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ABSTRACT 
 
Nearly all nuclear power plants in the United States are operating past their intended lifetimes or are 
requesting lifetime extensions. Therefore, understanding changes to the concrete containment structure over 
time is crucial to evaluate the structure’s viability. Concrete materials are heterogeneous particulate 
composites and are known to have viscoelastic material properties, which can lead to slow deformation 
over time, causing stress redistribution and creep cracking. A code to create 3D concrete microstructures 
has been developed and paired with finite element analysis to assess long-term properties of concrete. This 
code is used to virtualize laboratory experiments, both for validation and simulation of experiments that are 
not feasible to perform in laboratory conditions.  
 
INTRODUCTION & BACKGROUND 
 
One of the most important components in a nuclear power plant is the reactor cavity. This structural and 
safety component is constructed from concrete, which, aside from its mechanical role, serves as a biological 
radiation shield. Radioactive waste and disposal facilities are also commonly fabricated from concrete as it 
is a comparatively inexpensive material with appropriate properties. As many nuclear power plants (NPPs) 
in the United States are operating past their initial design lifetimes of 40 years, it is important to understand 
the long-term durability of NPP components (U.S. Department of Energy, 2013).  
 

Concrete is a viscoelastic material, meaning when subjected to a constant load it will continue to 
slowly deform over time, a phenomenon called creep. This deformation can cause stress redistribution, 
potentially redistributing stress to reinforcement or pre-stress systems, which can lead to unforeseen 
behavior during load reversal events such as repair or maintenance (Graves et al., 2014).   
 

This work describes a process developed to homogenize the long-term properties of concrete creep 
in a time- and cost-effective manner. Concrete can be characterized as a composite material, composed of 
cement paste, air voids, fine aggregates, and coarse aggregates. Together, the cement paste, air voids, and 
fine aggregates form mortar. Therefore, the concrete material can be simplified into a two-phase system – 
coarse aggregates suspended in a mortar matrix. Realistic 3D microstructures are generated from an 
efficient code that uses real coarse aggregate shapes packed into a cubic domain. Spherical harmonics data 
are utilized to recreate real limestone aggregates to generate an accurate computational representation of 
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concrete. These 3D microstructures are meshed and converted to a finite element model to be used in 
numerical simulations of stress relaxation and/or creep. 
 
MICROSTRUCTURE GENERATION 
 
Spherical Harmonics 
 
Computational representations of concrete were created for numerical analysis in this work. In order to 
represent concrete as realistically as possible, real aggregate shapes were used. Extensive work 
characterizing the shape of aggregates has been performed using X-Ray Computed Tomography (XCT) 
(Garboczi 2002). Spherical harmonics is a mathematical technique used to analyze and represent the shapes 
of the aggregates derived from XCT data.  Aggregate shapes can generally be imaged as deformed spheres. 
In this application, spherical harmonics are used to mathematically deform a sphere until it represents the 
original aggregate as scanned in the XCT data. Equation 1 describes the surface of the aggregate by defining 
the radius at any set of angles in a spherical coordinate system. The parameter θ represents the angle in the 
X-Y plane, referred to as the azimuth angle. θ can range from 0 to 2π. The parameter ϕ, referred to as the 
polar angle, ranges from 0 to π and represents the angle with respect the z-axis. Equation 2 is the spherical 
harmonic function, where the term m

nP represents the associated Legendre functions and i  is the imaginary 
number. Equation 1 is carried out to n  summations, the recommendation for a 3D particle is for n  to fall 
in the range of 20 to 26. Additional summation terms will not give an appreciable level of detail and may 
even go beyond the level of detail captured in the XCT data (Garboczi 2002).     
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Microstructure Plotting 
 
A virtual aggregate ‘stockpile’ is created after reconstructing over 200 coarse aggregates using the spherical 
harmonics method. These virtual aggregates can be sieved, sorted, and measured in the same ways that are 
applied to real, physical aggregates. To generate a sample of virtual concrete, these virtual aggregates must 
be ‘mixed’. This mixing process involves placing coarse aggregates randomly into a cubic domain with a 
minimum edge length 2.5 times the largest aggregate diameter. Periodic boundary conditions are applied 
to prevent wall effects and minimize the size of the representative volume element (RVE). Periodic 
boundary conditions is that the RVE will be the smallest volume that can be used to reconstruct an infinite 
pattern in a material. One outcome of representing this infinite pattern is that opposing boundaries are 
identical to one another. In terms of concrete, this is realized by cutting any aggregate that intersects the 
boundary and translating the external piece to the opposing side. An example treatment of a particle 
intersecting a boundary is shown in Figure 1.  
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Figure 1 - Visualization of periodic boundary condition 

