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A novel experimental technique was developed to investigate the shrinkage behavior in 

cementitious materials. The Cure Reference Method (CRM), previously developed for residual 

strain measurements in composites, was used to determine the shrinkage that develops in 

concrete materials during the curing or drying process. This technique involves the replication of 

diffraction grating on the concrete specimen during the curing process and the use of high 

sensitivity moiré interferometry. A specially-designed stage was created to help obtain a set of 

the consecutive phase shifted fringe patterns. Instead of the intensity-based methods, an 

automated fringe analysis program was used to analyze fringe patterns to obtain full-field 

displacement and strain information. Shrinkage as a function of time, location, humidity, 

temperature, water/cement (w/c) ratio and size was measured for unsealed cement paste 

specimens. Also, a method of combining CRM and removing drying effect was used to explore 

the relative contribution of non-drying shrinkage (autogenous shrinkage) to the total shrinkage in 

cement pastes. Furthermore, CRM technique was applied to explore the effect of fine aggregates 

(sand) on the shrinkage behavior. The effect of sand quantities was investigated to observe how 

shrinkage responded to this influential factor. The method of removing drying effect was 

modified to explore the relative contribution of autogenous shrinkage to the total shrinkage in the 
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specimen with the fine aggregates (mortar specimen). The effect of coarse aggregates (gravel) on 

shrinkage was also displayed. 

An inverse method based on finite element moisture diffusion model and optimization was 

developed in order to obtain the material properties of cement paste from the complex geometry 

used in the tests. Once the material parameters were determined, they can be the inputs in finite 

element analysis for the predictions. The tests in different drying conditions, with different 

geometry of the specimens, and for the reinforced specimens were performed and their results 

were compared with FEA to validate the constructed model and the obtained materials 

properties. 

Ring tests were performed under both normal and extreme low humidity conditions for 

crack investigation. Also, the FEA of the ring test under normal humidity has shown that the 

numerical result had good agreement with that from the experiment. 

Finally, stresses were predicted in FEA model for both free shrinkage and restrained (ring 

test) shrinkage cases.  
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CHAPTER 1 
INTRODUCTION 

1.1 Background 

Concrete is a material that forms the basis of our modern society. Nearly every aspect of 

our daily life depends directly or indirectly on concrete materials. For example, we live, play, 

work, or study directly in concrete structures or buildings to which we drive directly over 

concrete roads and bridges. Indirectly, our goods can be transported by trucks running on 

concrete freeways or by trains traveling on rails supported by concrete crossties; water for our 

drinking and raising crops is stored behind the concrete dams and is distributed through the 

systems of concrete water ways, conduits and pipes. We take concrete for granted when we are 

enjoying all the activities in our daily life.  However, it can be truly said that many achievements 

of our modern civilization have been attributed to concrete.  

Since concrete is closely related to our life, every aspect of its behavior/properties must be 

understood in order to thoroughly utilize it to the highest potential. One aspect that requires 

proper characterization is the shrinkage behavior because it influences the development of tensile 

stress when external or internal restraints exist and causes the subsequent cracking in concrete. 

The case of external restraints is very straightforward and can be explained by Figure 1-1 [1]. On 

the other hand, the internal restraint is due to non-uniform shrinkage over the cross section. It is 

known that larger shrinkage occurs near the outer surface and smaller shrinkage in the inner core. 

In this case, tensile stress develops close to the outer surface and compressive stress in the inner 

core [2]. Both cases can lead to subsequent cracking and reduction of its service life when the 

tensile stress that develops in concrete is greater than the tensile strength. Furthermore, in the 

case of reinforced concrete, the cracking may produce a direct path for chloride ions to reach the 

reinforcing steel. Once chloride ions reach the steel surface, the steel will corrode, which itself 
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can cause cracking, spalling, and delamination of the concrete [3]. As a result, the shrinkage 

behavior must be well understood in order to better evaluate the structural life of concrete or to 

properly control the occurrence of the shrinkage-induced cracks. 

 

Figure 1-1. Concrete under external restraints 

1.2 Literature Review 

Concrete materials experience volume change during their service life. The total in-service 

volume change is the resultant of shrinkage and deformation from applied load or temperature 

variation. Shrinkage is typically defined as the strain measured on a load-free & unrestrained 

concrete specimen, not including changes due to temperature variations and is commonly 

described in micro-strains. According to the definition of concrete materials, there are three main 

categories: cement paste, mortar and concrete [4] and their compositions are indicated in Table 

1-1. But generally speaking, they are all called “concrete” in our daily living. 
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Table 1-1. Categories of concrete materials 
Category Components 

Cement paste =      Cement       +     water 

Mortar =      Fine Aggregate (sand)        +    Cement Paste 

Concrete =      Fine and Coarse Aggregate (gravel)    +     Cement Paste 

 
1.2.1 Shrinkage Behavior in Concrete Materials 

There are four main types of shrinkage associated with concrete materials: plastic, 

carbonation, autogeneous, and drying shrinkage. Plastic shrinkage is due to moisture loss from 

the concrete before the concrete sets [5-7]. Carbonation shrinkage is caused by the chemical 

reaction of various cement hydration products with carbon dioxide present in the air [8-10]. This 

type of shrinkage is usually limited to the surface of the concrete. Autogeneous shrinkage is 

associated with the hydration of the cement, which is a chemical reaction between water and 

cement, without water loss into the surrounding environments. This type of shrinkage tends to 

increase at lower water to cementitious materials ratio (w/c) and at a higher cement content of a 

concrete mixture. In general, it is relatively small and not distinguished from drying shrinkage 

for normal-strength concrete materials with w/c ratio larger than 0.4. Drying shrinkage is due to 

drying or moisture loss of concrete into the surrounding environments. The ratio of autogenous 

and drying shrinkage in total shrinkage of concrete is schematically illustrated as in Figure 1-2 

[11, 12]. The figure indicates that autogenous shrinkage already occurs before the start of drying. 

The start of drying is usually set as the point at which the measurement of shrinkage is zero. 

Also, it can be seen that the contribution of autogenous shrinkage to the total shrinkage is 

significant for high-strength concrete materials. On the contrary, autogenous shrinkage in 

normal-strength concrete contributes to the total shrinkage insignificantly. The magnitude of the 
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total shrinkage depends on concrete mixture proportions and material properties, method of 

curing, ambient temperature and humidity conditions, and geometry of the concrete element. In 

the analysis of concrete structures, two components, drying and autogenous shrinkage are usually 

taken into account because they are more associated with induced cracking in concrete materials. 

As a result, autogeneous and drying shrinkage draw more attention from the concrete 

researchers. Therefore, it is necessary to discuss them in more details as below.  

 

Figure 1-2. Shrinkage strain components in (a) normal-strength and (b) high-strength concrete 
(Sakata & Shimomura 2004) 

1.2.1.1 Autogeneous shrinkage  

The shrinkage occurring in the absence of moisture exchange (as in a sealed concrete 

specimen) due to the hydration reactions taking place inside the cement matrix is termed 

autogenous shrinkage [13]. Autogenous shrinkage was almost never considered as a factor in the 

research on shrinkage before 1990. It is usually insignificant for many normal compressive 
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strength concretes and can usually be neglected. However, for high-strength concrete with w/c 

ratio less than 0.40, it may be a significant contribution to the total shrinkage. As a result, it has 

become an issue with the increasing use of high-performance concrete. Factors affecting 

autogenous shrinkage include water/cement ratio [14, 15], temperature [16], aggregates [17, 18] 

and admixtures [19, 20] etc. And autogeneous shrinkage is not one-time deformation, but a time-

dependent behavior.    

1.2.1.2 Drying shrinkage  

 Shrinkage occurring in a specimen that is exposed to the environment and allowed to dry 

is called drying shrinkage. For normal-strength concrete with w/c larger than 0.4, it is usually 

assumed that the entire shrinkage strain is only from drying shrinkage, and any contribution from 

autogenous shrinkage is neglected. Factors influencing drying shrinkage can be divided into 

three categories. The first category is drying conditions. Much research has been devoted to the 

temperature, humidity and wind speed effects [21-28]. Also, because drying shrinkage involves 

moisture diffusion through the material and moisture loss into the surrounding environment, it 

depends on the geometry of the specimen, which is the second category, such as the shape and 

size of the specimen [29, 30].  The third category is the compositions of concrete, including the 

type of cement, water/cement ratio, and fine/coarse aggregate quantity etc. [31]. Drying 

shrinkage is also time-dependent behavior as is autogenous shrinkage.    

1.2.2 Experimental Techniques  

Some experimental techniques have been developed and used to determine the shrinkage 

that occurs in concrete materials during the curing and drying. There are two major categories of 

these experimental techniques, non full-field measurements and full-field measurements. They 

are summarized as the following. 
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1.2.2.1 Non full-field measurements 

The most common one is ASTM C157 standard test method. This method measures the 

length change of hardened hydraulic-cement mortar and concrete specimen using a comparator 

[32, 33]. However, this method is categorized into the measurement of the averaged shrinkage of 

concrete samples. Embedded sensors, such as embedded strain gauges and fiber optics, are also 

the well-known methods which are used for measuring internal shrinkage at specific locations 

[34-38]. But these methods are in the category of point measurements and the gathered 

information is easily altered by the intrusive nature of these tests.  Membrane method protocol is 

for the measurement of autogenous shrinkage and performed by monitoring the weight of a 

cement paste sample that is sealed in a membrane, submerged in paraffin oil, and suspended 

from a high-precision balance [39]. This method is able to obtain the averaged shrinkage in terms 

of volumetric strain rather than linear strain. Although the shrinkage of concrete in a fluid state 

can be measured, it is not significant to the development of tensile stress. And the lack of a 

steady contact between the membrane and the cement paste is a considerable disadvantage. Rigid 

form method measures the shrinkage using a non-contact laser to investigate the length change of 

a specimen in a conventional rigid steel form [40]. Likewise, this method belongs to the 

measurement of averaged shrinkage. Other methods, such as corrugated tube method and 

buoyancy method [41], are all averaged shrinkage measurements. Also, they have their own 

drawbacks and limitations of use. 

1.2.2.2 Full-field measurements 

Some of the full-field experimental techniques have been applied in the study of concrete 

structure inspection. Optical techniques, such as Grid method, Electronic Speckle Pattern 

Interferometry (EPSI) and Digital Correlation Method (DCM) are the most popular ones for the 

detection of flaws and cracks in the concrete structures [42-46].  Moreover, moiré interferometry 



 

20 

was used to investigate Fracture of concrete [47, 48]. However, the full-field techniques for 

measuring shrinkage of concrete are scarce in the literature. An optical technique, digital 

photogrammetric method, has been used to measure the shrinkage in concrete samples [49]. 

Although this method offers full-field measurement, it does not possess high sensitivity of 

displacements and strains measurements.  Recently, an image-intensity-matching technique was 

used to measure strain in cement pastes within an environmental scanning electron microscope 

[50]. This method is still in the stage of the development.  

1.2.3 Numerical Simulation 

Since the use of full-field techniques to measure shrinkage is scarce in the literature, the 

modeling of shrinkage on a full-field basis is not available. Many mathematical models based on 

ASTM C157 standard test were proposed to predict averaged shrinkage of concrete specimens. 

On the other hand, due to the fact that shrinkage closely relies on moisture distribution, much 

research has been devoted to the measurement and the modeling of moisture distribution in 

concrete materials in terms of moisture content or internal relative humidity. However, they 

serve as the qualitative indication of shrinkage rather than quantitative.  

