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Abstract 
Cement-based materials have complex multi-component, multiscale structures that first form through chemical reaction 
and then continue to change with time. As with most classes of materials, the porosity of cement paste strongly influ-
ences its properties, including strength, shrinkage, creep, permeability and diffusion. Pores in cement paste range in size 
from nanometers to millimeters, and numerous investigations and models have been reported in the literature. This pa-
per reviews some key concepts and models related to our understanding of the pore system and surface area. A major 
reason for the complexity of cement-based materials is that the principal reaction product, calcium silicate hydrate 
(C-S-H), forms with a significant volume fraction of internal, nanometer-scale pores. This gel pore system contains wa-
ter that is also adsorbed to the solid surfaces, blurring the distinction between the solid phase and pores. The gel pore 
system changes not only with the chemical composition and extent of reaction, but also with changes in relative humid-
ity, temperature, and applied load. Pores can be characterized by their surface area, size, volume fraction, saturation, and 
connectivity, but precise quantitative models are still not available. A useful approach for characterizing the structure of 
cement paste is to document the influence of time and external factors on structural changes. Scientific progress will be 
facilitated by the development of models that accurately describe the structure and use that structure to predict proper-
ties. This is particularly important because the composition and chemistry of commercial concretes is changing more 
rapidly than laboratory experimentation can document long-term properties such as durability. Some of the possible 
models are discussed.  
 

 
1. Introduction 

A primary aim of materials science is to establish quan-
titative relationships between processing, structure, and 
properties. For metals, ceramics, and polymers this has 
been accomplished with mathematical models based on 
fundamental principles that can be used to predict or 
design their properties. For concrete, one of the world’s 
most important and widely studied technological mate-
rials, the processing-structure-property relationships are 
extremely complex. Concrete is a multiscale, multicom-
ponent material, containing particles of coarse aggregate 
(approximately 10 mm to 100 mm diameter) and sand 
(approximately 0.01 mm to 2 mm diameter), suspended 

in a cement paste binder, a multiphase suspension of 
cement and fillers (0.1 µm to 100 µm diameter) mixed 
with water. The most important component of concrete 
is cement paste, which itself is composed of several 
phases. For cement paste, a schematic of the materials 
science approach is shown in Fig. 1, and, as will be ar-
gued, the complexity and sheer number of important 
properties presents significant challenges to the formu-
lation of the desired models. The purpose of this paper 
is to enumerate these challenges by reviewing the state 
of knowledge regarding the pore system of cement paste, 
by describing how modern numerical modeling tech-
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Fig.1 Processing-structure-property-performance rela-
tionships for concrete. 
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niques can address outstanding issues regarding the de-
velopment of the complex hydrated microstructure, and 
by showing how predictions of mechanical and trans-
port properties can be made from this microstructure. 
Suggestions are then made as to how future models 
might be directed to overcome the remaining challenges. 

Structurally, cement paste is a dense suspension of 
particles in a liquid medium, and the liquid component 
can be viewed as a three-dimensional pore space be-
tween the solid particles. The pore structure and the 
aqueous phase it contains, which we refer to collectively 
as the pore system, is a major part of the cement paste 
structure, bridging length scales from nanometers to 
millimeters, and controlling many important engineer-
ing properties. A premise of this paper is that the pore 
system is a key characteristic linking processing, struc-
ture, and properties, and is therefore an appropriate fo-
cus for modeling efforts. In this paper, we will specifi-
cally discuss new approaches to modeling the changes 
to the pore system with time under different conditions 
(Section 5.3), and to modeling the influence of the pore 
system on the mechanical properties of concrete (Sec-
tion 5.4). 

Despite its central role in the behavior of cementi-
tious materials, and despite the fact that precise charac-
terization of the pore system in cement paste has been 
the subject of research for more than half a century, we 
still do not have rigorous definitions of different pore 
types or a full geometric description of the pore system. 
Therefore, models representing the current state of the 
art are still incomplete, and none can adequately predict 
performance over a wide range of mineral and chemical 
formulations. The issue of performance as a function of 
chemical composition is becoming increasingly impor-
tant as the range of materials utilized as binder materials 
in concrete widens, driven by the need to reduce energy 
consumption and greenhouse gas emissions associated 
with cement production (Gartner 2004, Damtoft et al. 
2008). For example, the pore system of cement pastes 
containing slag, fly ash, and other materials is known to 
be different from that of Portland cement paste 
(Richardson 2004, Chen 2006), but the corresponding 
changes in concrete properties cannot be reliably pre-
dicted by present models.  

The ideal concrete model might be envisioned as a 
sophisticated but user-friendly computer program that 
takes as its input the desired engineering properties of 
the concrete and the expected environmental conditions 
in the field and then, after accessing an extensive data-
base of available cementitious materials and admixtures, 
and performing a series of comprehensive simulations, 
outputs detailed instructions for materials selection, 
mixture proportioning, and processing such a concrete. 
The realization of this type of program is some distance 
in the future, but it is argued here that significant ad-
vances in concrete modeling may occur in the next few 
years (Bullard 2004).  

The organization of this paper is as follows. In Sec-

tion 2, we survey the state of knowledge of the pore 
system in cement paste, and of how the pore system 
relates to material properties, following to some extent a 
historical perspective. In Section 3, we discuss the cur-
ing process, including some recent insight obtained into 
the details of the hydration kinetics. In Section 4, we 
review some of the recent data obtained regarding the 
pore system of cement paste using advanced characteri-
zation methods. Then, in Section 5, we turn to modeling, 
focusing on two promising new strategies for modeling 
the development of structure and the relationships be-
tween structure and mechanical properties. Finally, in 
Section 6, some general and concluding remarks are 
given. We note that there are characterization techniques 
and models of excellent quality that are not referred to 
here. An intention of this paper is to describe relation-
ships between experimental characterization and models 
that have advanced, and are likely to continue advanc-
ing, our understanding and control of cement based ma-
terials.  

