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DIGITAL TEST OF COMPOSITE MATERIAL USING X-RAY TOMOGRAPHY 
AND FINITE ELEMENT SIMULATION 

 
Bing Zhang 

 
(ABSTRACT) 

 
Characterization of composite materials, such as Asphalt Concrete (AC) and other 

engineering materials is required to provide data for design and construction. This is 
usually carried out through various performance tests, which are always time consuming 
for specimen preparation, equipment calibration and test setting up. For materials with 
time- and temperature-dependent properties, this procedure requires fabrication of a large 
number of specimens in order to get reasonably comprehensive results. Furthermore, for 
materials that consist of phases with significant differences in properties, macroscopic 
homogeneous assumption or microscopic statistic approximation will lead to complex 
correction schemes. This will add complexity in material characterization. On the other 
hand, the homogeneity based interpretation of test results makes it difficult to understand 
the interaction between different components. The objective of this research is to develop 
a numerical testing method for material characterization based on x-ray tomography and 
finite element method. The introduction of tomography technology, such as x-ray 
tomography into engineering field makes it possible to obtain material microstructure 
without disturbing the phase configuration. Along with the development of image 
analysis technology, image data can be manipulated to obtain digitalized sample 
reconstruction and to build finite element geometric model. Based on well developed 
material models that sufficiently capture the essential behavior of individual material 
component, we developed a framework of numerical tests for characterization of 
composite material. The geometric model imports the microstructural data of the sample, 
the configuration of aggregates, voids and flakes, through x-ray tomography and image 
processing. The voids distribution as well as density variation was quantified to verify the 
model microscopic characteristics. FORTRAN programs were developed to 
automatically achieve data transfer and model generation, e.g. boundary identification 
and ABAQUS simulation model generation. Material model was studied and selected for 
different material components. Viscoplastic material models were evaluated and 
calibrated in ABAQUS. Monotonic loading and repeated loading were considered in the 
study to validate the model for most characterization needs. The digital model was 
validated through small sample tests and was implemented and used in various material 
characterizations. For the wood panel characterization, the anisotropic elastic properties 
were studied while the viscous and plastic responses were studied for asphalt concrete. 
Factors affecting the accuracy and the limitations of the application were determined. It is 
worth noting that further advance and data collection will make the calibration of 
material model more accurate. Nevertheless, the work can be extended to other regimes, 
such as high speed impact especially where the actual testing is complicated to setup. 
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Chapter 1 Introduction 

1.1 Background 

Composite infrastructure materials, such as cement concrete, asphalt concrete and 
wood panels play important roles in the engineering field for commercial and residential 
buildings and roadways. They are usually inexpensive but always used in large quantities.  
Any improvement in the mix or fabrication design will significantly affect the service life 
and hence the maintenance cost. Although these composite materials are composed of 
different constituents, they have similar material structures, i.e. stiff particles or fibers 
bonded by matrix media with certain void content. They perform differently due to the 
properties of different constituents. However, they share some similar behaviors due to 
similar configuration. Study of one material may lead to a better understanding of 
another, especially when they are computationally simulated. Furthermore, modeling 
procedures can be unified to save equipment costs. Although our research emphasis is 
characterization of asphalt concrete, we will demonstrate its particular application on 
wood panels as well. On the other hand, the application will help to verify the 
methodology we used in the study. 

Many of paved highways are constructed with asphalt concrete. Although it has 
been used for decades, improvement in design and construction is still a demand. 
Material characterization test is a premise of proper design and construction. For material 
tests, normally the equipment and procedures have been developed and used as standard. 
However, asphalt concrete shows viscous behavior that is sensitive to loading rate and 
temperature. Its test involves boundary conditions that vary in time and temperature and 
becomes complicated. The simulation of real condition becomes relatively time 
consuming. So it is necessary to develop an alternative test method that utilizes available 
resources and technologies. 

Asphalt concrete consists of three phases, i.e. aggregates, asphalt binder, and air 
voids.  Mix design is the process of determining types of aggregate and binder to use and 
the optimum combination of these three ingredients. The laboratory procedure uses 
several critical tests to characterize each trial blend.  These characterization tests, 
although are not comprehensive, will predict how a particular mix will perform in the 
field during construction and under subsequent traffic loading. The Simple Performance 
Test (SPT) is defined as a test method that accurately and reliably measures a mixture’s 
response characteristics or parameters that is highly correlated to the occurrence of 
pavement distress (e.g., cracking and rutting) over a diverse range of traffic and climatic 
conditions. Based on the definition, it is not necessary for SPT to predict the entire 
distress or performance history of the Hot Mix Asphalt (HMA) mixture, but the test 
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results must allow a determination of a mixture’s ability to resist fracture and permanent 
deformation under defined conditions. Among pavement distresses, rutting, fatigue 
cracking and thermal cracking are major concerns. 

Indirect tensile test and dynamic modulus test have been widely used in the 
evaluation of the performance of asphalt concrete. Dynamic modulus test is used to 
determine the characteristics and parameters for permanent deformation which related to 
the rutting performance of the pavement while the indirect tensile (IDT) test mainly for 
fatigue properties. However, it is difficult to understand the fundamental mechanisms 
through individual test. Better understanding can be obtained through formulation of 
models which are clearly defined and capture material responses and interactions 
between major constituents. Many models, mainly based on continuum media, have been 
developed to simulate the performance of asphalt mixes. However, due to the complex 
interaction of the three major constituents, models intended to include the response of all 
kinds of mixes always become complicated and tremendous efforts are needed for model 
calibration. In reality, mechanical models for aggregates or asphalt alone are relatively 
simple and well developed. So, if we can establish a numerical test procedure that 
associates material property, phase configuration and performance, we will get better 
understanding of the fundamentals affecting mixture performance. This will also lead to 
rational design instead of a trial and error process. 

Different mixtures with same material properties for each component will produce 
different performance due to different configurations of phases. The mixture should be 
considered as heterogeneous under loading. Material models based on homogeneity need 
to reflect the heterogeneous behavior will lead to complexity in model formulation and 
calibration. This also leads to difficulties in understanding the interaction between 
aggregates and asphalt binder. However, asphalt binder itself can be modeled as 
homogeneous material with adequate accuracy for typical loading encountered in service. 

1.2 Research objectives 

The overall objective of this research is to build the digital test model in the 
manner of establishing a realistic material model for each of the constituents and to 
simulate the behavior of the composite in the sense of understanding the interactions 
among these constituents. The major advantage of this method lies in that there is a well 
defined model for each constituent that avoids the parameters for random anisotropy, 
which is difficult to calibrate. More generally, the complicated test can be conducted 
numerically in which parameters can be obtained by running simple physical tests. 
Further advance in computing capacity and data networking will make the calibration of 
material models more accurate. Nevertheless, the approach is not limited in this area and 
can be extended to the cases where the actual testing is difficult to setup, such as high 
speed impact and coupled mechanism tests. 

X-ray computerized tomography (CT) was introduced into civil engineering area 
to obtain material internal microstructure and detect fault. Recent development in image 
analysis has made it possible to deal with three-dimensional (3-D) microstructural 
characterization and individual material modeling separately. Combined with numerical 
methods, they can be used to conduct digital test as an alternative of laboratory and field 
tests. 
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Therefore, the first specific objective was to quantify the void distribution and 
volume fraction of components in the composite as influenced by raw material type and 
matrix structures. The second objective is to simulate the effect of in-plane density 
variation on engineering constants of wood panel and stress distributions for panels at 
various densities and flake alignment levels. The third objective is to build a model which 
reflects sample internal structure to calculate anisotropic engineering constants of 
oriented strand-board (OSB). This is the first attempt to optimize the OSB design based 
on density characterization using x-ray tomography imaging and finite element (FE) 
simulation. We then apply the same method to the identification of the stress 
nonuniformity induced by material heterogeneity for asphalt concrete. Furthermore, we 
use the model along with viscoplastic material model to conduct parameter sensitivity 
study that forms the basis of back calculation of model parameters. The sensitivity of 
mesh size is also studied. During the process, we determine the effect of image resolution 
and element type on the simulation results. Finally, we follow this method to simulated 
uniaxial compression test on small samples and conduct back calculation of material 
parameters. This will be used to verify the algorithms we developed in the study. The 
digital testing results can be used to conduct material characterization of mixtures with 
different levels of aggregate content. 

This research focuses on establishing the numerical experiment model and 
procedure. It includes x-ray tomography imaging, microstructure reconstruction, phase 
quantification, finite element model generation, material model development and 
calibration, and digital experiments. The experiments are limited to Indirect Tensile 
(IDT) test and Dynamic Modulus (DM) test configuration for material parameter 
sensitivity study and to uniaxial compression test on a limited number of small samples 
for procedure verification. All the work is concentrated on the development of a solution 
for the problem raised above following the defined approaches. 
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Chapter 2 Literature Review 

Development of x-ray tomography imaging and its application in civil 
engineering area lead to many research efforts in material characterization and 
subsequent microstructure based modeling. 

2.1 X-ray tomography imaging 

X-ray is photons with high energy. It can penetrate through objects. X-ray beams, 
usually shaped as a horizontal planar fan or cone, slice through the object which rotates 
and moves vertically. Due to the different absorptions caused by density variation 
through the section, the intensities of X-rays pass through the object will indicate the 
structural variation which is captured and converted into measurable signals. Image 
intensifier converts x-ray energy into light, which is then captured by video camera and 
turns into image pixels. Many slices are then combined by mathematical operations to 
create CT image. So, the CT system allows the visualization and digitalization of internal 
structure without breaking the object. 

X-ray tomography imaging can distinguish the different phases in a material in a 
non-destructive manner and has been widely applied to medical science since the 1970s. 
In the last decade, it has been introduced into engineering field to conduct microstructural 
measurement and characterization, or to identify flaws such as cracks. In recent years, x-
ray tomography image analysis has also been applied to the microstructural 
characterization of wood and wood products (Funt and C., 1987; Chang et al., 1989; 
Sugimori and Lam, 1999), asphalt concrete (Braz et al., 1999; Shashidhar, 1999; Wang et 
al., 2001; Wang et al., 2002), cement concrete (Landis and Denis, 1999; Hall et al., 
2000), soil (Desruses et al., 1996; Rogasik et al., 1999; Shi et al., 1999), and rock 
(Radaelli et al., 1998).  Among them, Sugimori and Lam (1999) successfully measured 
the size and position of the macro-voids using medical x-ray CT scanning techniques. A 
database from a series of cross-sectional density distributions in a long specimen was 
developed. X-ray Tomography is also a valid tool for damage characterization, voids 
quantification and density variation mapping of engineering materials (Wang et al., 2001; 
Masad et al., 2002; Wang et al., 2004; Zhang et al., 2005a). Some preliminary work by 
the author will be introduced in following chapters. 

2.2 Material Constitutive Models 

Constitutive equations describe the stress-strain relationship of a material during 
loading and unloading. Engineering material responds macroscopically to an applied 
stress either in elasticity or plasticity. In elastic region strain is recoverable. It is 
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proportional to stress in linear elasticity, which is characterized by Young's modulus. In 
plastic region strain usually relates to stress in a nonlinear form due to work hardening. 
The plastic strain is not recoverable. Creep is usually a plastic type deformation at the 
stress below the yield stress and usually at a relatively high temperature, which is usually 
greater than one third of the melting temperature of the material. Material can be 
characterized as viscoelasticity for this condition. For real material, the plastic strain 
evolution is dependent on loading rates and can be characterized by viscoplasticity. 

For time dependent material under loading, strain creep usually includes three 
phases according to stress (or strain) level, i.e. 

• Primary creep, during which unloading will lead to elastic and viscoelastic strain 
recovery, is strongly dependent on the history of the material. However primary 
creep strain is usually minimal, i.e. less than one percent of the total strain range. 

• Steady state creep, during which unloading will lead to elastic and viscoelastic 
strain recovery, as well as unrecoverable viscoplastic strain, and 

• Tertiary creep, during which the material is unstable and failure will take place 
within a short range (Desai, 2001). 
Most of the creep time is in the steady state region, which dominates the effects of 

creep. The tertiary creep is usually a short-period fracture failure of a material and should 
be avoided. It should be pointed out that the elastic, primary creep and tertiary creep 
regions are very minimal in the total strain range. The whole phenomenon can be 
described with material models, such as elastic, viscoelastic, viscoplastic through strain 
decomposition or stress overlay assumptions. 

Asphalt Concrete (AC) shows rate and temperature dependent characteristics, 
which are caused by the viscous properties of asphalt binder (bitumen) and the interaction 
among the three constituents. For commonly used bitumen, the softening point is around 
45 to 60 °C and the melting point is around 150 °C (Dolinsek et al., 2000). So the creep 
of the asphalt concrete needs to be considered. Constitutive models allowing elastic, 
plastic and viscous or creep deformation have been attempted to account for certain 
aspects of material responses. 

Triaxial compression tests of asphalt concrete showed that the deviatoric response 
can be treated as combination of elastic, plastic, viscoelastic and viscoplastic 
contributions which are slightly dependent on the hydrostatic stress and are linear 
functions of stresses. It was found that there is no apparent yield limit. The viscoelastic 
and viscoplastic deviatoric strains can be described by simple power law. It was also 
found that the volumetric strain is independent of the cycle duration or load repetitions 
and the hydrostatic response can be assumed as purely elastic. The presence of voids 
affects the behavior of the mixture (Kim et al., 1997). 

In order to sufficiently describe the response of asphalt concrete, it is necessary to 
choose efficient material models and a proper association mechanism.  

2.2.1 Viscoelastic material models 

Viscoelastic material exhibits the characteristics of a viscous liquid and an 
elastomeric solid. It experiences hysteretic stress-strain response, stress relaxation, and 
strain creep. 

If the stress (or strain) level is small, the constitutive relationship can be described 
by linear viscoelastic theory in form of a Volterra equation, which is separable in both 
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creep and load responses. Three dimensional linear viscoelastic model is provided in 
commercial Finite Element package (e.g. ABAQUS, 1995). It was established under the 
assumption of volumetric and deviatoric decoupling of stresses and strains. The reduced 
time is used in the equation to account for temperature effects through time-temperature 
superposition. Relaxation functions for shear and bulk modulus are expressed in Prony 
series based on experimental data. The model can well describe material response at 
small stress level. 

If nonlinear response dominates the stain range before yielding, or if the material 
property changes, nonlinear viscoelastic theory is necessary in order to get accurate 
analysis results. Based on thermodynamic theory, parameters reflecting strain or stress 
dependent properties were added in the linear-viscoelastic-type equation to account for 
higher order strain or stress effects on Helmholtz or Gibb’s free energy (Schapery, 1969). 
The model gets good results at various stress levels for both creep and relaxation tests 
under uniaxial and multiaxial loadings. Similarly, effects of damage were successfully 
considered with damage variables in the constitutive equation (Dai and Sadd, 2004) that 
are functions of applied stress or strain (Simo, 1987; Sadd et al., 2004). A piecewise 
linear Prony series was used to account for nonlinearity in a microstructural model 
(Abbas et al., 2004). It was indicated that at moderate strain levels there is little 
difference between the linear and the nonlinear mastic models. However at higher strain 
(> 0.01%), the difference between the linear and the nonlinear formulations becomes 
significant. 

For asphalt concrete, which has a very low yielding stress (Kim et al., 1997), it is 
sufficient to use a linear viscoelastic model. At higher stress level, strain hardening 
plastic or viscoplastic model can be used instead of nonlinear viscoelastic model so that 
complex correction due to damage could be avoided. 

2.2.2 Viscoplastic material models 

2.2.2.1 Viscoplastic formulations 

The Perzyna (1966b) viscoplastic formulation defines the viscoplastic strain rate 
tensor as equation (2-1). 

 
( )

σ
ε

∂
∂

Γ=
QFvp φ&  (2-1)

where Γ is the material parameter reflecting fluidity, F is the yield function, and Q is the 
plastic potential. The operator ( ) 2XXX += and |X| is the absolute value of X. The 
function of the yield function, φ , can be in a power law or exponential form. The 
disadvantage of this model is that its implementation in numerical simulation is difficult 
because of the lack of consistent conditions. Figure 2-1 illustrates the stress and strain 
responses of the model. 

In contrast to the Perzyna model, the Duvaut-Lions formulation (Duvaut and 
Lions, 1972) uses over-stress as in equation (2-2). 

 
( )σσCε −= −11

τ
vp&   ( )κκ

τ
κ −=

1
&  (2-2)
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where τ  is the relaxation time, C is the linear elasticity tensor, and κ,σ  are the back-
bone stress tensor and the internal state variable of the corresponding rate independent 
plastic model, respectively. The advantage of this model is that it can be used with non-
smooth yield surface. 
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(a) Strain-time curve for a constant stress (0 to t1) followed by a rest period (t > t1)
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(b) stress-strain curve for viscoplasticity and correspondent inviscid counterpart 

 

Figure 2-1   Illustration of viscoplastic strain evolution and stress-strain relationship 

 
Stability study shows that the Perzyna formulation performs better than the 

Duvaut-Lions formulation in suppressing localization when the relaxation time is small 
(Etse and Willam, 1999). Three failure mechanisms, diffuse, localize and discrete were 
analyzed on a triaxial extended Leon model using non-associated plastic flow rule with 
isotropic hardening in the pre-peak region and isotropic softening in the post-peak region. 
For both formulations, the inelastic strains are smaller than that of the underlying inviscid 
material. However, the Perzyna formulation may become instable when viscosity value is 
very small. Another study of the Duvaut-Lions viscoplastic extension of an elastoplastic 
concrete model (Kang and Willam, 1999; 2000) also indicated that the viscoplastic model 
suppresses the onset of localization of the elastoplastic model and improves mesh-
sensitivity. The results showed rate dependent of strength and ductility. The dynamic 
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strength enhancement in tension due to strain rate increase is significantly higher than 
that in compression. 

Besides the overstress formulations, consistency model (Wang et al., 1997) uses 
rate-dependent yield surface to account for the viscosity and the Kuhn-Tucker conditions 
are satisfied, i.e. equations (2-3) and (2-4). 

