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Nanocemology - the key to the future  
 
Introduction  

 

Although concrete is the most widely used building material in the world, the 

fundamental mechanisms affecting the behaviour of this ubiquitous material are very 

poorly understood. This is because both the chemical and physical characteristics are 

complex. Fifty five years ago, the then President of the American Concrete society, 

Mr Gilkey made the following statement:- 

 

 “Half a century has not changed much of the relevance of the old adage – Concrete 

in the old days seemed to be simple. Concrete was never simple – we were” 

 

The industry world-wide, is not good at working together on matters of research and 

development. Much research is done without industrial partners and inevitably lacks 

practical, immediate application resulting in a disenchantment in the minds of 

Government-backed funding bodies. Traditionally, small and rather isolated research 

groups make proposals to national funding councils which are then evaluated against 

a range of proposals from other industries as well as civil engineering. If successful, 

the work is carried out with the limited means of the research group, on local raw 

materials with the results being presented, sometimes in short presentations, at 

conferences with limited discussion. Also, it is difficult to get long-term funding for 

research beyond the length of one PhD study. To make matters worse, there is 

considerable ignorance about work going on in other countries and some of that 

work where, perhaps the expected results did not materialise, is never published. So 

duplication occurs and numerous parametric studies are carried out where the 

results are only applicable to the particular combination of raw materials used. In 

spite of the Internet and many technical journals, the industry is poor at 

understanding and co-ordinating, let alone helping to direct, the research and 

development so urgently needed. 

 

Thankfully, in Europe a Nanocem group has been formed comprising both academic 

(21no) and industrial partners (11no) who are working together on both current 



industrial problems and identifying much needed knowledge-driven tools which can 

improve the future place of this unique material in our environment. The regular 

review and discussion of progress and results, by all concerned, helps to focus on 

and optimise the effort of the researchers, leading to a series of individual but 

complementary PhD projects. That approach needs to expand to a  

global effort particularly as the leading cement and other material producers have 

significant world-wide interests. Whilst four out of the top 6 cement companies in 

the world are European, South East Asia can bring a great deal to this effort. Not 

only do you have good research facilities and energetic academics but there are 

unique environmental and geological conditions which must not be allowed to be left 

out in fundamental research work. 

 

The problem 

Of the money spent in the construction industry, depending on the country, it is 

estimated that between 40 and 60% is used on repairs and maintenance. The 

degradation of buildings and structures due to moisture transport is a gigantic, 

global problem. It is not unique to high humidity, monsoon conditions, made worse 

by high solar radiation or indeed confined to the Northern Hemisphere where freeze-

thaw conditions and frequent chloride (winter) applications are commonplace. Just 

to put that into perspective, in the U.K alone over £550 million per annum is spent 

on concrete bridge repair. In the USA, the repair of concrete structures is believed to 

be an annual, trillion US dollar problem! 1  

 

World-wide, reinforced concrete has been one of the most widely adopted 

construction materials used in the latter half of the 20th century. Designers took to it 

with enthusiasm since it was believed to be almost maintenance-free due to the 

passivity provided by the high alkaline, cement pastes surrounding the steel 

reinforcement of such structures. Experience has shown that this belief, which 

persists today, was ill-founded to the extent that many of the concrete structures 

built in the past 40 years are now showing signs of considerable distress. Yet, on a 

price-performance ratio basis, it is not surprising that  concrete remains the most 

used building material in the world. Equally, precisely because of the ubiquitous 

nature of this versatile construction product, it is imperative to understand and if 



possible, enhance its’ performance and aesthetic appearance. Both are possible. In 

the year 2030, that is 25 years from now, 80% of all concrete structures that are in 

existence today, will remain. The durability characteristics of these structures are 

therefore critical and accurate assessment of the remaining, safe working life 

(service life) is vital to determine and understand. More importantly, maintenance 

materials and repair methods to provide compatible (with the substrates) solutions, 

whilst giving good aesthetic properties, will require considerable skill and continuing 

innovation.         