 
2. Historical survey of the pore system in 
concrete 

When cement powder and water are mixed, reactions 
begin to consume the cement particles and to produce 
solid products. This is accompanied by a net decrease in 
volume, called chemical shrinkage, because the volume 
of the solid products of hydration is less than the initial 
volume of solids and water from which they form. 
However, the solid hydration products have greater vol-
ume than the initial solids alone, so the water filled 
space is gradually replaced by solids during the reaction. 
The space not filled by solid products of hydration is 
traditionally called the capillary pore space. The princi-
pal hydration product, calcium silicate hydrate (C-S-H) 
gel, also contains a significant volume of very small 
pores called gel pores. In this sense, the pore system 
naturally divides into two distinct populations of pores, 
one population becoming less numerous, and the other 
becoming more numerous, as the reactions proceed. 
This fundamental classification system for porosity in 
cement paste is one of the oldest (Powers and Brown-
yard 1948), but it is perhaps most easily illustrated by a 
micrograph showing the simulated microstructure gen-
erated by a modern computer model at two hydration 
times (Fig. 2). At first, the capillary pores form a simply 
connected topological space in three dimensions. How-
ever, as hydration proceeds, the capillary pore volume 
decreases continuously until, at some point, it may 
transform into a disconnected space by a percolation 
transition (Garboczi and Bentz 2001). This depercola-
tion has significant effects on the material’s transport 
properties (Powers 1959, Bentz 2007). 

While dividing the pore system into capillary and gel 
components based on the hydration process is attractive, 
in practice it should be noted that there is an overlap in 
these two subsystems in the range of about 5 nm to 20 
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nm. Knowledge about the structure of pores in these two 
populations historically has resulted not only from di-
rect measurements, but also from inferences based on 
the macroscopic response of the material. In this spirit, 
we review the capillary and gel pore systems principally 
in terms of the engineering properties that are most in-
fluenced by change of the pore structure at those length 
scales. 

 
2.1 Relation of capillary pores to cement paste 
properties 
For both engineering and practical reasons, compressive 
strength is the most commonly measured property that 
relates directly to capillary pores. A number of early 
models related strength to various measures of pore 
structure. The first of these was Feret’s Law (Feret 
1897): 

2cK
c w a

⎛ ⎞σ = ⎜ ⎟+ +⎝ ⎠
  (1) 

where σ=compressive strength, K=constant, c=volume 
of cement, w=volume of water, a=volume of air. 

This is an empirical relationship that effectively re-
lates the amount of water in the original mix to the ulti-
mate strength. Since the ratio of water to cement is di-
rectly related to the capillary pore volume, it can be 
seen that the qualitative relationship between porosity 
and strength was firmly established more than 100 years 
ago. Over the years, at least a half dozen different multi-
parameter equations have been found to provide good 
correlations between porosity, appropriately defined, 
and compressive strength (Ryshkewitch 1953).  

Powers (1960), who might be considered the first 
modern cement researcher, recognized the importance 
of the larger capillary pores, and the tendency for their 
volume to decrease with increasing degree of hydration. 
To model compressive strength, he developed the con-
cept of the gel/space ratio, X , defined as the volume of 
solid hydration products and associated small pores, 
referred to collectively as gel, divided by the total vol-
ume of the paste. This quantity can be fit to strength 

data using two unknown constants, A and n: 
nAXσ =  (2) 

This relationship accounts for the effects of the de-
gree of reaction and the original water cement ratio on 
strength through the calculation of X. Eqs. 1 and 2 both 
reflect the experimental fact that reducing capillary po-
rosity tends to increase the strength.  

Implicit in the Powers interpretation (Eq. 2), based on 
the assumption of a fixed amount of non-evaporable 
water, is the assumption that the volume fraction of gel 
pores in C-S-H is constant (Powers 1960, Powers 1958, 
Taylor 1997) such that C-S-H gel, including solid and 
gel pore, has a constant specific volume. A recent model 
of the nanostructure of C-S-H (Jennings 2000, Jennings 
2008) questions this assumption, proposing instead that 
the volume fraction of gel pores in C-S-H takes on two 
local values, one for a high-density packing and one for 
a low-density packing of nanoscale solid C-S-H parti-
cles. At the scale of hundreds of nanometers, the C-S-H 
phase would have a distribution of packing densities 
around these two values, a prediction that has experi-
mental support from nanoindentation measurements 
(Constantinides and Ulm 2004). Since the lower density 
morphology of C-S-H is favored at earlier ages, this 
means that the specific volume of C-S-H decreases with 
time. Other variables such as curing temperature, drying 
(autogenous and external), and loading could affect the 
packing efficiency of the C-S-H building blocks, a phe-
nomenon known generally as aging (Bazant 2001). The 
capillary porosity, and thus the strength, will thus de-
pend on the full environmental history of the paste and 
not just the degree of reaction and initial water:cement 
mass ratio (w/c). For example, the strength of a paste 
was found to depend on drying and load history when 
the overall degree of reaction and w/c were kept con-
stant (Garrett et al. 1979). Since drying causes cracking, 
especially in larger samples where moisture gradients 
are inevitable, and cracking decreases strength, relation-
ships between moisture content, capillary pores, and 
strength are much more complicated than is implied by 
the simple empirical relationships of Eqs. (1) and (2). 

 
Fig.2 Two-dimensional cross-sections from a simulated three-dimensional microstructure of C3S paste with water/cement 
= 0.5 at degrees of hydration of 0, 0.1, and 0.6 (left to right).  Images were generated using the VCCTL microstructure 
model (Bullard and Garboczi 2006). The colors are as follows: black = saturated capillary porosity, dark brown = C3S, 
light brown = C-S-H including gel pores, blue = CH.  
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Characterizing the changes that occur as a result of ag-
ing represents a major challenge that is taken up in more 
detail in a later section.  