 

σ
ε

∂
∂

=
Fvp λ&&  (2-3)

 ( ) 0and,0,, === FFF &&κκσ  (2-4)

where κ  is the internal state variable and λ is the plastic multiplier, which can be 
determined with consistency conditions. The model takes into account of the effect of 
strain hardening (or softening) rate (κ& ). 

Although direct integration of constitutive equations may give solution to 
viscoplastic problems on specific boundary conditions, in most cases, numerical solution 
should be used through iteration process. The implicit method (e.g. Wang et al., 1997) 
involves local iterations therefore is more expensive in computation, especially for 
simulations with several thousand loading repetitions. The explicit method is relatively 
easy to implement, but the time step size should be limited to ensure the accuracy of the 
explicit integration (Zienkiewicz and Cormeau, 1974). It usually should be very small to 
receive the stability of the system as well as the accuracy of the result (Hughes and 
Taylor, 1978). For rate dependent solids, Peirce et al. (1984) developed a one-step 
forward gradient time integration scheme, which leads to a rate dependent tangent 
modulus method. An near-exact explicit algorithm for elastic-viscoplasticity can give 
solutions with large total time increment (Nemat-Nasser and Chung, 1992). 

2.2.2.2 Yield, hardening, and damage 

The widely used yielding functions civil engineering materials include von Mises 
yield criterion and Drucker-Prager yield criterion. The von Mises yield function is 
usually used for metals and the Drucker-Prager yield function for bonded granular 
materials. Studies showed that the Drucker-Prager yield function is suitable for modeling 
AC material (e.g. Seibi et al., 2001; Oeser and Moller, 2004a). In these yield functions, 
microstructural evolutions, such as density and void ratio change, are not considered. For 
AC mixture, the energy dissipation mainly lies in aggregate rotation, inter-particle sliding 
and debonding which leads to continuous change of yielding function. Microstructural 
parameters can be included in the yielding function to account for microstructural 
evolution (Gurson, 1977; Tvergaard, 1981; Ju and Tseng, 1996; Guler et al., 2002; 
Tseng, 2004; Panoskaltsis and Panneerselvam, 2005; Tashman et al., 2005a). However, 
these methods only considered macroscopic evolution of the fraction or orientation of the 
inclusions. Many of them are based on 2-D microstructural analysis. Therefore, the 
calibration of the parameters in 3-D condition will be complicated. 

The hardening laws can be categorized into isotropic hardening, kinematic 
hardening and the combination of both. The former describes the growth of the yielding 
surface, which can be defined as a function of accumulative plastic work or plastic strain 
in power law or exponential format. The exponential format is appropriate for cases 
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where hydrostatic loading is significant (Desai et al., 1986). The kinematic hardening 
defines the motion of the center of the yielding surface as a linear or nonlinear function of 
plastic strain. Complicated hardening law is needed to describe the full range behavior of 
a material under cyclic loading, especially with anisotropic characterizations (Faruque 
and Desai, 1985). This will lead to complexity in parameter calibration and model 
implementation. In this research, individual component will be modeled as isotropic 
material and relatively simple hardening law will be suitable. 

The evolution of damage is usually considered using effective stress tensor (from 
damage effect tensor), continuity function, or damage parameter (e.g. Schapery, 1999; 
Chow et al., 2001; Collop et al., 2003; Gibson et al., 2003; Chehab and Kim, 2005; 
Panoskaltsis and Panneerselvam, 2005; Uzan, 2005). For asphalt concrete at high 
temperature, healing can be considered in simulations (e.g. Lee and Kim, 1998b; Kim et 
al., 2003; Oeser and Moller, 2004a). In this study, the damage and healing effects will be 
considered minimal and will be a future extension of current work. 

2.2.3 Strain decomposition models (strain additivity) 

Sides et al. (1985) developed a viscoelastoplastic constitutive model for sand 
asphalt mixture under cyclic loading. The total strain is composed of elastic, viscoelastic, 
plastic, and viscoplastic strain components (also see Perl et al., 1983) and equation (2-5). 

 ( ) ( ) ( ) ( )NttN nvpvepe ,,,, σεσεσεσεε +++=  (2-5)

where t is loading time and N is loading repetitions. Each strain component is formulated 
for different stress levels with different sets of regression parameters. Generally, the 
inelastic strains are expressed in a form of power function of stress that is modified 
according to loading duration and repetitions. The model is based on comprehensive tests 
and describes entire response of the material under loading. Parameters were determined 
with a series of repeated uniaxial creep and recovery experiments at a constant 
temperature. The model can reflect the rest and healing behavior of asphalt concrete at 
each loading stage. However, the calibration involves determination of many regression 
coefficients hence is very complicated. It was found that the plastic strain component 
usually is very small and hardly distinguishable from viscoplastic part. 

Besides elastic, viscoelastic (Kelvin body) and viscoplastic (Newton body) strain 
components, tertiary strain component was used to describe damage and healing 
responses (Oeser and Moller, 2004b). It was assumed that the elastic strains are 
dependent on the total stresses and the inelastic strains are dependent only on deviatoric 
stresses. The model reflects cyclic loading sequences composed of positive and negative 
(healing) loading phases. The von Mises type creep surface was used for the tension zone 
and the Drucker-Prager type function in the compression zone with isotropic and 
kinematic hardening. Non-measurable parameters were optimized by comparing the 
simulation results with the experimental ones with a modified evolution strategy, which 
combines classical evolution strategy with Monte Carlo simulation and gradient methods. 
This shows a feasible method for the estimation of model parameters. 

Seibi et al. (2001) used a Perzyna (1963) viscoplastic model for asphalt concrete 
in a loading-rest period test with high loading rates. The Drucker-Prager yield criterion 
with isotropic work hardening was used. For one dimensional state, the material constants 
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and plastic deformation function were obtained from stress-plastic strain curve and yield 
stress-plastic strain rate curve constructed from uniaxial compression tests. However, for 
multiaxial cases, it is difficult to obtain the material constants and functions from the 
tests. In their study, the model parameters were optimized with CONMIN provide by 
NASA-AMES research center. It was found that the binder and mixture followed a 
similar strain evolution pattern but with different magnitudes. It was concluded that the 
asphalt concrete at elevated temperature and high loading rate is controlled by elasto-
viscoplastic response, which can be defined using Drucker-Prager yielding surface. 
According to the sensitivity analysis, the material response was found to be most 
sensitive to the viscosity coefficients and least affected by the friction angle. It was 
suggested that the optimization method is suitable for model calibration. 

The assumption of time-temperature superposition was found to be valid for both 
small strain viscoelastic and large strain viscoplastic responses at high temperature 
(Schwartz et al., 2002). In their study, the microstructural damage was considered based 
on the viscoplastic extension of Schapery (1999) framework. The viscoplastic strain 
creep was assumed in a strain-hardening form. Viscoplastic component was calibrated 
through uniaxial creep and recovery tests. 

Collop et al. (2003) developed an additive constitutive model composed of 
viscoelastic and viscoplastic creep component. A power law function was used for the 
steady-state viscoplastic creep. Viscoplastic damage evolution was considered in the 
creep function with a damage parameter. It was suggested that the effect of stress 
dependency on the permanent deformation is important, especially when the stress level 
is high. It was stated that the elastic and viscoelastic material properties are of less 
significance compared to the viscoplastic material properties for the evaluation of 
permanent deformation. 

A model with viscoelastic and viscoplastic strain decomposition was used to 
characterize asphalt concrete (Uzan, 2005). The undamaged viscoelastic component was 
solved using correspondence principle. The damage was considered in both components 
with the effective stress evaluated in different form. An exponential continuity equation, 
which is a function of an internal state variable, was used in viscoelastic component and a 
damage parameter was used in the viscoplastic component.  The characterization of 
material parameters for each component was separated using different tests, i.e. the 
frequency sweep test for viscoelastic component, repeated load test for viscoplastic part, 
and fracture test for damage parameters. It was shown that the viscoelastic component 
dominates the post-peak deformation and the viscoplastic component increases at a 
decreased rate. 

2.2.4 Multi-layer models (stress overlay) 

The model generally assumes that the material is composed of two or more 
components with different mechanisms acting in parallel with certain contribution ratios. 
We assume that the strains in all components are the same and the stresses are additive, 
i.e. nnn tt σσσεεε ++==== LL 111 and . 

Kichenin et al. (1996) proposed a two-mechanism parallel model to simulate the 
viscous and plastic responses of a polymer. The model associates a simple Maxwell 
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viscoelastic component that represents creep and relaxation, with an elastoplastic 
component that accounts for residual stress and strain as in equations (2-6) to (2-8). 

 
epve σ+σ=σ  (2-6)
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where the model parameters ( )αση ,,,, c
pepve EE  were obtained through series of uniaxial 

tests by constructing strain- and stress-time curves, such as traction-stress relaxation-
strain recovery sequences. The model quantified both plastic and viscous response of 
material with memory effects. It can identify residual strain for relaxation and residual 
stress for recovery. It shows transfer of stress between two mechanisms, i.e. the 
domination of viscous mechanism decays with relaxation while response of plasticity 
increases gradually. However, the model disregarded thermal effects. The yield limit 
plays an important role for the description of early stage response. A three-dimensional 
cyclic experiment was conducted and the results were consistent with literature. 

A generalized overlay model (2-9) based on Disturbed State Concept can account 
for elastic, viscoelastic, viscoplastic, and viscoelasticviscoplastic material response 
(Desai, 2001). The response of each component can be achieved by assigning proper 
material parameters (including 0 and ∞) to each component, which is an 
elastoviscoplastic reference unit (Perzyna formulation). 
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 (2-9)

where ti is the contribution ratio for i-th component. 
The disturbance or damage resulting from viscous creep was expressed in terms 

of the sum of accumulative creep strain or strain work from recoverable and irrecoverable 
parts. The material parameters, which have physical meanings, can be obtained from 
strain- and stress-time curves. The number of parameters in this model is less than that in 
strain decomposition models. It was suggested that the overlay model is relatively easier 
for implement and extension. 

2.2.5 Microstructural considerations 

Gurson (1977) proposed a porous material model considering the effects of voids 
evolution. The model assumes plastically incompressible matrix with randomly 
distributed air voids. Therefore the composite material is pressure dependent due to the 
voids growth and contraction. Tvergaard (1981) modified void fraction and hydrostatic 
stress with modification factors based on FE simulation results as equation (2-10). 
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where f is the void volume fraction, q1, q2 and q3 are material parameters. The model is 
available in ABAQUS and these parameters can be defined in tabular form for different 
temperatures. Guler et al. (2002) used this model in the simulation of laboratory 
compaction of cylindrical specimens under uniaxial compaction pressure and cyclic shear 
strain. It gives reasonable results for void volume fraction smaller than 10%. However, 
the porous model was developed for metals. For asphalt concrete, interaction between 
matrix and inclusions and shear dilation are more critical. The calibration of the evolution 
of voids is therefore difficult. Furthermore, the rate dependent response should be 
considered for asphalt concrete. 

A Network model based on branch vectors for circular or ellipsoidal particles was 
found to be more computationally efficient than continuum models (Sadd et al., 2002). 
Rigid aggregates and elastic binder were used in the model. However, the model assumed 
no inter-particle contact. This makes it less accurate than continuum model for asphalt 
concrete for which the interactions between aggregates are very important. 

Tseng (2004) extended an porous model for elastoplastic material with randomly 
distributed spherical voids (Ju and Tseng, 1996) to elastoviscoplastic materials with 
Duvaut-Lion formulation. The consistent tangent modulus for the elastoviscoplastic 
response was derived from the elastoplastic one with introduction of a relaxation 
parameter. The model assumes von Mises yield criterion and isotropic hardening. 
Parameters accounting for phase configuration, i.e. phase volume fraction and interaction 
between inclusions, were included in the formulation. It was found from statistical studies 
that the increase of voids fraction caused decrease of the stiffness and higher rate of 
loadings led to stronger material responses. However, the void volume fraction was 
assumed to be constant during the deformation. The inclusions were considered as elastic 
spheres but with uniform size. The tensor reflecting inter-particle interaction effects was 
derived micromechanically with pair-wise interaction among voids. So the model is not 
accurate for materials with high level of voids fraction. 

Tashman et al. (2005b) developed a microstructural viscoplastic continuum model 
for asphalt concrete considering the orientation of aggregates and the growth of voids. 
The viscoplastic strain rate was defined using Perzyna (1966a) formulation with a power 
law function of linear Drucker-Prager yield criterion. The aggregate anisotropy was 
accounted for with a microstructure tensor that reflects the orientation of non-spherical 
particles through a vector magnitude, which ranges from zero to unity. The damage was 
accounted for with damage parameter, which is expressed as area ratio of voids. They 
were incorporated into the yield function by modifying stress invariants based on 
effective stress theory as equation (2-11). 

 
012 =−−= κα ee IJF  (2-11)

where the superscript e denotes effective values. Hence, the direction of the viscoplastic 
strain rate is dependent on anisotropy and damage. Isotropic hardening was defined in a 
power law function of effective stresses. The evolution of the damage defined as a 
function of viscoplastic strain energy rate, confining pressure, and effective viscoplastic 
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strain. The model parameters were obtained through laboratory triaxial strength test and 
static creep test. It was found that the material response for stiffness was affected by 
material anisotropy as well as loading rate. The damage evolution was suppressed by 
confining pressure. A similar anisotropy consideration was successfully used in a model 
composed of hyperelastic and Perzyna viscoplastic response with a three stress invariants 
flow rule (Panoskaltsis and Panneerselvam, 2005). However, the microstructure analysis 
results were still used for macroscopic simulations in these models. 

2.3 Parameter estimation 

There are many method can be used to conduct the parameter estimation. 

2.3.1.1 Genetic Algorithm 

The genetic method was considered as one of the best method to optimize the 
material parameters. The concept can be briefly described as: 

Gene:    ( ),,,,, 321
i
k

iii
i qqqq ⋅⋅⋅⋅⋅⋅=Λ  

Fitness function:  ( )iΛΠ  
Rank of fitness:  iΛ′  
Mate nearest pairs:  ( ) i

i
i

i
i Λ′Φ−+Λ′Φ=Θ − 11  

where ii Aφ=Φ  is random numbers from uniform distribution with A can be set = 2 . 
The process can be outline as: 

• generate gene with parameter set, 
• evaluate fitness function with simulation and test results, 
• rank the genes according to the value of fitness function, 
• improve the gene set, and 
• repeat the processes 1 to 4 until fitness function satisfy preset value. 

The method was used in many structural analysis and optimization studies (e.g. 
Chiroiu et al., 2000; Chakraborty et al., 2002; Chau and Albermani, 2003; Reddy et al., 
2004; Aguilar Madeira et al., 2005; Schmidt and Thierauf, 2005). However, the gene size 
and the number of generations are critical to the accuracy of the estimation. In the case 
that each simulation takes long time, a method with more guidance in evolution is 
necessary. 

2.3.1.2 Sensitivity analysis based method 

For one simulation, we can get the deformation, Di, at several points, which can 
be used to calculate the value of the objective function ( )ΛΠ . The parameters then will be 
changed for certain percentages to obtain a new set of Di and new value of the objective 
function. The selection of parameter is based on the sensitivity analysis. The objective 
function can be in the form of Equation (2-12) 

 
( ) ( )2

ii

N

i
DD −∑=ΛΠ  (2-12)

where ( )⋅⋅⋅⋅⋅⋅Λ=Λ 21 ,,,, qqrE ν  is the tensor of parameters to be optimized. 
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It is usually difficult to calculate the derivative or object function respect to a 
parameter that requires optimization. Therefore, non-derivative algorithms are suitable 
for this study. Since the process is carried out in the order of the sensitivity and there are 
more results can be used for one simulation, generally this may speed up the process of 
the estimation (e.g. Guler et al., 2002). This method will most likely be used in the study. 
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Chapter 3 Method and organization 

3.1 Approach 

The asphalt mixture is composed of two different materials with significantly 
different mechanical properties. It is recognized that there is a 20 μm to 50 μm wide 
interfacial transition zone (ITZ) between aggregates and matrix, which has unique 
properties (Garboczi and Bentz, 1991; Bentur and Odler, 1996; Scrivener and Pratt, 
1996). However, cement-aggregate bond strength has only minor effect on the elastic 
modulus and compressive strength of concrete (Darwin and Slate, 1970). The strength of 
concrete is governed by flaws of the order larger than the width of ITZ (Mindess, 1996). 
In this work, we assume that the strain should be continuous between phases as long as 
there is no significant damage. The ITZ was not considered and the continuum FE 
method with phase variation was used to carry out stress-strain analysis. 

The strain additive models illustrated in previous chapter showed relative 
importance of each component. The yielding limit of asphalt material is sufficiently small 
to use linear viscoelastic theory in the pre-yielding region. The viscoplastic component is 
dominant in plastic deformation region. However, the stress overlay model has clear 
physical meaning for parameters and is easy to calibrate. Therefore, a two component 
stress overlay model was used in this research. Finite element package ABAQUS 
provides a wide range of material models including a two layer model, which was used in 
the study to validate the model implementation and calibration procedures. 

The first major task in this research is to develop procedures for x-ray 
tomography imaging and model construction. The second task is to select proper material 
model for each constituent and to improve it based on physical performance tests. The 
third task is to estimate material parameters using inverse algorithms and to calibrate the 
material models with uniaxial test on small samples. Further comparison of digital and 
physical test is to be conducted to verify the method. Then we can use the method to 
conduct digital performance test to obtain mixture characteristics and evaluate mixture 
performances. The research involves both computer simulations and experiments. The 
outputs are programs or codes written in FORTRAN, IDL, Image-Pro and MATLAB to 
enable the construction of microstructural model of digital samples for numerical 
material performance tests. 

3.2 Organization 

In this research, the test samples were scanned using x-ray tomography to obtain a 
series of sectional image slices. 3-D microstructure of the sample was digitally 
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reconstructed by stacking these sectional images. Several computer codes were 
developed to carry out the quantitative 3-D reconstruction. The 3-D microstructural data 
was mapped into FE model. FORTRAN programs were developed to automatically 
generate the simulation model with sample geometry, phase configuration, loading 
pattern and boundary conditions. Different constituents were assigned with different 
material properties to account for the effects of the microstructure on stresses and 
deformations. Alternatively, material properties were varied based on density variations, 
which is obtained from image analysis. This was used in the material characterization of 
wood OSB panels. The detailed processes for different studies for wood panel and asphalt 
concrete are illustrated in Chapter 4 and Chapter 5, respectively. 

