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Abstract— Concrete has proved to be a most versatile 

material of construction. Although the technology of concrete 

has advanced during the nineteenth and twentieth centuries, 

empiricism continues to prevail in this field. If concrete 

construction and performance have to be predictable, this can 

come only from very intensive and extensive application of 

theoretical and numerical techniques to concrete science. In 

this paper the recent work done in the sphere of computer 

simulation models is highlighted. 
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I. INTRODUCTION 

The History of concrete begins with the Greek and Romans 

who used calcined limestone added to water and lime, sand 

and crushed stone or brick and broken tiles as substitute for 

cement and the aggregates. 

 Research in the concrete technology reached the 

takeoff stage essentially after Abram presented the water-

cement law in 1919. In India, momentum in the development 

in concrete technology was gained with the all-around 

construction activities after independence, with the 

implementation of the five year plans. The construction and 

research activities in concrete leapt forward at a fast rate. The 

free exchange of technical knowledge led to general pooling 

and concentration of ideas which in turn led to the publication 

of new codes and standards. 

 Concrete is a deceptively simple material, which 

seems, anybody can make anywhere with local material like 

cement, sand, aggregates and water. Around the world there 

are scores 50-100years old concrete structure still in good 

condition, as also there are innumerable cases of deterioration 

in recently built structure that go unnoticed and unreported. 

May be this can be attributed to the fact that the civil and 

concrete engineers do not fully understand their “medium”. 

The durability factor which was overlooked in the above 

cases of failure can only be predicted by the intensive and 

extensive application of theoretical and numerical techniques 

to the concrete science. 

 A whole lot of difference exists between the 

properties of concrete measured by standard tests and 

measured properties of the same concrete in the exposed 

finished construction. A variety of standard quality tests are 

done by the engineers to assess the properties of their 

concrete and same is the case with the cement manufacturers 

who spend much time and money to assess the quality of their 

product. 

 The concept of ‘virtualcrete’ has computation and 

simulation techniques as the basic themes. 

 By collecting data relevant raw materials and 

cement concrete mixtures and incorporating the information 

into existing and new computer models and then using the 

computer simulations of different mixtures for rapid quality 

and ‘what – if’ simulation. Once material characteristics of 

different concrete and cement mixtures are known, computer 

models would be able to reveal their multitude properties like 

28-days compressive strength in a few hours and their 

simulation technique when applied to models of concrete can 

reveal (by altering various conditions) their durability which 

are real matter of considerance in the field and life of 

structure. 

II. CONCRETE: BASIC FACTS & NEED FOR VIRTUAL 

CONCRETE 

Concrete made by mixing a cementing material and a mineral 

aggregate (like sand/gravel) with water, is second only to 

water in its worldwide annual usage. Stringent quality control 

produces results that make concrete a favorite choice of 

builders. 

 The total quality of concrete used in the world is 

close to billion tonnes or more which would mean almost a 

tonne-per-capita consumption. This happens because of the 

fact that concrete is by far the most versatile material of 

construction, what has given concrete this status is that, 

a) It can be given any colour from black to white and also 

has wide range of unit weight (the specific gravity ranges 

from 0.3-4) 

b) Load-bearing capacity can vary widely, up to 150 MPa 

or more. 

c) It can withstand very high temperature or very low 

temperature. 

The list can extend much. 

 The main constituent of concrete is cement, the 

production of which in the world has touched 1.5 billion 

tonnes, perhaps the largest volume amongst the man-made 

materials. This is used through the routes of mortar, plaster, 

and concrete. 

 Cement itself is a multi-compound composite. On 

reacting with water it forms a paste which is unusable due to 

its brittleness and when we add sand and stones to cement 

paste, we convert cement in to concrete having following 

effects. 

a) Fracture energy increases from 10-100 N/m. 

b) Modules of elasticity, E increases from 10-40 GPa. 

c) Tensile strength does not have much change, 6-4 MPa. 

 Concrete thus become a useful commodity yet with 

some disadvantages / drawbacks, the main amongst which is 

the low tensile strength. It yields at about 3-5% of the yield 

value of the reinforcement. The theoretical tensile strength is 

of magnitude 1000 MPa but actual value comes to be 3-

5MPa, the major difference may be due to the cracks and 

pores and other homogeneities present that prevents bonds 

from working together during fracture. 