The mechanical properties of cement paste are not the 
only properties affected by the capillary porosity. The 
permeability of cement paste, which is generally defined 
as the ease with which the aqueous phase flows through 
the material under a pressure gradient, is also directly 
related to the volume, size, and morphology of capillary 
pores. However, the measured permeability of a mature 
cement paste tends to be much smaller than the value 
predicted from the measured pore size distribution 
(Scherer et al. 2007, Vichit-Vadakan Scherer 2000). 
These authors examined the applicability of a variety of 
models for permeability of cement paste. The agreement 
between calculated and measured permeabilities for 
cement paste or concrete is generally poor, but this is 
likely due to the use of pore sizes measured on dried 
samples. Because drying causes microcracking and 
other changes, the measured pores are larger than in the 
virgin samples used to measure permeability; conse-
quently, the calculated permeability is too high, unless a 
very large tortuosity is assumed. On the other hand, 
when dried cement is resaturated, its permeability is 
found to be 100 times higher than in the virgin samples 
(Powers et al. 1955), presumably because of larger 
pores formed during the drying process, but there are no 
studies in which the measured pore size is used to ana-
lyze the permeability of resaturated samples (which 
would be the appropriate comparison). For materials 
that are much simpler than cement, such as porous Vy-
cor glass, the permeability is accurately described by the 
Kozeny-Carman equation, if the presence of an immo-
bile monolayer of solvent is taken into account (Vichit-
Vadakan and Scherer 2000). If an immobile solvent 
layer is also used to deduce the pore size of cement 
paste based on permeability measurements, the pore 
diameter is found to be 1.5 nm to 5 nm, as shown in Fig. 
3. These pore sizes are in the range expected for the gel 
pores, and correspond fairly well to the sizes measured 
by nuclear magnetic resonance spectroscopy (NMR) 
relaxation time analysis. This suggests that the much 
larger capillary pores, which are present when the meas-
urement is made, are depercolated and therefore do not 
participate in fluid flow.  

 
2.2 Gel pores and interlayer space 
While capillary pores are defined rather indirectly as the 
residual water filled space that remains as the reaction 
products expand, the gel pores are specifically associ-
ated with the C-S-H gel phase, which is the primary 
hydration product of all portland cement based cementi-
tious materials. At an even smaller scale, there are also 
interlayer spaces between the Ca–O sheets of C-S-H 
where H2O molecules can reside. These are not techni-
cally pores since they do not contain liquid, but in prac-
tice the distinction between interlayer space and gel 
porosity is also ambiguous as adsorbed water in the gel 

pores and interlayer water are removed simultaneously 
during drying. For this reason, characterization of gel 
pores has proven to be one of the most contentious is-
sues in concrete science even though these pores are 
central to several important properties. Gel pores are 
responsible for the extremely high surface area of 
C-S-H, and they contain adsorbed water that plays a 
critical role in drying shrinkage and creep. This means 
that the properties associated with gel pores are also 
controlled by the surface energy of C-S-H.  

An extremely important property of concrete is the 
volume strain associated with changes in its water con-
tent, which are induced by changes in the relative hu-
midity of its environment. This phenomenon is gener-
ally referred to as drying shrinkage. When the shrinkage 
is restrained, which in concrete structures is unavoidable, 
cracking can occur with an associated deterioration in 
properties. From a research point of view, much of the 
early progress on modeling the structure of the hydra-
tion products resulted from interpreting measurements 
of length changes that occur on drying and resaturation. 
All of these models revolve around the structure and 
thermodynamics of the pores and associated surface 
area. Between the 1940’s and the 1960’s, much was 
learned about the interaction of liquids and gases with 
high surface area particulate solids, a class of materials 
known as colloids. Inspired by the research of Brunauer, 
Emmett and Teller (1938), adsorption isotherms using 
water vapor, nitrogen, and other gases were used to de-
termine the specific surface area of cement paste. While 
the value in all cases was very high, different gases pro-

Fig. 3 Pore sizes calculated from the Carman-Kozeny 
equation using permeabilities measured on Type III ce-
ment paste (Vichit-Vadakan and Scherer 2000, 2004). 
The pores are assumed to contain a layer of water 0.5 
nm thick that is immobilized on the pore wall, so the ef-
fective diameter through which flow occurs is 1 nm 
smaller than the value shown. 
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duced quite different values (Thomas et al. 1998). To 
this day there are disagreements on how to interpret the 
surface area results in terms of modeling the gel pore 
structure and C-S-H nanostructure.  

Using water as an adsorbate, the adsorption isotherm 
for cement paste behaves as if a monolayer forms on the 
surface of the solid gel at 11 % relative humidity (RH). 
Figure 4, which shows the length change of a paste 
specimen as a function of weight loss on drying, is a 
composite of a number of water sorption isotherms that 
highlights some of the observations that should be quan-
titatively captured in a model of the microstructure. The 
first drying and rewetting cycle, indicated by the top 
curve and solid red curve, respectively, imposes a per-
manent loss in length of the specimen indicated by the 
difference in the two curves at 100 % RH, which is 
known as irreversible shrinkage. While subsequent cy-
cles do not generally result in further irreversible 
shrinkage, a large hysteresis is observed during every 
cycle of drying and rewetting. Thus, the microstructure 
has some intrinsic hysteretic properties. Sorption iso-
therms performed using nitrogen (a slightly larger mole-
cule than water) do not show the low pressure hysteresis, 
and imply lower values of specific surface area than 
when water is used as the adsorbate. These results 
formed the basis of much of the modeling of the struc-
ture of the hydration products in the 1950’s and 1960’s, 
as described in the following section.  

 
2.3 The Powers and Brownyard model of pore 
structure and shrinkage  
During the 1940’s, Powers and Brownyard (1948) intro-
duced several concepts that to this day form the basis of 
our understanding of the pore system in cement based 
materials. They were the first to explore structure by 
attempting to establish relationships between structure 
and properties. They measured “water fixation in hard-
ened portland cement paste, the properties of evapor-
able water, the density of the solid substances, and the 
porosity of the paste as a whole.” They considered the 
reaction products to be colloidal in nature, and referred 
to them collectively as the “cement gel.” Adsorption 
experiments indicated that the gel had an extremely high 
surface area, particularly as measured by water, and 
therefore that C-S-H must have significant internal po-
rosity. The density was also measured by water (Ar-
chimedes method) and by determining the minimum 
w/c necessary for complete hydration. This led them to 
calculate that the minimum volume fraction of gel pores 
in the hydration products was 28 %. This value, which 
provides a clear distinction between gel and capillary 
pores, remains central to all models of porosity in ce-
ment paste.  