Chapter 4 demonstrated the characterization of anisotropic properties of wood 
panels using combined x-ray tomography imaging and FE simulation. Three-layer wood 
panel samples were prepared and the density distribution through sample thickness was 
measured with an x-ray based densitometer. Three dimensional visualization of internal 
structure was carried out by developing computer source codes in IDL. The voids were 
identified based on the threshold values back calculated from actual void volume 
fraction. The in- and out-of-plane void distributions were obtained and the distribution 
pattern was compared with the actual measurement. The FE model was built based on the 
density variation of the wood panels. The overall material constants were then 
determined. Modeling the mechanical response of wood panels with such variation of 
density and flake orientation in plane can obtain the equivalent material properties that 
are essential in design and construction. 

Chapter 5 presented a study of the effect of phase variation on the performance of 
asphalt mixture. The elements representing aggregates and asphalt binders were assigned 
with different elastic material properties while the elements representing voids were 
removed during the loading steps. The results of the simulation were compared with the 
analytical elastic solution (Hondros, 1959a) to illustrate the stress non-uniformity. The 
stress concentration factor was obtained as an indicator of mixture performance. It is 
expected that due to the existence of aggregates and voids in the mixture, the stress 
distribution will no longer follows that of either the theoretical elastic solution or the FE 
solution assuming homogeneous material properties for asphalt mixtures. The 
performance of different mixtures can be classified. The variation of stress concentrations 
due to different ratios of elastic modulus between aggregates and asphalt binder were also 
studied. 

In chapter 6, a macroscopic parametric study was conducted to obtain the 
sensitivity of each parameter to the deformation response of the asphalt concrete sample. 
A two-layer material model was used for the mixture. The model associates linear 
viscoelasticity with elastoplascity in a stress overlay form. The sensitivity study was 
conducted through the form of numerical indirect tensile test and dynamic modulus test. 
It will serve as a guide for the calibration of the material model so that simulation results 
can be matched with actual test results. Then, a microscopic model was built considering 
the viscous behavior of the asphalt binder and the phase configuration of the mixture. The 
effect of image resolution on the simulation result was conducted. Simulation techniques 
were also studied to enable large number of repetitions. In the microscopic model, only 
the binder is considered as viscoplastic material. This will leads to relatively easy and 
accurate model characterization. 
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Chapter 7 presented the experimental program, parameter estimation and digital 
test verification. Eight small samples were prepared for the model calibration and 
procedure verification. This was done in the asphalt lab at VTTI. All samples were 
scanned to build the microstructure model following the approach developed in previous 
chapters. Uniaxial compressive tests were carried out with monotonic loading at small 
loading magnitude. Deformations and loads were measured and recorded along time. The 
results contain information that was used for parameter calibration with sensitivity based 
back calculation. The parameters were adjusted according to their sensitivities studied in 
previous parametric simulations. Finally, the tests on samples with different aggregate 
contents were conducted and the simulations of the corresponding tests were carried out 
with optimized model parameters. The comparison of the actual and virtual tests verifies 
the method. 

The concluding chapter 8 summarized the achievements and key findings. The 
major result is a procedure of the construction of digital testing samples, characterization 
of anisotropic material properties of wood panels, identification of the stress non-
uniformity as an indicator of performances for different mixtures, and determination of 
composite performance with different aggregate configurations. Finally, further research 
to improve the method and its possible extension to other studies were recommended. 
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Chapter 4 Characterization of wood composite 

4.1 Void structure characterization† 

4.1.1 Introduction 

Strand-based composites such as oriented strand-board (OSB) are formed by 
arranging wood strands in a mat and bonding them together with adhesives under heat 
and pressure. The reconstitution process disperses natural defects in the wood, resulting 
in more consistent and uniform mechanical and physical properties of the composites. 
The performance of these products is governed by the properties of wood strands, 
adhesive, manufacturing strategy, and production process (Sugimori and Lam, 1999; 
Barnes, 2000). As a result, significant opportunities exist for refinement and optimization 
of the mechanical and physical properties of the composites through controlling raw 
material input and manufacturing process. 

The importance of flake mat structure and its influence on panel properties is well 
known. Suchsland (1962) investigated the density variation in the plane of the panel, 
known as Horizontal Density Distribution (HDD), and determined that flake geometry 
will affect the relative void volume in a mat. Suchsland and Xu (1989) continued their 
investigation to develop a model for simulation of the HDD in flake board. It was 
concluded that both internal bond and thickness swell properties were directly affected by 
HDD. Dai and Steiner (1994a; 1994b) developed a probability-based model to describe 
randomly packed, short-fiber-type wood composites. The model uses the approach that 
the structural properties of a randomly formed flake network are random variables, 
essentially characterized by Poisson and exponential distributions and predicts the 
distribution of number of flake centers per unit of flake area, flake area coverage, free 
flake length, and void size (area as viewed from above). Lang and Wolcott (1996) 
developed a Monte Carlo simulation procedure that predicts the number of strands in the 
centroid of imaginary strand columns, the vertical distance between adjacent strands and 
the position of the column centroid in relation to strand length based on data from 
laboratory mats.  

In strand-based wood composites, the presence and distribution of macro-voids 
are generally governed by the random lengths of the wood strands and their partial 
random deposition during the forming process. For a long time, the OSB industry has 
been searching for ways to reduce board density. Lower panel density means lower 
manufacturing costs and more macro-voids in the panel. Although the presence and 
distribution of macro-voids influence the structural and physical properties of strand-
                                                 
† Excerpt reprinted from Zhang, B. et al. (2005a). 
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based wood composites, their measurement and quantification are difficult. Shaler (1986) 
used a mercury intrusion method to estimate void content in flake-boards of various 
densities, resin levels, flake orientations, and species composition. The specimens used 
were rather small (about 0.25 inch cubes) which may not adequately represent the actual 
void distribution in the panel. Lenth and Kamke (1996) developed an image analysis 
procedure for estimating void shape and size during the consolidation process. No 
attempt was made in using the method to determine internal void content of a fully 
pressed and resin-cured panel.  Ellis et al. (1994) investigated the measurement of macro-
void areas using two imaging systems: a video camera and a line scan camera. Such 
methods are useful, but they are time-consuming; and the internal presence and 
distribution of macro-voids cannot be obtained without cutting open the specimens. 

X-ray is photons with high energy so it can penetrate through objects. In 
engineering field, it can be used to conduct microstructural measurement and 
characterization, or to identify flaws such as cracks. 

In the last decade, advanced imaging techniques such as the x-ray tomography 
imaging technique and the magnetic resonance imaging (MRI) technique have been used 
to study the structure of granular materials. X-ray tomography imaging can distinguish 
the different phases in a material in a non-destructive manner and has been widely 
applied to medical science since the 1970s. In recent years, x-ray tomography image 
analysis has also been applied to the microstructural characterization of wood and wood 
products (Funt and C., 1987; Chang et al., 1989; Sugimori and Lam, 1999), asphalt 
concrete (Braz et al., 1999; Shashidhar, 1999; Wang et al., 2001; Wang et al., 2002), 
cement concrete (Landis and Denis, 1999; Hall et al., 2000), soil (Desruses et al., 1996; 
Rogasik et al., 1999; Shi et al., 1999), and rock (Verhelst et al., 1995; Radaelli et al., 
1998).  Among the studies for wood-based composites, Sugimori and Lam (1999) 
successfully measured the size and position of the macro-voids in Parallam using medical 
x-ray CT scanning techniques. A database from a series of cross-sectional density 
distributions in a long specimen was developed. 

In this study, x-ray tomography imaging technique was developed and used to 
characterize internal void structure of strand-based structural wood composites. The 
specific objective was to quantify the void distribution and volume fraction in the 
composite as influenced by raw material type and mat structures. 

4.1.2 Material and method 

4.1.2.1 X-ray Tomography System 

The x-ray tomography system used in this research is a Model ACTIS 225 
System. The system consists of x-ray source generator, collimator, sample holder and 
detector array. The system uses up to 225kV x-ray source and has up to 10 micron 
resolution.  

During scanning, cone shaped x-ray beams pass through the sample, which is 
rotated and moved vertically. Due to the different absorptions caused by density and/or 
material variation through the sample, the intensities of X-rays passing through the object 
vary depending on structural difference in the sample. The detector array captures and 
converts the transmitted x-ray beams into measurable signals. Image intensifier further 
converts the x-ray energy into light which is then digitalized into numerical data by a 
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video camera and turns into image with the computer system. By moving the sample 
vertically, many slices can be taken through the sample thickness and then combined by 
mathematical operations to create three-dimensional CT images. The system allows the 
visualization and digitalization of internal structure without breaking the object. 

4.1.2.2 Wood Composite Sample Preparation 

Three-layer OSB was manufactured using mixed hardwood flakes with various 
combinations of furnish quality (i.e., large wood flake versus fines). Related panel 
production information is summarized in Table 4-1. Two replicate OSB samples with 
nominal size of 76-mm (length) by 76-mm (width) by 12-mm (thickness) were prepared 
from each panel group. The samples were conditioned for several months at 25C and 
65% relative humidity prior to testing. Sample dimension and weight were measured to 
determine their volume and mean density. Density distribution through sample thickness 
was measured with an x-ray based densitometer for all samples. 

Table 4-1  Summary of Basic Sample Information 

Sample ID Panel Construction a Density b  (g/cm3) 

S07 0.73 

S08 
Face: 55%WFL 
Core: 45%WFL 0.70 

S09 0.69 

S10 
Face: 55%WFL 

Core: 10%WCM & 35%WFL 0.71 

S11 0.75 

S12 
Face: 55%WFL 

Core: 20%WCM & 25%WFL 0.73 

S13 0.64 

S14 
Face: 55%WFL 

Core: 30%WCM & 15%WFL 0.62 

S15 0.71 

S16 
Face: 55%WFL 
Core: 45%WCM 0.69 

a WFL – Wood face large (flake); and WCM – Wood core material. 
b Volume based on 6% moisture content. 
 

4.1.2.3 X-Ray Scanning and Image Analysis 

X-ray imaging of the OSB samples was done with 140 kV x-ray source. The 
system was calibrated according to the material properties and the size of the samples. It 
includes offset, gain, horizontal wire, vertical wire, and central ray and wedge calibration. 
This process is very important for obtaining good image in the scanning process. Due to 
the small density of OSB, lower x-ray source was used in the scanning. Eight slices were 
scanned in one rotation and the slice increment was about 0.5 mm. The average value of 
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eight shot at one position was used for following image reconstruction and analysis. For 
each sample, 24 slices was taken along the thickness direction with each slice 
representing about 0.5 mm thick of internal structure.    

The image set from each sample was used to create three dimensional 
visualization of its internal structure. The grey images obtained were first processed by 
removing the border of each slice which is the area between reconstruction area and 
actual sample area. The reconstruction was carried out using ImagePro, IDL and Voxel 
program package. The IDL program allows making section or block view from the 
reconstructed three dimensional images. It also has other options to make the three 
dimensional visualization more vivid and colorful. Several computer source code based 
on this software language (IDL) was written to carry out three dimensional 
reconstructions of the panel and the voids as well as some void quantification. 

4.1.2.4 Voids Identification and Quantification 

In the binary image, voids and wood flakes were assigned with different digital 
values according to the computerized density obtained from scanning process. Voids 
were identified from the structure by setting a proper threshold in binarized images based 
on histogram analysis. The total area assigned as voids were then calculated and the voids 
ratio was quantified using these image tools. The threshold value selection plays a critical 
role for this process. However, only the boundary pixels of voids are sensitive to the 
threshold adopted in the quantification. The number of such boundary pixels depended on 
the size and shape of the voids, i.e. the ratio between total boundary pixel and total voids 
area influences the accuracy of the voids quantification. This may explain some diversity 
observed in samples with different core size which generate different size of voids. Many 
ways can be used to increase the accuracy of the quantification. One is to assign these 
boundary pixels as voids at a proper ratio. 

The voids ratio distribution along the panel thickness was obtained from every 
slice. By measuring the void ratio for divided areas on each image slice, a voids 
distribution along the width and length direction can be created. Macros were made to 
carry out this calculation in image processing software package ImagePro and IDL, 
which can make contour plot of the pixel value. The total void ratio for a sample then was 
statistically summarized. Based on the binarized image, the three dimensional void 
structure of samples was created for visualization and characterization using IDL 
program. In this process, only voids data of each slice was filtered out and used to create 
the three dimensional visualization. From these three dimensional images, the general 
voids ratio magnitude can be visually characterized. The voids ration obtained for the 
samples are tabulated. 

4.1.3 Result and discussion 

4.1.3.1 Measured Void Distribution 

Typical gray images from x-ray scanning are shown in Figure 4-1. The images 
provide visualization of a section cut along the thickness. Voids (in dark color) are 
randomly distributed across the plane. There was a significant mix of large and small 
flakes in the images and flake boundaries are clearly seen.  Thus, the section cuts and 
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surface view show internal structure intensively without really cutting the samples. 
Three-dimensional panel reconstruction was done using color image slices with software 
package ImagePro and IDL for the given panels. The corresponding three dimensional 
voids structure constructed based on binary image obtained with a threshold value of 100 
is shown in Figure 4-2. The white areas in the individual binary image correspond to 
actual voids within the panel. 

             

Figure 4-1  Typical gray images from X-ray scanning with slice thickness of 0.5 mm 
(sample S15), Images show large wood strands (left) and small ones (right) 
from panel surface and core layers, respectively 
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Figure 4-2  Visualization of voids structure of a typical OSB sample from scanned 
images (sample S15) 

The void area and perimeter were measured using ImagePro and IDL for each 
slice for a given sample. The obtained void ratio distribution along the panel thickness 
with a threshold value of 100 is shown in Figure 4-3 for the selected samples. It can be 
seen that measured void ratios varied from sample to sample. The void value was high in 
the panel center and decreased toward panel surface. This trend agrees well with the 
through-thickness density variation of OSB. The measured void values decreased with 
increase in panel mean density (Figure 4-4) in rough linear fashion. 
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Figure 4-3  Void ratio distribution across panel thickness (Threshold value =100). 

Threshold Values:

0%

5%

10%

15%

20%

0.6 0.65 0.7 0.75 0.8

Sample Mean Density (g/cm3)

Vo
id

 R
at

io

100
120
140

 

Figure 4-4  Measured void ratio in relation with sample mean density and threshold 
level. 

Figure 4-5 shows the correlation between measured void ratio and layer density 
across the panel thickness (sample S09). Over a large density range, voids in OSB 
decreased exponentially with increase in density.  At high density levels, compression of 
wood itself under heat and pressure led to little change in the between-strand voids. At 
the low density levels, the voids increased rapidly as density was reduced. 
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Figure 4-5  Void ratio – mean density correlation along panel thickness at different 
threshold levels (Sample S09) 

4.1.3.2 Effect of Threshold Level 

The void ratios obtained from image processing depend on the selection of 
threshold value used (Figure 4-4 and Figure 4-5). At a given density level, measured void 
ratios increased with increase of the threshold value. Thus, for randomly distributed voids 
like these in OSB, defining the void boundary through properly thresholding the images 
had a large influence on actual void value. For all OSB samples, the general distribution 
trend of voids was the same. 

In order to eliminate the effect of the threshold value selection, the total pixel 
value, which is related to image density intensity, was related to the measured layer 
density for each sample. Figure 4-6 shows a typical plot between layer density and total 
pixel values for sample S15. Sample density is linearly related to the pixel value for all 
the samples. The relationship can be used to predict density variation based on measured 
pixel values for a given panel type.  
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Figure 4-6  Density and pixel value correlation (Sample S15) 

4.1.3.3 Predicted In-plane Density Distribution 

Figure 4-7 shows contour plots of in-plane pixel value (measured) and density 
(predicted) distributions (sample S15). The predicted density distribution was obtained 
using density-pixel value relationship established for the sample. Significant variability in 
both pixel value and density existed in OSB as shown in Figure 4-7. 

The generated density map can be used to relate localized physical and 
mechanical properties of the OSB. This allows forming finite element models using x-ray 
images as geometric model for a given panel for optimizing composite properties. 



 

27 

 

Pixel value Density (kg/m3)
100 ~ 150 500 ~ 700
150 ~ 200 700 ~ 900

> 200 > 900  

Figure 4-7  Contour plots of in-plane pixel value (left) and density (right) variations 
(sample S15) 
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4.1.4 Conclusions 

• X-ray scanning technology enables internal structure visualization and 
characterization of wood material. 

• Image processing technology enables phase’s identification and quantification 
(such as voids) in wood panel. 

• Density profile can be obtained from image analysis through density – void ratio 
(or pixel value) correlations. 

• This technique shows potential in other material with material density and 
orientation variance. 
 
 
 

4.2 The influence of in-plane density variation on engineering 
properties of oriented strandboard: a finite element simulation† 

4.2.1 Introduction 

The formation of OSB mat results in density randomness in the board due to 
random distribution of air voids. In general, the presence of voids in OSB reduces its 
elastic moduli and influences its dimensional stability. Therefore, the void structure of 
OSB is critical for its micro-mechanical modeling (Lenth and Kamke, 1996). 

Interest in predicting the performance of wood strand mats has led to research on 
effect of flake mat structure on panel properties. Suchsland (1962) investigated in-plane 
density variation and found that strand geometry affects the relative void volume in a 
mat. Suchsland and Xu (1989) developed a model to simulate in-plane density variation 
and found that it affects both internal bond and thickness swelling properties. Dai and 
Steiner (1994a; 1994b) developed a probability-based model for randomly packed, short-
fiber-type wood composites assuming that the structural properties are random variables 
following Poisson and exponential distributions. Lang and Wolcott (1996) developed a 
Monte Carlo simulation procedure to predict the number of strands in the centroid of 
imaginary strand columns, the vertical distance between adjacent strands and the position 
of the column centroid in relation to strand length based on data from laboratory 
assembled mats. Lenth and Kamke (1996) developed a method to quantify the void 
structure of a flakeboard mat by analyzing cross sectional void fraction, individual void 
geometry and distribution. 