1.2.3.1 Moisture diffusion modeling 

Moisture diffusion models based on Fick’s Law were widely used and solved analytically 

or numerically to investigate moisture distribution in concrete specimens [51-62]. The majority 

of commercial software packages do not offer mass diffusion modules but only heat conduction 

modules. The governing equation of heat conduction given by Fourier’s law has the generalized 

form similar to the equation of diffusion given by Fick’s Law. Hence, the heat conduction 

analogy is extremely useful in practice. However, for high-strength concrete with lower w/c 

ratio, moisture distribution cannot be governed only by moisture diffusion. As a result, the 
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decrease in relative humidity or moisture content due to self-desiccation needs to be considered 

in the moisture distribution modeling [63-66].  

1.2.3.2 Shrinkage modeling 

There exist many mathematical models associated with predicting shrinkage of concrete 

materials. A review of the literature for these types of prediction models shows that the most 

widely discussed and used models are Comite Euro-International Du Beton (CEB Model Code 

1990), Bazant and Panula (BP-KX and Model B3), and American Concrete Institute (ACI 209) 

etc. [67-75]. However, all these models were based on the results of ASTM C157 standard test.  

The models are used for the prediction of averaged shrinkage as a function of time, and 

composition of concrete materials. The shrinkage at certain locations of interests cannot be 

known from these models. 

1.2.3.3 Inverse method 

The inverse methods based on optimization have been widely used to evaluate unknown 

coefficients such as material parameters or to determine the load and boundary conditions in the 

structural or heat transfer problems. They are computed by minimizing the error between the 

measured values obtained experimentally and those found by finite element analysis or analytical 

solutions. 

Several methods have been developed for the determination of material properties using 

experimentally determined displacement or strain data. The analytical model for a circular disc in 

diametric compression with a linear least square updating procedure was used to determine the 

elastic constants using moiré interferometry displacements [76]. The inverse approach was 

applied to determine the far-field or residual stresses in open-hole specimens with biaxial loading 

[77]. A non-linear least squares solution was described for the evaluation of far-field stresses, 

material elastic properties and residual stresses in an infinite orthotropic plate with a hole. 
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Computer generated moiré interferometry displacement data was used for the updating procedure 

[78, 79]. The application of the microscopic hole method was demonstrated to assess the elastic 

properties of polycrystalline silicon freestanding thin films employed in micro-electro-

mechanical system (MEMS) devices. The analytical model for an infinite plate with a hole with a 

Levenberg-Marquardt updating procedure using the nanometric displacement data obtained from 

atomic force microscopy (AFM) was used [80]. An overview of the existing full-field 

measurement techniques, their application in the field of composite material characterization and 

identification of parameters of constitutive equations has been presented [81].            

On the other hand, several methods have been developed for calculating the loads from the 

structural response data that are measured using a variety of experimental techniques. The 

measured structural response is often the displacements or strains. An optical method of using 

CCD cameras to measure the displacements in a loaded structure has been described. Images 

before and after the loading are obtained and using sub-pixel edge detection techniques, the 

displacements are computed [82]. Loads acting on a beam by modeling the load distribution 

using Legendre polynomials with unknown weight factors have been computed. The unknown 

coefficients are computed by minimizing the error between the measured values of 

displacements obtained experimentally and those found by FEA [83]. A method to identify the 

element stiffness parameters of a truss and frame-like structures by utilizing elemental strain 

measurements has been proposed [84]. A videogrammetric technique for determining 

aerodynamic loads has been developed. Elastic deformations are measured optically and used to 

obtain the normal force and pitching moment [85]. An inverse problem approach has been 

presented for computing or calibrating the loads and boundary conditions acting on a structure. 

This enables the creation of more accurate finite element models, especially for structures that 
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have complicated load distribution and compliant boundary conditions. The method involves 

minimizing the least square error between the strains computed using the finite element model 

and the strains and displacements obtained experimentally by luminescent photoelastic coating 

(LPC) technique [86]. 

1.3 Research Objectives 

In this research work, there are four main objectives proposed as following:  

First, a full-field experimental technique must be developed for the measurement of in-

plane deformation on the surface of concrete materials during drying. This technique is based 

upon the Cure Reference Method (CRM) in conjunction with the use of high sensitivity moiré 

interferometry. Because moiré interferometry requires a high quality diffraction grating on the 

specimen, the most challenging part in developing this technique is to create a procedure of 

replicating the diffraction grating on the concrete specimen during the curing process. Moreover, 

the selection of diffraction grating material is another issue. The diffraction grating should be 

able to survive in different drying conditions, and should not degrade or be damaged with time 

so that shrinkage as time-dependent deformation behavior in concrete materials can be captured. 

Also, it should be non-reinforcing to the specimen. 

Second, based on the experimental results, the shrinkage behavior in concrete materials 

should be characterized and compared with the trends documented in the literature. Once they 

have good agreement, the technique is considered reliable and robust. 

Third, based on the experimental data, an inverse method must be developed in order to 

obtain the material properties of shrinkage in cement paste from the complex geometry used in 

the tests. The method involves minimizing the least square error between the strains computed 

using the finite element model and the strains obtained experimentally by the moiré 

interferometry technique. Once the material properties are identified, they can be the inputs in 



 

24 

finite element analysis for the prediction of shrinkage behavior in concrete materials. The tests in 

different drying conditions or with different geometry of the specimens can be performed and 

their experimental results can be compared with FEA to validate the constructed model and 

derived material properties. 

Finally, the stress development in concrete specimens can be simulated in FEA and the 

occurrence of cracking can be predicted if the tensile strength is given.



 

25 

CHAPTER 2 
METHODOLOGY 

2.1 High Sensitivity Moiré Interferometry 

Moiré interferometry has matured rapidly as a powerful tool, proven by numerous 

industrial and scientific applications [87-89]. It is an optical technique which has been used in 

the studies of composite materials, polycrystalline materials, piezoelectric materials, fracture 

mechanics, biomechanics, structural elements & joints, residual stress measurements, strain 

gauge calibration and more recently, thermal deformation of electronic packages.  It utilizes 

moiré phenomenon of optical interference to measure the in-plane deformation of objects. The 

principle of high sensitivity moiré interferometry is founded on the interference between the 

specimen grating and the virtual reference grating created by two laser beams. 

Moiré interferometry records the data as interference fringe patterns, or contour maps of 

displacement fields. It is characterized by a list of excellent qualities as follows: 

(a) full-field technique, i.e. quantitative measurements can be made throughout the field; 

(b) high sensitivity to in-plane displacements U and V, typically 0.417 m per fringe; 

(c) insensitive to out-of-plane displacements W; 

(d) high spatial resolution, meaning that measurements can be made in tiny zones; 

(e) high signal-to-noise ratio, ensuring that the fringe patterns have high contrast and excellent 
visibility; 

(f) determination of shear strains as readily as normal strains; 

(g) real-time technique, where the displacement fields can be viewed as loads are applied. 

(h) capability for finite element analysis (FEA) validation, obtaining or correcting material 
properties or boundary conditions required for FEA inputs. 

The general scheme of moiré interferometry is illustrated in Figure 2-1. A high-frequency 

cross-line grating on the specimen called the specimen grating, initially of frequency fs (1200 

lines/mm), deforms together with the specimen. Two parallel (collimated) incident laser beams 
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from the U-field mirrors strike the specimen and are diffracted back. Since the specimen grating 

is deformed as a result of the applied loads or thermal deformation, these diffracted beams are no 

longer collimated. Instead, they are beams with warped wavefronts, where the warpage is related 

to the deformation of the grating. These two coherent beams interfere in the image plane of the 

camera lens, producing a U-field interference fringe pattern which gives displacement 

information in x-direction. Similarly, a V-field interference fringe pattern produced by the beams 

from the V-field mirrors gives displacement information in y-direction. 

 

Figure 2-1. Scheme of moiré interferometer 

Another more understandable physical explanation considers a virtual reference grating, of 

frequency f, created by two incident beams as in Figure 2-2. The frequency f of the virtual 

reference grating is determined by the angle α and wavelength λ (632.8 nm). 

                                          
2 sinf α
λ

=                                         (2-1) 
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Figure 2-2. Schematic diagram of moiré interferometry 

Moiré interferometry utilizes a virtual reference grating of twice the initial frequency of the 

undeformed specimen grating by adjusting α equal to 47.5°.   

                                           2 sf f=                                        (2-2) 

In this case, when the specimen grating is undeformed, there will be no interference fringes 

called null-field. However, when the specimen is deformed in the x-y plane, the virtual reference 

grating and the deformed specimen grating interact to form the moiré fringe patterns. The in-

plane displacement maps can be determined according to the equations 

                                         

1( , )

1( , )

x

y

U x y N
f

V x y N
f

=

=
                                 (2-3) 

Also, the in-plane normal strains and the in-plane shear strain can be calculated with the 

selected gauge length by the equations 
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where U (x, y) and V (x, y) are the displacements in x and y direction at the point of interest (x, y)  

with respect to the chosen origin. Nx and Ny are the fringe orders in x and y direction from the 

origin to the point of interest. εx and εy are the normal strains, and γxy is the shear strain. ∆x and    

∆y are the selected gage lengths; ∆Nx and ∆Ny are the fringe order difference over the selected 

gage length respectively. 

2.2 Cure Reference Method 

The Cure Reference Method (CRM) was originally developed for the measurements of 

residual strains which develop in composites as cooling via moiré interferometry [90-94]. Also, 

it was already applied for the measurement of post-gel chemical shrinkage in epoxy [95]. Unlike 

many other methods, the CRM technique is non-destructive, gathers the information not altered 

by the intrusion of the tests, and measures the deformation on a full-field basis. Because of these 

advantages, the same methodology was adopted to investigate shrinkage beha vior in concrete 

materials. 

2.2.1 Methodology of CRM 

In the application of CRM to the shrinkage measurements in concrete materials, the 

diffraction grating is replicated from a master grating substrate unto the concrete specimen 

during the curing process or at the stress-free state. The stress-free state exists before the 

solidification of the specimen. The deformation of the concrete specimen at fluid state is unable 
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to be measured in CRM. However, it is of little significance to inducing cracks because fluid 

cannot carry stress. After the concrete specimen is hardened to some extent, the deformation 

causes it to carry stress. But at this moment, the in-plane dimensions of the specimen and the 

frequency of the diffraction grating on its surface remain the same due to the constraint from the 

rigid substrate. Once the concrete specimen is set and separated from the master grating 

substrate, the accumulated stresses are released and the specimen as well as the diffraction 

grating attached to it deforms. Hence, the frequency of the specimen grating is changed as the 

deformation occurs. The virtual reference grating is first created by tuning the moiré 

interferometer to reach the null field with the master grating. To minimize errors that can occur 

due to the misalignment of the gratings between the master grating and the specimen grating, the 

master grating is rotated 90° counter-clockwise. This operation accounts for any possibility that 

the cross lines of the master grating are not exactly perpendicular. Then by replacing the master 

grating with the deformed specimen grating, the interference fringe patterns can be obtained and 

the in-plane full-field deformation can be measured accordingly.  