As described in the previous section, C-S-H surface 
area values inferred from nitrogen adsorption are lower 
than those inferred from water adsorption, although the 
nitrogen values are sensitive to the method used to dry 
the specimen prior to the measurement. Furthermore, 

while water adsorption/desorption isotherms exhibit 
large hysteresis, the nitrogen isotherms are essentially 
reversible (i.e., no hysteresis between drying and wet-
ting). Powers and his colleagues explained these data by 
suggesting that nitrogen cannot enter the smallest pores 
because their entrances are smaller than their diameter 
(so-called “ink bottle” pores), and that the extent to 
which these entrances block the nitrogen molecule de-
pends on the drying treatment. 

Powers (1968), and Powers and Brownyard (1948) 
analyzed the relationship between volume of pores, wa-
ter content, dimensional change, strength and a few 
other properties including resistance to freezing and 
thermal expansion. Drying shrinkage has proven to be a 
particularly challenging property to understand and 
model. According to Powers (1968): “A solid body com-
posed of particles and interstitial spaces i.e. pores, may 
undergo a change of volume if: 1) the specific volume 
(or density) of the material which the particles are com-
posed changes; or if 2) the body is compressed or di-
lated in such a way as to reduce or increase the porosity 
or if (1) and (2) both kinds of change occur together.”  

The first change occurs if water is removed from the 
surface of particles to change surface energy: 

2

1

2 ln
3

h a
h

wV RT d h
V KM b
∆

= ∫
  (3) 

 
Fig. 4 Length change vs weight loss for cement paste. 
This figure is a composite representing the results from 
several researchers. The desorption data comes from 
Jennings (2008) and the adsorption from 
(Ramachandran et al. 1981).  The weight loss as a func-
tion of relative humidity provides information about size 
distribution of pores, and length change provides data 
that is useful to models relating nanostructure to shrink-
age (see section 4.3) 
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where V= volume, R= universal gas constant, K= bulk 
modulus of solid, later referred to as Ks, M= molecular 
weight of water, h=relative humidity, we= weight of 
evaporable adsorbed water at h, b= weight of solid com-
ponent. 

This is a version of the Bangham equation (Bangham 
1946), which is a basic model relating changes in sur-
face tension (energy) due to loss of water to volume 
changes. Because the particles in question have nano-
scale dimensions, Eq. 3 provides a relationship between 
nanostructure and properties, which explores mecha-
nisms of volume change. Powers tried to use this equa-
tion to model drying shrinkage but he was only able to 
demonstrate that the change in surface tension of the 
solid by adsorption of water was too small to explain the 
observed shrinkage in cement paste (Powers 1968). 
Even though his model of drying shrinkage, Eq. 3, did 
not agree with experiment, his approach demonstrated 
the power of formulating a model, checking its conse-
quences against experimental observations, and possibly 
reformulating the model to obtain better understanding 
and agreement with experiment. This remains the best 
approach to understanding new materials. Actually, 
changes in surface energy are greatest during desorption 
at lower RH values, and therefore the Bangham effect is 
most pronounced at lower RH values.  

A somewhat similar phenomenon, relating changes in 
surface energy to changes in volume, is disjoining pres-
sure. Disjoining pressure is the pressure in a thin layer 
of liquid between two closely-spaced solid surfaces, 
which tends to push the solids apart. This pressure is 
caused by the reduction in free energy when the liquid 
layer thickens. Powers argued that disjoining pressure 
takes on essentially the same form and has the same 
sign as Eq. 3, so that the volumetric strain is actually the 
sum of two similar terms and can be described by  

2

1

( ) ln
h

h
c

V f w RT d h
V MK
∆

= ∫
  (4) 

where f(w) =fraction of cross section where disjoining 
operates, Kc = bulk modulus of gel and pore system. 

The importance of disjoining pressure continues to be 
a subject of interest (Beltzung and Wittmann 2005). 
While it is frequently stated that this term does not be-
come important until above 50% RH, this model should 
be further evaluated with data at lower RH values. An-
other way of looking at disjoining pressure is that it may 
be important to swelling during adsorption at higher 
relative humidities when a meniscus has not yet formed, 
as opposed to drying when a meniscus is present. Again, 
this is a model that is useful for exploring mechanisms 
by which nanostructure affects bulk properties.  

Most of the dimensional change observed when dry-
ing from saturation to about 50 % RH, the range of 
greatest practical importance for cement based materials, 
is associated with capillary stress in the liquid as the air-
water interface forms a meniscus and the larger pores 

empty. Pores larger than about 2 nm are empty in this 
RH range. While a precise expression for deformation 
of saturated porous systems has been published (Coussy 
2004), one of the challenges of poromechanics is to 
compute bulk volumetric strain of a partially saturated 
porous material. This has been the subject of recent re-
search (Coussy et al. 2004) and relationships with the 
following form, which have existed for decades 
(Mackenzie 1950), have been discussed in the literature 
(Bentz et al. 1998): 

1 1

s

V
p S

V K K

∆
= −

⎛ ⎞
⎜ ⎟
⎝ ⎠

 (5) 

where K=bulk modulus of porous system, Ks= bulk 
modulus of solid skeleton, S= degree of saturation, 

ln( )
RT

p h
M

= . 

This formulation, applicable both to external drying 
shrinkage and to autogenous shrinkage, is significantly 
different from the one first developed by Powers (1968), 
and can be based on rigorous mechanics when the pore 
space is completely filled (S = 1). The role of the solid 
and of the solid plus pores is explicitly accounted for, 
and the pressure is reduced by a factor S, which has the 
effect of averaging the pressure over all of the pores, 
filled or not. These equations can provide insight and 
are the subject of continuing research (Vlahinic et al. 
2008). Understanding porosity is central to understand-
ing volume changes on drying, and if models that pre-
dict porosity are developed then properties can be de-
signed from first principles.  