 

Definition  

Nanos, the Greek God, was a dwarf! A nano, in concrete terminology, is 1/1000th of 

a micron, while molecules are between 0.1 and 100 nanometres. In relation to time, 

one hour is a micro-century. In relation to length, a nanometer is a billionth of a 

metre. 

Particle packing, including nano-scale mechanisms, are crucial areas to understand 

in the drive to produce sustainable concrete structures, in order to minimise the 

adverse effect on our environment.  

 

Nanocem, the key to the future       

Nanocemology is the science of ultra-fine, micro and nano-scale mechanisms 

occuring in, and affecting the performance of, microscopic constituent materials and 

the pore structure in cement and concrete. Achieving both high durability and good 

aesthetic appearance is contingent upon the understanding of and incorporating 

nanotechnology in the microstructure of concrete mixes. Future structures, i.e; those 

built from now on, will comprise ultra high strength concrete of low permeability, 

high tensile and flexural strengths, whose density will be sufficient to secure high 

abrasion and chemical resistance. The key to achieving this lies in the management 

of and control of pore size, pore spatial distribution and connectivity (of capilliary 

ducts) within concrete at the nano-scale level. In concrete, “pores” have to be 

broadly defined partly because they span such a wide variety of shapes, length 

scales and sizes. At nano-scale (10-9) the gel-like calcium silicate hydrate phase of 

cement is intrinsically porous. The very small size of these nanopores means that 

they are very difficult to observe directly, even by electron microscopy. However, 



measuring  the rate of moisture movement, both into and out from nanopores and 

capillaries, which are not much larger than a water molecule,2 can enable 

characterisation i.e; pore density, size, shape and interconnectivity. These factors, 

taken together, interact so as to define permeability, the key issue in durability of 

concrete. Ultimately, all deleterious mechanisms in concrete, whether physical as in 

freeze/thaw or chemical as in sulphate attack or diffusive as in ion diffusion (e.g; 

chloride) are functions of water transport within the pore structure. The purpose of 

this paper is  to highlight at least two ways, using nanotechnology, to produce 

outstandingly durable concrete structures. These are; Recursive Particle Packing 

which would be used at “design of concrete mix” stage and Nuclear Magnetic 

Resonance (NMR) and Magnetic Resonance Imaging (MRI) which can probe the 

pore-structure of concrete and the dynamics of water within it. These tools can be 

used both during and after hydration. The rate of hydration and the formation of 

pore structure can be followed by measurement of nuclear spin relaxation times. The 

benefit of NMR is that it provides non-destructive ways of following the hydration 

process and characterising both chemical and physical properties of concrete in the 

field. Ironically, both Recursive Particle Packing and NMR/MRI have come from other 

industries, pharmaceutical and medical, respectively. Though different and distinct 

“tools” they complement each other in helping to determine optimum characteristics 

at nano-scale of the most durable concrete that it is possible to make. 

(P.J.McDonald, J. Mitchell and M. Mulheron 2005)3 . 

 

Recursive Particle Packing 

Finding the densest possible, randomly-packed arrangement of hard, geometric 

particles, of various shapes and sizes is an ongoing and physically challenging 

problem. In order to improve on the packing density of a single size, it is necessary 

to fill the interstices between the larger particles with smaller particles. Such 

arrangements are often called Apollonian packing 4  after Apollonius of Perga who 

studied the problem of recursively inscribed circles in two dimensions in ca. 200 BC. 

Multi-blend cements are now common for high-exposure class environments but 

their use will grow when long-term durability and sustainability issues become the 

driving design parameters. The use of industrial by-products, such as ground, 

granulated, blast furnace slag, pulverised fly ash and to some extent, silica fume, 



significantly enhance not only the properties of concrete but contribute to the drive 

for greater sustainability in the built environment. Figures 1 to 6 show properties of 

the most common or widely used combination of such materials. Recent work5 

suggests that optimum packing fractions of such particles, of different sizes, can 

enhance the properties of concrete and yield the most efficient use of these 

products. Interstices between the larger particles and smaller particles can be filled 

which improves the packing density and significantly lowers porosity. 