 The major goals to be achieved in cement and 

concrete technologies should be, 

1) To make concrete a predictable material as possible. 

2) To reduce the variability in concrete designed to meet a 

specific set of performance requirement. 

 To view these requirements in perspective of virtual 

concrete, we should know how to express the properties and 

performance of concrete in mathematical terms based on 

sound scientific principles. The mathematical language may 

take on any form, from a set of deterministic empirical 
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equation that has been fitted to experimental data, to a set of 

valid differential equations whose coefficients have been 

determined from experimental data, to a set of differential 

equations or computer algorithm that do not relay on any 

experimental input. 

III. VIRTUAL CEMENT CONCRETING 

A. Computer Simulation Models in Cement & Concrete 

The computer simulation for cement based materials has 

received serious attention lately. 

Mainly two times of modelling are attempted, 

a) Modelling based on microstructure development at the 

level of individual cement particles and their hydration 

products including pore spaces. 

b) Predictive modelling developed on empirical equations 

fitted to experiments in order to forecast the properties of 

pastes, mortars and concrete. 

 The modelling parameter in both cases may differ 

but the working idea is the same; computer simulations 

include some sort of stored numerical or analytical 

representation of the system to be simulated which was then 

operated on by prescribed algorithms that gave numerical 

results for physical quantities of interest. 

 The ultimate objective of this kind of simulation was 

to carry out a computer experiment, wherein a physical reality 

was directly simulated so as to produce a result that was not 

predictable in advance so easily. 

B. Modelling based on Microstructure 

1) Modelling of Hydration Reactions 

Cement particles and water react to form products that replace 

the original cement particles and expand into the space 

originally occupied by water. As a result, a complex 

microstructure develops involving unreacted cement grains, 

hydration products and pores. 

 Some reactions to explain the hydration reaction are 

given below, 

C3S (Tri-Calcium Silicate) + 5.3H (Water) -> C1.7SH4 

(Calcium Silicate Hydrate) +1.3CH 

C2S (Di-Calcium Silicate) +4.3H-> C1.7SH4 + 0.3CH 

(Calcium Hydroxide) 

 In the real modelling the pore structures poses as a 

difficulty as there are two types 

a) Capillary porosity 

b) Gel porosity 

 Of which the former are larger and occurs in 

between cement particles and latter are finer in size. 

 Also, there is quantitative modelling and as the name 

indicates the empirical equations are used to approximate the 

degrees of hydration of each compound with age and the 

values for the volumes of the products and remaining 

reactants for any given overall degree of hydration are 

computed. 

 Hence modelling began and advanced with these 

fundamental chemistry, stoichiometry and available 

empirical relation studies. 

The microstructure was developed based on various concepts 

 Johnson and Jennings and Tmosawn developed the 

cement past microstructure based on the  continuum 

representation of the spherical cement (C3S) particles 

enveloped by hydration shells of C-S-H gels whose 

thickness increased with time. Also CH crystals were 

allowed to nucleate and grow in the continuum pore 

space. 

 Van Breugel made an attempt to predict the hydration 

behaviour based on the cement particle size distribution, 

water-cement ratio and temperature. 

 A quite made approach of developing microstructure was 

continuum based models out of digital image based 

models. The main advantage of this type was that a direct 

representation of the multi-size, non-spherical cements 

particles. 

 A two-dimensional scanning electron monograph 

image can be used as direct input into hydration model. In 

developing of microstructure from these digital-based 

techniques, comparison of digital image with the real image 

reveals many similarities. 

 The two-dimensional images are sufficient for 

characterizing cement particles but while studying the 

percolation, mechanical and transportation properties we 

need the aid of three-dimensional models. 

 Nowadays computational techniques have advances 

so much that if measured particle size distribution and a set 

of scanning electron microscopy images are available as 

input, we can create three-dimensional cement particle 

images that matches the particle size distribution , volume 

fractions and phase-surface area characteristics of given 

cement. 