Powers and Brownyard (1948) used this type of 
analysis to deduce that C-S-H is an assemblage of parti-
cles about 3 nm to 4 nm in size, and that surface energy 
and interparticle forces are the major cause of dimen-
sional change during drying. Their problem was that the 
data and theory did not agree under detailed analysis. 
This is clearly a complex issue requiring further re-
search. 

 
2.4 New information in the 1950’s and 1960’s – 
C-S-H structure and water 
During the 1950’s and 1960’s, an enormous amount of 
new information about the hydration products of cement 
paste was published (Taylor 1950, Taylor 1961, Taylor 
1968, Feldman and Sereda 1968). Most importantly, the 
products of hydration were separated into distinct 
phases and the principal product, calcium silicate hy-
drate gel, was studied separately. This gel eventually 
assumed the name C-S-H, where the dashes indicate 
that exact quantities of each component could vary.  

H.F.W. Taylor (Taylor 1961) was the first to point out 
that C–S–H has a well-defined short range order that 
resembles the structure of crystalline calcium silicate 
hydrate minerals such as tobermorite. Further work 
(Taylor 1968) suggested that disordered forms of the 
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minerals 1.4-nm tobermorite (Ca5Si6O16(OH)2⋅7H2O) 
(Bonaccorsi et al. 2005) and jennite (Ca9Si6O18 
(OH)6⋅8H2O (Bonaccorsi et al. 2004) were the most 
promising models for C–S–H in cement paste (Taylor 
1986). Both 1.4-nm tobermorite and jennite are based 
on a composite layer structure, comprised of infinite 
Ca–O sheets, ribbed with silicate chains that repeat 
every 3 tetrahedral units (i.e. dreierketten). This particu-
lar configuration of the silicate chains is imposed by the 
interatomic spacing of the Ca–O sheet. Between the 
composite layers lie interlayer Ca ions and associated 
water molecules (see Fig. 5). Upon dehydration, the loss 
of these interlayer water molecules generally induces a 
decrease in the layer spacing, which for tobermorite 
ranges from 1.4 nm to 0.9 nm. In this respect, C–S–H 
compounds are similar to clay minerals, except that the 
silica moieties are infinite chains instead of sheets. 

Knowledge of the structure of C–S–H has great prac-
tical importance because mechanical responses of con-
crete such as shrinkage and creep are directly tied to the 
nature of the molecules trapped in the interlayer spaces 
and in the larger pore spaces between the crystalline 
domains. Some insights about the water associated with 
C–S–H can be gained by examining the crystal struc-
tures of tobermorite and jennite, the two closest crystal-
line analogues to the gel. 

Tobermorite and jennite have three principal sites for 
water: (1) Water can be bound to the composite layer as 
hydroxyl, such as Si–OH groups in tobermorite or Ca–
OH groups in jennite. (2) Water can also be bound to the 
composite layer as molecular water, as found in the ‘py-
ramidal apical sites’ of the Ca–O polyhedral layer of 
tobermorite (Merlino et al. 1999). (3) As mentioned 
above, molecular water can be associated with the Ca2+ 
ion in the interlayer space. As an illustrative example of 
these three sites, the structure of 1.4-nm tobermorite 
possesses, per formula unit, 1 molecule of water as hy-
droxyl (type 1), 2 molecules of molecular water associ-
ated with the composite layer (type 2), and 5 molecules 
of water associated with the interlayer Ca2+ ion (type 3). 
Upon dehydration of 1.4-nm tobermorite the interlayer 
water is easily lost at around 55 °C (Farmer 1966), lead-
ing to the 1.1-nm phase, (Ca5Si6O17⋅5H2O). With in-
creasing temperature, the 1.1-nm phase persists until 
250 °C, where the 0.9-nm phase (Ca5Si6O16(OH)2) 
forms. This phase persists until 450 °C, above which 
hydroxyl groups are gradually lost until wollastonite 
(CaSiO3) is formed at 850 to 900 °C.  

It is interesting that the dehydration of some forms of 
1.1-nm tobermorite do not lead to shrinkage to the 0.9-
nm phase. This ‘anomalous’ behavior (in contrast to the 
‘normal’ behavior described above) was originally be-
lieved (Mitsuda and Taylor 1978) to be due to the pres-
ence of Si–O–Si linkages across the interlayer (i.e., 
double chains). However, more recent structural data 
indicate that this hypothesis is untenable due to the fact 
that all 1.1-nm phases appear to have double chains 
(Merlino et al. 1999). It has been proposed therefore 

that shrinkage of the 1.1-nm phase is determined by the 
extent to which the H-bonding network in the interlayer 
is disrupted upon dehydration. 

The details of the water distribution in C–S–H gel are 
significantly less certain. Small crystal sizes, as well as 
defects in the crystal structure such as missing silicate 
tetrahedra and subsequent increases in interlayer Ca2+, 
certainly influence the distribution of water in the inter-
layer space. For example, it has been argued (Chen et al. 
2004) that, since the average Ca/Si ratio is observed to 
be constant with age, and since the Si–OH content is 
nearly zero at the high Ca/Si ratios found in cement 
pastes (about 1.7), an increase in the degree of silicate 
polymerization with age should increase the Ca–OH 
content in C–S–H. Further work is needed to understand 
the implications of this conclusion for the state of mo-
lecular water in interlayers and near surfaces, as well as 
on properties such as shrinkage and creep. 

 
2.5 The Feldman-Sereda model of C–S–H 
As discussed in the previous section, the structure of 
C-S-H at the atomic scale is similar to clays in that it is 
a layered structure that contains mobile and evaporable 
water, known as interlayer water. When water leaves the 
interlayer space, the layers move closer together without 
creating any new free surface. The behavior of this wa-
ter is complicated and very important to bulk properties. 
Indeed, until very recently (Allen et al. 2007, Jennings 
2008) the amount of evaporable interlayer water was 
uncertain. The information gained in the 1950’s led to 
new models of the C–S–H gel phase in cement paste.  

