (swelling, warping and shrinkage) that can cause cracking,  

etc.; 

2. Freeze-thaw deterioration of concrete; 

3. Discoloration of building finishes; 

4. The growth of biological forms, including molds, mildews, mites, etc. 

5. Corrosion of metal components, such as reinforcement bars, HVAC equipment, 

etc.;  

 

      In order to understand the durability and serviceability problems of concrete 

structures, it is necessary to predict accurately and reliably the moisture transfer process 

in concrete.   
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1.2 Objectives of the Thesis 
  

      Under an isotherm condition, the moisture flux, J, can be considered to be 

proportional to the gradient of moisture concentration. The equation is shown as follows: 

   
 

 
                                   

in which J is the moisture flux, a is permeability, g is gravity acceleration (m/s
2
), and p is 

pore vapor pressure (Bazant, Z.P. [1978]).  

      When moisture transfer takes place not under the isotherm condition, the contribution 

of the temperature to moisture transfer must be taken into account, which is called the 

Soret effect (Platten, J.K. [2006]).  In this case the moisture flux is not only related to the 

gradient of moisture concentration but also related to the temperature gradient. Therefore, 

an objective of this thesis is to evaluate how the temperature gradient affects the moisture 

transport in concrete.  

      In this study, an experimental setup was developed to investigate the coupling effect, 

the effect of temperature gradient on moisture transfer in concrete. The temperature 

gradient in concrete sample was the independent variable in the experimental study.  

Governing equations for the moisture transfer under the influence of a thermal gradient 

were developed.  The coupling effect is represented in the governing equation by a 

coupling parameter.  By using the governing equation and the experimental results, it is 

possible to study the coupling effect and determine the coupling parameter.  
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1.3 Organization of the Thesis  
 

         There are five chapters in the thesis. The current chapter introduces the background 

information and the objective of the thesis.  The remaining chapters are organized as 

follows: 

 

       Chapter 2 presents a literature review explaining the basic transport mechanics in 

concrete, and the relationship between the temperature gradient and moisture flux in 

concrete. This chapter introduces a model study about the high temperature affecting the 

moisture transfer in concrete. 

 

       Chapter 3 derives the governing equations for the coupling effect of moisture and 

temperature. The basic assumptions for the governing equation are discussed and 

explained in detail. 

 

       Chapter 4 discusses the experiment details including the purpose, procedures and 

results. The final results are discussed and the assumptions are validated.  

 

       Chapter 5 contains the conclusions of the present study and recommendations for 

further research. 
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CHAPTER 2 

LITERATURE REVIEW 

        

      Moisture movement in concrete under the influence of a thermal gradient is one of the 

main concerns of the durability and serviceability of concrete structures. This chapter 

presents a literature review of the topic. 

 

    2.1 Transport Mechanisms in Concrete 
 

      The transport properties of concrete are related to the quantity of transferring moisture 

and temperature through concrete. The movement of moisture including the liquid phase 

(water) and gas phase (vapor) through concrete can take place according to four major 

basic mechanisms: sorptivity, permeability, diffusivity and migration. Migration is the 

moisture transport due to electrical potential gradients, which is not the main focus of this 

thesis.  The other three mechanisms are explained in detail in the following sections. 

 

 2.1.1 Sorptivity 
 

      Sorptivity occurs due to the capillary action inside void spaces of cement paste. An 

example of a water sorptivity test in concrete is displayed below (Han, B., et al. [2012]): 
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      The specimen was cut from a 50 × 50 × 50 mm cubic sample. The specimen was 

oven-dried at 105 
o
C for 24 hours and then placed in an environmental chamber at a 

temperature of 50 ± 2 
o
C and Relative Humidity of 80 ± 3% for three days to ensure that 

the initial moisture content in the concrete sample is uniformly distributed throughout the 

specimen. Afterward, the specimen was placed into a sealable container at 23 ± 2 
o
C for 

15 days to allow a free flow of air around the specimen. The test was performed by 

allowing one sample surface (the bottom surface) to be in contact with water at a 10 mm 

depth using a circular Plexiglas support. Using the supporting frame and keeping the 

water level at 1-3 mm above the top of Plexiglas support allowed continuous contact 

between the specimen surface and the water without changing the water depth throughout 

the test. The weight of the specimen was measured at fixed time intervals.  The increase 

of specimen weight comes from the amount of water absorbed by the concrete, which is 

an indication of the sorptivity of the concrete.              

Figure 1 Sorptivity Experimental Setup 
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      The significance of concrete sorptivity relies on a variety of factors, but the key aspect 

is the degree of aeration to which the samples have been exposed, which depends strongly 

on the concrete composition or concrete mix design parameters. The following 

relationship has been empirically derived from the analysis of experimental results to 

calculate the sorptivity coefficient (Han, B., et al. [2012]). 

 

 
   √                             

       
                                                                               
                                                                                
             

                               
 

  ⁄               
 

  ⁄                

 
       

 

 2.1.2 Permeability 

 
      Permeability is the flow rate of a fluid or gas through the concrete under a pressure 

gradient. Permeability is affected mainly by the porosity and the pore structure.  

      The porosity of a material equals to the ratio of the volume of all the pores to the 

whole volume of the material. In general, the higher the porosity is, the higher the 

permeability is.  This is because porous space in concrete provides an easy pathway for 

the fluid to move around in the material. However, the porosity is not the only measure 

for the effect of porous space on the permeability of porous media. Pore structure plays an 

important role in addition to the porosity. 

      The pore structure is related to the pore size distribution, pore shape, tortuosity and 

connectivity of pores: 
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      Pore size distribution affects the permeability.  The larger the pores in the concrete, 

the easier the fluid will pass through the pores.  This is related to the viscosity of the fluid 

and the surface force of pores.  For example, the surface force in small pores can hold the 

flowing fluid and reduce the flow rate. 

      Pore shape is a factor affecting the transmittance because the irregular shape can 

impede the flow.  For example, when pores are in laminar shape and arranged in parallel 

(e.g. in layered pore structure), it will be difficult for the fluid to flow through in the 

transverse direction.     

      Tortuosity is the ratio of actual pore length between two points and the projected 

length of the pore length between the two points.  It is a measure of the degree of zigzag 

of a pore.  Apparently, the higher the tortuosity is, the more difficult for a fluid flows 

through the pore. 

      Connectivity is important because if the pores are disconnected, the fluid will be 

blocked and cannot continue to move.  Even with a large porosity, the permeability of a 

porous media could be low if the connectivity of pores is low.  

      A test about water permeability in concrete is shown below (Han, B., et al. [2012]):  

      The water permeability is measured through a falling head test. The concrete sample 

was cut from a 50 × 50 × 50 mm cubic sample.  Prior to the test, the sample was applied 

approximately 1 mmHg (133 MPa) in a clean dry vacuum desiccator for three hours. 

Deionized water was added to cover the sample for one more hour. Afterwards, the 

vacuum was turned off and the sample was left in the water for another 18 hours. Then, 

the specimen was removed from the desiccator and lightly patted with paper towel. After 

sealing the sides of the sample, the whole test setup was assembled and then tested. The 
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water drop was measured every 24 hours for the first week, then once every two days for 

the rest of the time. After each measurement, water was replenished to the original level 

to ensure the constant pressure gradient.    