Another advantage of CRM is that time-dependent deformation in concrete materials can 

be determined. This requires the grating on the specimen not to degrade with time or in certain 

drying environments. In routine practice, once the virtual reference grating is created, it is fixed 

throughout the entire period of the testing. Every day the specimen is properly positioned in the 

moiré interferometer, the phase-shifted moiré fringe patterns are recorded, and the deformation 

as a function of time is determined. In summary, CRM is a non-destructive, non-intrusive, full-

field, and resilient method.  

2.2.2 Replication of Grating 

In developing the procedure of grating replication, three major methods were attempted 

and they are discussed as below. 
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2.2.2.1 Silicone rubber grating based method without epoxy layer 

The first attempted method was using silicon rubber grating (RTV615 A&B 10:1) as the 

master grating. Then concrete in fluid state was directly poured into the mold which was on top 

of the silicon rubber grating. Because of good contact between the mold and the master grating, 

leaking was not a concern. However, there are many issues with respect to this method. First, it 

was found that there was no grating at all for concrete with lower w/c ratio. The reason for this 

should be that concrete fluid was too thick to fit into the space of master grating. It was difficult 

to deal with this problem, but resulted in the putting a weight on concrete fluid. Second, the 

grating might disappear or degrade later during shrinkage because the grating itself is part of the 

concrete specimen. Finally, aluminum is a must for increasing the grating efficiency. But 

aluminum was not well-deposited unto the surface of the specimen in the vacuum deposition 

process. On the other hand, heat and vacuum resulting from the deposition process might 

accelerate the drying of the specimen, which should cause significant errors on the experimental 

results. 

2.2.2.2 Aluminized epoxy grating based method 

The second method was using an aluminized epoxy grating as the master grating was 

attempted. Aluminum in double layers was used with a parting agent (Kodak Photo-flo 200 

diluted 1:300 in distilled water) in between in order to help separation of the specimen from the 

master grating. Parting agent was applied uniformly on the surface of the first aluminum layer by 

using a lens tissue prior to the deposition of the second aluminum layer. This method was 

forming a thin layer of epoxy on the surface of master grating and then fluid concrete was poured 

into the mold. After separation, the top or second layer of aluminum with epoxy was intended to 

be transferred unto the concrete specimen; the bottom layer remained on the master grating. 

However, the result has shown that concrete fluid etched aluminum if it went through the thin 
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epoxy layer as shown in Figure 2-3 (a). If not, there was another issue as shown in figure 2-3 (b) 

indicating that concrete is subject to breaking during separation. 

        
                                  (a)                                                                (b) 

Figure 2-3. (a) Concrete fluid etched aluminum (b) concrete broke during separation 

2.2.2.3 Silicone rubber grating based method with epoxy layer 

In order to deal with all the issues addressed above, a method of using the silicone rubber 

RTV 6428 grating as the master grating and forming a thin layer of epoxy on the surface of the 

master grating has been developed. The procedure to prepare the diffraction grating on the 

specimen was described here. 

Step 1:  A 57.1 mm x 57.1 mm silicone rubber RTV 6428 grating (master grating) was 

prepared by replication from a photoresist or epoxy diffraction grating. The primer for RTV 

6428 silicone rubber is SS4155, which provides very good adherence of RTV 6428 to glass 

substrates. Envirotex Lite epoxy was mixed, degassed by the centrifugal, and added to the master 

grating. The pool of epoxy needs to cure for 2 hours in advance to increase its viscosity.  

Step 2:  A clean glass plate was pushed onto the pool of epoxy to make it as thin as 

possible. Then the glass plate was removed horizontally and slowly from the master grating to 

prevent beads or bubbles. A thin layer of epoxy of approximately 100 μm in thickness was 
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formed on the master grating. Because of the relative thickness and compliance after cure, its 

reinforcement to the specimen was considered negligible. 

Step 3:  A silicone rubber mold of 28 mm in inner diameter was put on the master grating. 

Then the mixed concrete fluid was poured into the mold. The mold was made of GE RTV 627 

silicone rubber.  

Step 4: 24 hours was required before the concrete was set and epoxy was cured. Epoxy 

needs to be well-cured to become the diffraction grating of good quality. 

Step 5: The concrete specimen was demolded and separated from the master grating. Due 

to lower bonding between the thin epoxy layer and the master grating, the epoxy diffraction 

grating was transferred onto the concrete specimen. The size of the specimen was 28 mm in 

diameter and 11 mm in thickness.  

The same steps can be applied to replicate the diffraction grating on the specimens in the 

different shape or size as shown in Figure 2-4. The procedure to prepare the diffraction grating 

on the specimen is illustrated in Figure 2-5. 

 

Figure 2-4. Concrete samples and molds 
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Figure 2-5. Procedure to prepare diffraction grating 

Once the master grating was separated from the specimen, it was examined by observing 

moiré fringe patterns in the moiré interferometer. The U and V-field moiré fringe patterns in the 

null field and the fringe patterns with rotation carriers are shown as in Figure 2-6.  The area in 

the circle was where the replication took place. The fringe patterns in the circled area remain the 

same as those in the area outside the circle. This indicated that the deformation of the concrete 

specimen did not cause any damage or distortion on the master grating. Therefore, the master 

grating can be used as the reference grating in the measurements. 
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 Figure 2-6. Fringe patterns from the master grating 

2.3 Automated Fringe Analysis 

Traditionally, the fringe patterns are analyzed manually by choosing the positions of 

interest and counting the fringe numbers within the selected gauge lengths. This is an intensity-

based and point-wise method. Although this method can be repeated on multiple data points, it is 

time-consuming and causes errors because of the uncertainty in determining the exact locations 

of fringes. Methods based on extraction of the underlying phase distribution are becoming 

popular since they have significant advantages over the intensity-based methods: data is obtained 

U field 

  V field + rotation carriers    U field + rotation carriers 
i  

V field 
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over the full field, not just at the fringe maxima and minima, the sign of the deformation is given 

and immunity from noise is normally better [96]. An automated fringe analysis system based on 

phase shifting theory was developed to obtain the full-field displacement and strain information.  

The automated fringe analysis system was developed by Weiqi Yin in the UF ESA Lab 

to obtain the full-field displacement and strain maps automatically. There are five basic steps of 

this system listed as below. 

Step 1:  Fringe pattern recording 

A stage specially for phase shifting was designed in the Experimental Stress Analysis 

(ESA) Lab at the University of Florida [97]. It applies a phase ramp to the U and V direction 

after calibration. The Insight Firewire charged coupled device (CCD) camera and a PC-based 

frame grabber were acquired from Diagnostic Instruments Inc. The CCD camera is used to scan 

the fringe pattern and the frame grabber is used to digitize the image and store it into the 

computer. The combination of CCD camera, frame grabber and computer can output images 

with high resolution of 16bits and maximum size of 1000×1000 pixels.  

Step 2:  Noise filtering 

An appropriate noise reduction algorithm is needed since noise exists in all fringe patterns. 

The noise in the fringe pattern is considered as a random noise with a Gaussian distribution in 

our research. Gaussian Low Pass Filter (GLPF) in the frequency domain was chosen to remove 

the noise [98] before phase shifting step and the results showed that it was an effective way to 

reduce the noise.  

Step 3:  Phase shifting 

Moiré fringe patterns are developed by interference caused by two light sources reflecting 

off a common location. Within that interference there is a corresponding intensity and phase 
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associated at each location (pixel) within the fringe image which can be mathematically 

expressed as Eq. (2-5),  

( ) ( ) ( ), , ( , ) cos ,b mI x y I x y I x y x yφ= +     (2-5) 

where ( ),I x y  is the recorded intensity of each pixel, ( ),bI x y  is the background intensity, 

( ),mI x y  is the fringe amplitude, and ( ),x yφ  is the phase function to be measured.   

Based on the expression above, it is generally impossible to obtain a unique phase 

distribution from a single fringe pattern. Positive phase cannot be distinguished from negative 

without more information. The solution to this problem is to add to the phase function of known 

phase ramp which is linear in either time or position as shown in Eq. (2-6).  

( ) ( ) ( ), , ( , ) cos ,         0,1, 2...... 1b mI x y I x y I x y x y n n Nφ α= + + = −    (2-6) 

where nα  is the added known phase ramp, N  is the total number of phase shifted and n  

is the order of the phase shifting pattern.  

The wrapped phase, ( ),x yϕ , can be extracted by N phase shifted fringe patterns using Eq. 

(2-7), 
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Step 4:  Phase unwrapping guided by quality  

A Phase unwrapping algorithm based on the quality map of the wrapped phase was 

developed to obtain the natural unwrapped phase. Quality maps are arrays of values that define 

the quality or goodness of each pixel of the wrapped phase. In a quality map, the areas with low 

quality represent unreliable phase data. There are many quality maps available such as 
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correlation, pseudo-correlation, phase derivative variance (PDV), etc [99]. In this paper, PDV 

map was utilized as the quality map.  

PDV map is used to lead the phase unwrapping algorithm starting from the pixel with high 

quality to the pixel with poor quality. After phase unwrapping, the whole field phase information 

which can be easily converted into displacement and strain information via Eq (2-8). 
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Step 5:  Calculation of displacement and strain 

The displacement or unwrapped phase field contains optical and electrical noise. The noise 

may not significantly affect the displacement field; however, it can result in large errors when 

calculating strain. Generally, the deformation of the specimen measured via moiré Interferometry 

is continuous, which indicates that the unwrapped phase, displacement, strain and should also be 

continuously distributed. However, the noise from an optical or electric device might break the 

continuity and incorporate significant error in strain calculation. The traditional method to 

calculate the strain is highly sensitive to the existence of noise in the phase map. At the same 

time, the selection of the gage length will also greatly affect the result. The idea of using global 

surface fit technique to smooth the unwrapped phase map can effectively attenuate the noise. 

And most importantly, it can calculate gradient (strain) analytically. Thin plate spline (TPS) is 

chosen because it is insensitive to noise in the data and it has high capability of constructing 

complex surface shapes. Theoretically, all the pixels recorded by the CCD camera can be used in 

TPS surface fit to maintain the spatial and strain resolution. However, the estimation of 
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parameters of TPS [100-103] is time-consuming or even fails for large images. One solution to 

this problem is to use the subset of the data, which can reduce spatial resolution somehow. A 

trade-off between the resolution and computational efficiency has to be made to obtain 

reasonable results for large images. TPS technique was used to analyze the numerically-

simulated fringe pattern or the experimental fringe patterns. The results show the effective 

performance and accuracy of this method.  
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CHAPTER 3 
SHRINKAGE MEASUREMENTS OF CONCRETE 

3.1 Introduction 

Using the Cure Reference Method which was described in the previous chapter, some tests 

were performed and their results were characterized and compared with the trends of shrinkage 

behavior recorded in the literature. Because a large number of factors can influence the shrinkage 

in concrete materials, in every test only one factor was set as a variable and the others were fixed 

in order to investigate the specific effect. Among these factors, temperature and relative humidity 

are the most important ones to be properly controlled because they are not quite stable in the 

surrounding environments. Without accurate control of them in the tests, the experimental results 

can be greatly affected. As a result, an environmental chamber for controlling the temperature 

and humidity was created.  