 

A packing ratio, by volume of approximately 66% OPC, 24% GGBS and 10% Silica 

Fume would appear to create an efficient blend as far as optimum packing density is 

concerned. Local variations in supply of these materials might require adjustments to 

the ratio. The consequences of this attention to the packing of particles in the 

100nm and sub-micron area, in terms of enhanced durability, are profound and  will 

make a considerable contribution to concrete technology in the future.   

 



Characterisation by NMR and MRI 

Chemically resolved NMR/MRI spectroscopy has been used extensively to study 

cement chemistry, hydration kinetics and CSH gel morphology by monitoring the 

chemical environment of (mainly) the hydrogen and silicon, but also of the carbon 

and aluminium, as well as the transport of chlorides and other ions. There are, 

already, excellent reviews on the use of NMR/MRI spectroscopy for studying cement 

chemistry (Richardson 1999, MacLaren and White 2003) but work under Professor 

Peter McDonald at the University of Surrey6 has resulted in mini, permanent magnet, 

magnetic resonance relaxation time analysis machines with special resolution 

becoming available to the industry for on-site data collection. Millisecond 

“soundings” enable diffusion measurements, pore size and distribution, penetration 

depth of water, and hence chlorides to be mapped. NMR/MRI measurements have 

also been used to determine the distribution of ions over the pore surfaces (Rijniers, 

et al, 2004) Distributions of sodium ions were determined in pores less than 1 

micron in a calcium silicate brick and mortar, for example. Being able to monitor the 

ingress of Sodium and Chloride ions in the critical “cover” area of concrete, enabling 

predictions of the onset of reinforcement corrosion, will be a ground-breaking 

enhancement of the management of concrete structures. Through a series of 

tests/measurements the hydration, pore structure, homogeneity, and water 

transport can all be investigated using NMR/MRI relaxometry and imaging. 

 

The Future 

Not only will nano-scale particle packing and NMR/MRI methods be used increasingly 

in the industry to provide as near as possible an “everlasting” concrete, but the use 

of smart technologies to provide embedded electronic chips, will be part of the 

process of data collection and management of future concrete structures. New 

business opportunities and improvements to living and working environments will be 

achieved as well as much enhanced construction quality.   
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Fig 1. OPC  (hydrated) x 10000 magnification showing crystalline 
structure of CSH gel at 50-200 nanometers. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Fig 2. Hydrated OPC at 40,000 magnification indicating 
CSH gel crystal structure 
 

 
 
 
Fig 3. GGBS  (hydrated) x 10,000 magnification. Sub-micron, cubic 
and angular shapes 
 

 
 
 



 
Fig 4. Densified Silica Fume, dry at 1,000 magnification 
 

 
 
 
Fig 5. Silica Fume, after hydration at 20,000 magnification (one thin layer) 
Note spherical shape and sub-micron size, 20 to 200 nanometers 
 

 
 
 
 



Fig 6. Silica Fume 30,000 magnification, surface of densified globule. Note 
particles from 20 to 200 nanometers. 
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Fig 1. OPC  (hydrated) x 10000 magnification showing crystalline 
structure of CSH gel at 50-200 nanometers. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Fig 2. Hydrated OPC at 40,000 magnification indicating 
CSH gel crystal structure 
 

 
 
 
Fig 3. GGBS  (hydrated) x 10,000 magnification. Sub-micron, cubic 
and angular shapes 
 

 
 
 



 
Fig 4. Densified Silica Fume, dry at 1,000 magnification 
 

 
 
 
Fig 5. Silica Fume, after hydration at 20,000 magnification (one thin layer) 
Note spherical shape and sub-micron size, 20 to 200 nanometers 
 

 
 
 
 



Fig 6. Silica Fume 30,000 magnification, surface of densified globule. Note 
particles from 20 to 200 nanometers. 
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