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Abstract

Recently composite materials have dominated most engineering fields, owing to their better performance, increased durability and 

flexibility to be customized and designed for a specific required property. This has given them unprecedented superiority over 

conventional materials. With the help of the ever increasing computational capabilities of computers, researchers have been trying to 

develop accurate material models for the complex and integrated properties of these composites. This has led to advances in virtual 

testing of composite materials as a supplement or a possible replacement of laboratory experiments to predict the properties and 

responses of composite materials and structures. This paper presents a review on the complex multi-scale modelling framework of 

the virtual testing machines, which involve computational mechanics at various length-scales starting with nano-mechanics and 

ending in structure level computational mechanics, with a homogenization technique used to link the different length scales. In 

addition, the paper presents the features of some of the biggest integrated virtual testing machines developed for study of concrete, 

including a multiscale modeling scheme for the simulation of the constitutive properties of nanocomposites. Finally, the current 

challenges and future development potentials for virtual test machines are discussed. 
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1. Introduction

In recent years, computer-aided modeling and 

simulation of engineering materials has emerged as a 

tool in the field of computational mechanics to 

understand and predict the mechanical properties of 

structures(Oden et al., 2003). The progress in the 

computational capabilities of computers seems to fuel 

the advancement of material technology and engineering 

as it reduces the computational effort and time 

required for analysis(Okereke et al., 2014). This 

modeling capability further enhanced material knowledge 

and innovation by facilitating the simulation of 

laboratory experiments which are difficult if not 

impossible to conduct. Furthermore, it has made 

possible the design and manufacturing of novel 

materials such as cellular materials, fiber reinforced 

polymer composites(FRPs) and concrete with different 

inclusions such as nanoparticles and carbon nano-

tubes for enhanced performance(Llorca et al., 2011; 

Okereke et al., 2014; Yang et al., 2014; Ha et al., 

2009; Ahn and Ha, 2017). In the past three decades, 

computational mechanics has achieved significant 

success in revolutionizing science and technology by 
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using and modifying the principles of mechanics as a 

tool to predict and understand complex systems(Oden 

et al., 2003). Computational mechanics being an 

interdisciplinary field mainly owes its success in 

impacting the numerous fields of science and techno-

logy to the progress in micromechanics and the drastic 

advancement in the field of computer science, which 

removed the manual computational effort(Okereke et 

al., 2014). This helped to focus the research man-

power on discovering modeling strategies to best 

simulate the physical matter under study by formula-

ting mathematical models, algorithms and selecting 

appropriate initial and boundary conditions(Oden et 

al., 2003). This paper reviews the complex multi-scale 

modelling framework of the virtual testing machines, 

which involve computational mechanics at various 

length-scales starting with nano-mechanics and ending 

in structure level computational mechanics, with a 

homogenization technique used to link the different 

length scales.

2. Virtual testing machines

2.1 What is virtual testing?

Virtual tests or virtual experiments are computer 

simulations that are sufficiently realistic enough to 

give the same results as actual laboratory tests(Cox 

and Yang, 2006). Virtual tests present tremendous 

savings in testing labor costs and material design 

cycle times. Besides these, virtual testing presents 

three advantages over physical laboratory experimen-

tation of composite materials(Bentz, 1997). First, 

any complex loading mode can be applied to the 

composite structure with minimal computational 

efforts. Secondly, virtual testing makes the analysis 

and study of the progressive damage in composites 

relatively simpler, and finally the effect of phase 

distribution and micro constituent parameters on the 

properties of composite can be investigated with 

relative ease(Bentz, 1997). 

Virtual testing has been gaining large popularity in 

the fields of composite materials due to its large 

economical advantage(Gonzalez and LLorca, 2007). 

This review will focus on describing the basic steps of 

the virtual experimental setups and the role it will 

play in the future of composite material engineering. 

2.2 Components of a multiscale virtual 

experiment

The setup and focus of investigation of a virtual 

experiment for composite materials generally depends 

on the problem being studied. The effective properties 

of composite materials that influence the macro- 

structural properties and require in-depth study with 

virtual testing or numerical modeling are volume 

fraction of the inclusions, their spatial distribution in 

the composite matrix and the properties of the phases 

and interfaces(Okereke et al., 2014). Meanwhile, 

other researchers argue that in order to design 

composite materials, understanding the complex damage 

and failure propagation properties is the most critical 

and challenging part(Cox and Yang, 2006). 