As regard to the effect of void structure on OSB performance, resource is limited. 
Hunt and Suddarth (1974) developed a finite-element model to predict tensile and shear 
moduli of homogeneous flakeboard by assigning strand orientations with a distribution 
function without consideration of voids. Shaler (1986) developed a model based on the 
rule of mixture to predict elastic moduli of OSB varying densities, resin levels, strand 
orientations, and species composition. It was found that elastic modulus could be 
predicted reasonably well given the properly accounted void volume. However, strand 
alignment void geometry and distribution were not considered in the model. Lee and Wu 
                                                 
† Excerpt reprinted from Zhang, B. et al. (2005b). 



 

29 

(2003) developed a two-dimensional model based on continuum theory to predict 
engineering constants of void-free OSB with orthotropic strand properties, alignment, and 
panel shelling ratio for three-layer OSB. It was found that the laminate model is capable 
of predicting two-dimensional elastic moduli and linear expansion of OSB given the 
strand properties and strand alignment distributions.  The orthotropy of the constituent 
matrix in OSB considerately increases the complexity of the micro-mechanical analysis 
of the influence of void on engineering constants of OSB, and no such analysis is readily 
available. The analysis of voids in an orthotropic matrix can, however, base on a 
numerical solution of certain boundary-value problems. The finite-element method 
(FEM) has been proven suitable for determining the effective mechanical properties of 
composite materials with uniform void inclusions (Adams and Doner, 1967; 
Subramanian, 1993). Wu et al. (2003) developed a laminate model based on continuum 
theory and combined with FEM to predict the effect of voids on engineering constants of 
OSB. The elemental model shows large effect of in-bedded voids on the engineering 
constants OSB. It was concluded that FEM shows potential in prediction of elastic 
properties of OSB. Therefore, a new approach accounting for the important processing 
parameters, strands alignment and void distribution, is needed to advance current efforts 
in OSB characterization. The objective of this study was to simulate the effect of in-plane 
density variation on panel engineering constants and stress distributions for panels at 
various densities and flake alignment levels. 

The objective -- This paper is part of the effort building a model which reflects 
sample internal structure to calculate anisotropic engineering constants of OSB. 

4.2.2 Materials and method 

The engineering constants changes along with the variation of the mean density of 
OSB and the voids properties (Wu et al., 2003). Modeling the mechanical response of 
OSB with such variation of density and flake orientation in plane can obtain the 
equivalent material properties which are essential in design and construction. 

4.2.2.1 Panel Considered 

Single layer OSB panels were created to simulate the effect of density distribution 
and strand alignment levels on elastic modulus and stress distribution of OSB. The 
strands in the panel were assumed to be aligned in one major direction throughout the 
board thickness with alignment levels varying from 0, 20, 40, 60, to 80 percent. All 
panels were assumed to have a mean density of 0.7 g/cm3.  Density in the plane of the 
panel varied according to normal distributions (Figure 4-8) with four standard deviations 
(0–uniform and control, 0.07, 0.10, and 0.15 g/cm3). Thus, up to 21.4% density variation 
was introduced to the panel in simulating its effect on the OSB performance. 
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Figure 4-8  Density Distribution 

4.2.2.2 Finite Element Model 

A square panel with 30 cm edge and 1cm thick was modeled under uniaxial 
tensile and shear load at two major directions to obtain panel engineering properties. The 
model was meshed into 900 elements with three dimensional 8-node solid elements (type 
C3D8 in ABAQUS). The load and boundary conditions were specified in the model as 
the actual conditions for uniaxial tensile and shear tests (Figure 4-9). The deformations of 
the panel were used to calculate the orthotropic elastic properties of OSB including 
Young’s modulus, Poisson’s ratio, and shear modulus. The stress concentration resulted 
from heterogeneity of the panel was considered by assigning distributed material 
constants, which are dependent of variation of density, to different elements.  In the 
simulation, a unit stress was applied for tensile simulation and a unit force was applied 
for shear testing.  
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Figure 4-9  Boundary and Loading condition for the simulation test  

4.2.2.3 Elemental Material Properties 

The anisotropic material properties including Young’s modulus, Poisson’s ratio, 
and shear modulus (Table 4-2) were obtained based on density variations and flake 
alignment levels for a given panel type (Geimer, 1976; Lee and Wu, 2003; Wu et al., 
2003). Material constants for each element were generated based on its density value for 
a panel at a given alignment level. The orientation was expressed in term of percent 
alignment. It reflects average angle deviation from the reference angle, which is 45 
degrees to the principle alignment direction. 

 ( )[ ] %1004545.(%). ⋅−= θOF  (4-1)

where, θ  is the average absolute alignment angle of each panel based on measured 
angles (−90° to 90°). 

The material local coordinates were set as the global coordinate system. 
Anisotropic elastic material properties (E11, E22, E33, G12, G23, G31, ν12, ν 23, and ν 
31) were assigned to each element with a FORTRAN program in the format of ABAQUS 
input file. 
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Table 4-2  Elemental engineering constants of OSB 

Flake Orientation (%) Engineering 
Properties 0 20 40 60 80 

E1 (GPa) 
E2 (GPa) 
E3 (GPa) 

G12 (GPa) 
G13 (GPa) 
G23 (GPa) 

n12 
n13 
n23 

5.839 
5.827 
0.13 
2.33 
0.26 
0.12 
0.219 
1.70 
1.02 

7.258 
4.496 
0.13 
2.268 
0.26 
0.12 
0.272 
1.70 
1.02 

8.77 
3.16 
0.13 
2.12 
0.26 
0.12 
0.34 
1.70 
1.02 

10.361 
1.816 
0.13 
1.891 
0.26 
0.12 
0.479 
1.70 
1.02 

11.776 
0.454 
0.13 
1.586 
0.26 
0.12 
1.237 
1.70 
1.02 

 

4.2.2.4 Predicting Panel Engineering Constants 

Panel’s material constants calculated in this study are Young’s modulus, 
Poisson’s ratio and shear modulus. They were calculated based on the FEM simulation of 
tensile and shear testing (Figure 4-10). Simple tensile tests in each of the two 
perpendicular directions and shear tests along these two perpendicular directions were 
conducted to obtain translate and rotational displacements in both directions, which were 
used to calculate the material equivalent constants. The Young’s modulus and Poisson’s 
ratio were determined through tensile tests along the two major directions and shear 
modulus through shearing condition simulation. 

There were a total of 80 simulations for panels at one mean panel density with 
four density distributions. The results were used to establish the correlation of the 
material overall constants with the density variation in the panel plane.  

The material constants determined in this study were those in the plane of wood 
panel, i.e. in the 1 and 2 direction of the simulation model ( 211221122211 ,,,,, GGE E νν ). 
There were obtained through equations (4-2). 

 
 

L
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=ε  

ε
σ

=E  
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=G
 

(4-2)

where τσ ,,, LLΔ  were specified in Figure 4-10. 
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Figure 4-10   Simulated Tensile and Shear Tests 

There were two different mean densities used in the simulation. For every mean 
density level, there were three standard deviations for the density variation as well as one 
uniform density sample as a comparison. Totally 160 simulations were carried out in 
order to obtain the material constant. These results were used to establish the correlation 
of the material overall constants with the density variation in the panel plane. 

4.2.2.4.1 Predicting in-plane stress variation 

The in-plane stress variation was evaluated by calculating the stress concentration 
factor for each tensile stress simulation. Contour plots of in-plane stresses under tensile 
loading was made for each simulation condition and arranged according to the density 
distributions. The average stress was acquired for stress at the integration point of each 
element. The stress concentration factor was determined as the ratio of the stress at the 
integration point to the average stress. The maximum stress concentration factor for each 
simulation sample was obtained and studied against the variation of density deviation. 

4.2.2.4.2 Predicting out-of-plane stress variation 

Since the out-of-plane stresses have both positive and negative values, the out-of-
plane stress variation was analyzed by calculating the maximum differential of out-of-
plane stresses for in-plane stress situation instead of the stress concentration factor. 
Maximum and minimum out-of-plane stresses were identified for every simulation and 
the maximum stress differential was determined and plotted with respect of density 
variation. Contour plots of out-of-plane stresses were made for each simulation condition 
and arranged according to the density variation. 

4.2.3 Results and discussion 

4.2.3.1 Predicted Engineering Constants 

The overall performance of the OSB board in this study was assessed in term of 
modulus (material constants) and strength (stress concentration). The material constants 
obtained from the FEM simulation are tabulated in Table 4-3 according to the density 
standard variation and flake orientation. 
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The simulated results (Table 4-3) show that with the increase of strand orientation 
in one direction, Young’s moduli in that direction increase. And, a decrease of moduli 
occurs in the transverse direction (Figure 4-11). Poisson’s ratios follow the similar 
characteristics (Figure 4-12). Shear moduli all decrease with the increase of flake 
alignment level (Figure 4-13). Thus, strand alignment level has large effect on the elastic 
constants of single-layer OSB. At the  same flake orientation level, Young’s moduli, 
Poisson’s ratios, and shear moduli decrease slightly as the standard deviation of the 
density distribution increases (Figure 4-14 to Figure 4-16). This indicates that the overall 
panel elastic behavior may vary, but only slightly, with the density deviation at the same 
mean density level as long as there is no damage initiated in the board. However, the 
panel with large density deviation may incur high stress concentration which leads to 
early damage. 

Table 4-3  Predicted material constants (mean density =0.7 g/cm3) 

Dev. F.O.  
(%) 

E1 
(GPa) 

E2 
(GPa) v12 v21 G12 

(GPa) 
G21 

(GPa) 

0.00 

0 
20 
40 
60 
80 

5.84 
7.26 
8.77 
10.36 
11.77 

5.83 
4.50 
3.16 
1.82 
0.45 

0.22 
0.27 
0.34 
0.48 
1.24 

0.22 
0.17 
0.12 
0.08 
0.05 

0.21 
0.19 
0.17 
0.15 
0.10 

0.23 
0.23 
0.21 
0.18 
0.08 

0.07 

0 
20 
40 
60 
80 

5.83 
7.25 
8.66 
10.34 
11.75 

5.82 
4.49 
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Figure 4-11  Elastic Modulus vs. Flake Orientation at Various Density Deviation 
Levels 
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Figure 4-12  Poisson’s Ratio vs. Flake Orientation at Various Density Deviation Levels 
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Figure 4-13  Shear Modulus vs. Flake Orientation at Various Density Deviation Levels 
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Figure 4-14  Elastic modulus vs. density deviation at deferent density deviation levels 
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Figure 4-15  Poisson’s ratio vs. density deviation at different density deviation levels 
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Figure 4-16  Shear modulus vs. density deviation at different density deviation levels 
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4.2.3.2 Predicted In-Plane Stress Distribution 

The in-plane stress concentration factors were obtained based on the tensile tests 
with the change of the standard deviation of the density distribution and strand 
orientation. Results are tabulated in Table 4-4. The in-plane stress distributions are highly 
dependent on density variation. From the series of simulation results with various density 
deviations and flake alignment levels, it is observed (Figure 4-17) that the stress 
concentration factor increases with the increase of the standard deviation of the in-plane 
variation of the density of the OSB boards. However, at the same standard deviation 
level, the change of the stress concentration factor for different flake orientations was 
insignificant. This indicates that the density deviation of the OSB dominates the strength 
properties of the board and hence controls its quality. With additional density deviations 
in the simulation, the stress concentration factor vs. standard deviation curve for a given 
board type can be established. The information can be used to predict the strength 
properties of OSB based on quality control data or to set quality control target with the 
aimed strength expectation. From the previous study of the x-ray tomography and image 
analysis of OSB, the actual density deviation of the OSB can be obtained and used for 
such an analysis. 
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Table 4-4  Predicted In-plane Stress Concentration Factors at Different Density 
Deviation and Flake Orientation Levels 

Density 
Deviation 

Flake 
Orientation 

(%) 

s11 s22 

0.00 0 
20 
40 
60 
80 

1.00 
1.00 
1.00 
1.00 
1.00 

1.00 
1.00 
1.00 
1.00 
1.00 

0.07 0 
20 
40 
60 
80 

1.28 
1.27 
1.26 
1.26 
1.27 

1.26 
1.27 
1.27 
1.29 
1.41 

0.10 0 
20 
40 
60 
80 

1.42 
1.43 
1.43 
1.43 
1.45 

1.38 
1.38 
1.39 
1.40 
1.61 

0.15 0 
20 
40 
60 
80 

1.71 
1.71 
1.70 
1.70 
1.82 

1.63 
1.61 
1.60 
1.59 
1.92 
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Figure 4-17  Stress concentration factors at different density deviation levels 

4.2.3.3 Predicted out-Plane Stress Distribution 

With regard to the out-of-plane stresses (Figure 4-18), there is a trend showing 
clearly that the out-of-plane stress variation also increases with the increase of the in-
plane density deviation of the panel. This indicates that the out-of-plane stress 
concentration is also strongly affected by the in-plane density deviation. These stresses 
will contribute to early damage or separation between strand layers. This is especially 
significant under swelling conditions with large normal swelling stresses. The maximum 
out-of-plane stress differential plot (Figure 4-19) shows a clear trend of the effect of 
density variation on the out-of-plane stress variation for each flake alignment level. Thus, 
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the out-of-plane stresses varied significantly with the increase of the in-plane density 
deviation. 

      
(a)                                     (b) 

      
(c)                                    (d) 

 

Figure 4-18  Out-of-Plane Stress (Mean density = 0.7, POA = 0): (a) Uniform density; 
(b) Deviation = 0.07; (c) Deviation = 0.10; (d) Deviation = 0.15 
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Figure 4-19  Maximum stress differential of out-of-plane stresses at different density 
deviation levels 

4.2.4 Conclusions 

In-plane density variation in OSB is an inherent property due to randomness in 
mat forming. In this work, elastic properties and in-panel stress concentrations of single-
layer OSB under several density distributions and flake orientations were predicted using 
a finite element model. A FORTRAN program was written to automatically create the 
simulation model in ABAQUS for sets of material property input. It was found that the 
variation of in-plane density resulted in significant variation of localized stress 
concentrations both in and out-of-the-plane. The overall panel elastic behavior varied 
slightly with the density deviations at the same mean density level, as long as there is no 
damage initiated in the board. 

 

4.3 Characterization of engineering performance of oriented 
strandboard with combined computer tomography and finite 
element techniques 

4.3.1 Panel geometry model 

Three-layer OSB with different flake orientation and flake quality for face and 
core layers was considered (i.e., large wood flake versus fines). Related panel production 
information is summarized in Table 4-5. Two OSB samples with nominal size of 76-mm 
(length) by 76-mm (width) by 12-mm (thickness) were prepared from each panel group. 
Density distribution through sample thickness was measured with an x-ray based 
densitometer for all samples.  

Each sample was scanned with x-ray tomography imaging system to obtain 20 
cross-section images through sample thickness. Eight slices was scanned in one rotation 
and the slice increment was about 0.5 mm. The average value of eight shot at one 
position was used for following image reconstruction and analysis. For each sample, each 
slice represents about 0.5 mm thick of internal structure.  
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The layer division for each sample includes 5 slices for each of the two face 
layers and 10 slices for the core layer. From the analysis, pixel-value map for each layer 
was obtained. The correlation between layer mean density and pixel value was obtained 
for each sample. 

A four layer panel was formed by combining the outer five slices from each 
surface to form two face layers and combining and dividing the inner 10 slices to form 
two core layers with five slices for each layer (Figure 4-28). 

The pixel-value map for each layer in the four-layer panel was generated by 
combining measured pixel values at each corresponding position of individual slices 
forming the layer. 

2500 discrete pixel values were generated from the layer pixel-value map to 
represent the layer (Figure 4-20 and Figure 4-21). 

Local density corresponding to each pixel value was predicted using the pixel 
value –density correlation (Figure 4-22 and Figure 4-23). 

Elemental material properties were generated using regression models describing 
relationships among panel property, density, and fines content for the layer (Han and Wu 
Paper) (Figure 4-24 to Figure 4-27). 

4.3.2 Finite element model 

A model with totally 10000 elements for four layers was created to simulate each 
quarter of the testing sample. A 3-D 8-node element type was used in the modeling 
(Figure 4-28). Pixel variation for each layer of the panel was generated with IDL 
programming which can be read by FORTRAN program. A FORTRAN program was 
written to automatically import this information of pixel value variation and calculate 
elastic modulus based on pixel-density correlation and density-elastic modulus relation 
obtained from previous studies. It also generates ABAQUS input file and output request 
based on these information and intended test simulation. Considering the variation of 
material properties due considerable density variation of the OSB board, each element 
was assigned a set of material constants according to the local density obtained from 
image processing (described in detail in 4.1 at page 18). Orthotropic material properties 
were considered in this study and simulation. The loading and boundary conditions were 
set to be the same as real test conditions of uniaxial tensile test. They are illustrated in 
Figure 4-29.  

4.3.3 Results and discussion 

4.3.3.1 Legend of Contour Plot 

The pixel value ranges from 0 to 255 while density ranges from 0 to 100 and 
E1/E2 from 0 to over 30. However, in order to make the contour plot easy to read, the 
contoured lines were chosen at the medium value. For pixel value, 100, 150 and 200 were 
used. For density map, 600, 800 and 1000 were used. For material constants, E1 and E2, 
5, 10 and 15 was used based on the mean value of about 10 in the measurement. 

The legend of the contour plot is following the low, medium and high area as 
below: 
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4.3.3.2 Elemental Pixel-value and Density Distribution 

Typical pixel value map and corresponding density map (generated from data of 
panel S09 and S15) were shown in Figure 4-20 to Figure 4-21 and Figure 4-22 to Figure 
4-23, respectively. From the pixel map, it was observed that the pixel value distributes 
more uniform in surface layer than in core layers and generally pixel value in surface 
layer is larger than in core layers. The map pattern is also different between sample S09 
and sample S15. This may be due to the difference of fine levels. The fine level of S15 is 
100% and S09 is 22.2%. 