 

 

      The water flow through the system is assumed to be continuous and laminar. Then the 

permeability coefficient can be derived from the Darcy’s law: 

   (
    

   
)   (

  

  
)                  

 

       
                                     ⁄   

                                                 
                                                 
                                   
                   
                                                            

 

Figure 2 Permeability Experimental Setup 
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 2.1.3 Diffusivity 

 
      Diffusivity is the measure of the ability for a chemical to transport in concrete.. The 

movement of chemical is from an area of higher concentration to an area of lower 

concentration. Diffusion has two conditions: stationary diffusion (steady state flow) and 

non-stationary diffusion (non-steady state flow) (Han, B., et al. [2012]). 

        

           Steady State Flow 

      Under the stationary condition, the process of diffusion can be described by Fick’s 

first law:  

    
  

  
                        

       

                   (
  

    
) 

                          (
  

 
) 

  

  
                            

  

  
  

 

Note: the diffusion coefficient depends on the diffusion of matter, characteristics of 

concrete and environmental conditions. This coefficient may not be a constant for 

concrete with the same mix design and it could be a function of position and time, due to 

variations in the pore structure, which may be caused by the applied service load on the 

structure or the environmental temperature or humidity. (Bertolini et al. [2004])     
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Non-Steady State Flow 

      Non-steady state flow normally occurs in concrete structures, while the steady state is 

rare. The process of diffusion under the non-steady condition can be described by the 

Fick’s second law: 

  

  
   

   

   
                                                              

 

Note: the above equation can be derived from Fick’s First law and the mass conservation 

in absence of any chemical reactions: 

  

  
 

  

  
    

  

  
 

 

  
( 

  

  
)                   

     The equation 2.4 can be solved by assuming the following initial condition and 

boundary condition (which is a one dimension diffusion problem with a constant 

boundary and initial condition and a constant diffusivity): 

                                               ; 

                                                    

   Integrating under the assumptions, the solution is (the details are not provided here): 

   
 

  
      [

 

 √   
]                                           

       
                                                                    
                          

                                   
 

√ 
∫     
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 2.2 Theory of the Coupled Heat and Moisture Transport 
 

      Under the service condition, most of concrete structures are not under the isotherm 

state.  Temperature variation and humidity fluctuation take place at the same time.  

Therefore, the coupling effects between heat transfer and moisture transport must be 

considered.  Heat transfer is governed by Fourier’s law (Szekeres, A. [2012]), and 

moisture transfer is governed by Fick’s law, as described earlier.  When both temperature 

and moisture are considered, the two laws need to be modified by including the coupling 

effects, which are defined by the Soret and Dufour effects.  In the following sections, the 

heat transfer and moisture transport are described first as two individual transport 

processes in concrete, the corresponding basic governing equations are established; and 

then the coupling effects are introduced and included in the basic governing equations.       

 

2.2.1 General Modes of Heat and Moisture Transport 

 
      Several modes of heat and moisture transport take place in a porous concrete structure 

surrounded by a moist air with the heat supplied by sunlight as shown in the sketch in the 

following figure.  



 - 12 -  

 

Figure 3 Modes and Objects of Transports 

      Diffusion of moisture occurs inside of the body, while convection of fluid and heat 

and radiation of heat occur on the boundary of the body.  Moisture in this case is referred 

to a mixture of liquid water and water vapor.  Therefore, the diffusion is the contact 

interaction between the diffusing agent (the water molecule in this case) and the solid 

frame of pore wall, while the convection is the interaction between the solid and water or 

the solid and the heat. The radiation embodies a remote interaction of the concrete and 

sunlight.                  

      The following two tables summarize the transport feature of heat and moisture. Table 

1 contains the different cases. Table 2 refers to the corresponding basic laws, equations 

and expressions in Table 1. The following chapters will explain the details of these 

theories and cite some relative examples.  
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Objects 

Modes Inside/surface Interaction Heat Moisture 
Coupled heat & 

moisture 

Diffusion inside contact 
exist 
(21) 

exist (3) exist (4) 

Convection Surface contact 
exist 

(22) 
exist (5) exist (7) 

Coupled diffusion & 
convection 

Both contact 
exist 
(24) 

exist (6) exist (8) 

Radiation Surface remote 
exist 

(23) 

No 

exist 
Unknown 

Table 1 Physical features of the transport processes 

 

 

Table 2 Basic Laws and Expressions of the Transport Processes 
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2.2.2 Heat Transfer 

  
            Heat transfer can be characterized by the following three modes and the coupling 

effects among the three modes.   

 

Heat Conduction 

      Heat conduction can be expressed by the Fourier’s Law: 

                                               

       
                      
                        
                                           
                         
                                               
 

      For convenience of study, the thermal energy concentration e is introduced:  

                                                

       
                                                      
 

      Normalizing the Fourier’s Law: 

            
 

  
               

       
                      
                               

 

Heat Convection  

      Heat convection can be described by Newton’s expression:  

    (     )                           
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 Heat Radiation  

      To describe the heat radiation, the Stefan-Boltzmann law is required:     

                                                                              

     : 

                                                          
                                     

                       
                                                               

                                                               
 

Coupled Conduction and Convection of Heat  
 

      Figure 4 shows an example of a plane wall with two different temperatures at its two 

surfaces.  Heat conduction takes place in the wall and heat convection occurs at the two 

surfaces.  So, the heat transfer process through the wall is a coupled heat conduction and 

heat convection process, which can be expressed by the following equation (Szekeres, A. 

[2012]): 

           
 

 
 
 

 
   

 
 

   

                       

    
 

 
 

 

        
                                                

     : 

                      

                                                  (
 

        
) 
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Figure 4 Heat Transfer in a Plane Wall 

 

2.2.3 Moisture Transport 
 

 Moisture Diffusion  
 

      According to Fick’s Law of moisture diffusion, the moisture flux f can be calculated 

as follows:   

                                            

     : 

                          
                                 
                                  

 

      In porous materials like concrete, the moisture concentration can be defined as: 
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     : 

                        
                                  

 

      According to the equation 2.15, the maximum of concentration can be expressed as: 

     
    

 
 

             

 
 

      

 
                      

     : 

                                   
                                   
                                 

 

      Based on the results, the moisture-potential (or the normalized moisture 

concentration) is the following:  

    
 

    
 

 

 
 

 

      

        

 
 

             
             

     : 

                           

                                   
      Normalizing Fick’s law, the moisture flux potential can be described: 

                                                                                      

           
 

    
      

 

    
                                             

                                                                                                 

     : 

                                        
 

      Other forms of Fick’s law can be formulated depending on the definition of moisture 

concentration.  For example, the moisture concentration can be considered as pore 

relative humidity, which will be used in the later chapters for the experimental study and 

thus will be explained in detail. 
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Moisture Convection 
      The phenomenon of moisture convection can be characterized by Newton’s 

expression. The moisture flux is the following: 

                                          

       
                                               
                                                                  
                                                                                 
 

      Normalizing by      , as in the previous section, the moisture flux can be described: 

        
 
   

 
                               

       
  

 
                                                     

 

Note: although the dimensions of the flux potential    and of the coefficient of moisture 

transfer    are the same, the two notations should not be confused:    is a flux type 

variable and    is a scalar. 