 The developments along with the calibration of 

dissolution cycles to time, model developers have found good 

agreement with model prediction and experimental 

measurements of degree of hydration, heat release and 

chemical shrinkage and degree of hydration prediction can be 

extended to predict the compressive strength development of 

mortar cubes. 

2) Procedures Involved In Cement Modelling 

In this section an attempt is done to predict the various 

physical properties of cement like hydration kinetics, heat of 

hydration, mortar compressive strength development etc... 

The actual procedure involved in the modelling is well 

explained and this can be considered as a guide line for 

extension of this technique to concrete phase. This was 

performed in VCCTL (Virtual Cement Concrete Testing 

Laboratory) a consortium formed by the collaboration of U.S 

government and industries headquartered at NIST. An on-line 

testing lab is available at its website. The main objective of 

formation of this consortium was to reduce the physical tests 

conducted on cement and to find out what would be the effect 

if the physical conditions were varied, which would serve as 

an indication of the concrete property in those conditions. 

3) Experimentation 

Involves four processes, 

1) Particle size distribution. 

2) Scanning electron microscopy imaging (SEM). 

3) Mathematical analysis of cement images. 

4) Experimental measurements and simulations. 

a) Particle Size Distribution (PSD) 

The PSD was determined of two sample supplied (i.e. Cement 

135 and cement 141 provided by CCRL, Central Concrete 

Research Laboratory) Laser Diffraction technique was used 
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for this procedure. The focal length of instrument used 

(HELIOS) was kept at 87.5µm allowing the measurements of 

particles with diameter between 0.25µm and 87.5 µm. The 

measurement time varied between 10-30 seconds per sample. 

The average PSD curves for each cement are found to be quite 

similar as also the Blaine’s fineness and these were found to 

be in agreement with the standard results as by ASTM 

(American Society of Testing and Materials) Techniques and 

CCRL testing programs. These are direct input in to the 

software for analysis and making of models. 

b) SEM Imaging 

The sample made of the needed cement material is to be first 

prepared before the SEM testing. The specimen prepared is 

kept in the SEM chamber, and the signals are collected for the 

back scattered electrons and X-rays. For analysis of cement 

powders, in addition to back scattered electron signal X ray 

Images of Ca, Si, Al, Fe, S, K, Mg are collected. As these X-

rays are collected at the same time and at the same location 

as that of back scattered electron images, this series of images 

a can be combined to determine the mineral phase present at 

the each location (pixel) in 2-dimensional image. 

Magnifications of order 250X and 500X are employed. 

 To process the input SEM/X-RAY images and to 

determine the distribution of phases, a decision tree is 

traversed for each pixel location in the images an example is 

provided to show how a decision tree based on threshold grey 

level value looks like and works for OPC (the increase of the 

value helps to determine what/what not is present at each 

location). 

 After all the classification sometimes the image may 

contain still more amount of random noise. This is improved 

by utilization of filters. After this filtering an image ready for 

quantitative stereological analysis would be ready. Both the 

samples of cement were tested similarly and two separate 

image composites were acquired and processed in this 

manner. (Many of these and other cement images are 

available in the web address). 

c) Mathematical Analysis of Cement Images 

The images obtained by SEM can be analyzed to determine 

any number of stereological parameters. As an example, for 

cement hydration parameters include phase area fractions and 

phase surface perimeter functions. For an, isotropic system, 

the area fraction of a phase present in a 2-D image will 

directly correspond to its volume fraction in 3-D dimensions. 

The surface area fractions of phases are particularly important 

for cement hydration reaction with water as it occurs at the 

surface of the particles. 

 For an isotropic material, spatial correlation 

functions are identical in 2 or 3 dimensions, simply being a 

distance, r. Hence the 2-D values measured can be used to 

reconstruct 3-D representation. 

 These 3-D structures of cement particles in water 

can then be used as input images for the cement hydration and 

micro structure development computer model. The phase 

compositions estimated using SEM and image analysis are 

compared to those calculated as per ASTM standards, values 

are found not to vary much. 

d) Experimental Measurements/Simulation 

These include determination of non-evaporate water content 

of hydrating cement pastes to assess degree of hydration as a 

function of age, chemical shrinkage, and pore solution 

composition. The analysis of pore solution composition was 

analyzed by ion chromatographic analysis of pore solutions 

extracted from hydrating cement pastes after various ages. 