4.3.3.3 Engineering Property Variation 

The contour plots of elastic modulus across the panel plane were illustrated in 
Figure 4-24 to Figure 4-27. It can be observed from the graph that the face layer is 
generally stiffer than the core layer and the distribution of the elastic modulus is more 
uniform. Comparing S09 and S15, the elastic modulus of S15 is much more uniform than 
S09 which has smaller fine level. 

The predictions of E1 and E2 for all samples are plotted against measurement in 
Figure 4-32. Besides the existing variations the general trends of E1 and E2 agree with 
that of measurement. This implies that the proposed methodology may be used to 
evaluate the performance of OSB board. 

4.3.3.4 Predicted Stress Distributions 

Figure 4-30 and Figure 4-31 show deformed shape of sample S09 and S15 under 
uniaxial tensile loading. From the deformation data file, the Poisson’s ratio of the panel 
can be calculated. Typical stress contours from the simulation results were plotted in 
Figure 4-33 and Figure 4-34 for sample S09 and S15. For the tension test along axis 1, 
the stress in face layer is considerably larger than in the core layer due to the different 
stiffness of these two layers. 

The difference between the predicted and measured E2 may be due to the 
influence of the fiber orientation. Since the fiber orientation was mainly at the 1 direction, 
the modulus of the 2 direction will be considerably smaller than the situation there is no 
bias of the major fiber orientation.  

4.3.4 Conclusions 

A three-layer (two face layers and one core layer with different flake alignment 
level) FEM model was formulated to investigate performance of anisotropic wood 
composite based on the one-layer FEM study. The FEM geometry model was built based 
on X-ray tomography and image analysis reflecting the actual microstructure of the 



 

45 

testing samples to account for real density variation. Sample performance was 
characterized numerically with FEM simulation to conduct digital testing of wood 
composite material. 
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Table 4-5  Summary of Basic Sample Information and measured void ratios 

Sample Dimension  
Sample 

ID 

 
Panel 

Construction a 

 
Density b 
(g/cm3) 

Length
(cm) 

Width 
(cm) 

Thickness 
(cm) 

S07 0.73 7.61 7.76 1.12 

S08 

Face: 55%WFL 
Core: 45%WFL 0.70 7.77 7.56 1.18 

S09 0.69 7.79 7.54 1.15 

S10 

Face: 55%WFL 
Core: 

10%WCM & 
35%WFL 

 
0.71 7.59 7.78 1.18 

S11 0.75 7.78 7.59 1.18 

S12 

Face: 55%WFL 
Core: 

20%WCM & 
25%WFL 

 
0.73 7.79 7.57 1.18 

S13 0.64 7.74 7.51 1.12 

S14 

Face: 55%WFL 
Core: 

30%WCM & 
15%WFL 

 
0.62 7.77 7.50 1.16 

S15 0.71 7.56 7.78 1.19 

S16 

Face: 55%WFL 
Core: 

45%WCM 
0.69 

7.79 7.55 1.15 
 
a WFL – Wood face large (flake); and WCM – Wood core material. 
b Volume based on 6% moisture content. 
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Figure 4-20  Pixel value contour plot (S09) 
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Figure 4-21  Pixel value contour plot (S15) 
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Figure 4-22  Density contour plot (S09) 
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Figure 4-23  Density contour plot (S15) 
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Figure 4-24  E1 contour plot (S09) 
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Figure 4-25  E1 contour plot (S15) 
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Figure 4-26  E2 contour plot (S09) 
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Figure 4-27  E2 contour plot (S15) 
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Figure 4-28  Mesh of three-layer OSB simulation model 
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Figure 4-29  Boundary and loading condition of three-layer OSB simulation model 

Loading plate 
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Figure 4-30  Deformed shape (S09) 
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Figure 4-31  Deformed shape (S15) 
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Figure 4-32  Overall Elastic modulus from prediction and measurement 
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Figure 4-33  Stress distribution under uniaxial tension (S09) 
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Figure 4-34  Stress distribution under uniaxial tension (S15) 
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Chapter 5 Stress non-uniformity in indirect tensile test† 

5.1 Introduction 

Indirect Tensile (IDT) Test has been widely used to predict the fatigue 
performance of asphalt concrete. However the interpretation of the test is based on 
homogeneous elasticity. Historically the microstructure or the heterogeneity of the 
sample is not adequately reflected in detail for numerical simulation. 

Various material models have been introduced to predict the behavior of asphalt 
concrete under both monotonic loading and cyclic loading. Schapery (1984) introduced a 
model by replacing physical strains with pseudo strains so that a viscoelastic problem can 
be transformed into an elastic problem through the correspondence principle. Work 
potential theory (Schapery, 1990) was used in constitutive and evolution description 
based on pseudo stresses and strains. The change of stiffness of the material due to 
accumulative damage or healing was also taken into account. Both monotonic loading 
and cyclic loading were investigated using this theory (Park et al., 1996; Zhang et al., 
1997; Lee and Kim, 1998b; Lee and Kim, 1998a). Viscoplastic models were also 
introduced recently to describe the rate dependent plastic stress-strain relations of asphalt 
concrete. Collop et al (2003) implemented an elasto-viscoplastic constitutive model with 
damage for asphalt. It was formulated based on the generalized Burger’s model: an 
elastic element in series with a viscoelastic element (linear Voigt) and a viscoplastic 
element (nonlinear). A power law function was assumed for the viscoplastic strain rate-
stress relationship. Damage was accounted for by introducing parameters that modify the 
viscosity. Tashman et al (2005a) developed a microstructural viscoplastic continuum 
model for asphalt concrete. The viscoplastic strain rate was defined using Perzyna 
(1966a) flow rule and the linear Drucker-Prager yield function. The aggregate anisotropy 
was accounted for by introducing a microstructure tensor reflecting the orientation of 
non-spherical particles. Seibi et al (2001) used a Perzyna type viscoplastic constitutive 
model with isotropic hardening and Drucker-Prager yield criterion. Schwartz et al 
(Schwartz et al., 2002) developed a model based on the extended viscoplastic Schapery 
continuum damage model. The model compared favorably with experimental 
measurements and it was concluded that the assumption of time-temperature 
superposition is valid for both viscoelastic and viscoplastic strain responses. 

The literature indicates that asphalt concrete is controlled by viscoplastic response 
and dominated by plasticity that can be defined by Drucker-Prager criterion.  However, 
these continuum models are based on homogeneous material properties derived from 

                                                 
† Excerpt reprinted from Zhang, B. et al. (2006) "An Evaluation of the Stress Non-uniformity due 
to the Heterogeneity of AC in the Indirect Tensile Test", ASCE Geotechnical Special Publication 
No. 146, pp.29-43, with permission from ASCE. 
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various experimental data on representative volumes or specimens. The microstructure is 
not considered in these models. In this study, the x-ray tomography technology was used 
to obtain the internal microstructure of the specimens. Image analysis method was 
developed to translate the acquired gray images into binary images to reconstruct the 
three dimensional (3D) microstructure that reflect the geometric configuration of voids, 
aggregates, and binder of the asphalt concrete specimens. This method can effectively 
reflect the discontinuous distribution of stresses, which is critical for damage incurrence. 

This chapter compares the theoretical solution for the IDT test with Finite 
Element Method (FEM) simulations, and evaluates whether a parameter, the stress 
concentration factor (Wang, 2003) could capture the essential performance of asphalt 
concrete in terms of fatigue properties. 

5.2 Methods 

5.2.1 X-ray tomography imaging, analysis and microstructure model  

X-ray Tomography is a valid tool for quantifying the microstructure of asphalt 
concrete (Wang et al., 2001; Masad et al., 2002; Wang et al., 2004). In this study, the 
asphalt concrete sample was scanned using x-ray tomography to obtain a series of gray 
image slices that reflect density variation of the major constituents such as asphalt binder, 
aggregates and voids (Figure 5-1). Calibration was carried out according to the density of 
the material the size of the sample. It is very important to obtain good images in the 
scanning process so that accuracy can be established from the very beginning. When 
multiple slices are stacked together they created a 3D visualization of the internal 
structure of the specimen. Several computer codes, using IDL (Interactive Data 
Language), were written to carry out the 3D reconstruction and quantification (illustrated 
in Figure 5-2). Through image processing, the series of images were transformed into a 
3D data array that can be mapped into FEM elements. Voids and aggregates were 
identified by setting proper thresholds in the data array. The threshold values play a 
critical role in this process. The proper threshold value can be obtained through 
comparison between image measurements and the actual void content and/or aggregate 
volume fractions. After identification of the material components, proper material 
properties (such as elastic modulus and Poison’s ratio) can be assigned to the 
corresponding components. A FORTRAN program was written to automatically generate 
the simulation model to implement this methodology. Three constituents namely asphalt 
binder, aggregates and voids with different material properties were considered in the 
simulation to account for the different mechanical properties of them. With this method, 
only the binder is considered as a rate and temperature dependent material. Its 
characterization is simpler and requires much less time and effort. A statistical study with 
elastic material model for small strains was conducted here to study the relative effect of 
mix properties on the performance of asphalt concrete and validate whether the 
simulation method can capture the essential data to represent performance. 

5.2.2 Theoretical solution for indirect tensile test 

Due to the geometry of the specimen and the loading characteristics of IDT, the 
stress and strain in the specimen during loading are complicated. The simplified 
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theoretical solution for the plane stress condition along the horizontal and the vertical 
diameter is formulated as equations (5-1) and (5-2), respectively (Hondros, 1959a). 

Along the horizontal diameter: 
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(5-1)

Along the vertical diameter: 
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(5-2)

where P is the magnitude of the applied force, a is the width of the loading plate, L and R 
are the length and radius of the cylinder, respectively, and 11σ  and 22σ are the direct 
stresses in the horizontal and vertical directions, respectively. 

The 3D solution was formulated with a potential function by (Wijk, 1978). 
However, it is more complicated and is close to the plane stress solution. The influence of 
the loading plate stiffness and geometry is in the vicinity of the plate only (Zhang, 1997). 
For our case, the thickness of the model was very small. Therefore the above equations 
were used to draw the stress distribution of the specimen for the purpose of comparison. 

5.2.3 FEM model construction 

A FEM model geometry (Figure 5-3) was built to reflect the actual microstructure 
of specimens from the WesTrack project (Epps et al., 1997). By importing the three 
dimensional data obtained from image analysis and reconstruction, the elements 
representing aggregates and voids were grouped and separated from the elements 
representing binder or mastics. Element groups representing aggregates and asphalt 
binders were assigned different elastic material properties while the element group for 
voids was removed during the loading steps. In this study, all the non-voids components 
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were assigned elastic properties that may represent the behavior of the binder at low 
temperature and small loading magnitude. The result of the FEM simulation was 
compared with the analytical elastic solution to verify the accuracy of FEM simulation so 
that proper mesh size could be determined. Due to the large memory and disk space 
requirement of the simulation, all the images with 512×512 resolution were transformed 
into 100×100 resolution and the volume fractions of the constituents were maintained. In 
addition to stresses, strains, and displacements that result from the FEM simulation, the 
stress concentration factor (the ratio between the largest tensile stress and that of the 
elastic solution assuming homogeneity) was also computed.  The stress concentration 
factor is a comprehensive indicator of the rationality of the material structure.  

To validate these concepts, the three mixtures of the WesTrack project were 
evaluated using the procedure developed. In the WesTrack project, a single asphalt 
binder, PG 64-22, was used. There are three levels of aggregate gradation (fine, fine plus, 
and coarse) with single source of aggregates, three levels of asphalt content (%) (For fine 
and fine plus gradations: 4.7, 5.4 and 6.1, for coarse gradation: 5.0, 5.7 and 6.4), and 
three levels of air void content (4%, 8% and 12%). For the samples used in our study, the 
asphalt content is the optimum asphalt content determined with the Superpave 
Volumetric Design method (i.e. 5.4% for fine and fine plus mix and 5.7% for coarse 
mix).  The air voids content is 8%. The fine plus gradation is formed by add extra fines 
into the fine gradation. 

5.3 Results and discussions 

Due to the existence of aggregates and voids in the mixture, the stress distribution 
no longer follows that of either the theoretical elastic solution or the FEM solution 
assuming homogeneity of the material.  

The typical stress distributions along vertical and horizontal diameter for these 
three samples are plotted in Figure 5-4 through Figure 5-6. It can be seen that the coarse 
mix had the largest stress variations, followed by the fine plus mix and the fine mix. It 
should be noted that the performance of the mixes followed the same order (from poor to 
good).  

The analytical solution for the IDT test model used in the FEM simulation was 
calculated and illustrated in Figure 5-7. While assigning the same property for aggregate 
and asphalt binder, the two-constituent FEM model yields a solution that agrees well with 
the analytical elastic solution in the average sense.  

By comparing the stress distributions of the FEM simulations that include voids, 
aggregates and binder and those of the analytical solution, one can obtain the stress 
concentration factor conveniently. It is found that the fine mix sample had the least stress 
concentration while the coarse mix showed significantly larger stress concentration (See 
Figure 5-8). However, the stress concentrations are similar if voids were not removed, 
indicating the importance of void structure on the behavior of the mixture. The field 
performance indicates that the coarse mix had more fatigue cracking and it increases with 
the increase of the air voids (Kim et al., 2002). The significant stress concentration 
observed in this study for coarse mixes may be the cause of large fatigue stresses that 
initiated microcracking in the pavement. In the calculation of the average stress (needed 
for calculating the stress concentration factor), the stresses along the 20mm and the 80 
mm position (with a height of 60mm) were averaged to avoid the local effect in the 



 

65 

vicinity of the loading plate. The results are tabulated in Table 5-1. The result shows that 
the coarse mix has largest stress concentration that may lead to more fatigue cracking, 
which was observed in the field performance test.  

The simulations are for thin disks.  Generally, the stress distribution for all fine 
mix specimens (thin disks) is consistent.  The same is true for the coarse mix specimens 
and the fine plus mix specimens, indicating that thin disks may be used for simulations to 
reduce memory and time requirements. In order to verify the statistical consistency of the 
simulations, simulations for ten different pieces were performed for each mixture. The 
average stress and its standard deviations were collected for every simulation. The results 
(Table 5-2 to Table 5-4) show that for every sample (a mix), the consistency is good and 
therefore the solutions were distinguishable among the three mixtures of the WesTrack 
project. 

The variation of stress distribution due to the different ratios between the elastic 
modulus of aggregates and that of asphalt binder was also studied by comparing 
simulation results of samples with 1:1 ratio (aggregate modulus to binder or mastic 
modulus) up to 100:1 ratio. The results were plotted in Figure 5-9 for stresses along 
vertical and horizontal diameters respectively. It can be seen that large difference in 
constituent properties will lead to significant stress concentration even if there were no 
voids presented. This indicates that the relative stiffness between aggregates and the 
asphalt binder (or mastics) plays an important role in the mixture performance. It also 
implies that the damage may become more significant due to a softer binder or mastics. It 
should be noted that for the simulations with E ratio of 20:1 and 100:1, a more refined 
mesh might be needed to catch the accurate stress distribution and hence stress 
concentration. 

5.4 Conclusions 

This chapter presents the generation of microscopic simulation model for IDT test 
configuration. The simulative test renders non-uniform stress and strain responses in the 
testing sample comparing with analytical solutions based on homogeneity. In the study, 
an evaluation of the stress distribution with and without consideration of voids indicated 
that voids induce significant non-uniform stress distribution. The modeling includes 
segmented sample simulations with statistically acceptable consistencies. The stress 
concentration varies significantly with the void distribution and the relative stiffness 
between aggregate and binder. We suggest that the IDT test should be combined with 
FEM simulation to offer better interpretation of the test results. The stress concentration 
factor may serve as a good simple performance indicator. 
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Table 5-1   Stress concentration of the three WesTrack mixtures 

 
Mixtures Phases1 Average Maximum S.C.F.2 

2 0.0363 0.0658 1.81 
Fine 

3 0.0333 0.0728 2.18 

2 0.0337 0.0641 1.90 
Fine Plus 

3 0.0362 0.1985 5.48 

2 0.0313 0.0676 2.16 
Coarse 

3 0.0354 0.2144 6.05 

Theoretical solution 0.0364 0.0375 1.03 
 

1 2 phases: binder (with voids), aggregates 
  3 phases: aggregates, binder, voids 
2 Stress concentration factor 
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Table 5-2   Stress statistic study for the fine-mix sample 

 
before void removal  after void removal  

Segment 
Average Maximum S.C.F. Average Maximum S.C.F. 

1 0.03638 0.06577 1.81 0.03499 0.06840 1.95 

2 0.03591 0.04486 1.25 0.03108 0.04284 1.38 

3 0.03647 0.05088 1.40 0.03236 0.07280 2.25 

4 0.03738 0.06138 1.64 0.03077 0.05027 1.63 

5 0.03639 0.06064 1.67 0.02723 0.04643 1.71 

6 0.03715 0.05797 1.56 0.04224 0.07277 1.72 

7 0.03665 0.05287 1.44 0.03879 0.05836 1.50 

8 0.03590 0.06026 1.68 0.03510 0.06213 1.77 

9 0.03493 0.05057 1.45 0.02866 0.04429 1.55 

10 0.03576 0.06429 1.80 0.03200 0.05744 1.79 

STDEV 0.07% 0.68% 18.24% 0.46% 1.14% 24.61% 
 



 

68 

 

Table 5-3   Stress statistic study for the fine-plus mix sample 

 
Before void removal  After void removal  

Segment 
Average Maximum S.C.F. Average Maximum S.C.F. 

1 0.03519 0.05505 1.56 0.03931 0.07033 1.79 

2 0.03331 0.05491 1.65 0.01387 0.03542 2.55 

3 0.03452 0.05704 1.65 0.03694 0.08786 2.38 

4 0.03328 0.06415 1.93 0.04403 0.16453 3.74 

5 0.03161 0.05040 1.59 0.02370 0.12659 5.34 

6 0.03287 0.05068 1.54 0.04236 0.10995 2.60 

7 0.03365 0.05140 1.53 0.03826 0.19846 5.19 

8 0.03327 0.05574 1.68 0.04221 0.10105 2.39 

9 0.03532 0.05204 1.47 0.04277 0.12222 2.86 

10 0.03403 0.05656 1.66 0.03864 0.10459 2.71 

STDEV 0.11% 0.41% 12.51% 0.97% 4.58% 121.38%
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Table 5-4   Stress statistic study for coarse-mix sample 

 
before void removal  after void removal  

Segment 
Average Maximum S.C.F. Average Maximum S.C.F. 