 

Coupled Diffusion and Convection of Moisture 

 
      Similar to the situation of coupled heat conduction and heat convection, Figure 5 

shows an example of a plane wall with two different moisture concentrations at its two 

surfaces.  Moisture diffusion takes place in the wall and moisture convection occurs at the 

two surfaces.  So, the moisture transport process through the wall is a coupled moisture 

conduction and moisture convection process, which can be expressed by the following 

equation (Szekeres, A. [2012]):  
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m1 and m2 = the moisture concentrations on the two side of wall. 

 

 

Figure 5 Moisture Transport in Plane Wall 

 

2.2.4 Coupled Heat and Moisture: the Soret and Dufour Effects 
 

      Moisture movement in a porous medium can result in heat transfer because moisture 

can carry heat.  This coupling effect is called Dufour effect, and the corresponding heat 

flux is called the Dufour flux: 

                                  

      On the other hand, a temperature gradient can drive moisture movement from high 

temperature side to low temperature side (or from high energy state to low energy state). 
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The coupling effect is called Soret effect, and the corresponding moisture flux is called 

the Soret flux: 

                                   

       
                                      
DTm represents the effect of moisture transport on heat transfer, while DmT represents the 

effect of heat transfer on moisture transport.  In general, DTm ≠ DmT. 

 

      The general coupled fluxes can be written in the following form when there are more 

than two driving forces exist: 

                                     

       
                                                      

 

 

2.2.5 Summary of the Coupling Effects 
 

      In summary, the general equations for heat flux and moisture flux can be written as:  

 

                                                  
  

                                                  
 

where the last two terms on the right hand sides of the two equations represent the effects 

of heat source (sink) and moisture source (sink) on the two fluxes.  
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Figure 6 Basic Law and Expression 

      The thesis started with the well-known cases formulated by Fourier, Newton, Stefan-

Boltzmann, Fick, Soret and Dufour effects. It divided the cases into three major parts: 

heat transfer, moisture transfer and the coupled effect.  



 - 21 -  

      By introducing the notions of heat energy and moisture potential concentrations, the 

equations and calculations have been simplified and the consistency of the system was 

made obvious.  

 

2.3 A Case Study 
 

Abstract 

 
      A case study will be reviewed as an example for the coupled heat and moisture 

transfer in concrete (A.Dyan [1981]). A surface heated concrete slab has been studied to 

learn the relationship between heat and mass transfer in the concrete.  Concrete is treated 

as a porous material containing water, vapor and air. The solution is an explicit numerical 

scheme. The results are the temperature, pore pressure and moisture distributions as 

functions of time. The results demonstrate the relationship between moisture and heat 

transfer. 

 

Introduction 

 
      Heating concrete on the surface may cause the evaporation of water when the 

temperature is well above boiling temperature of water. The pore pressure generated by 

the steam weakens the concrete and may cause cracking and spalling damage when the 

pressure is high.  This phenomenon is very complicated since it involves coupled heat and 

moisture transfer as well as phase transformation.  Evaluation of concrete at elevated 

temperatures is important for safety assessments of concrete structures.  
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      Heating concrete causes the evaporation of water and the subsequent pressurization of 

both vapor and air within the pores. The migration of vapor and air that follows the 

pressurization results in the release of vapor from the structure’s boundaries. Sustained 

heating leads to continuous evaporation and drying of the region near the surface. In the 

deeper region where the concrete is still cold, the concrete remains wet and actually gains 

moisture from recondensation.  

      The evaporation-recondensation mechanism was found to play an important role in 

the behavior of concrete under elevated temperatures. An evaporation-recondensation 

model was applied to two separate solutions to study the behavior of concrete. One is the 

implicit numerical scheme, where the lower order terms were neglected and material 

properties were assumed constants. The other one is the explicit numerical scheme which 

solves the governing equations, taking into account the terms for liquid moisture filtration 

and moisture dependent material properties.  

      The purposes of this case study are to develop the numerical model and compare the 

model prediction with the experimental data. 

 

Mathematical Model 

 
      The specimen is a concrete slab consisting of hydrated cement paste with no 

aggregates. Following intense heating of the concrete surface, the region near the surface 

dries out. Evaporation takes place exclusively at the interface between the dry and the wet 

regions. The transport of gas occurs under pressure and concentration gradients. The 

migration of liquids is primarily governed by pressure gradients. Under sustained surface 

heating, the dry zone expands into the concrete.  
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Figure 7 Physical Model of a Heated Concrete Slab (A.Dyan [1981]) 

      The conservation equation for mass and energy in the dry zone are written as: 

 
   

  
 

 

  
(       )                                                                        

       

   

  
 ∑[ 

       

  
 

 

  
(       )  ]

 

   

   

   

   
              

       
                     
                                            
                  
                                                                          

                                                        
                                       
                                
                                                   
                               

 

      The conservation equation for mass and energy in the wet zone are written as: 
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      The following equations are the relating coefficients. The filtration velocity of gas 

phase is found according to Darcy’s law: 

                                               
    

 

  

  
                                                      

       
                                          
                       
                   
                                                                        
                                                         
                                                 
 

      The diffusive flux of the i
th
 gaseous species is according to Fick’s law: 

                                                   
   

  
                                                   

       
                                      
                                            
                                                                      

                                            
 

      Air and water vapor are similarly considered as an ideal binary mixture and according 

to Dalton’s law:  
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Solution Method 

 
      An explicit numerical scheme was used to solve the governing equations depending 

on the initial and boundary conditions. The slab was subdivided into a finite number of 

equally spaced nodal points. The dry-wet interface was assumed to be located right in 

between the dry and wet nodal points. When local dry out is reached, the dry-wet 

interface relocates to separate the next two nodes. Because pressure depends on local 

temperature, the sudden jumps of the interface produce fluctuations in pressure which can 

be reduced by decreasing the grid size.  

      In the dry region, the governing equation is represented as a form readily suitable for 

explicit representation of density and temperature variations with time. The divergence 

terms of the equation give the density time derivatives. And the derivatives and 

divergence terms of the equation give the temperature time derivative. Then the new 

property distributions should be calculated based on known distributions at a previous 

time step. 

      The wet region gets an additional variable when compared to the dry region. The 

variable is the volume fraction of the pores occupied by vapor. Calculating the time 

derivative of S first is necessary in order to proceed with the computation of all other 
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parameters for the dry region with the same routine. Knowing the value of S also ensures 

the location of the dry-wet interface.  

 

      In order to calculate the value of S the following definitions are made: 
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Note: the first three show divergences of flux. The square brackets in the fourth one show 

the volumetric heat capacity of the concrete and its constituents.  