In the concrete shrinkage measurements, once the specimen had been demolded, the master 

grating was positioned in the moiré interferometer as the reference grating for the tuning of the 

moiré interferometer to a null field which is regarded as the absolute reference of  

non-deformation. Then by replacing the master grating with the specimen grating, a set of the 

initial (day 1) fringe patterns can be captured by the CCD camera. After that, the specimen was 

stored in the environmental chamber which establishes the specific drying condition for the 

duration of six days. Every 24 hours in this period, the specimen was removed from the chamber 

and positioned in the moiré interferometer, a set of the consecutive phase-shifted moiré fringe 

patterns was recorded and the specimen was stored back after the measurement. Precautions to 

accurately position the specimen were taken so that the location and orientation were repeatable. 

These procedures are discussed in detail in ref [91]. An automated strain analysis system based 

on phase shifting theory was used to obtain the full-field displacement and strain maps for the 
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measurements from day 1 to day 7. Shrinkage as a function of time, location and other factors 

was determined accordingly.  

3.2 Chamber Setup 

A 100% air-tight food storage container served as the chamber (Figure 3-1). The picture 

shows that the desiccant fills the bottom side of the container to provide low-humidity drying 

environment to the specimen. The size of the container is around 10x10x15cm. The hygrometer 

with an accuracy of ±2% RH and ±1ºC was used to check the temperature and humidity inside of 

the chamber. 

 

Figure 3-1. Chamber setup 

3.2.1 Humidity Control 

Water, saturated salt solutions [104] or desiccates were inserted into the chamber to 

create differing levels of relative humidity inside the chamber. 0.5 pounds of Drierite desiccants 

are inserted to create 0~2% relative humidity (RH) inside of the chamber. On the other hand, 

100% RH is easily maintained only by replacing desiccates with a cup of 80c.c water.  200c.c. 

potassium carbonate saturated salt solution is mixed and filled the bottom of the chamber for 

creating 50±2% RH. Table 3-1 shows the substances for the control of RH inside of the chamber.  
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Table 3-1. Substances for RH control 

Substance Desiccate Potassium 
carbonate 

Magnesium 
nitrate 

Sodium 
chloride Water 

RH (%) 0~2 50±2 60±2 80±2 100 

3.2.2 Temperature Control 

23°C was room temperature which was very stable in the laboratory.  The oven was used to 

create higher temperature such as 40 °C and 45°C. The refrigerator was used to provide 5°C. The 

chamber was placed in the oven or the refrigerator if the specific temperature other than room 

temperature as needed. 

3.3 Experimental Setups 

 In this research, two experimental setups are introduced here.  They are the first and 

second generations of Portable Engineering Moiré Interferometers (PEMI) respectively. 

3.3.1 PEMI I 

 The experimental setup with PEMI I is shown in Figure 3-2. It includes a moiré 

interferometer, a stage for phase-shifting, a power supply, a specimen fixture, an x-y-z stage, a 

CCD camera and a desktop. The moiré interferometer is put on the stage which is controlled by 

the power supply. When the stage is moving, the fringe patterns are shifted and recorded via the 

CCD camera which is controlled by the software in the desktop.  A set of the consecutive phase-

shifted fringe patterns is able to be recorded with some interval time. The Figure 3-3 shows a 

close-up view of this specially-designed stage for fringe shifting. This was designed in the 

Experimental Stress Analysis (ESA) lab at the University of Florida. The stage is composed of 

two aluminum plates and four aluminum tubes. The four tubes were precisely machined and 

attached to the bottom and top plates at 45o.  Magnetic wires of 0.007’’ in diameter with special 

enamel coating for high temperature were wrapped exactly 200 times around the center of each 
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of the four aluminum tubes then connected together with strain gage wire to complete the circuit. 

A 0~35 V, 0~5 A adjustable power supply, from Pyramid, model PS-32 lab was connected to the 

circuit. By turning on the power and increasing the voltage, the current passed through the 

magnetic wire circuit. The aluminum tubes are hence heated and have elongation in the 45-

degree direction. This then moves the entire moiré interferometer in the 45-degree direction.  

Therefore, the displacements of the moiré interferometer in both horizontal and vertical 

directions remain the same. This provides the same phase to both U and V-field fringe patterns. 
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Figure 3-2. Experimetnal setup with PEMI  
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Figure 3-3. Fringe-shifting stage 
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3.3.2 PEMI II 

The experimental setup with PEMI II is shown in Figure 3-4. This setup is much more 

compact, versatile, portable, and friendly to users because of the combination of all components 

as one system and extremely easy alignment. Also, there is no need for traditional dark room. 

The PEMI II has built-in phase shifting hardware that utilizes a custom-designed piezo-electric 

transducer. The compact design of the phase shifting device offers optimum stability and 

repeatability. Switching between U and V fields is achieved without touching the interferometer, 

eliminating the possibility of a disturbance that can modify the fringe patterns. The phase 

shifting hardware and the high resolution CCD camera are controlled through the software in the 

computer. A set of the consecutive phase shifted fringe patterns are obtained in the format of 

1000x1000 pixels and can be analyzed immediately through the automatic fringe analysis system 

in the computer. 

 

Figure 3-4. Experimental setup with PEMI II 
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3.4 Experimental Results 

Since there are numerous factors influencing the shrinkage of concrete materials, the 

testing can be performed by controlling some other factors in order to investigate the specific 

effect. Some examples of the moiré fringe patterns are shown and analyzed. And then their 

results are compared with one another and interpreted. 

3.4.1 Drying Condition Effect (Temperature and Humidity) 

The cement paste specimens were made by mixing ASTM C150 type I Portland cement 

with water in w/c ratio of 0.5. Shrinkage in different drying environments was measured. Initial 

fringe patterns (day 1) which were obtained right after the specimen was demolded revealed 

some swelling effect, but this was not significant and was able to be explained by FEA in the 

next chapter. Some examples of the U and V-field moiré fringe patterns in different drying 

conditions are shown and analyzed. 

Case1: 50% RH and room temperature (23°С) 

 

Figure 3-5. U-field Moiré fringe patterns under 50% RH and 23°С 
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Figure 3-6. V-field Moiré fringe patterns under 50% RH and 23°С 

Obviously, Figure 3-5 and 3-6 have shown that the V-field fringe patterns are similar to the 

U field except the rotation of 90 degree. This is due to the axisymmetric conditions of the 

specimen. Moreover, the number of fringes increases with time and the fringe density is larger in 

the area close to the outer surface than in the inner core. Although the fringe density is too high 

to show here, the inset shows the quality and contrast are high. The full-field maps for each day 

were obtained via the automated fringe analysis system. Only the day 2 full-field information is 

shown as Figure 3-7 in x-y coordinate and Figure 3-8 in polar coordinate.  In the automated 

fringe analysis system, the center of the specimen is set as the point of zero displacement. The 

displacement and strain fields in polar coordinates are obtained by the transformation of those in 

rectangular coordinates. From the displacement maps in both coordinate systems, the overall in-

plane deformation of the specimen is shrinkage. In the normal strain maps, it can be seen that 

shrinkage was larger in the area close to the outer surface. This is due to the fast drying in the 

volume close to the exposed surface. 
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Figure 3-7. Full-field maps in x-y coordinate for day 2 
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Figure 3-8. Full-field maps in polar coordinate for day 2 
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The shear strain map in x-y coordinate shows the maximum shear strain near the outer surface 

occurred in ± 45 and ±135 degree directions. Also, along the vertical and horizontal centerlines, 

the value of the shear stain is zero. This can be easily explained by using Mohr’s circle or shown 

later by finite element analysis. In polar coordinate, the angular displacement and shear strain 

should be zero due to axisymmetry. The result has shown their values are insignificant compared 

with those in other fields. However, their maps are not uniform due to noise. 

Case2: 0% RH and room temperature  

In this case, a generous amount of desiccates was used in the chamber to create as low RH 

as 0%. The moisture diffusing out of the specimen was absorbed by desiccates continuously, 

which maintained the RH0% in the chamber. Figure 3-9 and 3-10 are the U and V-field fringe 

patterns under 0% and room temperature. Likewise, both the fields have shown similar fringe 

distributions because of axisymmetry. Apparently, the fringe density or the number of fringes 

was much higher compared with the case of RH50%. This is due to the faster drying in the case 

of lower humidity. Likewise, the number of fringes increased with time. Also, the fringe density 

was higher in the area close to the outer surface than in the inner core from day 2 U & V-field 

fringe patterns. The inset has shown the quality and contrast are still high. Only day 7 full-field 

strain information is shown here as Figure 3-12. The automatic strain analysis system was still 

capable of resolving such fringe patterns of very high fringe density. The radial strain is as high 

as around 5000 με; the hoop strain is approximately 4000 με. Also, the shear strain map in x-y 

coordinate shows the maximum shear strain occurs near the outer surface in ± 45 and ±135 

degree directions with the magnitude of 500 με. The value of the shear stain in x-y coordinate is 

zero along the vertical and horizontal centerlines. The shear strain in polar coordinate was not 

significant. 
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Figure 3-9. U-field Moiré fringe patterns under 0% RH and 23°С 
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Figure 3-10. V-field Moiré fringe patterns under 0% RH and 23°С 
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Figure 3-11. Full-field maps for day 7 under 0% RH and 23°C 
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Case3: 0% RH and 5°С 

In this example, the chamber of 0% RH was maintained in the refrigerator. The low 

temperature of 5°С was very stable in the refrigerator. After the specimen was removed from the 

chamber, the measurement was not started immediately. Instead, it was placed on the optical 

table for around 5 minutes. This is to make the specimen return to room temperature and to 

reduce deformation from the thermal effect. Figure 3-12 and 13 are U & V-field moiré fringe 

patterns in RH0% and 5°С. The fringe density and the fringe number are not as large as those in 

the case of RH 0% and room temperature. It can be explained by the fact that low temperature 

reduces the rate of drying. Also, this example makes the fringe densities near the outer surface 

and in the inner core more distinguishable than the case of RH 0% and room temperature. It can 

be seen that the fringe density was higher near the outer surface.  

 

Figure 3-12. U-field Moiré fringe patterns under 0% RH and 5°С  
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Figure 3-13. V-field Moiré fringe patterns under 0% RH and 5°С 

The moiré fringe patterns in the case of 0% and 40°С are not shown her. But from the fringe 

patterns, it can be followed that drying is accelerated in high temperature environment. Likewise, 

the specimen was left on the optical table for about 5 minutes before the measurement.  

Figure 3-14 shows the measured shrinkage from the center of the specimen to the outer 

surface on the grating surface for different combinations of humidity and temperature. Shrinkage 

on day 1 was not recorded because it is insignificant. Here, shrinkage is defined as the radial 

strain (εrr). Obviously, the results indicate that larger shrinkage occurred in the area close to the 

outer surface and shrinkage increased with time. Also, shrinkage is very sensitive to the drying 

conditions. In the hot and cold temperature conditions, the specimen might take at least 20 

minutes rather than 5 minutes to return to room temperature. The experimental results in these 

two cases must incorporate some errors due to thermal effect. The typical value of thermal 

expansion coefficient for cement paste with w/c =0.5 is 18µε/◦C. Therefore, the results for the 

cold and hot conditions are demonstrated with the consideration of the errors. 
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Figure 3-14. Measured shrinkage from center to outer surface 
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The evolution of the shrinkage in the case of 0% and 5°С is different. That might be 

related to the temperature variation over the cross section. The heat generated from the hydration 

process might cause much higher temperature in the inner core of the specimen than 5°С near the 

outer surface. This temperature variation would lead to differential material properties of 

shrinkage over the cross section. However, this phenomenon might not be influential in room 

temperature condition.  