1 0.03312 0.05041 1.52 0.04467 0.10635 2.38 

2 0.03398 0.06763 1.99 0.03856 0.18578 4.82 

3 0.03186 0.04622 1.45 0.02858 0.10865 3.80 

4 0.03352 0.05181 1.55 0.03000 0.09078 3.03 

5 0.03178 0.04507 1.42 0.02636 0.11865 4.50 

6 0.03021 0.05118 1.69 0.03716 0.16080 4.33 

7 0.02723 0.04594 1.69 0.04396 0.21444 4.88 

8 0.03121 0.05546 1.78 0.03292 0.13823 4.20 

9 0.03018 0.04060 1.35 0.03666 0.16088 4.39 

10 0.02968 0.05724 1.93 0.03563 0.12001 3.37 

STDEV 0.20% 0.77% 21.72% 0.61% 3.93% 81.57% 
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Figure 5-1   Gray image from x-ray scan 
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Figure 5-2   Three dimensional internal microstructure of a testing sample is 
reconstructed from series of x-ray tomography images. The phase 
configuration can be quantitatively determined with a data matrix that can 
be imported into finite element model. 
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Figure 5-3   Three dimensional FE model 
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Figure 5-4   Stresses distribution for the fine-mix sample 
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Figure 5-5   Stresses distribution for the fine-plus mix sample 
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Figure 5-6   Stresses distribution for coarse-mix sample 
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Figure 5-7   Stresses distribution along sample diameters (theoretical solution) 
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Figure 5-8   Stress concentration comparison  
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Figure 5-9   Stress distributions and stress concentration factors for different E ratios 
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Chapter 6 Viscoplastic parametric study of asphalt 
concrete 

6.1 Introduction 

Simple performance tests are used to characterize the viscoelastic material 
properties in pavement design. Indirect tensile test and dynamic modulus test are widely 
used to predict the mechanical properties of asphalt concrete in terms of resilient 
modulus, phase angle and dynamic modulus. In practice, the interpretation of the test is 
simplified using elasticity. For indirect tensile test, the simplified theoretical solutions for 
the plane stress condition along the horizontal and vertical diameters (Hondros, 1959b) 
are usually used to obtain stresses (Figure 6-1). This is mainly due to the complex 
geometry of the specimen and the difficulty of obtaining a theoretical solution for a 
viscoplastic material. For dynamic modulus test, uniaxial loading with uniform stress 
distribution is assumed to calculate stresses and strains in the sample. However, these 
will cause difficulties in understanding the fundamentals of material behavior. 

Asphalt concrete mixture shows temperature and time dependency under loading. 
Viscoelastic (Schapery, 1984; 1990; Park et al., 1996; Zhang et al., 1997; Lee and Kim, 
1998a) and viscoplastic (Perzyna, 1966a; Seibi et al., 2001; Schwartz et al., 2002; Collop 
et al., 2003; Tashman et al., 2005a) material models were introduced into study of asphalt 
concrete mixture. Besides these models based on strain decomposition, Kichenin et al 
(1996) proposed a model with two-dissipative mechanisms, associating an elastic-viscous 
and an elastoplastic model in parallel. This stress overlay based model reflects the stress 
transfer between the two mechanisms and is suitable to describe materials consisting of 
multiple constituents. However, these continuum mechanics models have difficulties to 
capture the material behavior due to phase variations of different mix designs.  

X-ray imaging based digital test was developed to take into account this material 
heterogeneity and stress nonuniformity (Zhang et al., 2006). In order to study the 
viscoplastic material characteristics of asphalt mixture, a two-layer viscoplastic model 
was used to characterize the mixture behavior, serving as the basis for the numerical 
performance test. A macroscopic parametric study was conducted to obtain the sensitivity 
of each parameter to the deformation response of the sample. Finally, microscopic 
models for indirect tensile test and dynamic modulus test were built considering the 
viscous behavior of the asphalt binder or mastics and the phase configuration of the 
asphalt concrete mixture to build realistic digital specimen and digital tests that enables 
the characterization of mixture properties as well as properties of individual material. 

In order to study the viscoplastic material characteristics of asphalt mixture, a 
two-layer viscoplastic model was used to characterize the mixture behavior, serving as 
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the basis for the numerical performance test. A macroscopic parametric study was 
conducted to obtain the sensitivity of each parameter to the deformation response of the 
sample. The sensitivity analysis will serve as a guide to calibrate the material model so 
that the simulation results can be matched with the actual test results. Finally, 
microscopic models for indirect tensile test and dynamic modulus test were built 
considering the viscous behavior of the asphalt binder or mastics and the phase 
configuration of the asphalt concrete mixture. 

6.2 Theoretical elastic Solution 

According to the simplified theoretical solution for the plane stress condition 
(Hondros, 1959b) along the horizontal and the vertical diameter, The stress distributions 
along the vertical and horizontal diameters are independent on material properties and 
they are plotted in Figure 6-1. 
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Figure 6-1  Elastic solution of stresses for IDT test 

Based on the stresses obtained from this solution and the strains from the 
deformation measurement of the indirect tensile test (SHRP, 1993), the elastic modulus 
and Poisson’s ratio can be derived. Zhang et al. (1997) extended the elastic solution to 
viscoelastic one and used the indirect tensile test to characterize viscoelastic material 
parameters. However, the viscoelastic solution still didn’t account for the plastic 
contribution on the total strain response and only used the instantaneous and the 
recoverable part of the test results. In this part, the whole response of the testing will be 
used to characterize the viscoplastic material properties. 

6.3 Macroscopic study – viscoplastic simulation 

6.3.1 Finite element model 

Macroscopic finite element models were built to simulate the indirect tensile test 
and dynamic modulus test. 
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6.3.1.1 Indirect tensile test 

Finite element geometry models were built to reflect the actual displacement and 
traction boundary of the specimen. Due to the symmetrical geometry of the whole 
specimen, only a quarter of the sample was modeled with proper boundary conditions 
(Figure 6-2). The location of the displacement measurement point was determined 
according to actual testing configurations for a sample of six inch diameter. 

In the actual indirect tensile test, the boundary is applied by loading strips. Since 
the modeling of loading strips will involve contact problems, which is very time-
consuming in the simulation of repeated loading, the numerical model uses distributed 
traction force to represent the loading. This will have minimal effect on the results for 
homogeneous sample. At the symmetric axel, a roller support boundary is applied to each 
node (Figure 6-2). 

Displacement Measuring point

 

Figure 6-2  Geometry model of simulation IDT test 

The loads are modeled as distributed boundary traction with repeated haversine 
pulse on a width of 3/8 inch for the entire thickness of the sample. The load amplitude 
and frequency were set to be the same magnitude and frequency as in the actual testing 
procedure (Figure 6-3). 
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Figure 6-3  Indirect tensile test pulse loading 
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6.3.1.2 Dynamic modulus test 

The simulation model of the dynamic modulus test is shown in Figure 6-4. Due to 
the axisymmetric configuration of the macroscopic model, a four node bilinear 
axisymmetric solid element with reduced integration and hourglass control was used.  
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Figure 6-4  Finite element model for dynamic modulus test 

Similar to the indirect tensile test, the surface traction was used as loading instead 
of loading plate to avoid the involvement of contact problem. The loads are modeled as 
distributed boundary traction with sinusoidal repetition (Figure 6-5) on the top edge of 
the sample. 
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Figure 6-5  Dynamic modulus test sinusoidal loading 

For both numerical tests, the accumulative deformation histories of the repeated 
loading simulation were recorded against loading time. 

 

6.3.2 Material model 

The stress overlay based two layer viscoplastic model (ABAQUS, 1995) was used 
to describe the constitutive relationship of the asphalt concrete mixture in the 
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macroscopic study and asphalt binder only in the microscopic study. The concept of this 
parallel network model is illustrated in Figure 6-6. 
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Figure 6-6  Two layer viscoplastic model 

The total stress and strain in the networks can be expressed as in equations (6-1). 
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where subscript VE represents the viscoelastic network and EP represents the elastoplastic 
network, f is the stiffness ratio of the viscoelastic network and is expressed as equation 
(6-2). 
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where K is the instantaneous modulus. The von Mises type plasticity was used in the 
elastoplastic component. The flow rule is expressed in equations (6-3). The strain 
hardening type creep law was used. It is expressed as in equations (6-4). 
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where crε&  is the uniaxial equivalent creep strain rate, crε is the uniaxial equivalent creep 
strain, ijS  is the deviatoric stress tensor, q  is the uniaxial equivalent deviatoric stress, 
and A, n, m are material constants. 

E, ν, f

k or α

A, n, m 
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There are seven parameters need to be calibrated. They are: elastic modulus E, 
Poisson’s ratio ν, modulus ratio f, viscous parameters A, m, n, and the initial yield stress 
σyp. 

6.3.3 Numerical experiment 

The simulation was conducted on the supercomputer at the high performance 
computing facility at Virginia Tech. The Inferno2 computing system uses parallel 
computing technology that provides high speed as well as large disk space and memory. 

Simulations of the indirect tensile test have been done using the model in 
ABAQUS with the repeated half sine pulse loading and the accumulative deformation is 
obtained for each time increment. This historic deformation pattern will later be used 
together with the experimental counterpart to carry out parameter calibration. 

The stress distributions along diameters are plotted in Figure 6-7. The stress 
distribution is almost the same for the elastic solution and the viscoplastic simulation. 
However, the total displacement is apparently different. Figure 6-8 shows the vertical 
displacement recorded along the vertical diameters for the elastic solution and the 
viscoplastic simulation. The total displacement response of the sample will be used to 
calculate the material parameters for the elastic, viscous and plastic components. 
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Figure 6-7  Stress distributions for elastic and viscoplastic solutions 
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Figure 6-8  Displacement for elastic and viscoplastic solutions 

6.3.4 Physical experiment 

Some results of indirect tensile tests and dynamic modulus tests conducted in 
Virginia Tech Transportation Institute were used to compare with the simulation results. 
In the indirect tensile test, a controlled stress was applied and deformations along both 
the vertical diameter and the horizontal diameter were measured and recorded as 
historical outputs. These deformations were measured at the center sections of both 
diameters with the sector length of 0.25D (D is the diameter of the sample). The setup of 
the test is illustrated in Figure 6-9. However, the test only recorded final part of the 
cumulative data, which made it difficult to use to characterize the model parameters. Due 
to this reason, the results of dynamic modulus test were used instead. 

The test setting up for the dynamic modulus test is also illustrated in Figure 6-9. 
Measurement points are located four inches apart along the sample and three sets of them 
are mounted on each sample. Test results at 5°C and 40°C were used to back calculate 
material parameters for three-dimensional (3D) stress condition. 

1.5"

6" Diameter

1.5"

3/4"
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Figure 6-9  Illustration of setting ups for indirect tensile test and dynamic modulus test 
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For the mixture used in the comparison, the asphalt binder used is PG 64-22 with 
the asphalt content of 4.93%. The void in total mix is 6.5% and the aggregate gradation is 
shown in Table 6-1. The specific gravity of the sample is 2.458. 

Table 6-1  Aggregate gradation for the sample used in the comparison 

Sieve opening (mm) % passing  

12.5 96.6 

9.5 88.6 

4.75 55.6 

2.36 37.3 

1.18 27.6 

0.6 19.2 

0.3 10.8 

0.15 6.7 

0.075 4.9 
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6.3.5 Parameter back calculation 

The parameters of the material model were obtained by back calculation using the 
simulation results and the testing data. The concept is to obtain a set of parameters that 
render closest deformation profile to the testing results (illustrated in Figure 6-10). In this 
study, the objective function is taken as equation (6-5). 
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where N is the number of time points for the deformation history, p
i

m
i δδ ,  are measured 

and predicted final deflection values respectively. The instantaneous response was used 
to estimate the elastic modulus and the stiffness ratio between the two mechanisms. 
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Figure 6-10  Illustration of the process of parameter adjustment 

A sensitivity analysis for each independent material parameter was conducted 
before the optimization. The sensitivity is an input of the estimation process. The 
following steps were taken in the calibration procedure. 

First, initial simulation profile was obtained with a set of parameters that are 
typical values for asphalt concrete mixture. Second, sensitivity analysis of each parameter 
was conducted to find the effect of each parameter to the simulation results. Finally, 
series of simulations were carried out to obtain the set of parameters leading to the 
minimization of the objective function. 

6.3.5.1 Sensitivity analysis 

There are seven parameters in the two layer viscoplastic model used in this study. 
However, in order to simplify the procedure, some of the parameters that have less 
sensitivity were fixed at typical values. Poisson’s ratio is taken as 0.3 for both networks 
and linear hardening was assumed for the elastoplastic network. This reduces the number 
of parameters to six.  

For the indirect tensile test, the elastic modulus and the stiffness ratio of the 
viscous part can be obtained from the instantaneous response of the deformation profile. 
The effect of each parameter on the deformation profile is plotted in Figure 6-11 through 
Figure 6-16. The effect of each parameter on the final deformation is plotted in Figure 
6-17 and the percentage change of the deformation caused by 10% change of each 
individual parameter is calculated and listed in Table 6-2. The elastic modulus and the 
stiffness ratio not only affect the instantaneous part of the response, but also the 
permanent deformation. They should be adjusted with the long term response profile. 
Other parameters mainly affect the plastic part of the response. Among them, the 
parameter A, m and σyp have major effects on the permanent deformation profile. 
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Figure 6-11  Sensitivity of parameter m on the deformation profile in IDT simulation 
with haversine pulse loading 
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Figure 6-12  Sensitivity of parameter A on the deformation profile in IDT simulation 
with haversine pulse loading 
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Figure 6-13  Sensitivity of parameter E on the deformation profile in IDT simulation 
with haversine pulse loading 
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Figure 6-14  Sensitivity of parameter f on the deformation profile in IDT simulation 
with haversine pulse loading 
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Figure 6-15  Sensitivity of parameter σyp on the deformation profile in IDT simulation 
with haversine pulse loading 
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Figure 6-16  Sensitivity of parameter n on the deformation profile in IDT simulation 
with haversine pulse loading 
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Figure 6-17  Parameter sensitivity to deformation profile 
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Table 6-2  Percentage change of deformation caused by 10% change of parameters 

Model Parameters Initial Values Average Percentage Change of 
deformation from 10%  

E (MPa) 6000 1.06% 

ν 0.35  

σyp (MPa) 0.08 0.04% 

A 0.005 9.76% 

f 0.55 0.28% 

m -0.2 3.41% 

n 0.6 3.60% 
 
The sensitivity study is also performed with the macroscopic simulation model for 

the dynamic modulus test configuration. The sensitivity of each parameter to the 
deformation profile is recorded and presented in Figure 6-18 to Figure 6-21. The effect of 
each parameter on the final deformation is plotted in Figure 6-22. It can be seen that all 
the viscous and plastic part parameters only affects the permanent deformation profiles, 
i.e. the general trend of the curve, except for parameter f, which is the ratio of the elastic 
stiffness for the two mechanism networks. It affects the instantaneous response of the 
simulation through setting the relative stiffness between the two networks. 
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Figure 6-18  Sensitivity of parameter f on the deformation profile in dynamic modulus 
test simulation with haversine pulse loading 
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Figure 6-19  Sensitivity of parameter n on the deformation profile in dynamic modulus 
test simulation with haversine pulse loading 
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Figure 6-20  Sensitivity of parameter A on the deformation profile in dynamic modulus 
test simulation with haversine pulse loading 
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Figure 6-21  Sensitivity of parameter m on the deformation profile in dynamic modulus 
test simulation with haversine pulse loading 
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Figure 6-22  Parameter sensitivity to deformation profile in dynamic modulus 
simulation, the deformation is for permanent value after 10 cycles 
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6.3.5.2 Parameter back calculation 

The simulation deformation profile and the actual testing records are usually in 
the manner as Figure 6-10 or Figure 6-23 and Figure 6-24. The material parameters were 
adjusted following the back calculation process based on the sensitivity analysis results. 
The optimized parameters for dynamic modulus testing results are listed in Table 6-3. By 
using these optimized parameters in the material model, the simulation results and the 
testing results are plotted together against time in Figure 6-23 and Figure 6-24. The 
temperatures of the testing are 5°C and 40°C, respectively. 

Table 6-3  Optimized material parameters used simulation 

Parameters 5°C 40°C 

E (N/mm2) 30,000 4,100 
ν   0.3 0.35 

yσ  (N/mm2) 0.08 0.08 

uσ  (N/mm2) 0.8 0.8 

uε   0.6 0.6 

A  1.0E-06 4.0E-05 

n  0.8 0.8 

m  -0.2 -0.2 

f  0.85 0.85 
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Figure 6-23  Simulation and experimental result at 5°C for macroscopic dynamic 
modulus testing, an actual test with 1Hz frequency was used  
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Figure 6-24  Simulation and experimental result at 40°C for macroscopic dynamic 
modulus testing, an actual test with 1Hz frequency was used. 