 

      The vapor density temperature derivative can be obtained from the saturation density-

temperature derivative: 
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)                                   

Note: according to the Clausius-Clapeyron equation, the temperature-pressure should be: 
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      The temperature time derivatives in equation 2.33 are converted to vapor density 

derivatives by introducing equations 2.44 and 2.45. And then the densities time 
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derivatives from equations (3) and (4) are substituted in equation (5) to get the time 

derivative of S: 
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      For the stability of the numerical calculations, there needs to be three stability criteria 

for time step: 

                        
           

 

   
                                                           

                                 
    

  
                                                         

                             
  

  

   

    
                                                                 

       
                          
                   
                                         

 

Results and Conclusions 

 
          The simulation (A.Dyan [1981]) was a cylindrical concrete slab, 0.6 m diameter and 

0.3 m thick. It was heated by a steel plate on one side and maintained at room temperature 

on the other side. Temperature and pressure were recorded at different axial locations. 

Vapor released from the concrete was collected and weighted at various times. 
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Table 3 Material Properties used in the Test Analysis 

      In this simulation, the concrete contained a magnetite aggregate, the water to cement 

ratio was 0.5 and the specimen was 47 days old. Atmospheric pressure of dry air was 

assumed to exist near the specimen’s surface. The locations of record were 2.56, 7.62 and 

12.7 cm from the heated surface.  
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Figure 8 Thermal Response of a Heated Concrete Slab (A.Dyan [1981]) 

      The temperature increases while the distance from the surface decreases. Furthermore, 

the figure shows that the inside temperature of the slab is around 100 
o
C, which is very 

high.  
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Figure 9 Pressure Responses at Depth of 2.54 cm (A.Dyan [1981]) 

 

         The sudden change in the rate of temperature at 2 hours, at a depth of 2.54 cm, can 

indicate that the dry-wet interface occurred. Additionally, the pressure response also 

reaches the peak value.  



 - 31 -  

 

Figure 10 Distributions of Temperature and Moisture (A.Dyan [1981]) 

 

Figure 11 Pore Pressure Distributions (A.Dyan [1981]) 
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      The turning point of temperature in Fig.10 (A.Dyan [1981]) represents the location of 

the dry-wet interface. The reduced temperature gradient is produced by the enhanced heat 

transfer resulting from a higher thermal conductivity and the evaporation-recondensation 

mechanism. The moisture distribution shows a high value near the interface.  

      Fig.11 (A.Dyan [1981]) shows that the peak pore pressure exists near the interface. 

Therefore, if the peak value was sufficient to create cracking, one would expect to find 

wet fracture surfaces.  

      In conclusion, concrete interactions with hot metals can result in concrete spallation 

and exposure of totally wet fracture surfaces. In order to obtain a more exact shape, one 

must know the exact position of the dry-wet interface.  
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CHAPTER 3 

GOVERNING EQUATIONS FOR THE COUPLED TEMPERATURE AND 

MOISTURE TRANSPORT IN CONCRETE 
 

3.1 Introduction 
 

      Moisture content is of considerable concern for predicting the serviceability and 

durability of cementitous materials. Moisture distribution within concrete structures is 

important for evaluating the time-dependent phenomena such as creep, shrinkage, fire 

resistance, and other long-term durability properties of concrete.  

      As discussed in earlier chapters, to predict moisture transfer in concrete, one should 

not only study the effect of moisture gradient, but also consider the effect of temperature 

gradient, i.e. the Soret effect. This chapter will present some governing equations for the 

coupled moisture transport which will be used in the next chapter to determine the 

coupling parameters based on the experimental results.   

3.2 Moisture and Heat Fluxes  
 

      Under non-saturated and non-isothermal condition, the flux of moisture in concrete 

includes the flux due to the gradient of moisture concentration according to Fick’s first 

law as well as the flux due to the gradient of temperature described by, the Soret effect. 

Similarly, the heat flux should consist of the flux due to the temperature gradient 

governed by the Fourier law, and the flux due to the gradient of moisture concentration 

descried by the Dufour effect. 
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      Accordingly 

                                              

                                              

       
                                                        
                                                 
                                               
                         
                                             
                                          

 

      It is important to note that in the present study the moisture gradient in concrete is 

expressed in terms of pore relative humidity, H, in the above governing equations.  This is 

because the moisture in the pores of concrete is a mixture of liquid water, vapor, and dry 

air.  The moisture in most of concrete structures such as bridges, pavement, and buildings 

does not exist in liquid phase and is not even in a saturated stage.  Therefore, using the 

gradient of water pressure as a driving force (as in Darcy’s law) is not valid for most of 

practical cases.  On the other hand, the water in concrete has several different forms.  For 

example, chemically combined water is the water consumed during the hydration 

reactions between Portland cement and water; the water in gel pores (nanometer size 

pores) is confined and thus not mobile (not available for diffusion).  Furthermore, the 

amounts of chemically combined water and the gel water are functions of time depending 

on the degree of hydration and the evolution of cement paste microstructure.  Therefore, 

using the gradient of moisture content in concrete will make the governing equations very 

complicated.  As an alternative, the pore relative humidity, H, has been used as a basic 

variable and the gradient of H as a driving force.  H is the relative pressure generated by 
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the mixture of water, vapor, and dry air in pores, which does not include the chemically 

combined water and etc.  

                                                                                       

       
                        

                    

                              

3.3 Derivation of the Balance Equation  
 

Temperature 

The balance equation: 

                    
  

  
                                                  

       
        
                    
                                         

 

                                                                     

      After combining the above two equations together, the balance equation can be 

described as: 

  

  

  
                                                  

Since heat Q is a function of T, the left hand side of the equation can be further 

manipulated as  
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where ∂Q/∂T = heat capacity (or specific heat), which is a material property. Now, this 

basic equation is expressed in terms of two variables, T and H.  

Moisture 

The conservation of the mass equation is described as: 

       
  

  
                               

       
                                
                 
                            
 

Note:    is not significant and can be taken as zero for most of existing structure under 

ambient temperature. However, it is important for some special cases.  For example, 

under high temperatures, it is required to account for the water released by dehydration 

due to heating. Consequently, the mass balance equation can be simplified: 

            
  

  
                                   

                                          

     Combining the two equations, the mass balance equation can be described as:  

  

  
                                              

Since moisture content is a function of H, the left hand side of the equation can be further 

manipulated as  

  

  

  

  
                                                

where ∂w/∂H = moisture capacity, which is a material property.  Now, this basic 

equation, similar to the equation for the heat, is also expressed in terms of two variables, 

T and H. 
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Summary 

The balance equations for heat and moisture are, respectively: 

  

  

  

  
                                            

       

  

  
                      

                                                  

                                               

 

  

  

  

  
                                            

       

  

  
                          

                                                   

                                              

                       

      The two variables T and H can be solved by the two equations with properly defined 

initial and boundary conditions.  As one can see, there are six material parameters in the 

two equations: two capacities, two diffusion coefficients, and two coupling parameters.  