The general strategy for virtual testing of 

composites consists of defining the virtual problems 

of the domain of interest(Okereke et al., 2014). This 

is accomplished by defining the boundary or geometry 

within which the material being investigated exists, 

which is the representative volume element(RVE for 

3D composites or representative cell element(RCE) 

for 2D composites)(Qu and Cherkaoui, 2006). After 

this, one should define the nature of the declared virtual 

domain: elastic or inelastic, linear or non-linear. 

This step constitutes the selection and application of 

a series of mathematical and micromechanical models 

and based on the microstructure of the material such 

as constitutive models for unidirectional laminated 

composites(Liang et al., 2006), models for characteri-

zation of the progressive damage in composites(Lee et 

al., 2008). It is essential that the development of the 

microstructure appropriately considers the innate 

material characteristics such as the material symmetry, 

homogeneity, heterogeneity and the spatial distribu-

tion of the constituents in the microstructure. 

After the constitutive equations are properly defined, 
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the virtual test machine then applies the appropriate 

boundary conditions on the defined virtual domain to 

determine the response(stress strain relations) of the 

virtual domain, either using homogenization techniques 

(Charalambais, 2017) or directly from the virtual 

experimental response, depending on the length scale 

the test machine is working on. Last but not least, 

the last step consists of validation of the results from 

the virtual experiments, which can be done by 

comparing the results from the virtual experiment 

with physical experimental responses(Akpoyomare et 

al., 2017).

The major computational tools that are playing the 

biggest roles in the advancements of virtual testing 

and mulit-scale simulation are quantum mechanics, 

density functional theory, standard and coarse grained 

molecular dynamics, Monte-carol methods of kinetics, 

computational thermodynamics, phase field modeling, 

dislocation dynamics, large family of partial differen-

tial equation solvers(FEM and finite difference 

methods), damage mechanics, micromechanics and 

homogenization theories that link the different length 

scales(Llorca et al., 2011; Charalambais, 2017). 

Besides the above stated strategies, the other key 

issue in virtual testing is the huge length-scale that 

has to be bridged when trying to model composite 

materials(Okereke et al., 2014).

2.3 Length scales in virtual testing

Virtual testing must incorporate the multiscale 

approach in order to represent full laboratory scale 

experiments, since engineering material properties 

such as stiffness, strength and toughness depend on 

different factors that exist in different length scales 

(Okereke et al., 2014). Therefore, the numerical 

modeling must start with the smallest functional 

unit, usually nanoscale for engineering material 

purposes, and proceed to microscale, mesoscale and 

finally macroscale. And it can be inferred that the 

computational method the virtual experiments must 

employ in each step varies accordingly(Llorca et al., 

2011).

3. Some virtual laboratories and their features

The three-dimensional computer simulation of cement, 

concrete and other composites is not a recent deve-

lopment. Perhaps considered as pioneers, Wittmann 

et al.(1984~1985) made the earliest attempts to 

represent the microstructure of concrete numerically 

on a computer(Bentz. 1997). Right about the same 

time, Jennings and Johnson(1986) simulated the 

hydration of cement by modeling the cement particles 

as spheres made of tricalcium silicate(C3S), whereby 

the hydrated gel, calcium silicate hydrate(C-S-H), 

surrounds these spheres and the width of this gel 

increases as the hydration time progressed(Bentz, 

1997). Other researchers such as Bentz et al. 

developed 3D computer models that simulate the 

hydration of cement and the development of concrete 

microstructure in the late 1990s.

Following these, several studies have been 

conducted in order to push this research field into 

developing integrated simulation schemes that resemble 

the current virtual testing machines. A general 

outline of a virtual testing scheme for composite 

materials was outlined by Okereke et al.(Okereke et 

al., 2014).

While the above researches focused on modeling a 

specific type of fiber and specific area for the virtual 

experiments(Okereke and Akpoyomare, 2013; Okereke. 

et al., 2008), some large scale virtual laboratories 

have been developed by different researchers. Some 

of these virtual laboratories are developed to study 

the micro-macro mechanical properties of concrete, by 

simulating the different degrees of cement hydration 

(Bernard and Lemarchand, 2003), aggregate properties 

and the properties of the interfacial transition zone 

(Nilsen, 1993; Ishida et al., 2005). 

3.1 Virtual Test Facility(VTF) at Caltech 

Center

Developed as a test facility that utilizes time- 

explicit numerical methods in order to simulate the 

dynamic response of materials, the Virtual test facility 
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(VTF) was designed to simulate the dynamic response 

of materials(California Institute of technology, 2017). 

This facility is a synergy of computational engines 

compiled and driven together by a user interface that 

is responsible for most aspects of the simulation, 

such as the geometry generation, material selection 

and visualization of the outputs(Aivazis et al., 2000). 