Case4: 100% RH and room temperature (23°С) 

This example is worthy to be discussed here because the fringe distribution is quite 

different from the previous cases. The U and V-field moiré fringe patterns in Figure 3-15 and 

Figure 3-16 have shown that compared with RH=0 or 50%, there are not many fringes. That 

means the overall deformation is quite small. Also, the fringes curve outwardly instead of 

curving inwardly in the other cases. Furthermore, there are the enclosed fringes close to the outer 

surface from Day 5. 

 

Figure 3-15. U-field Moiré fringe patterns under 100% RH and 23°С 
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Figure 3-16. V-Field Moiré fringe patterns under 100% RH and 23°С 

In order to understand the strain distribution in this special case, the U-field fringe pattern 

on day7 was analyzed. The result is shown in Figure 3-17 with the full-field displacement and 

strain information, and the plot of the strain distribution along the horizontal centerline. Globally, 

the concrete experienced shrinkage, which is determined according to the U-field displacement 

map. Locally, swelling occurred in the area close to the outer surface, which is due to the 

moisture gain from the surrounding environment. The inner core still experienced the shrinkage 

because of the hydration process. The locations of zero strain approximately correspond to the 

centers of the enclosed fringes. They are the positions to separate the swelling zone and the 

shrinkage zone.   
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Figure 3-17. U-field displacement and strain maps for day 

Three tests were attempted for both drying conditions of RH=0% and 100% in room 

temperature. Their results are recorded in Table 3-2 and 3-3 separately. The data strongly 

indicated the repeatability of this experimental technique. 

Table 3-2. Shrinkage measurements under RH=0% and room temperature (23°С) 
RH=0% Specimen 1  Specimen 2  Specimen 3  

 Fringe number Shrinkage 
(µε) Fringe number Shrinkage Fringe number Shrinkage 

Day1 0 0 0 0 -1 -14.88 
Day2 80 1190.47 88 1309.52 87 1294.64 
Day3 147 2187.50 156 2321.42 158 2351.19 
Day4 175 2604.16 183 2723.21 186 2767.85 
Day5 197 2931.54 206 3065.47 209 3110.11 
Day6 210 3125.00 217 3229.16 224 3333.33 
Day7 225 3348.21 230 3422.61 238 3541.66 
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Table 3-3. Shrinkage measurements under RH=100% and room temperature (23°С) 
RH=100% Specimen 1  Specimen 2  Specimen 3  

 Fringe number Shrinkage (µε) Fringe number Shrinkage Fringe number Shrinkage 
Day1 0 0 0 0 -2 -29.76 
Day2 4 59.52 2 29.76 2 29.76 
Day3 5 74.40 4 59.52 3 44.64 
Day4 6 89.28 6 89.28 3 44.642 
Day5 7 104.16 7 104.16 4 59.52 
Day6 8 119.04 8 119.04 5 74.40 
Day7 12 178.57 8 119.04 5 74.40 

 

The experimental results can be displayed in terms of the averaged shrinkage or overall 

shrinkage.  The averaged shrinkage was determined by dividing the diameter change by the 

original diameter (28mm). The diameter change was derived by counting the number of fringes 

within the horizontal centerline in the U field or within the vertical centerline in the V field, and 

then multiplying it with 0.417 µm/per fringe. Figure 3-18 are the results concerning relative 

humidity and temperature effects on the shrinkage behavior of cement pastes. Figure 3-19 were 

the results regarding to W/C ratio and size effects on the shrinkage behavior of cement pastes. 

The data points are the measurements of the averaged shrinkage.  From the results, it can be 

known that in the surrounding environment of low humidity and high temperature concrete 

experiences larger shrinkage. As a result, larger tensile stress is developed when the concrete 

structure is constrained. This increases the possibility of cracking occurrence in the structure and 

reduces the durability of the structure.  
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Figure 3-18. Relative humidity and temperature effect 
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3.4.2 W/C ratio and Size Effects 

 

 

Figure 3-19. w/c and size effects on averaged shrinkage of cement pastes 

3.4.3 Aggregate Effect 

The shrinkage behavior of the specimens with aggregates was explored in the same 

experimental technique.  Either fine or coarse aggregates (sand or gravel) were added to cement 
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pastes to investigate how aggregates affected moiré fringe patterns and shrinkage behavior. 

Some examples of moiré fringes patterns were shown and analyzed. Both aggregate quantity and 

humidity effects were tested. 

3.4.3.1 Fine aggregate 

The mortar specimens were made by adding ASTM C778 sand to cement pastes (w/c=0.5). 

The specimens were stored in the drying conditions of relative humidity 0% and room 

temperature. Figure 3-20 was The U-field moiré fringe patterns for sand/cement ratio (s/c) of 

37.5%. The V-field fringe patterns were not shown here due to the same shape as U field except 

90° rotation. The inset revealed the fringes were affected by the existence of the sand particles. 

Sands seem to lower the fringe density or reduce the shrinkage locally. However, hand-counting 

the number of fringes was not an issue while determining the averaged shrinkage. 

 

Figure 3-20. U-field moiré fringe patterns for mortar with s/c=37.5% 

The strain analysis for Day 2 fringe patterns was shown as Figure 3-21. The maps might 

be too smooth to reflect the actual strain information. However, it was still acceptable and 
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reasonable while only considering the strain distribution in a more global sense. Likewise, 

shrinkage was larger in the area close to the outer surface than in the inner core. 
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Figure 3-21. Strain information for mortar with s/c=37.5% on day 2 

The displacement maps in both coordinate systems were shown in Figure 3-22.  The radius 

displacement field was used to verify the angular strain field by the equation Ur/r. 

 

Figure 3-22. Displacement maps for mortar with s/c=37.5% on day 2 

The specimen with s/c= 75% was also tested. Day 7 U & V-field moiré fringe patterns and 

fringe patterns with rotation carriers were shown as in Figure 3-23. The inset revealed counting 
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fringes became challenging due to the irregularity and distortion of the fringes. However, the 

rotation carriers could be added to make it possible to count fringes for the determination of the 

averaged shrinkage. Also, this would not change the full-field strain distribution if choosing the 

moiré fringe patterns with rotation carriers for analysis. 

 

Figure 3-23. Moiré fringe patterns for mortar with s/c=75% on day 7 

 Theoretically, the full-field strain maps could be obtained with different sizes of gauge 

lengths in the automatic fringe analysis system. However, if the selected gauge length is too 

large, the maps will be too smooth to exactly reflect real local information like the maps in the 

previous case of s/c=37.5%.  Therefore, in this case, Day 7 moiré fringe patterns were analyzed 

with both small and large gauge lengths. The result shown in Figure 3-24 revealed two things. 
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Firstly, there still existed larger shrinkage in the area close to the outer surface. Secondly, from 

3-24(b), the shrinkage at many local points was smaller due to the existence of the randomly 

distributed sands. The strain information from the analysis with the small gauge length might 

display the strain distribution more properly.  
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(a) Large gauge length (25 pixels) 

 

(b) Small gauge length (8 pixels) 

Figure 3-24. Full-field normal strain maps with both (a) large and (b) small gauge lengths for the 
mortar specimen of s/c=75% on Day 7 

Figure 3-25 shows both fine aggregate quantity and RH effects on the averaged shrinkage 

of mortar specimens. Obviously, the more the quantities of sands, the lower the measured 

averaged shrinkage. Also, averaged shrinkage increased with the decreased relative humidity. 
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Figure 3-25. Aggregate quantity and RH effects on average shrinkage of mortar specimens 
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3.4.3.2 Coarse aggregate  

 Gravel was embedded into the cement paste (w/c=0.5), but did not contact with the 

grating. The arrangement of the gravel is shown as Figure 3-26 with the side view and the top 

view. The specimen was stored in relative humidity 0% and room temperature. 

 

Figure 3-26. Side and top views of gravel test 

The moiré fringe patterns from Day 1 to Day 5 were recorded. But only day 5 U & V-field 

moiré fringe patterns are shown here in Figure 3-27. There were some areas of the lower fringe 

density as remarked by the blue boxes.  The insets indicated the fringes in the blue box. These 

areas corresponded to the locations of the embedded gravels. There was a crack going on in the 

area circled by the red line. This was due to the constraint from the embedded gravels. 
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Figure 3-27. Day 5 moiré fringe patterns for the gravel test 
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The strain analysis was performed and the results were shown in Figure 3-28. Clearly, the 

locations of the gravels have the lower shrinkage. The plots just displayed the normal strain 

distributions along the horizontal centerline in U field and along the vertical centerline in V field. 
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Figure 3-28. The Strain analysis for gravel test 
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3.4.4 Autogenous Shrinkage Measurements in Sealed Conditions 

In order to explore Autogenous shrinkage only, drying shrinkage from moisture loss needs 

to be prevented. A method of combining CRM and the sealing of the entire specimen was used to 

measure autogenous shrinkage. This method could offer the information concerning the 

contribution of autogenous shrinkage to overall shrinkage. Therefore, instead of placing the 

specimen inside of the chamber after demold, the entire specimen was sealed with aluminum 

sheets first and then plastic wrap to prevent the exchange of moisture with the surrounding 

environments. Many sealing methods have been attempted, but this one could prevent the grating 

on the surface of the specimen from damage. Every day the specimen was unsealed, a quick 

measurement was taken, and then the specimen was sealed again after testing. Humidity is no 

longer a factor to autogenous shrinkage measurement, but temperature is still an influential one. 

The tests were done on both the sealed cement paste specimens and the mortar specimen. For the 

test on the mortar specimen, one modified sealing method was used, which could work out some 

issues in the original sealing method.  

3.4.4.1 Sealed cement paste specimens 

According to literature, autogenous shrinkage is not significant when w/c ratio is above 

0.4. Hence, the cement paste specimen with w/c ratio=0.4 was tested first. The U&V-field moiré 

fringe patterns for w/c=0.4 in room temperature were shown as Figure 3-29 and 3-30. It was 

noticed that the fringes were quite uniformly-spaced in both the fields. That was because drying 

shrinkage which is differential over the cross section no longer existed in this case and the 

measured shrinkage only came from the hydration process.  

The day 7 U-field fringe pattern was analyzed as in Figure 3-31. Exactly uniform strain 

maps could not be obtained through the automated fringe analysis because of noise. However, 

the normal strain map in U field has shown very uniform strain over the entire field when the 
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scale was enlarged. Furthermore, by obtaining displacement fields and plotting displacement 

distribution along the horizontal centerline in U field, it was found that the slope was very close 

to constant, which means the strain was very uniform. And the shear strain was very uniform and 

close to zero over the entire field when the scale was enlarged.   

 

Figure 3-29. U-field moiré fringe patterns for w/c =0.4 in room temperature 

 
Figure 3-30. V-field moiré fringe patterns for w/c =0.4 in room temperature 



 

72 

 
Figure 3-31. Day 7 U-field displacement for the sealed specimen with w/c=0.4 in x-y coordinate 

Two influential factors, w/c ratio and temperature, were investigated and the results were 

shown in Figure 3-32. It can be seen that the use of concrete with w/c below 0.4 or in higher 

temperature might face an issue. Autogenous shrinkage in such cases has significant 

contribution. As a consequence, this might induce cracking in the concrete structure and reduces 

its durability. 
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Figure 3-32. W/C ratio and temperature effects on sealed specimen shrinkage 

The results show autogenous shrinkage increased with decreased w/c ratio and with 

increased temperature. For w/c=0.3, the shrinkage increased significantly. Even the measurement 

on day 1 showed the shrinkage rather than the swelling. This was due to strong hydration process 

in the earlier time of curing. For w/c=0.5 or 0.6, the shrinkage is not significant. The fringe 
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patterns for w/c=0.6 included in the appendix were to show the insignificant deformations. The 

results correspond to the trend of autogenous shrinkage documented in the literature. Therefore, 

the contribution of chemical shrinkage to overall shrinkage increases with the decrease in the w/c 

ratio. The autogenous shrinkage is a concern in the use of high performance concrete materials. 