There have been many researches on the two capacities and two diffusion coefficients, 

which will not be repeated in the present study.  The next chapter will focus on one of the 

coupling parameters, DHT, which is the effect of temperature on moisture transfer. An 
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experimental study will be carried out, and the coupling parameter will be determined by 

using the test data.     
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CHAPTER 4 

AN EXPERIMENTAL STUDY ON THE COUPLING PARAMETER  
 

4.1 Experimental Design  

 
      The objective of this chapter is to determine the temperature effect on the moisture 

transport in concrete. In order to understand the coupling phenomenon, temperature 

gradient was considered as the only influential parameter in the experimental study. The 

experimental setup is shown in Fig. 12.  Two cylindrical specimens are subjected to two 

moisture transport processes from the top surface.  The bottom surfaces of the two 

specimens are exposed to the same ambient conditions of the lab, the same ambient 

temperature and relative humidity.  The side wall of the concrete cylinders was sealed to 

prevent any moisture exchange and insulated to prevent the heat loss.  In Fig. 12, the 

moisture transport in the concrete cylinder on the left is driven by the moisture gradient 

only, and there is no temperature gradient in the specimen.  The moisture transport in the 

concrete cylinder on the right is driven by both the moisture gradient and temperature 

gradient.  So, if there is any difference in the measured moisture concentration profiles in 

the two specimens, the difference must be caused by the temperature gradient.  In this 

way, the effect of temperature on the moisture transport can be characterized, and the test 

data can be used to determine the coupling parameter, DHT, representing the effect of 

temperature on moisture transport.   

      In order to determine if the coupling parameter is temperature dependent or not, three 

different water temperatures were used: 70 
o
C, 40 

o
C and room temperature.  Comparing 

the two concentration profiles of the specimens under room temperature and 40 
o
C, one 
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coupling parameter DHT can be obtained.  Then, comparing the two concentration profiles 

of the specimens under room temperature and 70 
o
C, another coupling parameter DHT can 

be obtained.  If the two coupling parameters are about the same, the coupling parameter is 

not temperature dependent.  Otherwise, it is temperature dependent. 

 

Figure 12 the Model for the Experimental Topic 

      In order to exclude the effect of other parameters, the three specimens were cast using 

the same concrete mix design, the same materials, at the same time and cured for the 

same period. Throughout the experimental period, the specimens were under the same 

water pressure (the water levels in the top ponds were kept the same). In general, the only 

experimental variable was the water temperature on the top surface of concrete cylinders. 

 

4.2 Experimental Procedure  

 
      The mold for the specimen was plastic cylinder of 6''×12'' (diameter × height). The 

cement was Type I Portland cement. The average size of the aggregate was 0.5''. Fine 
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aggregate was all-purpose sand from Home Depot. Table 4 shows the concrete mix 

design. 

w/c=0.6; s/c=2.4; g/c=2.9; loss factor=1.1 

Component Mass (g) Consider the loss factor (g) 

cement 2278 2505 

water 1367 1503 

sand 5466 6013 

aggregate 6605 7265 

Table 4 The Concrete Mix Design 

      After 28 days of curing in the cure room, the specimens were moved out of the curing 

room and kept in the room environment to make the inside of the specimens the same 

temperature and moisture condition with the surrounding environment.  

      The sensors used in this experiment were SHT75 Sensirion humidity and temperature 

sensors, as show in Figure 13.  This sensor measures the internal relative humidity and 

temperature in the pores.  

       

Figure 13 the SHT75 Sensor 

      Each sensor was plugged into a plastic tube. Both end sides of the tube were wrapped 

by GoreTex and sealed with epoxy. Then the assemblies were embedded into holes which 

were drilled into the side of the concrete cylinder. The locations were 2.5'', 5.5'' and 8.5'' 

from the top surface.  
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      After installing the sensors, the side of the cylinder was covered with silicone and 

insulated by cotton to ensure that moisture and temperature can only penetrated the 

specimen in one direction from the top surface. The 6 inch tall plastic sleeves were 

produced from the molds. This could create a 4 inch deep reservoir on top of each 

specimen. Each sleeve was clamped to the specimen with a standard steel band clamp. A 

bead of silicone was added to the inside of each sleeve to further prevent water leakage. 

The result was a water tight reservoir on top of each specimen. Furthermore, the top of 

the reservoir was covered in foil to decrease the loss rate of water due to evaporation. The 

assembly is shown in Figure 14. 

            

Figure 14 the Specimen Ready for Testing 

       

      The experiment used Cole-Parmer electric heaters (model EW-03046-20) with dial 

temperature controllers. A figure for the heater is shown in Figure 15.  
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Figure 15 Cole-Parmer EW-03046-20 Electric Heater 

      The data from the sensors was recorded using an EK-H3 Sensirion Data Logger. Data 

was recorded every minute.  

      Three concrete cylinders for the compression test were 3''×6''. The test was performed 

after 28 curing days. The compressive strength of the first, second and third specimens 

were 3.94 ksi, 3.51 ksi, 3.53 ksi, respectively. Details are listed in Appendix A.   

 

4.3 Experimental Results 
       

      The concrete samples were cast and cured for 28 days, from 1/24/2014 to 2/21/2014; 

after fully curing, they were left in the lab environment for 20 days until 3/13/2014 and 

then the experiment started. After 15 days, on 3/27/2014, two damaged sensors were 

replaced. The records which were discussed in the following began on 3/28/2014.   
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For room temperature case, the moisture value under 

different time and location 

Time 15 day (3/28/2014) 17 day 

x (in) 2.5 5.5 8.5 2.5 5.5 8.5 

x (mm) 63.5 139.7 215.9 63.5 139.7 215.9 

H (%) 59.39 38.98 32.83 60.41 39.97 33.89 

Time 19 day 21day 

x (in) 2.5 5.5 8.5 2.5 5.5 8.5 

x (mm) 63.5 139.7 215.9 63.5 139.7 215.9 

H (%) 61.76 41.11 34.94 61.76 41.11 34.94 

Table 5 the Moisture for Room Temperature Case 

 

 

For room temperature, the temperature value under different time ; 

Time 15 day 17 day 19 day 21 day 

T (
o
C) 24.1 24.23 24.2 24 

T (K) 297.25 297.38 297.35 297.15 

       Note: the inside temperature for different locations is almost constant; 

Table 6 the Temperature for Room Temperature Case 

 

 

For 40 
o
C case, the moisture value under different time 

and location 

Time 15 day 17 day 

x (in) 2.5 5.5 8.5 2.5 5.5 8.5 

x (mm) 63.5 139.7 215.9 63.5 139.7 215.9 

H (%) 63.04 44.23 38.4 64.27 45.49 39.36 

Time 19 day 21 day 

x (in) 2.5 5.5 8.5 2.5 5.5 8.5 

x (mm) 63.5 139.7 215.9 63.5 139.7 215.9 

H (%) 65.67 46.88 40.76 67.11 48.32 42.2 

Table 7 the Moisture for 40 
o
C Case  
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For 40 
o
C case, the temperature value under different time 

and location 

Time 15 day 17 day 

x (in) 2.5 5.5 8.5 2.5 5.5 8.5 

x(mm) 63.5 139.7 215.9 63.5 139.7 215.9 

T (
o
C) 29.55 28.36 27.29 29.96 28.77 27.71 

Time 19 day 21 day 

x (in) 2.5 5.5 8.5 2.5 5.5 8.5 

x(mm) 63.5 139.7 215.9 63.5 139.7 215.9 

T (
o
C) 30.43 29.25 28.2 31 29.81 28.77 

Table 8 the Temperature for 40 
o
C Case 

 