The virtual machine is an open source software that 

uses python scripting language for the code(Aivazis et 

al., 2000). The virtual test facility has three main 

modules, AMROC- which is a finite volume fluid solver 

that uses Eulerain framework, SFC- a thin-shell finite 

element solid solver that uses Lagrangian computation 

and STLIB- an assemblage of templatized auxiliary 

algorithms(Okereke et al., 2008).

By the coupling action of these modules, the VTF 

is capable of simulating fluid-structure interaction 

problems which are profoundly coupled and the 

fragmentation and rupture of brittle materials under 

shock wave impact(Okereke et al., 2008). 

3.2 Virtual Cement and Concrete Testing 

Laboratory(VCCTL)

The advancement in the simulation tools for cement 

and concrete at micro and mesoscales(micrometers 

and millimeters respectively) has made possible the 

fast progress of the virtual testing laboratories with 

the aim of reducing the number of physical test, 

quality assurance and speeding up the research 

process(Bentz, 1997). One of these virtual testing 

laboratory packages is the Virtual Cement and 

Concrete Testing Laboratory(VCCTL), which is an 

integrated software package developed by a consortium 

of researchers led by the National Institute of 

Standards and Technology(NIST), USA(Bullard et 

al., 2009). The VCCTL is developed to aid in the 

material selection, design and optimization process of 

construction materials, mainly concrete(Bullard et 

al., 2009).

The VCCTL has been available for commercial use 

since 2000, with the release of its first version, 

Version 1.0 and Version 9.5 being released in 2014. 

VCCTL developed as software, allows the creation of 

a 3D RVE of the cement microstructure based upon 

the 3D representation of the microstructure from 

several digital-images(Okereke et al., 2013). It then 

simulates the hydration of the RVE under any curing 

condition and allows the analysis for properties of the 

materials such as elastic moduli, compressive strength 

and relative diffusion coefficients etc.(Bentz, 1997; 

Okereke et al., 2013).

The main features of VCCTL include having a wide 

database of cement, aggregates, fly ash, slag and 

inert fillers(Bullard et al., 2009). It can simulate the 

hydration of the microstructure for a prescribed time, 

and displays the hydration results(Bullard et al., 

2009). It also calculates the elastic properties of 

hydrated cement, mortar and concrete. Moreover, it 

is able to predict the diffusion coefficient of hydrated 

cement, while allowing visualization of the 3D 

microstructure of the concrete including the pore size 

distribution(Bullard et al., 2009). 

3.3 DuCOM, COM3 and WCOMD: Durability 

models of concrete

The Durability Models for Concrete(DuCOM), COM3 

and WCOMD(originally non-commercial modeling 

software) were developed in the early 2000s in the 

concrete laboratory at Tokyo University(Ishida et al., 

2005). These virtual laboratories' ultimate objectives 

are the simulation of the nonlinear mechanical response 

of concrete structures(COM3 and WCOMD, structure 

level multi-scale simulators) and the simulation of 

the life span of concrete(DuCOM), which the developers 

referred to as "life-span simulator" of structural 

concrete(Ishida et al., 2005). It incorporates micro-

scopic modeling of concrete along with the precise 

implementation of the many physio-chemical processes 

that act on it(Ishida et al., 2005).

Focusing on the material simulator DUCOM, the 

developers of this computational platform used a 

thermo-dynamic modeling approach by considering 

the micro-scale pores in concrete as growing in 

time(Maekawa et al., 2003). This dynamic pore 
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VCCTL Bullard,(2009) VTF Deiterding,(2006) DuCOM Ishida,(2005)

Realistic spatial representation

Specimen geometry - 3D-digital image 

representation of concrete 

microstructure

- Disjointed fluid, solid domains 

and interaction occurs only at 

the fluid-solid interface.

- Microstructural modeling of 

concrete, user defines the 

structure geometry

Material dataset - Cement, aggregates, mineral 

admixtures

- Has extensive VTF material 

Library

- Works for cement and the 

different pozzolanic powders 

(allows for the user input)

Relevant boundary conditions

Load case and periodic 

boundary condition

- Curing condition(isothermal, 

adiabatic, variable evaporation 

rate)

- Lagrangian and Eulerian 

element schemes to model the 

boundary conditions

- Defined by the user in terms of 

history of structure’s exposure 

to the environment.