 All simulations were initiated using the software. 

Starting images of cement samples at the necessary water-

cement ratio (0.25- 0.485) were created and hydrated for 

various amounts of time, depending on the specific property 

of interest (e.g. for compressive greater than 28 days about 10 

hours of setting time comparisons). As hydration occurs in 

the system, a set of output files are continuously updated to 

reflect the development of properties with time. 

4) Results of the Experiments 

Results are obtained of the following parameters, 

1) Hydration kinetics. 

2) Heat of hydration. 

3) Setting time determination. 

4) Mortar cube compressive strength development. 

In detail, 

a) Hydration Kinetics 

From the model predictions and experimental results for 

degree of hydration under saturated and sealed conditions for 

cement 135, we find that good similarities is found between 

saturated and sealed curing observed at longer hydration 

times. In the initial stages of hydration process, more water is 

available; hence water lost due to self-desiccation in the 

sealed condition is negligible. As the specimen ages, the 

amount of self-desiccated porosity becomes significant and 

corresponding saturated specimens trail behind in hydration 

rate. At water- cement ratio of 0.4 much difference is not 

observed, while for lower w/c ratios sealed conditions lead to 

a substantial reduction in degree of hydration and strength 

achieved at longer hydration times (greater than 7 days). 

b) Heat of Hydration 

The heat of hydration was tested using ASTM heat of solution 

test method. 

 For this test cement with water cement ratio 0.4 was 

prepared and stored in sealed veals at 23 degree Celsius. At 

the time of testing the cement paste was digested in an acid 

solution and the energy release is measured. By subtracting 

this value from the value of the starting cement powder, the 

heat of hydration is found out. The same was carried out using 

the cement 135 under the test conditions; we find that the 

values are within the standard deviation. 

 
Fig. 1: (The Graph Shows Computer Model (lines) and 

Experimental Results (data points) for Degree of Hydration 

of CCRL Cement 135, w/c= 0.40, Hydrated under Saturated 
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and sealed curing conditions at 250C. Crosses indicate ± one 

standard deviation in experimental measurements, and 

generally fall within the boundaries of the data point symbol 

itself. Model cycle to actual hydration time conversion 

factor was 0.0003.) 

c) Setting Time Determination 

This is one of the most important properties of cement, this 

will decide how much time it will take the concrete to get 

placed and finished. 

 Usually the test is done using VICAT (ASTM 

standards) apparatus wherein the resistance to penetration by 

the hydrating cement paste is measured. In the model analysis 

we implement a special percolation algorithm. 

 The algorithm measures the fraction of the total 

solids that are linked together by Calcium-Silicate- Hydrate 

gel (C-S-H) and ettringite or C3AH6 hydration products. Two 

touching cement particles do not comprise a percolated 

structure for setting behavior of both well dispersed and 

flocculated cement paste can be consistently evaluated. The 

software returns the percolated fraction for the total solids as 

a function of either hydration time or degree of hydration. 

These were compared to the experimental values using 

VICAT and Gilmore needles and many variations were not 

observed. 

d) Mortar Cube Compressive Strength 

Development 

As mentioned before the compressive strength development 

can be calculated and from knowing the degree of hydration 

and we use this technique or methodology or parameters like 

the Power’s gel-space ratio. 

 We find that on comparing with the ASTM standard 

test results the 3 days strengths are slight under predicted and 

28 days strength are slightly over predicted, all model 

predictions are well within two standard deviations of the 

CCRL - determined experimental values. 

 As the often used criteria for concrete acceptance is 

28 days strength the ability to adequately predict 28 days 

compressive strength or an early age strength measurement 

(3 days or 7 days ) would result in substantial cost and time 

savings to construction industry. 

 And concluding about the actual experimental 

procedure involved in computer modelling, in addition to the 

above mentioned results obtained a wide variety of cement 

physical properties can be predicted this way. While in the 

actual experimental procedure much weightage was given to 

the prediction of ordinary OPC cement, this modelling 

technique is equally applicable to blended cement systems. 