For 70 
o
C case, the moisture value under different time and 

location 

Time 15 day 17 day 

x (in) 2.5 5.5 8.5 2.5 5.5 8.5 

x (mm) 63.5 139.7 215.9 63.5 139.7 215.9 

H (%) 79.85 51.63 43.59 81.4 53.17 45.13 

Time 19 day 21 day 

x (in) 2.5 5.5 8.5 2.5 5.5 8.5 

x (mm) 63.5 139.7 215.9 63.5 139.7 215.9 

H (%) 83 54.77 46.72 84.6 56.36 48.31 

Table 9 the Moisture for 70 
o
C Case 

 

For 70 
o
C case, the temperature value under different time 

and location 

Time 15 day 17 day 

x (in) 2.5 5.5 8.5 2.5 5.5 8.5 

x(mm) 63.5 139.7 215.9 63.5 139.7 215.9 

T (
o
C) 43.74 42.5 41.7 45.03 43.61 42.74 

Time 
 

19 day 
  

21 day 
 

x (in) 2.5 5.5 8.5 2.5 5.5 8.5 

x(mm) 63.5 139.7 215.9 63.5 139.7 215.9 

T (
o
C) 46.17 44.95 44.04 47.2 45.99 45.12 

Table 10 the Temperature for 70 
o
C Case 
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4.4 Analysis of The Experimental Results  
 

      Using the test data, the trend lines were obtained which show the moisture and 

temperature at different depths in the sample: 

 

Figure 16 Depths vs. Moisture for Room Temperature Case  

      The above figure shows the moisture profiles under room temperature at different 

times. In Figure 16, the initial moisture which is before adding the water tight reservoir is 

almost constant through the sample. After 15 days, the moisture distribution is higher in 

the left side, which is near the ponding surface. As time increases, the left side almost 

keeps constant which means the side may reach the maximum value. However, the right 

side increases with time increasing.   

      Depending on the records from the three sensors at 2.5'', 5.5'' and 8.5'', they can 

provide a 2 order polynomial equation to represent the trend line and calculate the value 

of humidity at other locations. The final results are shown in the following tables: 
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Time 
   

15 day 
   

x (in) 2.5 3 3.5 4 4.5 5 5.5 

x (mm) 63.5 76.2 88.9 101.6 114.3 127 139.7 

H (%) 59.39 55.00 51.00 47.40 44.20 41.39 38.98 

Time 
   

17 day 
   

x (in) 2.5 3 3.5 4 4.5 5 5.5 

x (mm) 63.5 76.2 88.9 101.6 114.3 127 139.7 

H (%) 60.41 56.01 52.00 48.39 45.19 42.38 39.97 

Time 
   

19 day 
   

x (in) 2.5 3 3.5 4 4.5 5 5.5 

x (mm) 63.5 76.2 88.9 101.6 114.3 127 139.7 

H (%) 61.76 57.31 53.27 49.62 46.38 43.54 41.11 

Time 
   

21 day 
   

x (in) 2.5 3 3.5 4 4.5 5 5.5 

x (mm) 63.5 76.2 88.9 101.6 114.3 127 139.7 

H (%) 63.01 58.61 54.60 50.99 47.76 44.92 42.47 

Table 11 the Moisture for Room Temperature 

Test 

day 
15 17 19 21 

T (
o
C) 24.1 24.23 24.2 24 

T (K) 297.25 297.38 297.35 297.15 

Note: due to no temperature gradient, the inside 

temperature is almost same. 

Table 12 the Temperature for Room Temperature 

 

Figure 17 Depths vs. Moisture for 40 
o
C 
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      Figure 17 shows the moisture distribution under 40 
o
C and at different times. Similar 

trends are seen with the room temperature case. The moisture distribution is higher on the 

left side which is near the ponding surface. As time increase, the moisture also increases 

and the tendency is to reach the same value through the specimen.  However, for the case 

of 40 
o
C, the moisture level is a little higher than those in the case of room temperature.  

 

Time 
   

15 day 
   

x (in) 2.5 3 3.5 4 4.5 5 5.5 

x (mm) 63.5 76.2 88.9 101.6 114.3 127 139.7 

H (%) 63.04 59.00 55.33 52.01 49.06 46.46 44.23 

Time 
   

17 day 
   

x (in) 2.5 3 3.5 4 4.5 5 5.5 

x (mm) 63.5 76.2 88.9 101.6 114.3 127 139.7 

H (%) 64.27 60.26 56.61 53.30 50.35 47.74 45.49 

Time 
   

19 day 
   

x (in) 2.5 3 3.5 4 4.5 5 5.5 

x (mm) 63.5 76.2 88.9 101.6 114.3 127 139.7 

H (%) 65.67 61.66 58.00 54.69 51.74 49.13 46.88 

Time 
   

21 day 
   

x (in) 2.5 3 3.5 4 4.5 5 5.5 

x (mm) 63.5 76.2 88.9 101.6 114.3 127 139.7 

H (%) 67.11 63.10 59.44 56.13 53.18 50.57 48.32 

Table 13 the Moisture for 40 
o
C 

 

Time 
   

15 day 
   

x (in) 2.5 3 3.5 4 4.5 5 5.5 

x(mm) 63.5 76.2 88.9 101.6 114.3 127 139.7 

T (
o
C) 29.55 29.34 29.14 28.94 28.74 28.55 28.36 

Time 
   

17 day 
   

x (in) 2.5 3 3.5 4 4.5 5 5.5 

x(mm) 63.5 76.2 88.9 101.6 114.3 127 139.7 

T (
o
C) 29.96 29.75 29.55 29.35 29.15 28.96 28.77 

Time 
   

19 day 
   

x (in) 2.5 3 3.5 4 4.5 5 5.5 

x(mm) 63.5 76.2 88.9 101.6 114.3 127 139.7 

T (
o
C) 30.43 30.22 30.02 29.82 29.63 29.44 29.25 
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Time 
   

21 day 
   

x (in) 2.5 3 3.5 4 4.5 5 5.5 

x(mm) 63.5 76.2 88.9 101.6 114.3 127 139.7 

T (
o
C) 31.00 30.79 30.59 30.39 30.19 30.00 29.81 

Table 14 the Temperature for 40 
o
C 

 

Figure 18 Depths vs. Moisture for 70 
o
C 

      Figure 18 shows the moisture distribution under 70 
o
C and at different times. Once 

again, it displays similar trends as the other two cases. The difference is that the 70 
o
C 

case achieves the highest moisture value in the sample.  