Computational material models

Linear and nonlinear 

deformation

Failure process

Continuum and 

non-continuum damage

- Lab material module

- Mix proportion module

- Curing Module: different 

thermal conditions

- Measurements module, 

- Uses CEMHYD3D: cement 

hydration

- SFC: Lagrangian thin shell 

finite element),

- AMROC: Eulerian finite volume 

fluid solver

- STLIB: a collection of auxiliary 

algorithms(Aivazis et al., 2000)

- Mono-sized particle dispersion 

and expansion model

- Moisture transport model: 

multi-component porosity

- Thermo-dynamic hydration 

model:(Maekawa et al., 2003)

Testing Platform

- Online VCCTL server based 

software

- Python scripting layer

- A combination of more than five 

computational solvers 

- Fortran codes 

- DuCOM FEM solver

Final predicted properties

- Degree of hydration, chemical 

shrinkage, pore percolation, 

diffusivity, elastic moduli,

- Strength development, 

- Determines response of solid 

and fluid structures to dynamic 

loads, peak stresses and stress 

concentrations

- Long term durability: 

Deterioration, thermal cracks, 

chemical processes, rebar 

corrosion, shrinkage and creep

- Short term durability 

Software type

- Commercial(2000) - Open source - Now commercially available

Strongest point

- Wide material data base

- Concrete optimization and 

design

- Modeling the dynamic 

fluid-structure interaction 

efficiently

- Its multi-scale capability

Efficiency

Computation time and 

cost

- It is a web server application so 

computational demand on a PC 

is small.

- Uses explicit-time integration 

which is computationally 

expensive

- The interdependency of 

different physical 

phenomenon's can be taken 

into account.

Code and interface ease 

(subroutines)

- User friendly and easy to input 

new material data

- ~430,000 lines of code - User friendly(no information on 

adding user subroutines)

Table 1 Comparison of the virtual testing facilities in literature 

growth will affect the major mechanical and physical 

characteristics of concrete and its long term dura-

bility, which the simulation must incorporate. DuCOM 

integrates the early stage hydration, microstructure 

formation and moisture transport processes of concrete 

into its algorithm(Maekawa et al., 2003).

The DuCOM simulation framework consists of three 

modules(Ishida et al., 2005). The first is the micros-

tructure development, which utilizes a dispersion of a 

single sized particles and particle expansion model 

(Ishida et al., 2005). The second module is a 

moisture transport model that is based on the multi- 

component division of concrete space porosity, that 

can be used for any path of drying and wetting 

(Ishida et al., 2005). The third module consists of a 

hydration model, which utilizes a multi-component 

division of cement and pozzolanic powder materials 

(Ishida et al., 2005). Based on the modified Arrhenius's 
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law, it obtains the rate of heat generation for each of 

these components(Ishida et al., 2005). The simulation 

scheme begins from the casting of concrete and 

follows the developments of strength, porosity and 

pore moisture content history with time(Ishida et al., 

2005).

Table 1 shows a brief but comparative observation 

of the three virtual testing facilities discussed above. 

Considering the difference in the general aims and 

goals of the software, the comparison is made in a 

more of explanatory manner. This is essential as 

comparing the computation time, cost and other 

parameters of a multiscale model and a single level 

analysis will not be practical. 

3.4 A multiscale modeling scheme for the 

constitutive property determination of 

nanocomposites

All virtual testing laboratories do not have to be 

compiled software packages as we have seen in the 

cases above. In fact, what makes virtual testing 

laboratories so attractive for the future is the ability 

for small number of researchers to collaborate and 

develop their own virtual laboratories that can be 

geared towards investigating in detail some specific 

properties of complex materials, such as interfacial 

properties.

A case in point is a multiscale modeling scheme 

proposed by Yang et al., 2013, that is composed of 

molecular dynamics(MD), micromechanics, and finite 

element modeling(FEM) tools in order to determine 

the interfacial effects of nanocomposites(Yang et al., 

2013). The primary motivation behind the developed 

scheme was, as the classical continuum mechanics 

and composite theory cannot fully and accurately 

account for the mechanical behavior of nanocom-

posites, to utilize the combined tools of MD simula-

tion techniques and the classical micromechanics 

method for the estimation of the interfacial effect of 

nano-inclusions in a matrix(Yang et al., 2013). The 

interfacial property is particularly important in 

nanocomposites because the interfacial contact area 

between the inclusions and the matrix is drama-

tically widened as compared with the conventional 

composite material(Jordan et al., 2005; Zhu. et al., 

2005).