In contrast to Powers and Brownyard, who consid-

 
 
Fig. 5 Schematic representation of a possible structure 
for the interlayer space, which, in this example, is for an 
imperfect 1.4-nm tobermorite structure. Silicate tetrahe-
dral are shown with the Ca-O sheet (blue spheres), inter-
layer Ca (red spheres), water molecules (white spheres), 
and hydroxyl groups (yellow spheres). In the figure, two 
“bridging” tetrahedra are replaced by an interlayer Ca 
ion. 
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ered C-S-H to be made of colloidal-scale particles, 
Feldman and Sereda focused on the sheet-like structure 
of mineral analogues of C-S-H such as tobermorite. 
They advanced the alternative hypothesis that the be-
havior of water in the interlayer space explains many 
properties including drying shrinkage and creep 
(Feldman and Sereda 1968). In their model, gel pores as 
previously defined do not exist, or if they do exist they 
play a diminished role and do not strongly influence 
properties. According to their model, much of the water 
that adsorbs at low partial pressures is not adsorbing on 
a free surface but is entering interlayer spaces, and this 
explains the strong hysteresis in the adsorption and de-
sorption water isotherms at pressures less than about 
45% RH (see Fig. 4). An important implication of this 
hypothesis is that water vapor provides an incorrectly 
high surface area for cement paste.  

Feldman and Sereda also argued that the small differ-
ence in molecular size between water and nitrogen 
could not explain the large difference in measured sur-
face area. In their interpretation, the nitrogen molecule 
does not enter the interlayer spaces for energetic reasons, 
and thus the lower surface area value obtained with ni-
trogen is actually correct. The alternative interpretation 
proposed originally by Powers and Brownyard (1948), 
that the difference in surface area is because of large 
amount of “ink bottle” pores that allow water but not 
nitrogen to enter, was vigorously taken up by Brunauer 
(1972) who strongly argued that water is perfectly well 
behaved as long as the sample is prepared correctly – by 
D-drying and measuring the adsorption isotherm. While 
some efforts to resolve these points of view have been 
made (Taylor 1997), many details of a quantitative 
model remain unresolved.  

Implicit in the Feldman–Sereda model is that drying 
shrinkage is primarily the result of water entering and 
leaving the interlayer spaces. Over a period of decades, 
much attention was paid to how the method of drying 
the sample before adsorption affects the measurements, 
and the interpretation of the resulting differences was 
argued openly in the literature (see for example 
Jennings 2008). Reversible shrinkage exhibits hysteresis 
on drying and rewetting, an observation that is at the 
center of Feldman’s (1971) argument for the importance 
of interlayer water. Water does not easily leave and re-
enter the interlayer space. However, although this ac-
counts for the observed hysteresis, changes in the 
amount of water in the interlayer space cause very large 
dimensional changes that are difficult to reconcile with 
observations. 

The importance of this debate rests in the relative im-
portance of surface energy, water in interlayer space, 
and water in the smallest pore spaces. It is widely 
agreed that water in the nanostructure of C-S-H controls 
many bulk properties including creep and shrinkage. 
The Powers model emphasizes the role of surface en-
ergy associated with many small pores while the 
Feldman–Sereda model emphasizes the importance of 

the disjoining pressure of water in the interlayer spaces. 
Neither model has been used to accurately and quantita-
tively relate the microstructure and nanostructure to 
experimental shrinkage data. Until this is accomplished, 
the influence of changes in formulation of cement paste 
on shrinkage will remain problematic.  

While there are other models for gel pores, such as 
the Munich model (Wittmann 1979), they do not explic-
itly address porosity or the structure of porosity. The 
Munich model places emphasis on the role of disjoining 
pressure, which is between particles of C-S-H and not 
necessarily within the interlayer space. The disjoining 
pressure is important at higher relative humidities when 
multilayer adsorption occurs. 

 
2.6 Irreversible deformation and the influence 
of aging 
Because the models of cement paste discussed in the 
previous sections rest on thermodynamic considerations, 
they are able to address only the reversible component 
of shrinkage. However, cement paste undergoes signifi-
cant irreversible shrinkage on drying, shown in Fig. 4, 
meaning that some of the volume change on drying is 
not recovered on rewetting. Cement paste also under-
goes irreversible deformation on loading, known as 
creep. The separation of reversible and irreversible de-
formation is important and must be explicitly described 
mathematically in future models. For plastics, metals, 
and ceramics, creep is a thermally activated rate process, 
and its rate is significant only at temperatures that are 
greater than 50 % of the melting point or glass transition 
temperature. But for cement-based materials, creep is a 
rate process that is significant even near room tempera-
ture. Both of these irreversible deformations, shrinkage 
and creep, are associated with permanent structural 
changes to the C-S-H. Irreversible deformation is of 
major importance to the performance of concrete struc-
tures. Because its relative magnitude changes with time, 
even after the hydration reactions have become very 
slow or stopped, irreversible deformation must also be 
related to aging of cement paste. 

Although the rate of creep under different conditions 
has been modeled extensively (see for example Bazant 
2004), little has been published on the possible micro-
structural changes associated with either irreversible 
drying shrinkage or creep (Bentur et al. 1978). Recently, 
(Jennings 2008) the debate about porosity has been 
framed in a slightly different way by the suggestion that 
the C-S-H gel is granular at the nanoscale (Constanti-
nides and Ulm 2007). One of the advantages of this ap-
proach is that rearrangement of the fundamental C-S-H 
particles on drying or loading provides a natural mecha-
nism for irreversible deformation. This subject will be 
discussed further in Section 4.3. 

An important observation regarding creep is that the 
creep rate decreases as the relative humidity to which 
the cement paste has previously been equilibrated de-
creases, and that there is no creep at RH values less than 



H. M. Jennings, J. W. Bullard, J. J. Thomas, J. E. Andrade, J. J. Chen and G. W. Scherer / Journal of Advanced Concrete Technology Vol. 6, No. 1, 5-29, 2008 13 

50 % (Wittmann 1970). Thus, it can be concluded that 
either water, particularly adsorbed water on the surface 
of C-S-H, is necessary for creep, or that the drying 
shrinkage at these low RH values induces structural 
changes that significantly increase the resistance to 
creep. Furthermore, if cement paste is dried and loaded 
at the same time, the resulting deformation is greater 
than the individual contributions of creep of an undried 
paste (the maximum possible creep) and the deforma-
tion due to drying. The nonlinear coupling of creep and 
shrinkage presents a complex scenario, and at present 
there is no model of the nanoscale structure that can be 
used as a basis for quantitatively modeling these proper-
ties.  