 

Time  
  

15 day 
   

x (in) 2.5 3 3.5 4 4.5 5 5.5 

x (mm) 63.5 76.2 88.9 101.6 114.3 127 139.7 

H (%) 79.85 73.74 68.20 63.21 58.79 54.93 51.63 

Time 
   

17 day 
   

x (in) 2.5 3 3.5 4 4.5 5 5.5 

x (mm) 63.5 76.2 88.9 101.6 114.3 127 139.7 

H (%) 81.40 75.30 69.75 64.77 60.34 56.48 53.17 

Time 
   

19 day 
   

x (in) 2.5 3 3.5 4 4.5 5 5.5 

x (mm) 63.5 76.2 88.9 101.6 114.3 127 139.7 

H (%) 83.00 76.89 71.35 66.36 61.94 58.07 54.77 
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x (in) 2.5 3 3.5 4 4.5 5 5.5 

x (mm) 63.5 76.2 88.9 101.6 114.3 127 139.7 

H (%) 84.60 78.49 72.95 67.96 63.53 59.67 56.36 

Table 15 the Moisture for 70 
o
C 

 
Time 

   
15 day 

   
x (in) 2.5 3 3.5 4 4.5 5 5.5 

x(mm) 63.5 76.2 88.9 101.6 114.3 127 139.7 

T (
o
C) 43.74 43.50 43.28 43.06 42.86 42.67 42.50 

Time 
   

17 day 
   

x (in) 2.5 3 3.5 4 4.5 5 5.5 

x(mm) 63.5 76.2 88.9 101.6 114.3 127 139.7 

T (
o
C) 45.03 44.76 44.50 44.25 44.02 43.81 43.61 

Time 
   

19 day 
   

x (in) 2.5 3 3.5 4 4.5 5 5.5 

x(mm) 63.5 76.2 88.9 101.6 114.3 127 139.7 

T (
o
C) 46.17 45.94 45.73 45.52 45.32 45.13 44.95 

Time 
   

21 day 
   

x (in) 2.5 3 3.5 4 4.5 5 5.5 

x(mm) 63.5 76.2 88.9 101.6 114.3 127 139.7 

T (
o
C) 43.74 43.50 43.28 43.06 42.86 42.67 42.50 

Table 16 the Temperature for 70 
o
C 

 

 

Figure 19 Comparing the Moisture levels under the Same Time and at Different Temperatures 
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      Figure 19 shows the moisture distributions for the three temperature cases and at the 

same time.  Comparing these three curves, 70 
o
C achieved the highest moisture values 

and the highest gradient (in the shallow region of the specimens). 

 

Figure 20 the Temperature Profiles under the Same Time 

      The Figure 20 shows the temperature profiles for the three temperature cases under 

the same time.  Comparing these three curves, the 70 
o
C achieved the highest temperature 

gradient. 

 

4.5 The equation to determine the coupling parameter 
 

      In this section, an equation will be derived based on the governing equation, and then 

it will be used together with the measure data to determine the coupling parameter. 
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      Combining these two equations: 

       
 

 
                          

       
                                                                       
                                                      
                    
 

 

  

  
          

 

 
           

                                  

       Combining the latest two equations: 

  

  
  

                      

 
 

                     

 
               

       Rearrange: 

  

  

  

  
 

          

 
   

          

 
 

      

  
 

      

  
                            

       

  

  
                          

 

      For the specimen without the temperature gradient, ΔT = 0, so, 
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      In the last two equations, Equations (1) and (2), there are three material parameters, 

the moisture capacity, the diffusion coefficient, DHH, and the coupling parameter, DHT.  

The moisture capacity is estimated by an available model (shown below), and the other 

two are determined using the measured test data.  First, DHH is determined using the test 

data without temperature gradient, and finally the coupling parameter DHT is determined 

using the test data with the temperature gradient. 

  

Moisture Capacity  

      Moisture capacity is the derivative of the equilibrium adsorption isotherm. Moisture 

capacity is related to the water-cement ratio, specimen age, cement type, temperature and 

humidity. Xi et al. (1994a) developed a model based on BET theory to moisture capacity 

of concrete.  From Figure 21 and Figure 22 (Xi et al. 1994a), it is evident that moisture 

capacity changes with the water cement ratio and age. In the beginning, the moisture 

capacity decreases; afterwards, it becomes a constant; and finally increases. The physical 

meaning of the first transition points in moisture capacity, transferring from the initial 

drop to the constant region, may correspond to the stage that the moisture in pores has 

reached the monolayer capacity in adsorption isotherm. The physical meaning of the 

second turn indicates a transitioning from the constant region to the final increase, which 

may correspond to the beginning of capillary condensation. 
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Figure 21 Effect of w/c on Moisture Capacity (Xi et al. 1994a) 

 

Figure 22 Effect of Age on Moisture Capacity (Xi et al. 1994a) 
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      The moisture capacity can be obtained from the equilibrium adsorption isotherm (Xi 

et al. 1994a, 1994b): 
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Note: the adsorption of water in hardened Portland cement paste is affected by many 

parameters, which contribute to the hydration process of Portland cement and hence to the 

constitution of the pore structure and pore-size distribution. Factors include: water cement 

ratio, type of cement, curing time, temperature, curing method, carbonation (for structures 

with thin cross-section) and added ingredients and aggregates cement ratio. In this study, 

the variations monitored are water cement ratio and temperature.  

 

Monolayer Capacity 

      The monolayer capacity, Vm, is defined as the mass of adsorbate required to cover the 

adsorbent with a single molecular layer. From the observed test data, the empirical 

expression for Vm can be described as (Xi et al. 1994a): 
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1. Vt (t) shows the effect of the curing time. 

            
    

 
                               

                                

 

2. Vct shows the effect of the various cement types. 

                                                                    

 

3. Vwc shows the effect of the water cement ratio. 

             
 

 
         

 

 
      

                            
 

 
       

                            
 

 
       

 

Parameter C 

        Following the substitution,              

                                    (
  

 
)                                                        

Note: at near room temperature the shape of the adsorption curve changes with 

temperature very slightly, and this means that the isotherms are considered to be 

insensitive to changes in C within a rather wide range of values. To simplify analysis, the 

expected value of C0 can be obtained from the test data:        ; however, for high 



 - 57 -  

temperatures these assumptions are not valid and other phenomena need be taken into 

consideration.  

 

Parameter k 

      Parameter k is obtained from the assumption that the number of adsorbed layers is 

finite. In order to determine k, first the expression for the number of adsorbed layers at the 

saturation state, n, must be obtained. Afterwards, n is converted into k: 

        ⁄                 ⁄                                       
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The model for moisture capacity 

      The variations of Vm affected by temperature are only due to the thermal expansion or 

contraction of the adsorbed layer. The volumetric changes of the adsorbate water are very 

small at room temperature. Therefore, VT may be equal to 1. In fact, empirical evidence 

shows that for moderate changes in temperature, the variation of n is negligible. 

Therefore, VT may also be equal to 1 as well. However, for temperature much higher than 

room temperature, especially above 100 
o
C, further phenomena occur and a more 

complex model, based on the thermodynamic properties of water, is required. 
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      In general, the model and final formulas for Vm, C and k are as follows:  
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4.6 The coupling parameter obtained based on the present test data 
 

      Frist of all, the moisture capacity for three cases, room temperature, 40 
o
C and 70 

o
C 

were calculated and shown in Tables 17, 18, and 19 Then, from the equation 4.17 for the 

isothermal condition, we can obtain equation 4.18 
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      DHH can be determined using equation 4.18 together with the model prediction for 

moisture capacity and the test data from the isothermal condition (under the room 

temperature). The results are shown in Table 20, and the unit for DHH is (inch
2
/sec).  