On the other hand, higher temperature could accelerate the hydration process and induce larger 

shrinkage. The day 6 fringe patterns are analyzed and the full-field maps are shown in terms of 

polar coordinate in Figure 5. The radial displacement and shear strain maps are not shown here 

because they are suppose to be zero. Also, it can been seen that the radial strain is similar to the 

angular strain.     
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Figure 3-33. Day 6 displacement and strain analysis for the sealed cement paste specimen with 
w/c=0.4 in polar coordinate 
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3.4.4.2 Sealed mortar specimen 

A modified sealing method is illustrated in Figure 3-33 and also described as following: 

 

Figure 3-34. A modified sealing method 

Step 4:  4 hours after concrete was poured into the mold, concrete was hardened a little bit. 

It is good time to seal the top side of the specimen with the tape. This prevents the moisture loss 

from that side afterwards. Another 18 hours later, the mold was removed and the side was sealed 

with the tape. 

Step 5:  The specimen was separated from the master grating. There is no need to seal the 

bottom side with the grating. The epoxy grating is already a block to the moisture diffusion. 

This method avoids repeating the sealing and unsealing steps for the measurement of everyday.  

And the top side is sealed earlier to minimize the error from the moisture loss. Day 7 U-

field moiré fringe pattern and the fringe pattern with rotation carriers for w/c=0.3 and s/c =37.5% 

in room temperature were shown as in Figure 3-34.  
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Figure 3-35. Day 7 Moiré fringe pattern for w/c=0.3 and s/c =37.5%  

It can be easily seen from the fringe pattern with rotation carriers that the fringes are close the 

uniformly-spaced distribution. Also, the fringes seem to be affected by the particles of the sand. 

Figure 3-35 shows the evolution of the autogenous shrinkage. The autogenous shrinkage is 

reduced if comparing this result with that without sands. Therefore, aggregates can lower the 

chemical shrinkage.  

 

Figure 3-36. Autogenous shrinkage for mortar with w/c=0.3 and s/c=37.5% in room temperature  
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3.4.5 Ring Test for Crack Investigation 

Since cracks could happen due to shrinkage and existence of constraints, the ring test as 

shown in figure 3-33 was performed to induce cracks on the concrete specimen. In the test, the 

thin epoxy layer was formed on silicone rubber grating, and then the steel rod was placed in the 

middle of the mold. The positions of the mold and the steel rod were marked on the back side of 

the silicon rubber grating in advanced. Cement paste fluid (w/c=0.5) was poured into the space 

formed by the mold and the steel rod. Likewise, the specimen with the steel rod was demolded 

after 24 hours. Then the chamber with drying condition of RH0% and room temperature was 

used to store the specimen. RH0% was chosen to induce large shrinkage to initiate cracks.   

 

Figure 3-37. Scheme of Ring Test  

The specimen was stored in the chamber for one day and then removed from the chamber for the 

measurement. Moiré fringe patterns on day 1 and day 2 were recorded as in figure 3-34.  Day 1 

moiré fringe patterns indicated the deformation was not significant because the specimen has not 

been stored in the chamber. Day 2 moiré fringe pattern has shown cracks occurred due to 

shrinkage and constraint from the steel rod as the insets in both U and V fields indicated. The 

pictures of the specimen in figure 3-35 demonstrated the crack from the top, bottom and side 

views. Cracks seemed to propagate along the radius direction. 
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Figure 3-38. Ring Test investigation for RH=0% and room temperature 

Top view Bottom view

Side view

 

Figure 3-39. Pictures of the specimen with a crack in the ring test 
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3.4.6 Swelling test 

Instead of being placed into the chamber under drying, the specimen was fully immersed 

into water for 24 hours after demold. But the grating was covered with dental material before 

immersion so that it was not allowed for direct contact with water. The fringe patterns before and 

after immersion as in figure 3-39 are compared. The result in figure 3-40 showed the specimen 

absorbed water and swelled. However, the deformation due to the absorption of water was 

insignificant. 

 

Figure 3-40. Moiré fringe patterns before and after one-day immersion 

    

Figure 3-41. Full-field displacement maps for the swelling test 
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3.5 Conclusion & Discussion 

The experimental technique to measure shrinkage which develops in concrete materials 

during drying is very repeatable and the process to prepare grating on the specimen is not 

complicated. The following conclusions can be drawn. 

• The experimental technique to measure the shrinkage of concrete materials on a full-field 
basis was developed based on the methodology of curing reference method. 

• A method of combining CRM and the sealing of the entire specimen was used to explore the 
relative contribution of non-drying shrinkage (chemical shrinkage) to the overall shrinkage in 
concrete materials. 

• Phase shifting technique was used to analyze the moiré fringe patterns to obtain the full-field 
displacement and strain maps in both x-y and polar coordinates. 

• The experimental results demonstrated the same trend of shrinkage behavior as documented 
in literature. The following conclusions can be drawn for shrinkage behavior in concrete, 

For the cement paste specimens, 

• Shrinkage increases with the decrease of relative humidity. 
• Shrinkage decreases as temperature decreases. 
• Shrinkage increases with time. 
• Shrinkage near the exposed surface is larger than that in the inner core. 
• For RH=100%, swell-up occurs near the outer surface, but shrinkage in the inner core. 
• Specimens in small size have larger shrinkage (rate) than the ones in large size. 
• Shrinkage increases as w/c ratio goes up. 
• The specimen experiences the swelling after the immersion into water, but not significant. 
 

For the specimens with fine or coarse aggregates, 

• The rotation carriers are helpful in obtaining the average shrinkage and the full-field 
shrinkage information.  

• Shrinkage increases with time. 

• Shrinkage near the exposed surface is larger than that in the inner core. 

• Shrinkage decreases as increasing fine aggregates 

• Fine and coarse aggregates both affect the shrinkage locally.  
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For the sealed specimens, 

• Chemical shrinkage increases with the decrease of w/c ratio. 
• Chemical shrinkage above w/c=0.4 was not significant. 
• Chemical shrinkage increases with the increase of temperature. 
• Chemical shrinkage decrease with the increase of aggregate quantity.  

 
For ring test, cracks occurred and propagated in the radial direction in the drying condition of 

RH0% and room temperature. 

The experimentally obtained shrinkage measurements seem very useful in characterizing 

shrinkage behavior under different influencing factors. However, from the experiment, one 

cannot directly measure the shrinkage coefficient, which is a material property of cement paste. 

Material properties must be independent of specimen geometry, but dependent on the 

composition of cement paste, such as cement type and w/c ratio. The FEA model will be used to 

match the boundary conditions with the experiment to determine the shrinkage coefficient using 

an inverse approach. 
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CHAPTER 4 
NUMERICAL MODELING 

4.1 Introduction 

According to literature, the shrinkage in concrete materials is not uniform over the entire 

specimen but highly dependent upon the distribution of moisture content.  As known, moisture 

distribution is mainly governed by moisture diffusion during drying, which is here described by 

Fick’s law and self-desiccation in the hydration process. Also, moisture distribution is generally 

described with relative humidity instead of moisture concentration. From the results of the 

experiments or previous research, shrinkage from self-desiccation or shrinkage under sealed 

conditions was negligible for w/c ratio=0.5. In this case, the measured shrinkage could be 

assumed as drying shrinkage only. Therefore, only drying effect or moisture diffusion was 

considered in the model if w/c=0.5 was used.  In other words, if w/c is below 0.4, shrinkage from 

self-desiccation must be considered.  

The scheme of the inverse approach to obtain the material properties from the complex 

geometry in the tests is depicted in Figure 4-1. Finite element model as the forward model was 

created based on thermal mechanical interaction because this was a multi-physics problem.  In 

this coupled model, moisture diffusion was modeled as heat transfer and shrinkage behavior was 

modeled as thermal expansion. Table 4-1 gave the details of the analogy regarding to the model. 

Two materials parameters, film coefficient and shrinkage coefficient, were defined and to be 

determined. Optimization in conjunction with the constructed finite element model was used to 

fit experimentally determined shrinkage in order to determine these two material parameters. 

This was the inverse method to solve this inverse problem. Once they are obtained, they can be 

the inputs for finite element analysis to predict the shrinkage under different drying or geometric 

conditions. The other tests can be performed and their results can be compared with FEA. 
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Figure 4-1. Scheme of numerical modeling 

 

Table 4-1. Thermal mechanical interaction model 

Thermal Mechanical Interaction Model 

Thermal Model Mechanical Model 

Heat Transfer      vs.           Moisture Diffusion Thermal Expansion    vs.       Shrinkage 

Temperature           vs.         Relative Humidity 
 

Thermal Expansion coefficient 
 

vs. 
 

Shrinkage coefficient 

Conductivity              vs.           Diffusity 

Surface coefficient         vs.     Film coefficient 
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4.2 Model Description 

4.2.1 Axisymmetric Model  

In order to obtain the defined material properties, the finite element model was created and 

took advantage of axisymmetry because the geometry of the specimen in the tests was in the 

shape of the cylindrical disk. The use of the axisymmetric model could save running time in each 

iteration while using the inverse method to determine material properties. Eight-node quadratic 

quadrilateral meshes were used in the model.   

4.2.2 Materials Properties 

 According to literature, the expression of moisture diffusion coefficient shown as below 

was used in the thermal model: 

                                        1
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Where D1 is the maximum of D(h) for h =1.0, α=D0/D1, D0 is the minimum of D(h) for h = 0.0, hc 

is the pore relative humidity when D(h) = 0.5D1. Here D1 =25mm2/day, α=0.1, n=6, and hc =0.72 

are approximately assumed [105]. The values of these parameters are only applicable to ASTM 

Portland cement type I with w/c=0.5 in room temperature condition. Typical values E=2.5GPa 

and ν=0.3 were used for cementitious materials in the mechanical model. The shrinkage 

coefficient in the mechanical model and film coefficient in the thermal model are two unknown 

material properties to be determined by the inverse approach. 

4.2.3 Initial Condition:  

Moisture diffusion from the bottom side, which is the opposite side to the top side with 

the grating, to the environment started before the specimen was demolded.  However, it was 

assumed negligible due to the long process of drying in the tests. Also, the specimen took some 
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time to cure and get hardened from the fluid phase. Therefore, it was assumed that the whole 

specimen has h=1 or 100% when t=0 which referred to Day 1. 

4.2.4 Boundary Condition 

The boundary conditions in moisture diffusion model were described in figure 4-2. The 

grating on top of the specimen was assumed as the insulation to moisture flux. The insulation on 

the boundary along the symmetrical line was automatically assumed. The flux on other two 

boundaries was assumed as convection type which is described by the equation in figure 4-2. 

Here, f represents film coefficient. J represents moisture flux. hs represent relative humidity on 

the surface. hen represents ambient relative humidity. No boundary conditions need to be defined 

in the mechanical model because the specimen in the experiments was in the condition of free 

shrinkage.  