Both drying shrinkage and creep are age dependent, 
in that the deformation response to a given load de-
creases with both the degree of hydration and the degree 
of aging of the hydration products, principally C-S-H, 
after they have formed. The microstructural explanation 
of age as a phenomenon that incorporates both the de-
gree of reaction and subsequent physicochemical 
changes within the hydration products is presently not 
well understood. As an example, a relatively modest 
increase in the curing temperature, applied for a brief 
period after the main early hydration period is over, 
significantly reduces the subsequent irreversible drying 
shrinkage (Thomas and Jennings 2002) by an amount 
that is far out of proportion to any increase in the degree 
of hydration.  

Some mathematical models of shrinkage and creep, 
like that of Bazant et al. (2004) incorporate aging to 
account for long term shrinkage and creep over a wide 
variety of environmental conditions. A few theories of 
aging have been advanced, and these generally rely on 
the observation that the degree of polymerization of 
C-S-H continues to increase over time after it forms, 
making it stiffer. This does not seem to present a com-
plete solution, however, as there are some aspects of 
creep and shrinkage, such as their sensitivity to the rate 
of change of temperature or relative humidity, that are 
difficult to relate to the degree of C-S-H polymerization. 
In future research, it will be necessary to develop a the-
ory of aging that is based on nanostructural changes to 
the C-S-H gel. At present, there are no known relation-
ships between aging and porosity, although one study 
(Bentur et al. 1978) reported some interesting changes 
in the pore structure of C3S paste resulting from drying 
and loading. 

 
3. Evolution of the pore system with time – 
rate of reaction and capillary pores 

Cement based materials develop structure and gain 
strength as a result of chemical reactions between ce-
ment and water that form several different hydration 
products. As noted previously, as hydration proceeds the 
volume of gel pores increases while the volume of cap-
illary pores decreases. From an engineering point of 

view, the rate at which Portland cement hardens, or 
gains strength, which is directly related to the rate of 
formation of the hydration product, is an important 
characteristic that determines the amount of time avail-
able for mixing and placing of concrete, and the curing 
time required for the concrete to reach a minimum 
strength so that construction can continue. From a scien-
tific point of view, microstructural evolution rates, and 
the final microstructure of the material, are determined 
by the kinetics of the set of coupled chemical reactions 
that occur. It may therefore be anticipated that compre-
hensive, fundamental models of concrete will predict 
properties and performance by first simulating the for-
mation of the microstructure and nanostructure of the 
cement paste, and then calculating properties based on 
this simulated material. There have been recent ad-
vances in understanding the theoretical basis for the 
measured hydration kinetics of cement, which are re-
viewed in this section. 
 
3.1 Overview of cement hydration kinetics 
Under normal conditions, for the first few hours after 
mixing, concrete is fluid and workable and can be 
placed into forms. It then gains strength rapidly, attain-
ing a significant fraction of its final strength after just 24 
h. For construction purposes, this is much more useful 
than would be a linear or declining rate of strength gain 
throughout the first 24 h. One of the oldest discussions 
in the literature concerns the mechanisms that control 
the reactions (Gartner and Gaidis 1999) and therefore 
determine the kinetics.  

The rate of reaction of a typical ASTM Type I ordi-
nary Portland cement (OPC), as measured by isothermal 
calorimetry, is shown in Fig. 6. With this method, the 
progress of the chemical reactions between the cement 
and water is monitored by measuring the exothermic 
heat produced. Just after mixing, a significant burst of 
heat is measured (region 1 in Fig. 6), corresponding to 
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Fig. 6 Rate of hydration of a typical Portland cement, as 
measured by isothermal calorimetry at 20˚C. The five 
kinetic regimes are discussed in the text.  
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wetting of the cement particles and rapid dissolution of 
a small amount of the cement minerals, particularly the 
calcium aluminates and the alkali sulfates. The rate of 
heat output declines rapidly and then remains rather low 
for a period of a few hours (region 2), during which 
time the paste remains in a relatively plastic, fluid state 
and can be pumped, placed, and finished. During this 
induction (or dormant) period, hydration of the calcium 
silicate minerals to form the main hydration product, 
C-S-H gel, is quite slow. When the hydration rate in-
creases again after a few hours, it is dominated by the 
hydration of C3S to form C-S-H and calcium hydroxide 
(CH). The kinetics of this reaction are governed by nu-
cleation of hydration product near the surface of the 
cement minerals and growth of these product regions 
into the water-filled capillary space between the parti-
cles.  

The shape of the main hydration rate peak is charac-
teristic of a nucleation and growth transformation. The 
total rate of hydration is determined by the rate at which 
dissolved ions precipitate out of the solution to join the 
solid hydration products. This rate is proportional to the 
amount of interface between the new phase (hydration 
product, primarily C-S-H) and the old phase (pore fluid) 
at a given time. Initially, the interfacial area increases as 
regions of hydration product increase in size and new 
regions form (region 3), while at later times the interfa-
cial area decreases as adjacent regions come into contact 
(region 4). The impingement, or intergrowth, of hydra-
tion product regions from different cement grains is 
what causes cement paste to set and then gain strength. 
This process also determines the complex distribution of 
capillary and gel porosity in the hardened paste. A 
mathematical model of this process is discussed in the 
next section. 

After the cement grains are covered with a continuous 
layer of hydration product (region 5), the rate at which 
ions can diffuse outward from the unhydrated cement 
particles to the remaining capillary pore space becomes 
rate limiting. During this final diffusion-controlled ki-
netic regime (see Fig. 6), the hydration rate declines 
slowly for weeks, months, or even years, depending on 
factors such as the cement particle size distribution, the 
mix design, and the curing conditions. Over this time 
scale, the slow but steady hydration of C2S makes a 
significant contribution to the strength.  