      Finally, from the equation 4.19 for 40 
o
C and 70 

o
C cases, we can obtain equation 

4.20 

  

  

  

  
 

      

  
 

      

  
                           

     
  

  

  

  
 

      

  
 
  

  
                       

      DHT can then be determined using equation (d) together with the model prediction for 

moisture capacity, the parameter DHH, and the test data from 40 
o
C and 70 

o
C cases.  The 

results are shown in Table 21 for the case of 40 
o
C and Table 22 for the case of 70 

o
C.  

The unit for DHT is (% in2
/sec/Celsius).  

Note: In this experiment, the distribution just occurred in one direction. Therefore, the 

equation here uses the total differential. It should be noted that L is the length between the 

two adjacent points and is equal to 0.5 inches. 

Moisture capacity for room temperature case 

x (in) 2.5 3 3.5 4 4.5 5 5.5 

x(mm) 63.5 76.2 88.9 101.6 114.3 127 139.7 

15d 0.19 0.17 0.16 0.15 0.14 0.13 0.13 

17d 0.20 0.18 0.16 0.15 0.14 0.14 0.13 

19d 0.20 0.18 0.16 0.15 0.14 0.14 0.13 

21d 0.21 0.19 0.17 0.16 0.15 0.14 0.14 

Table 17 the Moisture Capacity (%/%) for Room Temperature 
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Moisture capacity for 40 oC case 

x (in) 2.5 3 3.5 4 4.5 5 5.5 

x(mm) 63.5 76.2 88.9 101.6 114.3 127 139.7 

0d 0.21 0.19 0.17 0.16 0.15 0.14 0.14 

2d 0.22 0.20 0.18 0.17 0.16 0.15 0.14 

4d 0.23 0.20 0.18 0.17 0.16 0.15 0.15 

6d 0.24 0.21 0.19 0.18 0.16 0.16 0.15 

Table 18 the Moisture Capacity (%/%) for 40 
o
C 

Moisture capacity for 70 oC case 

x (in) 2.5 3 3.5 4 4.5 5 5.5 

x(mm) 63.5 76.2 88.9 101.6 114.3 127 139.7 

0d 0.37 0.30 0.25 0.21 0.19 0.17 0.16 

2d 0.40 0.31 0.26 0.22 0.20 0.18 0.17 

4d 0.42 0.33 0.27 0.23 0.20 0.19 0.17 

6d 0.45 0.35 0.29 0.24 0.21 0.19 0.18 

Table 19 the Moisture Capacity (%/%) for 70 
o
C  

 

 

x (in) 2.5-3 3-3.5 3.5-4 4-4.5 4.5-5 Average 

DH-H  2d 3.75E-03 3.73E-03 3.83E-03 4.05E-03 4.43E-03 3.96E-03 

DH-H  4d 4.97E-03 4.82E-03 4.82E-03 4.96E-03 5.27E-03 4.97E-03 

DH-H  6d 5.17E-03 5.30E-03 5.52E-03 5.87E-03 6.35E-03 5.64E-03 

Table 20 the Coefficient DHH (inch
2
/sec) 

 

      

 

x (in) 2.5-3 3-3.5 3.5-4 4-4.5 4.5-5 5-5.5 Average 

DH-T  2 d 3.44E-04 3.34E-04 3.39E-04 3.56E-04 3.81E-04 4.14E-04 3.61E-04 

DH-T  4 d 3.19E-04 2.90E-04 2.90E-04 3.13E-04 3.54E-04 4.11E-04 3.30E-04 

DH-T  6 d 2.76E-04 2.48E-04 2.52E-04 2.80E-04 3.28E-04 3.93E-04 2.96E-04 

Table 21 the Coefficient DHT (% in2/sec/Celsius) for 40 
o
C  
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x (in) 2.5-3 3-3.5 3.5-4 4-4.5 4.5-5 5-5.5 Average 

DH-T  2 d 7.66E-04 5.93E-04 5.04E-04 4.74E-04 4.91E-04 5.48E-04 5.63E-04 

DH-T  4 d 8.39E-04 5.95E-04 4.71E-04 4.26E-04 4.39E-04 4.99E-04 5.45E-04 

DH-T  6 d 7.59E-04 5.09E-04 3.82E-04 3.41E-04 3.64E-04 4.42E-04 4.66E-04 

Table 22 the Coefficient DHT (% in2/sec/Celsius) for 70 
o
C 

 

      Comparing these two tables, Tables 21 and 22, the coefficient DHT for 70 
o
C is a little 

higher than that of 40 
o
C case, which means the coupling parameter may be temperature 

dependent.  In general, for the moisture transport under non-isothermal condition, the 

moisture concentration of course plays the major role while the coupling effect should be 

also considered. What’s more, the coupling parameter, DHT, is related with the temperature. 

If the temperature is higher, the coupling effect is more significant. 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

 
Conclusions 

 
1. A literature review was performed on the coupling effects between heat transfer and 

moisture transport in concrete, including the effect of heat transfer on moisture transport, 

the so-called Soret effect, and the effect of moisture transport on heat transfer, the so-

called Dofour effect.  Although the two coupling effects were recognized some time ago 

and studied for other materials, there has been no systematic study for concrete.  

2. A case study was found in the literature and it was provided to show the moisture 

transport and heat transfer in concrete at elevated temperatures.  Under high temperatures, 

in addition to the coupling effects, phase transformation of water into vapor in concrete 

pores must be considered and the high vapor pressure may cause spalling damage of the 

concrete.  Formulation of the governing equations, finite element solutions, and 

experimental study of the concrete under high temperature were reviewed.      

3. An experimental technique was established for understanding the temperature effect on 

moisture transport in concrete. The technique was used for studying the moisture 

penetration into concrete with and without temperature gradient.  The test data showed 

that the effect of temperature gradient is significant and should be considered in the 

analysis of moisture transport in concrete under non-isothermal condition.   

4.  Governing equations were established for the moisture transport taking into account the 

effect of temperature gradient, and for the heat transfer taking into account the moisture 

effect.  In the two governing equations, the gradient of pore relative humidity, H, was 
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used as one of the basic driving forces for the moisture transport in concrete under 

isothermal condition.  The other driving force is the gradient of temperature T.         

5. An analysis method was developed based on the governing equations to calculate the 

moisture diffusion coefficients DHH, and the coupling parameter DHT (for the Soret effect).  

Using the present experimental results, the two transport parameters were evaluated.   

 

Recommendations 

1. This study focused on the evaluation of the Soret effect. Future studies should be done for 

the Dufour effect.  

2. The number of specimens used in the present study was very limited.  More systematic 

research should be conducted to study the effect of concrete mix design and additives on 

the coupling parameters.  
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APPENDIX A 
 

      A total of three 3×6'' concrete cylinders were casted and de-molded after 24 hours. Then 

they were left to cure in the curing room. Three cylinders had the same mix design. After 

curing, all specimens were capped. A compression test was conducted using an MTS load 

frame. The program controlled displacement control at a rate of 0.0005 in/sec: 

 

Sample # #1 #2 #3 

Peak Load (kip) 27.83 24.79 24.93 

Area (in
2
) 7.07 7.07 7.07 

fc' (ksi) 3.94 3.51 3.53 

Table 23 Compression Test Results 
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