 

Figure 4-2. Boundary conditions of moisture diffusion model 

4.3 Inverse Method 

In the inverse method, the finite element model described above was the forward model 

created in COMSOL. This forward model was interfaced with the optimization code which was 

developed in Matlab to obtain the shrinkage coefficient and film coefficient. The shrinkage 

coefficient and the film coefficient were two variables in the optimization code.  In each of 
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iterations, the optimization code specified the values of these two variables, called the forward 

model to solve the problem, and then computed the value of the objective function. When the 

value of the objective function was minimized, which indicated the fitting of the FEA result with 

the experimental data was optimized, the shrinkage coefficient and the film coefficient were 

hence determined. The optimization code was based upon the nonlinear least-squares method 

and the Gauss-Newton algorithm was adopted.  The objective function was defined as the 

following equation: 
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In the above formulation, there are two unknown coefficients represented by constant ε as the 

shrinkage coefficient and represented by constant f as the film coefficient. eij in equation (4-2) is 

the ith radial strain on jth drying day obtained experimentally and eij* is the radial at the same 

point computed using finite element analysis. It is assumed that there are n such experimentally 

obtained radial strains at n positions from the center to the circumference on the surface with the 

grating. Here, n is equal to 6 and the measurement positions are equally spaced. Hence, the 

distance between two neighboring positions is 2.8mm. And m represents the total drying 

duration in the chamber in units of day. Here, m is equal to 6, which corresponds to drying 

duration of 6 days in the experiments.  

Using the experimentally obtained radial strains under RH=50% and room temperature at 

six locations from Day 2 to Day 7, the estimation of these two  material parameters was 

performed through the inverse approach mentioned above. The curve fitting result was shown in 

Figure 4-3. The shrinkage coefficient ε=53.8 µε / ºC and the film coefficient f= 2.12 mm/day 

were obtained.  
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Figure 4-3. Optimization results 

The errors of the optimization were calculated and shown in table 4-2. The goodness of fit 

can be evaluated by the value of R square value. The value indicated the fitting between the 

experimentally obtained data and FEA results is good. The discrepancy mainly results from the 

day 4 data. 

Table 4-2. Errors of optimization 

Mean TSS SSR  SSE Erms R2 

1515.995 13159522.14 13005106.88 154415.26 4289.31 0.9883 

 

 Once the shrinkage coefficient and the film coefficient were determined, 3-D model was 

created to model shrinkage behavior of the entire specimen in x-y coordinate as figure 4-4. This 

made it easy to compare between FEA results and experimental results from moiré 

interferometry in x-y coordinate.   
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Figure 4-4. 3-D model of shrinkage behavior 

The top surface of 3-D model which the grating was on was selected and the shrinkage maps on 

this surface were drawn as figure 4-5. The full-field strain information in both x-y and polar 

coordinates is shown. The shear strain in polar coordinate is automatically assumed zero in the 

finite element analysis. 

      

  
 

Figure 4-5. FEA results for RH=50% and room temperature 
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4.4 Validation of Model 

 In order to validate the constructed model and the obtained material properties, some 

other tests were performed and their results were compared with FEA. Different surrounding 

relative humidity, different size and shape of the specimen, ring test, shrinkage before demold 

and reinforced cement paste were tested and discussed. 

4.4.1 Different Surrounding Humidity 

The same material parameters were used to predict the shrinkage under the drying 

condition of RH=80% and room temperature. The size of the specimen and w/c ratio remained 

the same. The moiré fringe patterns for RH80% and room temperature are covered in Appendix. 

The experimental and FEA results are shown as Figure 4-6. For each day measurement, the 

experimental result did not match perfectly with FEA result. However, they are very similar in 

the trend and the range of the magnitude. The full-filed experimental and FEA maps on Day 3 

are compared as Figure 4-7. The maps indicated that the results from the experiment and FEA 

have very good agreement. 

 

Figure 4-6. Experimental and FEA results for RH=80% and room temperature 
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Figure 4-7. Experimental and FEA results for RH=80% and room temperature on Day 3 
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The experimental technique can only measure the deformation on the surface of the 

specimen. In order to investigate the true shrinkage behavior inside of the concrete specimen, 

the cross-section views of the deformations in cylindrical coordinate in FEA are used to address 

the 3-D effect through the thickness as Figure 4-8. The top and left sides represent the surface 

with the grating and the central axis of the specimen individually. The shear components are not 

shown here due to their insignificance in magnitude. The normal components reveal the 

maximum shrinkage occurs in the area near the bottom side and close to the outer surface. On the 

other hand, the minimum shrinkage occurs near the central axis of the specimen and close to the 

surface with the grating. 

 

Figure 4-8. Cross-section view of deformations for RH=80% and room temperature on Day 3 
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4.4.2 Ring Test  

 Ring test was performed again, but this time the test was under room temperature and 

RH60% which was achieved in the laboratory. The U and V-field moiré fringe patterns from Day 

1 to Day 3 were recorded as figure 4-9. Apparently, the deformation of the steel rod was 

insignificant according to the fringe patterns on the surface of the steel rod. Also, no cracks are 

observed from the fringe patterns because the shrinkage-induced stress is not high enough to 

initiate cracks. 

 

Figure 4-9. U&V-field moiré fringe patterns for ring test under RH60% and room temperature 

The Day 2 and Day 3 moiré fringe patterns were analyzed through the automatic fringe 

analysis system and the full-field maps in x-y coordinates were shown as figure 4-10 for Day 2 

and figure 4-12 for Day 3. A 3-D composite model with steel rod and cement paste was created 

in finite element analysis with the typical values E=200 GPa and ν=0.33 for the steel rod in the 

test. FEA results were also included in the figures for the purpose of comparisons.  
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Figure 4-10. Experimental (above) and FEA (below) results of ring test on Day 2 

From figure 4-10 or 4-11, the experimental result and FEA result matched well except in the 

magnitude around the interface between the steel rod and the cement paste. The shrinkage 

distribution along the horizontal centerline in the εxx map was plotted as figure 4-13. Clearly, 

there is larger discrepancy in magnitude around the interface. 
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Figure 4-11. Experimental and FEA shrinkage distribution for Day 2 
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From figure 4-12, it can be seen that the maximum normal and shear strains moved toward the 

steel rod instead of remaining near the outer surface. The experimental result had good 

agreement with the result from FEA. 

 

       

Figure 4-12. Experimental (above) and FEA (below) results of ring test on Day 3 

The experimental and FEA full-field strain information on the cement paste only (the 

information on the steel ring not included) are shown as figure A-8 for Day 2 and figure A-9 for 

Day3 in Appendix. 

4.4.3 Square Shape 

The square-shape cement paste specimen with w/c=0.5 was made with the size of 25 mm 

in length and 14 mm in thickness. The same process was used to prepare grating on the surface 

the specimen. The specimen was stored in the chamber of 80% RH and room temperature for 

three day3 after demold. The U and V-field moiré fringe patterns from Day 1 to Day 4 were 

recorded as figure 4-13.  The distribution of the normal strain in x-direction along the red line 
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which was indicated in figure 4-13 was plotted as shown in figure 4-14. The full-field 

experimental and FEA maps for Day 4 were shown as figure 4-15. However, the displacement 

and normal strain in y direction are not shown here due to symmetry. 

 

Figure 4-13. U and V-field moiré fringe patterns for the square specimen 

 

Figure 4-14. Distribution of normal strain in x-direction along the red line   
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From figure 4-14, the experimental result did not match well with FEA result for every day 

measurements. However, they are similar in the range of the magnitude and the trend. Figure 4-

15 shows the maximum in-plane normal strain occurred in the four corners of the specimen. The 

maximum shear strain did not occur exactly in the corners but near the corners. FEA and the 

experimental results had good agreement in the displacement field. 

    

Displacement: U field (µm)
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Figure 4-15. Experimental (above) and FEA (below) maps for square specimen on Day 4 

4.4.4 Expansion on Day 1 

4.4.4.1 In-plane deformation measurement 

Instead of the measurement of shrinkage on Day 1, the measurement of expansion was 

obtained using CRM. In order to account for this phenomenon, FEA was performed and the 

boundary condition for drying effect was modified. The top surface was the surface with the 

diffraction grating where the moisture flux was blocked by the master grating.  The side surface 

of the specimen was covered with the silicone rubber mold. Hence, the moisture fluxes only 
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diffused from the bottom surface of the specimen within day 1. 12 hour was assumed as drying 

duration. FEA result was compared with the result from the experiment of RH=50% and room 

temperature as figure 4-16. 

  

 

Figure 4-16. Experimental (above) and FEA (below) results for Day 1 measurement 

The results show the U-field displacement map from the experiment has good agreement 

with that from FEA. The experimental U-field strain map was not smooth due to the difficulty in 

analyzing the fringe pattern with few fringes. However, it still indicates shrinkage occurred near 

the outer surface and expansion in the middle as FEA shows. Overall, it can be seen from the 

displacement map that the top surface of the specimen experienced the expansion once it was 

demolded. The explanation is that the bottom surface experience larger shrinkage than the top 

surface due to the fact that the drying started from the bottom surface. The differential shrinkage 
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through the thickness should cause the bending to the specimen. The top surface should 

experience some tension and the bottom surface compression. 

4.4.4.2 Out-of-plane displacement simulation 

 In order to further prove the measurement of expansion on day 1 or bending effect, out-

of-plane displacement was simulated by FEA as in figure 4-17. In the model, the top surface 

faced the positive z-direction. The map clearly shows the top surface has the convex shape. This 

was caused due to the bending of the specimen. 

 
Figure 4-17. FEA result for out-of-plane displacement  

4.4.5 Reinforced Concrete 

Previously, the gravels were embedded into the cement paste in the gravel test. The result 

reflected the effect of gravels on the fringe densities at the positions of gravels. However, it is 

difficult to model the test with FEA not only because of the irregular shape and size of the 

gravels but also because of the unknown exact positions of the gravels. The cement paste 

specimen was reinforced with the four steel rods. The arrangement and the size of the rods are 

shown in figure 4-18. The positions of the steel rods in the mold are printed on the paper sheet. 

The sheet was attached on the back side of the master grating as shown in figure 4-20.  

Therefore, the rods and the mold could be located at the specific positions. 
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Figure 4-18. Size and arrangement of the steel rods in cement paste  

 

Figure 4-19. Master grating with the sheet on the back 

The specimen was first stored in the drying conditions of RH80% and room temperature 

for one day. Then it was stored under RH60% and room temperature for another day. The moiré 

fringe patterns from Day 1 to Day 3 are shown in figure 4-20. The Day 2 and Day 3 moiré fringe 

patterns were analyzed through the automatic fringe analysis system and the full-field strain 

maps in x-y coordinates were shown as figure 4-22 for Day 2 and figure 4-23 for Day 3. A 3-D 

composite model with 4 steel rods and cement paste was created in finite element analysis with 
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the typical values E=200 GPa and ν=0.33 for the steel rod in the test. FEA results are also 

included in the figures for the purpose of comparisons. However, the full-field maps do not show 

information concerning the steel rods not only because they are not the focus in the research but 

also because their deformation is insignificant compared with the portion of the cement paste 

according to the fringe patterns. 