Silica fume, fly-ash, slag and limestone can all be 

incorporated into the starting cement paste microstructure. 

Current research in the VCCTL consortium are focussed on 

predicting the rheological and elastic properties of cement-

based systems, which will further increase the applicability of 

this technique to a large number of problems of practical 

significance . 

 The new developments will provide the foundation 

for addressing the critical problem of concrete science service 

life prediction and life cycle cost analysis, on a sound 

materials science-based footing. 

 
Fig. 2: Experimentally Measured (circles) and Model-

Predicted Compressive Strengths for ASTM C109 Mortar 

Cubes Prepared from CCRL Cements 135 and 141 at 23 ºC. 

Crosses Indicate ± one Standard Deviation from the Mean, 

as Determined in the CCRL Testing Program 

C. Predictive Modelling For Concrete Properties 

The birth of virtual concrete may have been with the 

development of ‘numerical concrete’. It is one in which a  

concrete microstructure consisting of aggregate in a cement 

paste matrix was generated and mapped into a finite element 

grid, allowing for the computation of thermal, hygral and 

mechanical stress distribution. 

 This method does not hence implement the 

microstructure property relationship. This technique 

essentially consists of application of finite element, method 

in the construction of micro-structure model, wherein 

variables (as in the case of parrot’s model “DEMIPROC” 

there are 60 input models) are to be inputted which contain 

the details about the mix proportioning, cement 

characterization, microstructural assumptions and exposure 

conditions. 

The general operating path of “DEMIPROC” is as follows, 

1) Initialize program variables. 

2) Setting input values. 

 Mix design data. 

 Binder details. 

 Exposure conditions. 

 Hydration microstructure assumptions. 

3) Calculate mix proportion. 

4) Calculate initial volume and fixed hydration factors. 

5) Iterative macrostructure calculation. 

 Age increment for current time set-up. 

 Hydration rate factors. 

 OPC compound volumes. 

 Pfa reactions and volumes. 

 Porosity. 

 Bound water, evaporable water and Rh. 

 Heat evolution. 

6) Calculating the engineering properties. 

 Density. 

 Compressive strength. 

 Permeability/diffusion. 

7) Select report for output 

 Input values. 

 Phase volumes. 

 Moisture. 

 Porosity. 

 Engineering properties. 
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 The ‘what-if’ calculation/prediction of virtual 

concrete which is one of its major advantages could be 

achieved using this type of modelling. The change of a 

number of engineering variables which are inputted in the 

beginning from the normally taken value would affect the 

concrete and we can obtain the numerical indication directly 

from the model as to how much the quantity of our interest is 

affected. If we are able to unconsidered the inconformity of 

phenomenological experimentation and predicted sensitivity 

analysis the micro-structural modelling is potentially useful 

for guiding engineering design were durability is in question. 

It can integrate physical and chemical aspects, and provide a 

broad explanation and indicate the relative importance of 

variables that the designer or engineer may wish to control. 

IV. CONCLUSION 

The computational cement science has travelled a long way 

from the first attempt of visualizing the ‘numerical concrete’ 

on a computer screen the techniques of computer simulations 

has progressed  to the basic principle of maneuvering 

idealized spherical grains packed in a ‘continuum’ to a 3-D 

digital image based modelling of cement particles 

approximating real-life products. 

 Concrete is one of the most complex material 

systems composed of widely varying particle sizes. It has to 

function in circumstances which may call for its high 

durability property. The human life safety factor is one of the 

main facts to be considered while thinking of durability of 

concrete. Hence any effort to predict this durability should be 

approached with a wider perspective and enthusiastic 

manner. Moreover the same technology when can be made 

used for saving money and time in the construction fields and 

cement manufacturing industries should be the key factor to 

be stressed when speaking of the need of engineers to move 

from traditional empirical approach to simulated and 

predictive quantitative approach. 

 When concluding this paper we can be saying with 

assurance that with all its mighty objectives virtual cement 

concrete is not too distant to be unadvisable. 
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