Hence, the contents of the above mentioned 

multiscale modeling scheme are as follows. First, the 

ensemble volume averaging method based microme-

chanical model is proposed that takes into account 

the characteristics of the interface(Lee, 2001; Yang 

et al., 2013). Since there is no clear way of 

determining interfacial moduli in the proposed 

micromechanics-based constitutive equation, the 

scheme uses MD simulation to determine the bulk 

modulus of the nanocomposite which it will cross 

check with the micromechanics parametric study of 

the bulk modulus(Yang et al., 2013). Therefore, after 

cross checking this, the model determines the 

accurate values for the interfacial moduli and uses 

the micromechanics model to determine the consti-

tutive matrix C* for the nanocomposite material 

(Yang et al., 2013). The significance of the study is 

that the results are derived purely through computa-

tional analysis without additional fitting process. 

After this, the multiscale modeling scheme goes on 

to determine the macroscale properties for the 

nanocomposite by inputting the constitutive material 

property values into the finite element(FE) software, 

ABAQUS. For more detail on the scheme, refer to the 

paper(Yang et al., 2013). Finally, using the FE tool, 

the scheme is able to predict accurately the elastic 

response of the nanocomposite up to the yielding 

point. However, since the micromechanics method 

applied for this scheme only works for the elastic 

range, further work is required to make the 

multiscale model more inclusive and general. 

4. Challenges of virtual testing and the future 

prospect

Several researchers have stated that virtual testing 

is the future of composite material engineering that 

has the potential to transform the material enginee-

ring industry tremendously(Oden, 2003, Okereke et 

al., 2014, Bullard et al., 2009). However, several 
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challenges still need to be overcome for the multi-

scale virtual simulation of composites to reach the 

reliability level of physical laboratory experiments. 

The first challenge is the difficulty in developing 

an accurate geometric, micromechanical and multiscale 

material model(Okereke et al., 2014). Overcoming 

the challenge of either using a tomographic based 

image reconstruction or using topological parameters 

to construct regularized numerically generated RVEs 

is vital(Okereke et al., 2014). Another method is 

relaying on molecular dynamics models, another 

simulation tool, which can reconstruct molecular and 

nano-structures of a crystal of the material in order 

to develop the RVE(Yang et al., 2013). Second, the 

choice of appropriate boundary conditions based on 

the simulation scheme and assumptions affects the 

accuracy of the virtual experiments. Next, the develop-

ment of robust homogenization techniques that assist 

the transfer of the obtained properties up the length 

scale without the smearing of the responses is another 

topic that requires further study(Oden, 2003). Finally, 

the validation of numerical predictions with experi-

mental data presents the biggest challenge for virtual 

testing, as some of the virtual experiments cannot be 

exactly performed in physical experiments(Oden, 

2003; Okereke et al., 2014).

5. Concluding remarks

As presented above, a multiscale virtual testing 

platform presents the fields of material science and 

computational mechanics an incredibly versatile and 

useful tool that reduces the analysis, design and 

production time when working with new and complex 

composite materials. The major advantages of these 

multiscale virtual testing machines include the 

relative ease with which complex geometries, loading 

conditions and material properties can be modeled 

and analyzed, how they provide researchers the 

ability to zoom into the composite material properties 

to investigate complex failure mechanism such as 

progressive damage modeling and how the study of 

complex composite materials such as cementitious 

composite with different phases and inclusions can be 

investigated in a relatively better way(Bentz, 1997). 

In order for virtual testing to work as supplement 

or replacement of physical laboratory experiments, 

virtual laboratories' framework must match analogously 

the physical laboratories’ framework(Okereke et al., 

2014). This requires that virtual testing follow a 

multiscale modeling approach where the virtual 

laboratory must incorporate the different levels of 

computational mechanics and link these levels by 

using a proper homogenization technique to transfer 

the information of the material from one length scale 

level to another. For virtual testing to utilize its full 

capacity, it requires that still unsolved issues such 

as developing an appropriate boundary condition, 

development of vigorous homogenization schemes and 

the difficulty of acquiring sufficient data for validation 

of the created models be further investigated and 

resolved(Okereke et al., 2014).

The other important issue that should be considered 

when thinking of multiscale virtual testing machines 

is the issues related to its core principle that is the 

multiscale modeling scheme. This scheme by itself 

comes with unresolved concerns related to the model 

validation, the appropriateness of the length scale 

bridging techniques and error propagation when 

traversing across the different length scales(Hoekstra 

et al., 2013). Some ground breaking work has been 

done by Oden et al.(2006) with regards to the 

controlling and quantifying the error propagation in 

the multiscale modeling, which shades some light on 

the importance of the issue. However, there is still a 

large knowledge gap to fill. Hence, this presents future 

researchers in the field of computational mechanics 

and materials engineering a vast possibility of 

simulation research areas, where the understanding 

of these complex materials can be remarkably 

improved. 
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