 
The plotting process is depicted in Figure 2. The code, written in MATLAB, can read an 

experimental sieve curve of a user-defined gradation to calculate the number of aggregates from each sieve 
size that are needed to reach the desired volume fraction and aggregate size distribution. Starting with the 
largest sieve size, a random aggregate is selected, assigned center coordinates, and rotated by a random 
degree. If the aggregate intersects any of the domain boundaries, it is cut and translated appropriately. In 
real life, two aggregates cannot exist in the same exact three-dimensional space, so this cannot be a 
possibility in the code either. Therefore, checking for overlap between two plotted aggregates is an 
intensive, important step. When an aggregate is periodic, each piece along opposing sides of the domain, is 
checked for overlap individually (Garboczi and Bullard 2013). If overlap is detected, the aggregate is 
rotated by a new random angle and checked for overlap again. This process repeats for up to five times, at 
which point the aggregate is translated to a new location in the domain (Qian et al., 2014) (Thomas et al., 
2016). Once all the aggregates are placed suitably into the domain, the remaining space in the domain is 
characterized as mortar. An example of a completed microstructure is seen in Figure 3. 
 
 
 

 
Figure 2 - Microstructure plotting process 
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Figure 3 - Plotted microstructure 

 
The interfacial transition zone (ITZ) between the coarse aggregates and the mortar matrix is small, 

on the order of micrometers, relative to the centimeter scale concrete used in this work. Simulations of 
concrete creep have suggested that the ITZ has little influence on the rate and magnitude of creep (Bary et 
al., 2015). Therefore, the authors have chosen to not include the ITZ in this work. 

 
The plotting code can create a 35% volume fraction coarse aggregate microstructure within 16 h. 

The computer currently in use is a standard desktop computer with an Intel i5 processor (3.50 GHz), 8 Gb 
of RAM, and a 64-bit Windows operating system1. Further improvements in bringing down the plotting 
time can be accomplished by parallelization of the code and use of faster processors. 
 
FINITE ELEMENT MESH GENERATION 
 
A multi-step process to convert the plotted microstructure into a finite element mesh is followed. First, the 
microstructure is ‘sliced’ into a series of images, each representing a thickness of 0.3mm in the z-direction. 
These images are imported into OOF3D, a software package developed by the National Institute of 
Standards and Technology (NIST) (https://www.ctcms.nist.gov/oof/oof3d/). The images are read and 
stacked, creating voxels to reconstruct the plotted microstructure. To assign material designations to the 
voxels, the burn feature is used to select the matrix. A matrix voxel is selected, then OOF3D uses a burn 
algorithm to detect all touching voxels that have the same color value as the selected voxel. This method 
works very well for composites with a continuous matrix. The unselected voxels are assigned to the 
aggregate group. Next, a uniform finite element mesh is created. Refinement of the mesh follows to bring 
nodes to aggregate surfaces and subdivide elements to better represent the aggregate shape. Refinement of 
the mesh continues until all elements must have at least 95 % of their volume occupied by the same material 
group. A meshed microstructure is shown in Figure 41. 

                                                 
1 1Certain commercial equipment, instruments, or materials are identified in this paper to adequately specify the 
experimental procedure. Such identification does not imply recommendation or endorsement by the National 
Institute of Standards and Technology, nor does it imply that the materials or equipment identified are necessarily 
the best available for the purpose. 



 
25th Conference on Structural Mechanics in Reactor Technology 

Charlotte, NC, USA, August 4-9, 2019 
Division I 

 
Figure 4 - Meshed microstructure 

 
FINITE ELEMENT ANALYSIS 
 
The software Abaqus was selected to be the finite element solver for this research. To analyze the meshed 
microstructures, a simulated stress relaxation simulation experiment was chosen. The mortar is given 
viscoelastic material properties while the coarse aggregates are assumed to be linear elastic. Confined creep 
experiments performed on mortar samples at 20 oC and 50 % relative humidity were performed to determine 
the viscoelastic material properties. Each sample was loaded at an age of 28 days and the data set contains 
information on the samples over 90 days under loading. Bulk and shear compliance functions, ( )B t and 

( )L t  respectively, were calculated from the analyzed data, seen in Equations 3 and 4 (Baranikumar et al., 
2019), where t  represents the number of days under load. 
 