Furthermore, from both deformation and loading profiles, we can get dynamic 
modulus and phase angle for a specified mixture. Figure 6-25 shows the steady state 
deformation and loading profiles with variation of the value of parameter m. It can be 
observed from deformation curves in the sensitivity study for all parameters that the 
magnitude of the curve remains almost the same while the profile trends have significant 
changes. This may imply that only parameters of the elastic part will considerably affect 
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the estimation of the dynamic modulus while those of viscous and plastic parts have 
major effect on the phase angle. 
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Figure 6-25  Steady state deformation profiles for parameter m (-1.0 < f < 0), plot 
shows both load and deformation profiles than can be used to obtain the 
dynamic modulus 

Figure 6-26 to Figure 6-29 show the effects of parameters A, m, n and f on the 
phase angle. Among them, parameter A has the largest effect. 
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Figure 6-26  Effect of parameter m on the phase angle for numerical dynamic modulus 
test 
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Figure 6-27  Effect of parameter A on the phase angle for numerical dynamic modulus 
test 



 

100 

0
0.002
0.004
0.006
0.008
0.01

0.012
0.014
0.016
0.018
0.02

0 0.2 0.4 0.6 0.8 1
Time (s)

D
ef

or
m

at
io

n 
(m

m
)

0

0.05

0.1

0.15

0.2

0.25

Lo
ad

 (M
Pa

)

Deform, n=0.8
Deform, n=0.6
Deform, n=0.4
Load

3.0
3.2
3.4
3.6
3.8
4.0
4.2
4.4
4.6
4.8
5.0

0.2 0.4 0.6 0.8 1
n

Ph
as

e 
an

gl
e 

(d
eg

)

 

Figure 6-28  Effect of parameter n on the phase angle for numerical dynamic modulus 
test 
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Figure 6-29  Effect of parameter f on the phase angle for numerical dynamic modulus 
test 

Although the graphs (Figure 6-23 and Figure 6-24) show that the model was 
calibrated to simulate the sample responses very well, it should be noted that for different 
mixes or different samples, i.e. for samples with different microstructure configurations, 
the material parameters should be calibrated again. Nevertheless, the model can not take 
into account the microstructure of samples explicitly. In order to study the effect of phase 
variation on the sample response, which is very important (Zhang et al., 2006), the 
microstructure of sample should be incorporated in the digitalized model. 

6.4 Microscopic study 

Three dimensional microscopic models were built for the indirect tensile test and 
dynamic modulus test considering phase variation of different mixtures to achieve the 
final stage of the overall development: the digital specimen and the digital test 
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functionality. The microstructural information is from the x-ray scanning of the real 
sample. Linear elastic material model is used for aggregates while the two layer 
viscoplastic material model is used for asphalt binder. The voids are removed before the 
application of the repeated loading. The loading is applied through the form of boundary 
traction. The displacement of the loading point is monitored and the displacement history 
is recorded along with the loading history. 

Due to computing time and the limitation of the computer memory and disk 
space, especially for repeated loading simulation with viscoplastic material model, all the 
images with original 512×512 resolution were re-digitalized before the building of the 
finite element model. This is done by maintaining the volume fractions of both the voids 
and aggregates during the conversion. A FORTRAN program was developed to 
automatically carry out the conversion of the microstructure and the generation of the 
finite element model (Figure 6-30). 

 

 

Figure 6-30  Microscopic finite element model for the indirect tensile test 

In order to validate these concepts, mixtures from the WesTrack project were 
numerically tested with the procedure developed in details in Chapter 4 and Chapter 5. 
Three mixtures were subjected to sinusoidal loading with the same pattern and magnitude 
so that we can obtain comparable deformation responses for different mixtures. The 
results plotted in Figure 6-31 indicate the different strain responses for different mixtures 
with the same material properties for each component. The graph shows the deformation 
history of the three mixes mentioned before. The fine-plus mix, as expected, 
demonstrated larger deformation than the fine mix. However, the coarse mix experienced 
less deformation than the fine plus mixture. This may be due to the selection of material 
parameters and the interpretation of the phases from scanning images based on volume 
fractions. The loss of accuracy when converting images from high resolution to low 
resolution was minimized by keeping consistent phase fractions. Meanwhile, three levels 
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of re-digitalization are conducted and numerically tested with the same material model 
and same set of material parameters. The simulation of ten loading cycles with the same 
sample size and loading pattern were obtained (Figure 6-32). 
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Figure 6-31  Microscopic numerical testing of samples from WesTrack mixtures 

Image resolutions:

0

0.0002

0.0004

0.0006

0.0008

0 0.2 0.4 0.6 0.8 1
Time (s)

D
is

pl
ac

em
en

t (
m

m
)

32 48 80

 

Figure 6-32  Displacement profile for mesh size 5mm, 3mm, and 2mm 

The parameters can be calibrated using the back-calculation method following the 
same approach as in the macroscopic study illustrated previously. As for the time history, 
we can expect that the difference of the deformation for these three mixes increases with 
the increase of the loading cycles. This shows the importance of the sample 
microstructure when dealing with large number of cycles of repeated loading which is the 
real situation of asphalt pavement.  
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The dynamic modulus test of the same sample can be achieved by changing the 
traction boundary conditions. A uniaxial loading will be applied along the main axis of 
the sample instead of its diametrical axis. Due to the lack of microstructural and 
mechanical experiment data, the further study will be conducted in future. Instead, small 
samples will be study in next chapters. 

6.5 Conclusions 

This chapter presents the macroscopic study with viscoplastic material model. 
Material parameters were obtained through back calculation, which includes a detailed 
sensitivity study. This forms the basis of model back calculation for microscopic study 
involving sample microstructure. The simulation model includes methodology 
development with elastic and viscoplastic material models for aggregates and asphalt 
binder, respectively. By using a rate dependent material model for asphalt binder, this 
method rendered qualitatively realistic simulation of the response of the asphalt mixture 
comparing with the experimental results.  

It was found from the statistic microscopic study that the mesh size affects the 
simulation results in terms of elastic stiffness of the deformation response. Generally, a 
coarse mesh will lead to a stiff deformation response. However, due to the effects of 
microstructure of the sample, softening may be observed with the configuration of voids 
and aggregates. In the sense of engineering estimation, the resolution change may cause 
minimal effects on the material parameter estimation as long as we use a mesh size small 
enough to capture the phase configuration (i.e. voids volume fraction and aggregates 
volume fraction) and we keep them unchanged during resolution transformation. This 
means that detailed asperity may not affect the response significantly. 

The microscopic model enables study of effects of phase configuration on the 
mixture performance and calibration of material models independently on phase 
configurations. This leads to large advantages in both the model calibration and 
performance evaluation. 

Future work will be focused on parameter estimation using this back calculation 
based on the simulation results, testing data and sensitivity analysis. Specifically, 
simulation and physical test will be carried out on small samples with different aggregate 
contents. Then, the viscoplastic model for asphalt binder can be further refined and will 
be used to conduct other testing simulation with the microstructure of the mixture.  
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Chapter 7 Small sample testing and simulation 

7.1 Introduction 

The combination of x-ray tomography imaging and finite element simulation 
provides an alternative for material characterization and a profound understanding of the 
behavior of composite materials (Wang et al., 2001; Zhang et al., 2005b; 2005a; Zhang et 
al., 2006). In previous chapters, methods were developed to link the material response to 
the sample microstructure, which was characterized through x-ray tomography imaging. 
Programs were developed enabling the mapping of real microstructure into finite element 
simulation model. The back calculation based on the sensitivity analysis of material 
parameters were also carried out in a macroscopic statistic manner. The simulation 
successfully captured material performance qualitatively for different composite 
configurations, e.g. layered wood panels or asphalt mixtures with different aggregate 
gradations and void volume fractions. 

In order to further verify the algorithms and procedures with laboratory test, small 
asphalt concrete samples that can be scanned with a microtomographic scanner were 
prepared with different aggregate volume fractions. The purpose of the experiment is to 
study the effect of aggregate volume fraction on the behavior of the sample and to further 
develop the concept and verify the algorithm and method developed in the 
characterization of composite materials. 

X-ray microtomographic scanner was used in this study to obtain the 
microstructure of small asphalt samples and the incorporated testing stage was used to 
conduct uniaxial compressive test. The dimensions of the small sample were carefully 
determined to accommodate both the penetrating capability of the scanner and the 
loading and deformation limits of the testing stage. Due to these limitations, only small 
samples were prepared, scanned, and tested under a simple loading pattern for the 
verification purpose. 

7.2 Methods 

7.2.1 Testing sample design and preparation 

Totally eight samples were prepared in the asphalt laboratory of Virginia Tech 
Transportation Institute. The major variation factor of these samples is aggregate volume 
fraction. 



 

106 

7.2.1.1 Sample design 

Sample size is designed according to x-ray energy and the testing chamber size. 
All samples are cylinders with 6mm diameter and 9mm height (Figure 7-1). 

 6 mm 

9 mm 

 

Figure 7-1  Testing sample geometry 

Samples were designed with three levels of aggregate volume fraction that ranges 
from 5% to 50% (shown in Table 7-1). Samples with pure binder were also made. They 
were tested under uniaxial compression to obtain material properties of asphalt binder. 
The actual aggregate volume fractions may be different with the designed values due to 
the presence of voids, which are difficult to control for this kind of small samples, 
especially for samples with higher aggregate volume fraction. In this case, the actual 
volume fractions of aggregates and voids will be quantified through 3-D image analysis 
following the concept described in Chapter 4 and 5. 

Table 7-1  Testing sample designation 

Serial No. Descriptions Binder Aggregates Numbers 

1a 1 

1b 

Pure binder, 
without aggregates PG64-22 None 

1 

2a 1 

2b 
with aggregates PG64-22 5% 

1 

3a 1 

3b 
with aggregates PG64-22 25% 

1 

4a 1 

4b 
with aggregates PG64-22 50% 

1 
 
The size of aggregates will be the same for all sample groups and the only 

variation will be the total volume fraction of aggregates. Aggregates passing No.16 sieve 
and remaining on No.30 (i.e. 0.6 ~ 1.18mm) were used. The minimum asphalt content is 
in the samples with maximum aggregate volume fraction. 
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7.2.1.2 Sample preparation 

All samples were prepared in VTTI asphalt laboratory. The process includes 
mould preparation, mixture design and sample preparation. 

7.2.1.2.1 Mould preparation 

An aluminum mould was designed to make batch samples. Demould device and 
releasing agent were used to ensure the shape of the sample during demoulding. The 
sketch of the mould design is illustrated in Figure 7-2. All small samples are made longer 
than the design length and were cut to the required length before scanning and testing. 

7.2.1.2.2 Mixture design  

Mixtures were made by controlling the weight of each component proportionally. 
The weight of each component was estimated from the targeted volume fractions of 
aggregates, i.e. 5%, 25% and 50 %. The calculation results are tabulated in Table 7-2 and 
Table 7-3. 
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Figure 7-2 Mould design 
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Table 7-2  Weight of aggregates and binder for the sample size 

Diameter Height Volume Specific Weight 
Material 

(mm) (mm) (mm3) Gravity (g) 

Aggregate 6 9 254 2.67 0.68 

Asphalt 6 9 254 1.02 0.26 
 

Table 7-3  Weight of aggregates and binder for different volume fractions 

Volume fraction (%) 100 50 25 5 

Aggregates 0.68 0.34 0.17 0.034 
Weight (g) 

Asphalt 0.0 0.13 0.20 0.25 
 

7.2.1.2.3 Sample preparation 

Asphalt binder was heated in the oven until melt and was poured into a small 
container with pre-calculated weight. Aggregates with proportional weight, shown in 
Table 7-3, were then added into the container with the weighted binder. The container 
may need to be put into the oven again during mixing. The mixture was put into the 
mould quickly before it cools down. Reheat is needed if the mixture hardens before being 
put into the mould. During this process, the sample was compacted with a stick in order 
to meet the designed volume fraction. 

After being released from the mould, the sample was cut into 6mm length with a 
heated knife. Sample dimensions were measured with a microcalliper and the average 
value of each sample is listed in Table 7-4. Samples were put into refrigerator to maintain 
their shape and dimension before test. However, it takes time to put them into the testing 
stage before test, so the final dimension of the sample will be measured with on-screen 
imaging tools just before the starting of each test. 
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Table 7-4 Sample dimensions 

Samples Diameter Height 

a 6.05 9.16 
Sample 1 

b 6.12 9.00 

a 6.34 9.53 
Sample 2 

b 6.19 9.10 

a 5.84 9.08 
Sample 3 

b 6.03  8.80 

a 6.24 9.40 
Sample 4 

b 5.73 8.65 
 

7.2.2 Sample scanning and testing 

SkyScan microtomographic system and testing stage (SKYSCAN, 2006) were 
used in this study to obtain the microstructure of small samples and to conduct uniaxial 
compressive test. 

7.2.2.1 System specifications 

7.2.2.1.1 X-ray CT scanner specifications 

• X-ray source: 20-50 kV with 40 W maximum power, filter holder is optional for 
energy selection and source filtration 

• Detector: 1.3 MP CCD that is coupled to scintillator by lens with 1:6 zoom range 
• Spatial resolution: 6 to 30 µm pixel size with approximately 10 µm low-contract 

resolution 
• Sample size: 5 to 30 mm in diameter, 50 mm in length 
• Reconstruction: volumetric reconstruction with Feldkamp algorithm (Feldkamp et 

al., 1984) 
• Testing stages: for micro-positioning, compression, extension and torsion test 

7.2.2.1.2 Testing stage 

The material testing stage, shown in Figure 7-3, can perform compression, tension 
and torsion test. The loading-displacement or the stress-strain curve can be saved as an 
image or text file. Meanwhile, it allows the tomographic scanning of the sample during 
the test. The testing sample can be held under specific loading for scanning. The testing 
stage applies displacement to the top and bottom of the sample in equal amount but in 
opposite directions. This keeps the central part of the sample relatively static for scanning 
purpose. 
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Figure 7-3 Testing stage of the microscopy system (SKYSCAN, 2006) 

The limitations to the testing sample geometries are listed below. 
Maximum sample diameter:  6 mm 

Sample length: Compression:  10-17 mm 

 Tension:  3-10 mm 

 Torsion:  5-14 mm 

Maximum loading: Compression/Tension: 50 N 

 Torsion: 10 N-cm 

Loading speed range: Compression/Tension:  1-16 m/s 

 Torsion:  0.5-6.0 deg/s 

Maximum displacement: Compression/Tension: 10 mm 

 Torsion: unlimited 
 
In all testing modes, the program controlling the material testing stage records the 

force-displacement curve, which can be saved as a text file. By changing the speed and 
direction of applied displacement, dynamic and cyclic loading conditions can be achieved 
in certain range. However, the limitations in stress loading control limited our study for 
sinusoidal or haversine-pulse loading patterns. In this study, only uniaxial compressive 
test with constant loading speed was conducted. 

7.2.2.2 Sample scan 

Samples with aggregates were scanned before testing. The principal concepts and 
algorithms for scanning and image analysis are similar to those for large samples 
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described in chapter 4 and 5. For these small samples, the whole sample was canned with 
one rotation under cone beam without vertical movement. The resolution of the scanning 
image was 512 by 512.  

7.2.2.3 Sample test 

All samples were tested at room temperature and uniaxial compression test was 
performed on these samples. 

The testing stage is displacement controlled. The displacement speed was chosen 
according to the allowable range of the testing device. It was set at 15μm/s. The resistant 
force was monitored and recorded during the loading. When the force reaches the 
maximum allowable value of the testing stage, the displacement application will stop. For 
the small sample in this study, the application of displacement was stopped when the 
recorded load reaches 0.8 MPa, i.e. 22.64N force on the sectional area. This loading 
magnitude meets the limitation of the equipment. Prior to each test, the testing stage was 
calibrated according to the procedure recommended by the manufacturer. Force-
displacement data was stored as a text file for each sample. 

7.2.3 Sample reconstruction, test simulation and parameter back calculation 

After scanning, sectional images of the small sample were reconstructed. The 
reconstructed sectional images were then used to conduct three-dimensional analysis, 
which determines volume fractions for aggregates, binder and voids. They were used to 
obtain the threshold value that will be used in the generation of the finite element model. 
3-D visualization of these samples was carried out to generate the digital representations 
of these physical samples. The void volume fraction was quantified through image 
analysis for samples with different aggregate volume fractions. 

Reconstructed sectional images were read with programs developed in IDL and 
transferred into a data file containing the microstructural information. The data file was 
read by a FORTRAN program to generate an input of the finite element model. The 
principal process is similar to that illustrated in previous chapters dealing with large 
asphalt concrete samples and wood panel samples. However, in this study, adaptive 
meshes were used for asphalt binder to account for large distortions that may occur in the 
thin asphalt layers between two aggregates. The aggregate and void volume fractions 
were determined through 3-D image analysis. The average value from the two samples of 
each group was used as the input of the model generation program to adjust proper 
threshold values between phases. 

The simulation of the uniaxial compression test was conducted with a similar 
setting-up as a dynamic modulus test. The two layer viscoplastic material model, 
discussed in details in Chapter 6, was used for asphalt binder and an elastic model was 
used for aggregates. In this simulation model, loading plates were modeled as rigid 
surfaces. The movement of the top rigid surface was controlled with a downward 
displacement velocity of 15μm/s, which is the same as that in the physical test. In the 
simulation output, the reaction force on the moving rigid surface was recorded. Stresses 
of each element and displacements of each node were also requested in the field output 
for the whole loading process. 



 

113 

Parameters in the material model were estimated using the back calculation 
procedures based on the sensitivity study of the model conducted in Chapter 6. Following 
the back calculation procedures, the material parameters were calibrated for both asphalt 
binder and aggregates (i.e. viscoplastic and elastic material models) from one of these 
tests. Then, the same set of material parameters was used in the simulation of other 
samples with different aggregate volume fractions. 

7.3 Results and discussions 

7.3.1 Sample scanning and reconstruction 

Figure 7-4 shows a small sample that is scanned within the testing stage. The 
height of the sample was measured on screen with software. This is the value at the 
beginning of the test. The black parts at top and bottom of the picture are loading plates. 
Figure 7-5 shows a reconstructed sectional image of the small sample. The particles with 
white color are aggregates. The region of interests (ROI) of the sectional image (the 
square with dashed line in the left image) was carefully selected in order for the 
generated finite element model to get accurate geometry and microstructure. Image 
processing module was developed to remove the part outside ROI. The right image in 
Figure 7-5 is a processed image, which is generated along with the finite element 
generation module. This operation can also be carried out during the sectional image 
reconstruction. However, this may lose some edge pixels in some sections, which will be 
reflected in the 3-D visualization. 