 

Figure 4-20. Moiré fringe patterns for reinforced concrete 

The displacement fields in both x-y and polar coordinates and the strain fields in polar 

coordinate for Day 2 are not shown here but included in Appendix. From figure 4-21, the trend 

in the experimental result is similar to that in FEA. From figure 4-22, it can be seen that the 

experimental result and FEA result also matched well except in the area around the crack. 
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Figure 4-21. Experimental (left) and FEA (right) results for reinforced concrete on Day 2 
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Figure 4-22. Experimental (above) and FEA (below) results for reinforced concrete on Day 3 
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4.5 Stress Development Prediction 

As known, shrinkage influences the development of stress in concrete materials when 

internal and external constraints exist. Through the prediction of the stress, where and when 

cracks may occur can be predicted if tensile stress is available. Therefore, in this section, stress 

was predicted in both cases of free shrinkage and restrained shrinkage. 

4.5.1 Free Shrinkage 

The development of stress was modeled for the specimen under room temperature and 

RH80%. There were no external constraints in this case so that the specimen experienced 

shrinkage freely. Due to non-uniform shrinkage over the entire specimen, the stress should be 

distributed non-uniformly. The stresses developing on the surface with the grating were modeled 

as figure 4-23 with the plot of the stress distribution in polar coordinate from the center to the 

outer surface of the specimen and as figure 4-24 with the full-field maps of stresses in both x-y 

and polar coordinates for day 3 only. The radius stress was compressive near outer surface and 

was tensile stress in the middle. Also, the angular stress was larger than the radius stress. If 

cracks occur, they should initiate near the outer surface and propagate in radial direction at 

earlier time.  

 

Figure 4-23. FEA result for stress development 
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From full-field maps in x-y coordinate, the normal stress distribution was different from the 

normal strain distribution. 

   

 

Figure 4-24. FEA results for full-field stress maps 

It was also interesting to investigate the stress distribution in polar coordinate over the 

cross section of the specimen as figure 4-25. The FEA result shows the tensile stresses developed 

near the outer surface and the compressive stresses in the inner core of the specimen. This is due 

to the effect of internal constraints or the effect of stress self-equilibrating. 

       . 

Figure 4-25. FEA results for stress maps over the cross section 
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4.5.2 Restrained Shrinkage 

In this section, the ring test was used as the example of the restrained specimen. There 

were external constraints from the steel rod in the center so that the specimen did not experience 

shrinkage freely. The development of stress was modeled for the specimen under room 

temperature and RH60% in the ring test. The stresses developing on the surface with the grating 

were modeled as figure 4-26 with the plots of the stress distribution in polar coordinate from the 

inner surface to the outer surface of the specimen from day 2 to day 7 and as figure 4-27 with the 

full-field maps of stresses in both x-y and polar coordinates for day 3 only. The radius stress was 

tensile near the inner surface of the specimen and compressive in the rest area. The angular stress 

was always tensile stress and increased with time. Also, the angular stress was larger near the 

inner surface of the specimen. If cracks occur, they should initiate near the inner surface and in 

radial direction. 

  

Figure 4-26. FEA results for stress development in the ring test of RH=60% 

From the full-field maps, the shear stress distribution in x-y coordinate was quite similar to the 

shear strain distribution. However, the normal stress distribution was different from the normal 

strain distribution. 
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Figure 4-27. FEA results for full-field stress maps in ring test  

The stress development was also predicted for the ring test under room temperature and 

RH0% because the cracks occurred in this experiment. The stresses developing on the surface 

with the grating were modeled as figure 4-28 with the plots of the stress distribution in polar 

coordinate from the inner surface to the outer surface of the specimen. But only the development 

with first day drying was shown because the cracks occurred during this period (between day 1 

and day 2) in the experiment. In the experiment, the fact that the crack initiated near the outer 

surface and propagated in the radial direction was proved by this FEA.  

 

Figure 4-28. FEA results for stress development in the ring test of RH=0% 
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4.6 Results and Discussions  

The inverse approach of combining FEA and optimization was used to determine the 

materials properties of shrinkage behavior in cement paste with w/c=0.5 under room 

temperature. The obtained materials properties were used to be the inputs in finite element model 

to predict the shrinkage behavior of cement paste in different conditions, such as different 

drying, geometric, or boundary conditions. The results from FEA and experiments match quite 

well in both the magnitude and the trend. Moreover, instead of modeling the shrinkage behavior 

in mortar or in the gravel test, the shrinkage behaviors in both the ring test and in the case of 

reinforced concrete were modeled using the composite models. The FEA results also show the 

good agreement with those from the experiments. Furthermore, the stress development in cement 

paste under drying was simulated using FEA. This can serve as the prediction of cracking 

occurrence if the tensile strength is given. To be summarized, the constructed FEA model with 

the obtained material properties is suitable for the simulation of shrinkage behavior in concrete 

materials according to the validation of the experimental results.  

However, the material properties of shrinkage in concrete materials are very complicated 

and even unknown in many aspects. As a result, many things need to be considered and 

discussed here for constructing a more complete model in the future. 

 First, the material properties of cement paste should be dependent upon the composition, 

such as w/c ratio and cement type. The combination of the CRM and the inverse method can be 

applied to determine the shrinkage coefficient corresponding to their compositions. But the 

model needs to consider chemical shrinkage from hydration when w/c is below 0.4. That means 

the overall shrinkage cannot be modeled only by the phenomenon of moisture diffusion in the 

case of lower w/c ratio. The developed method combining CRM and the sealing of the specimen 

can be used to investigate the contribution of chemical shrinkage to total shrinkage or the ratio 
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between drying and chemical shrinkage. That will be useful in modeling the overall shrinkage in 

cement paste with lower w/c ratio. 

Second, the shrinkage coefficient might not be constant, but dependent upon moisture 

content or relative humidity. But in the FEA model it was assumed constant for RH50~100%. 

This assumption was based on literature survey. Nevertheless, shrinkage coefficient may not be 

regarded as a constant for RH0 ~50%. Therefore, the complete understanding of shrinkage 

coefficient as a function of relative humidity is needed in the future so that the shrinkage 

behavior can be more accurately predicted for surrounding humidity below 50%. 

 The last but not the least, the materials properties may be temperature-dependent. 

However, the variation of temperature inside of the specimen was not considered in the FEA 

model due to the small size of the specimen. Hence, in the model the temperature is assumed 

constant over the entire specimen as surrounding temperature. In the future study, the further 

investigation of shrinkage coefficient as a function of temperature and the temperature variation 

inside of the specimen is needed so that the shrinkage behavior can be more accurately predicted 

for the specimen in larger size. The more thorough FEA model including heat transfer should be 

used later.  

 

 
 
 
 
 
 
 

 
 

 

 



 

109 

CHAPTER 5 
CONCLUSIONS & FUTURE WORKS 

5.1 Conclusions 

The methodology of CRM has been successfully applied to the measurement of overall 

shrinkage which develops in concrete materials during drying and hydration, and also to the 

measurement of nondrying shrinkage which develops in sealed concrete materials. The 

procedure to prepare diffraction grating on the specimen, which is the key part in the CRM, has 

been well developed. The process of grating replication is simplified to the uttermost and thus is 

very repeatable. The use of RTV 6428 silicone rubber master grating provides the weak bonding 

between the master and the specimen gratings. This helps the separation of the specimen from 

the master substrate and prevents the damage on the specimen grating. Also, the RTV 6428 

master gratings are easier to be replicated in better quality and with higher hardness than RTV 

615. More importantly, the use of RTV 6428 reduces the possibility of the bubbles on the 

specimen grating. The experimental setup of PEMI II helped align the gratings and obtain the 

phase-shifted fringe patterns more precisely. The chamber setup provides stable drying 

conditions and is easy for other researchers to recreate. 

There are many advantages in the CRM technique, such as non-destruction, non-intrusion 

high-sensitivity, and non-reinforcement. Although this technique is nondestructive, a thin layer 

of epoxy grating covered on the surface of the concrete specimen may prevent the diffusion of 

moisture. The result is different with the actual strain distribution of a natural concrete specimen 

without epoxy layer quantitatively. Digital image correlation (DIC) would be a technique to not 

avoid moisture exchange with the environments. However, this technique would not help when 

the shrinkage measurement is less than 500 microstrains, such as in the drying condition of high 

humidity, in the measurement of mortar with high aggregate quantity or in the chemical 
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shrinkage measurement under higher w/c ratio.  Therefore, high sensitivity moiré interferometry 

is a more sound technique to investigate shrinkage behavior in concrete materials.  

On the other hand, the automated fringe analysis system is a nice tool to help obtain the 

full-field displacement and strain information. This image processing method not only reduce 

much time in analyzing the data but also provided a way to compare between experimental and 

FEA results in the forms of the full-field maps.  

Although CRM gave a fine piece of the experimental results, the materials properties of 

shrinkage were not able to be directly obtained from the 2-D in plane deformation measurement 

on the surface of the specimen. Hence, the 3-D FEA model was created under some assumptions 

to match the boundary conditions and the geometry of the specimen with the experiments. Due to 

the geometry of the specimen in the tests, the advantage of axisymmetry was used in the FEA 

model. Then an inverse approach was developed to fit the experimental results with the 

numerical results from FEA to determine the materials properties. The constructed FEA model 

was further validated through some other experiments. And the stress development can be 

simulated automatically in the FEA model. That is very useful in predicting when and where 

cracks could occur. Also, the deformation in the 3-D views or in the cross-section views can be 

demonstrated in the FEA model. This is for the investigation of shrinkage behavior inside of the 

specimen. 

5.2 Future Works 

Some works are brought out here for the future research in both the experimental and 

numerical aspects.  

Experimentally, the more tests can be performed to explore the other influential factors on 

shrinkage, such as wind speed, admixture, and cement type, by using the CRM. Moreover, 

digital image correlation is a potential technique due to the recent improvements and 
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developments in optical equipments and image processing technique. Likewise, the FEA model 

can be created with the modified boundary condition on the speckled surface. The results from 

FEA can be compared with DIC results. Another advantage is that DIC can provide out-of-plane 

deformation information which cannot be obtained in moiré interferometry.  

Numerically, chemical shrinkage as a function of w/c ratio, aggregate quantity, 

temperature and time can be modeled with the mathematical expression. But it requires more 

tests for abundant experimental data. Also, the composite model of cement paste and randomly-

distributed sands can be created to simulate the shrinkage behavior in mortars. Mortars are 

considered as composite materials. Sands act like fibers, and cement pastes like matrix. But the 

size and the mechanical properties of sand particles need to be determined first. The simulating 

results can be compared with the results from the CRM. 
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APPENDIX  
CRM MOIRE FRINGE PATTERNS AND FRINGE ANALAYIS RESULTS 

 

Figure A-1. U-field Moiré fringe patterns for w/c=0.6 in sealed condition 

 

 

Figure A-2. V-field Moiré fringe patterns for w/c=0.6 in sealed condition 
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Figure A-3. U-field Moiré fringe patterns under 80% RH and 23°С 

 

 
 

Figure A-4. V-field Moiré fringe patterns under 80% RH and 23°С 
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Figure A-5. Additional full-field maps for ring test on Day 2 
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Figure A-6. Additional full-field maps for ring test on Day 3 
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Experimental

FEA

 

Figure A-7. The full-field strain maps of cement paste only in ring test on Day 2 

Experimental

FEA

 

Figure A-8. The full-field strain maps of cement paste only in ring test on Day 3 
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Figure A-9. Additional full-field strain maps for reinforced concrete on Day 2 
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