 7 10 100 1 1( ) (82.57 79.405 (1 ) 3.99 10 (1 ) 223.66 (1 )) ( )
1000

t t
tB t e e e

GPa

−
−− −= + ⋅ − + ⋅ ⋅ − + ⋅ − ⋅   (3) 

 10 100 1 1( ) (89.68 30.08 (1 ) 25.82 (1 ) 220.56 (1 )) ( )
1000

t t
tL t e e e

GPa

− −
−= + ⋅ − + ⋅ − + ⋅ − ⋅   (4) 

  
The aggregates are assigned a density of 2700 kg/m3, a Young’s modulus of 44.5 GPa, and a 

Poisson’s ratio of 0.22 (Al-Shayea, 2004). Mortar is described with viscoelastic material parameters 
through input of the bulk and shear compliance data into Abaqus. The density of mortar is assigned as 2160 
kg/m3 and a Young’s modulus of 25.59 GPa. The Young’s modulus and Poisson’s ratio of mortar were 
calculated using Equations 3 and 4 The Poisson’s ration was found to be nearly constant at a value of 0.15.  
 

To perform the virtual relaxation experiment, a constant uniaxial compressive strain of 0.018 % 
was applied to the microstructure along the y-axis. Half of the strain was applied on each of the X-Z planes 
in the ±y-direction and held for the equivalent of 175 days.  
 
DATA ANALYSIS 
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To determine the viscoelastic material properties of the concrete, the stress-strain data was analyzed to find 
the relaxation modulus. The average uniaxial stress in the direction of the applied uniaxial strain was 
calculated for each time increment and displayed in Figure 5. 
 

 
Figure 5 - Plot of uniaxial stress vs time 

 
First, the uniaxial relaxation modulus, represented as ( )E t , was assumed to be of the form in 

Equation 5, where 0E , 1E , 2E , and 3E are constants with units of GPa.  

 10 100( ) 0 1 2 3
t t

tE t E E e E e E e GPa
− −

−= + ⋅ + ⋅ + ⋅   (5) 
 

Next, the equation for the uniaxial stress as a function of time, ( )tσ , was determined using the 
integral in Equation 6. This gives a polynomial with the 0E , 1E , 2E , and 3E constants still present. The 
variable t  is the age of the material and s represents the length of time the test has been running. The applied 
axial strain is described by ε in Equation 6. 

 

 ( ) ( ) dt E t s ds
ds
εσ = −∫   (6) 

 
In order to determine the value of the 0E , 1E , 2E , and 3E constants, the ( )tσ  function is fit to 

the simulation stress data in Figure 5. This finite element analysis and subsequent data processing was 
performed on the microstructure in Figure 4. The resulting relaxation modulus is described by Equation 7 
and plotted in Figure 6.  

 10 100( ) 9.545 0.269 9.56 13.42
t t

tE t e e e GPa
− −

−= + ⋅ + ⋅ + ⋅   (7) 
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Figure 6 - Plot of relaxation modulus vs time 

 
As a check, the uniaxial relaxation modulus was compared against the Young’s modulus calculated 

from the rule of mixtures. The instantaneous value of the relaxation modulus in Equation 7 is 32.7 GPa. 
Additionally, using the rule of mixtures to estimate the modulus of a composite, a value of 32.15 GPa is 
expected, providing confidence in the results. 
 
CONCLUSIONS 
 
A process to generate concrete microstructures and homogenize the mechanical properties has been 
developed and demonstrated in this work. The microstructure generation code is a flexible tool, capable of 
representing a large variety of mix designs, aggregate size gradations, and aggregate types. The analysis 
performed allows for the computation of composite viscoelastic properties. Homogenized properties 
obtained from this setup can be used as input into structural codes for large-scale simulation and analysis. 
Additional analysis and simulations are in progress at the time of publication.  
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