   

Figure 7-4 Samples with different aggregate volume fraction during scanning and 
before testing, (left) ~50% aggregates and (right) ~5% aggregates 
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Figure 7-5 (left) Reconstructed sectional image used for 3-D visualization of the 
digital sample and (right) processed image generated during microscopic 
finite element model generation 

7.3.2 Volume fraction of aggregates and voids 

Due to the presence of voids, which is difficult to control in the small sample, the 
exact volume fraction in design is difficult to reach. The actual volume fractions of 
aggregates and voids were obtained through 3-D analysis of the reconstructed sample. 
The volume fraction of aggregates and voids for each sample is listed in Table 7-5. These 
values are important for the generation of the finite element model and the image 
resolution transformation during the model generation process. 

Table 7-5  Volume fraction (%) of aggregates and voids 

Sample ID 2a 2b 3a 3b 4a 4b 

Aggregates 5.87 4.04 22.42 23.49 50.52 49.27 Volume 
fraction Voids 3.48 1.18 1.77 2.46 12.97 11.95 

 
For these small samples, the void volume fraction seems related to the aggregate 

content. Figure 7-6 shows the relationship of measured void volume fraction and the 
aggregate volume fraction. If more samples would be made, we may form a more 
accurate trend between the volume fractions of these two phases for this kind of small 
samples. This may imply that we could estimate the void content by controlling the 
aggregate content based on some statistic results from 3-D image analysis. However, it 
should be pointed out that other factors, such as the shape and gradation of the aggregate 
will affect the volume fraction relationship as well. 
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Figure 7-6  Aggregate volume fraction and void volume fraction statistical 
relationship, obtained from small sample 3-D analysis 

7.3.3 Sample testing 

7.3.3.1 Loading speed and repetition 

Most materials are subjected to loading rate effect, especially in the range of very 
high loading rate. The displacement speed range of this testing stage is 1-16 μm/s, which 
is considered small to study the loading rate effect with small sample response. Due to its 
displacement control, the testing stage has also limitations on applying cyclic loading 
patterns although it can apply alternate compression and tension displacement. 

The maximum displacement recorded varies from 1mm to 3mm. The typical 
force-displacement curve for each sample category is plotted in Figure 7-7. The sample 
with 50% aggregate volume fraction is significantly stiffer than other samples while the 
sample with 25% aggregate volume fraction has slightly larger stiffness over others. 
Generally, the more aggregates, the larger the stiffness. The oscillation of the curve is 
partially due to severe deformation of the sample, which induced the increase of the 
sectional area. However, only the beginning part of the curve was used to compare with 
finite element simulation results and to back calculate material parameters. 
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Figure 7-7  Typical force-displacement curves for different sample categories 

7.3.3.2 Samples with pure binder 

The resistant force recorded in the displacement controlled test, shown in Figure 
7-8, is fairly small for the sample with pure binder even when the test stopped due to 
reaching of the maximum displacement of the testing stage. 
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Figure 7-8  Load-displacement curve for pure binder under uniaxial compression 

According to the force-displacement relationship, we calculated and established 
the stress-strain relationship, shown in Figure 7-9, for the pure binder sample. From this, 
we estimated elastic modulus, yielding stress and hardening property of the asphalt 
binder. These values were used as initial parameters for the back calculation. 
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Figure 7-9  Stress-strain curve for pure binder under uniaxial compression 

7.3.3.3 Samples with aggregates 

Samples with different aggregate volume fractions were tested under the same 
loading speed as that for samples of pure binder. The displacement was controlled during 
the test while the maximum loading was also monitored in order to avoid significant 
damage of the sample microstructure. The recorded force-displacement curves of these 
tests are plotted in Figure 7-10. After adding aggregates into the asphalt binder, the 
behavior of the composite material is significantly different from that of pure binder, 
especially for samples with higher aggregate volume fraction. However, samples with 5% 
aggregate volume fraction only have slight difference with pure binder samples in term of 
force-displacement response. 
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Figure 7-10  Force-displacement curves for samples with aggregates, sample2 (5%), 
sample3 (25%) and sample4 (50%), under uniaxial compression 
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7.3.4 3D visualization and test simulation 

The visualization of reconstructed 3-D digital samples representing different 
aggregate volume fractions are shown in Figure 7-11. In the visualization, model parts for 
voids and binder were set to be partially transparent in order to show clearly the different 
configurations of aggregates. Similarly, other phases rather than aggregates, such as voids 
and binder can also be visualized separately. This is particularly useful in the study of 
void structure or connectivity. 

 
           ~50%                        ~25%                          ~5%  

Figure 7-11  3-D visualization of small samples with different aggregate volume 
fractions: (left to right) 50%, 25% and 5% 

The simulation of the test was conducted on the super computer in Virginia 
Tech’s high performance computing facility which utilizes parallel computing and 
provides memory and disk space for solving large problems. The finite element model 
has approximately 30,000 elements. So, the mesh size is small enough to capture the size 
and shape of aggregates and voids and to reflect their effects on the deformation 
response. The simulative finite element model with sample microstructure is shown in 
Figure 7-12. 
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Only shows aggregates ( ) and binder ( ) 

           ~50%                       ~25%                         ~5% 

           Shows aggregates ( ), binder ( ) and voids ( ) 
 

Figure 7-12  Finite element model for small samples, one quarter of the digital sample 
is taken out to show the internal microstructure 

The whole simulation model, illustrated in Figure 7-13, includes the deformable 
part with microstructure and rigid loading plates. When comparing the aggregate 
configurations before and after loading from the displacement contour plot (Figure 7-13), 
we can observe some areas with much larger deformations associated with aggregate 
rotation. They are usually close to places with high concentration of voids. 

The requirement of output visualization and post-processing were considered 
when building the model. The output data files from ABAQUS analysis were processed 
with a written FORTRAN program to generate tabulated data of step time, reaction force 
and displacement at loading point. 
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Figure 7-13  Finite element simulation model for the uniaxial compressive test of small 
asphalt samples, (upper) displacement before loading, (lower) 
displacement after loading 

7.3.4.1 Pure binder sample simulation 

Numerical simulation of pure binder sample, shown in Figure 7-14, was 
conducted to obtain material properties of asphalt binder by comparing simulation 
response with testing counterpart.  From the stress-strain relationship established in the 
test of pure binder sample, we obtained initial material parameters for the simulation. 

Aggregate 
rotation 
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Figure 7-15 shows the force-displacement relationship for the simulation with these 
parameters.  

    

Figure 7-14  Finite element model for the pure binder sample simulation 
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Figure 7-15  Simulation of pure binder samples with initial parameters from the sample 
test for the viscoplastic network of the model 
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7.3.4.2 Material parameter back calculation 

Initial parameters in the viscoplastic model for asphalt binder were obtained from 
the stress-strain curve established from pure binder test. Based on the simulation and test 
of the pure binder sample, material parameters were optimized starting with initial values 
by minimizing the objective function, equation (7-1).  

 
2

1
)( p

i

N

i

m
i FF −∑

=
 (7-1)

where N is the number of displacement points, p
i

m
i FF ,  are measured and predicted 

reaction forces, respectively. Material parameters obtained through back calculation are 
listed in Table 7-6. The final force-displacement curve for the simulation with these 
parameters was plotted side by side with the points obtained from the test in Figure 7-16. 
It can be seen that the results between simulation and test are very close.  

Parameters for the elastic model used for aggregates are obtained through back 
calculation based on one set of sample with aggregates. However, the viscoplastic 
material parameters will remain the same and unchanged during the optimization of the 
elastic part. This will make the calibration relatively easier. 

Table 7-6  Material parameters from back calculation 

Parameters Back calculated values  

E (N/mm2) 31.83  

ν  0.45  

σy (N/mm2) 0.0070736  

σu (N/mm2) 0.028294  

εu  0.004  

A  1.0E-6  

n  0.8  

m  -0.18  

Asphalt binder 

f  0.85  

E (N/mm2) 210  Aggregates 

ν  0.167  
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Figure 7-16  Force-displacement relationships from pure binder simulation and test, the 
back calculated parameters were used in the simulation 

7.3.4.3 Simulation of samples with aggregates 

The parameters of pure binder were used in all the simulations for samples with 
aggregates. The remaining elastic parameters for aggregates were obtained by adjusting 
parameters of the elastic model only in the simulation of the sample with 5% aggregate 
volume fraction. The back calculated parameters for aggregates are also listed in Table 
7-6. 

The back calculated parameters listed in Table 7-6 were used in the remaining 
simulations, i.e. for samples with aggregate volume fraction of 25% and 50%. The force-
displacement curves for the simulation of all samples with aggregates are plotted in 
Figure 7-17. It is similar to the testing results in that adding of aggregates with leads to 
the increase of stiffness of the material. 
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Figure 7-17  Force-displacement relationship from simulation 
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By putting the results of physical test together with those of numerical simulation, 
the force-displacement profiles, shown in Figure 7-18, indicates the validity of our 
method.  It can be seen clearly that the results between simulation and test are close, 
especially for samples with lower aggregate content. The material parameters obtained 
from the test of pure binder and the sample with 5% aggregate are able to be used in the 
simulation of tests of other samples, which have different aggregate contents but the same 
material properties. It may also imply that material parameters obtained from individual 
material test could be used in the simulative test of composite material incorporated with 
its real microstructure. In this case, the real microstructural configuration is very 
important in the simulative test of composite materials besides the properties of 
individual component. 
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Figure 7-18  Simulation results with calibrated material parameters comparing with 
testing results 

In both the physical and simulative test, the stiffness of samples with asphalt 
binder only is fairly small compared with samples with aggregates. This may be due to 
the lack of reinforcement provided by aggregates and aggregates’ interlock action that is 
partially enhanced by asphalt binder. The interlock action may account for a large portion 
of the resistance to deformation. The more aggregates, the more contact, hence the more 
resistance. The stiffness of each sample was calculated at a displacement of 0.01mm from 
both physical and simulative test results. The relationship between stiffness and aggregate 
volume fraction, shown in Figure 7-19, shows the possible trend of increase of stiffness 
with the increase of aggregate content. It also indicates an increased rate of stiffness 
enhancement with the increase of aggregate volume fraction. 
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Figure 7-19  Stiffness vs. aggregate volume fraction for small samples at the 
deformation of 0.01mm 

Both void volume fraction and aggregate volume fraction will affect the behavior 
of the mixture in terms of stress non-uniformity in the sample (Zhang et al., 2006). The 
stress concentration factors were calculated for each group from stress distribution 
profile, shown in Figure 7-20, along the main axis. In the graph, axis 3 is the sample axial 
direction and axis 1 and 2 are diametrical directions. The sudden changes in the 
displacement profile, shown in Figure 7-21, may indicate a large local distortion or 
failure of the material either in shear or tension. However, it is not rational to relate stress 
concentration factors to the performance of sample groups with different aggregate 
contents. As our study indicated in Chapter 5, the stress concentration factor may serve as 
a good simple performance indicator if the volume fraction of each constituent is at a 
similar level. 
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Figure 7-20  Stress distribution along the main axis of sample4a 

0
1
2
3
4
5
6
7
8
9

-0.02 0 0.02 0.04 0.06 0.08

Displacement (mm)

H
ei

gh
t (

m
m

).

u1
u2
u3

 

Figure 7-21  Displacement magnitude along the main axis of sample4a 

7.4 Conclusions 

The simulation model with sample microstructure obtained from micro-CT 
scanning was built to capture the phase configuration for different aggregate volume 
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fractions. 3-D image analysis determines the volume fraction of each constituent of the 
sample, which is the basis of thresholding that is very important for the microstructural 
model generation. The modeling includes displacement boundary applied through rigid 
surfaces and the moving speed of the boundary. Material parameters for the viscoplastic 
model were estimated from the sample test of pure binder through back calculation based 
on sensitivity analysis results. Test of sample with 5% aggregates was used for the 
calibration of the elastic model for aggregates. The same set of estimated material 
parameters were used in the simulation of samples with other aggregate contents. All the 
simulative tests captured the force-displacement relationship observed in their physical 
tests. It was found that the addition of aggregates will lead to an increased stiffness of the 
asphalt-aggregate composite with an increased rate. The results of 3-D image analysis 
may indicate that there is a relationship between void volume fractions and aggregate 
contents. 
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Chapter 8 Conclusions 

8.1 Overview 

Through (1) utilization of x-ray tomography imaging and 3-D image analysis, (2) 
development of macroscopic and microscopic simulative testing models for sensitivity 
analysis and material characterization, and (3) verification of the model through the 
physical and numerical tests of small asphalt samples and wood panels, viscoplastic 
responses of asphalt concrete related to void and aggregate contents and engineering 
properties of OSB related to density variations were studied. The major results of this 
research are: (1) a description of the generation of microscopic finite element simulative 
test model from x-ray scanning to data post-processing, (2) presentation of the 
verification of the model with small sample tests, (3) implementation and utilization of 
the model in various material characterizations, and (4) determination of factors affecting 
the accuracy and the limitations of its application. 

8.2 Summary of conclusions 

X-ray scanning technology enables internal structure visualization and 
characterization of composite materials, such as wood OSB panel and asphalt concrete. 
Image processing technology enables phase identification and quantification (such as 
voids) in composite materials. Density profile was obtained from image analysis through 
density-void ratio (or pixel value) correlations. 

In-plane density variation in OSB is an inherent property due to randomness in 
mat forming. In this work, elastic properties and in-panel stress concentrations of single-
layer OSB under several density distributions and flake orientations were predicted using 
a finite element model. A FORTRAN program was written to automatically create the 
simulation model in ABAQUS for sets of material property inputs. It was found that the 
variation of in-plane density resulted in significant variation of localized stress 
concentrations both in- and out of- plane. The overall panel elastic behavior varied 
slightly with the density deviations at the same mean density level, as long as there is no 
damage initiated in the board. 

A three-layer (two face layers and one core layer with different flake alignment 
level) FEM model was formulated to investigate performance of anisotropic wood 
composite based on the one-layer FEM study. The FEM geometry model was built based 
on X-ray tomography and image analysis reflecting the actual microstructure of the 
testing samples to account for real density variation. Engineering properties characterized 
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numerically with FEM simulation are close to those measured with test, which is the first 
attempt to conduct digital testing of wood composite material. 

Microscopic simulation model for IDT test was generated for the numerical test of 
three mixes from WesTrack data. The simulative test renders non-uniform stress and 
strain responses in the testing sample comparing with analytical solutions based on 
homogeneity. An evaluation of the stress distribution with and without consideration of 
voids indicated that voids induce significant non-uniform stress distribution. The 
modeling includes segmented sample simulations with statistically acceptable 
consistencies. The stress concentration varies significantly with the void distribution and 
the relative stiffness between aggregate and binder. We suggest that the IDT test should 
be combined with FEM simulation to offer better interpretation of the test results. The 
stress concentration factor may serve as a good simple performance indicator. 

In the macroscopic study of the viscoplastic material model, material parameters 
were obtained through back calculation, which includes a detailed sensitivity study. This 
forms the basis of model back calculation for microscopic study involving sample 
microstructure. The simulation model includes methodology development with elastic 
and viscoplastic material models for aggregates and asphalt binder, respectively. By 
using a rate dependent material model for asphalt binder, this method rendered 
qualitatively realistic simulation of the response of the asphalt mixture comparing with 
the experimental results.  

It was found from the statistic microscopic study that the mesh size affects the 
simulation results in terms of elastic stiffness of the deformation response. Generally, a 
coarse mesh will lead to a stiff deformation response. However, due to the effects of 
microstructure of the sample, softening may be observed with the configuration of voids 
and aggregates. In the sense of engineering estimation, the resolution change may cause 
minimal effects on the material parameter estimation as long as we use a mesh size small 
enough to capture the phase configuration (i.e. voids volume fraction and aggregates 
volume fraction) and we keep them unchanged during resolution transformation. This 
means that detailed asperity may not affect the response significantly. 

The methods and procedures were verified through experimental and numerical 
test of small asphalt samples with different aggregate contents. The simulation model 
with test sample microstructure obtained from micro-CT scanning was built to capture 
the phase configuration of the sample due to specific aggregate volume fraction. 3D 
image analysis determines volume fraction of each constituent in the sample, which is the 
basis of thresholding in the microstructural model generation. The modeling includes 
displacement boundary applied through rigid surfaces and the moving speed of the 
boundary. Material parameters for the viscoplastic model were estimated from the sample 
test of pure binder through back calculation based on sensitivity analysis. Test of a 
sample with 5% aggregates was used for elastic model calibration. The same set of 
estimated material parameters were used in the simulation of samples with other different 
aggregate contents. All the simulative tests captured the force-displacement relationship 
observed in correspondent physical tests. It was found that the addition of aggregates will 
lead to an increased stiffness of the asphalt-aggregate composite with an increased rate. 
The results of 3-D image analysis may indicate that there is a relationship between void 
volume fractions and aggregate contents. 
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8.3 Implications 

For engineering materials such as wood panels, their engineering properties are 
related to density, flake type and packing process. The method developed in this work has 
potential applications in evaluating these materials from internal structure analysis, 
engineering property estimation and quality control. 

We used resolution transformation during the generation of the microscopic 
model. From both the statistic study of repeated loading for different resolutions and the 
verification study of small samples, it seems that the resolution transformation will not 
cause qualitative effects on the results as long as the volume fractions of individual 
phases maintain. 

From the study of the small samples, it may be implied that material parameters 
obtained from individual material test may be used directly in the simulative test of 
composite action of these materials with the incorporated real microstructure.  

The interface between different materials is usually a weak zone. In this study, we 
haven’t treated this zone as a particular phase. However, from the estimated material 
properties, the effect of this zone may be reflected in some parameters. Specifically for 
this study, the elastic modulus of aggregates may be affected. The asphalt binder 
properties were obtained from pure binder test, so we think they are not affected. 

8.4 Recommendations of future research 

The microscopic finite element model simulation requires large memory and 
storage space and needs fast processors. If high resolution images are used for cyclic 
loading simulation, high performance computer has to be used. In order to overcome 
these limitations, new mesh generation method or mesh refinement techniques should be 
studied. However, three-dimensional mesh generation for multi-phase material is 
difficult, especially when avoiding using of linear tetrahedral element, which is over-stiff 
and inferior. 

The focus of this study is in the range of small deformation. For the simulation of 
asphalt concrete with high loading rates, dynamic simulations may be used with damage 
initiation and revolution to study the performance of the asphalt concrete under cyclic 
loading with a large number of repetitions, which induce large deformation. 
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