 
3.2 Hydration kinetics of C3S – mathematical 
models 
The hydration kinetics of pure C3S are broadly similar 
to those of OPC, since C3S hydration dominates the 
early hardening of OPC cements. C3S hydration is 
therefore widely studied as a simple, but highly relevant, 
model system for OPC. The early hydration kinetics of 
C3S have frequently been interpreted by fitting a stan-
dard Avrami-type equation for transformation by nu-
cleation and growth to experimental data (Thomas and 
Jennings 1999). The Avrami equation provides reason-

able fits to most of the main hydration rate peak meas-
ured by calorimetry, but the resulting parameters are 
difficult to interpret (see discussion in Thomas (2007)). 
This is because the Avrami equation assumes spatially 
random nucleation throughout the transforming volume, 
whereas it is well established that for C3S and Portland 
cement, the hydration product nucleates only on or near 
the surface of the particles (Taylor 1997). 

Thomas (2007) recently proposed an alternative set of 
nucleation and growth equations for interpreting C3S 
hydration kinetics: 
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where X is the fraction transformed at time t, BOν  is the 
amount of C3S surface area per unit volume on which 
nucleation can occur, IB is the intrinsic rate of nucleation 
per unit area of C3S surface, and G is the linear growth 
rate of hydration product in any direction. Equation (6), 
which in its original form was used to describe a solid 
state transformation nucleated preferentially on internal 
grain boundaries (Cahn 1956), provides a physically 
realistic basis for modeling the early hydration of C3S 
and, consequently, gives better fits to the kinetic data. 

In Eq. (6), note that y and Ye are temporary constants 
that disappear upon integration, so the transformation 
rate X(t) depends only on the three fundamental physical 
parameters BOν , IB and G. Of these, the boundary area 

BOν  can be determined independently from the surface 
area of the starting powders. Figure 7 shows isothermal 
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Fig. 7 Rate of heat evolution from a C3S paste mixed at a 
water/cement ratio of 0.5 by mass and hydrated at 20˚C 
(solid circles), after Thomas (2007).  Fits obtained by ap-
plying the standard Avrami nucleation and growth equa-
tion and the boundary nucleation and growth model (Eq. 
8) are shown.  
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calorimetry data for a C3S paste, along with fits to the 
data made both with the Avrami equation and with the 
surface nucleation model, Eq. (6). Despite having one 
fewer fitting parameter, the surface nucleation model 
provides a significantly better fit to the main hydration 
peak, indicating that it also provides a better physical 
description of the early hydration process. 

 
3.3 Changes to the pore system with age 
For the present paper it is relevant to ask how the early 
hydration kinetics can be related to, or made consistent 
with, the resulting microstructure. In particular, it is 
becoming increasingly clear that the C-S-H gel phase is 
“nanogranular” (Bentz et al. 1995, Constantinides and 
Ulm 2007), that is, made up of discrete nanometer-scale 
solid particles that are agglomerated into random clus-
ters separated by water-filled spaces that constitute the 
gel pores. The limited size to which the C-S-H particles 
grow seems in a sense to contradict the nucleation and 
growth models, which dictate that the individual regions 
of hydration product grow until they contact adjacent 
similar regions. However, these observations can be 
reconciled by proposing that the growth of C-S-H is 
autocatalytic (Gartner and Gaidis 1989, Thomas et al. 
2007b), such that C-S-H particles tend to form in con-
tact with existing particles. Growth of hydration product 
thus occurs by the continued local nucleation and lim-
ited growth of these nanoparticles of C-S-H. A signifi-
cant issue for future research is to understand what con-
trols the packing arrangement of the particles. These 
processes can be simulated giving results as shown in 
Fig. 8, and therefore these algorithms can be tested 
against detailed measurements of the C-S-H structure.  

 
4 Recent advances in characterizing C-S-H 
structure 

Over a period of decades, the size distribution of the 
smallest pores in cement paste has been investigated 
extensively. These pores are abundant and have rea-
sonably distinct sizes. Gas sorption using nitrogen and 
other adsorbate gases has been used extensively to 
measure surface area and pore size, mercury intrusion 
has been used to measure pore size distribution, and 
techniques like NMR and small angle neutron scattering 
have made recent contributions, as is discussed further 
below. A summary of the gel pore size and the tech-
niques used to measure it is included in Table 1, based 
on a recent model (Jennings 2004).  

High resolution microscopic techniques have pro-
vided a significant amount of qualitative information 
about the structure of C-S-H, although of necessity in its 
dried state due to the requirement for high vacuum. In-
creasing evidence points to the gel being composed of 
tiny particles with a brick like shape (Richardson 2002). 
These particles have dimension of a few nanometers in 
cross section and 10 nm or greater in the long direction. 
This picture is derived from both transmission electron 

microscopy (TEM) and atomic force microscopy (AFM) 
(Nonat 2004) evidence. TEM micrographs have been 
obtained from C-S-H as it has formed in paste, and 
these images broadly reinforce the longstanding hy-
pothesis that C-S-H forms with two different structures. 
These structures have been called inner and outer prod-
uct, middle and late product (Jennings et al. 1981), phe-
nograins and groundmass (Diamond and Bonen 1993), 
and most recently high density and low density C-S-H 
(Tennis and Jennings 2000, Jennings 2000). A problem 
with TEM, gas sorption, and other techniques is that the 
pore structure is altered by the drying treatment in ways 
that are not fully understood. Indeed, the gel porosity, 
which is a dominant feature at the nanometer scale, is 
not particularly evident in TEM micrographs.  

Two modern techniques that can provide information 
about the nanostructure of C-S-H without drying are 
small-angle scattering and NMR, and the recent contri-
butions of these techniques are discussed in the next two 
sections. It should be noted that to date only limited 
attention has been paid to the structural changes that 

Fig. 8 Example of a simulated nanogranular structure 
obtained from a simple digital model. The structure is 
seeded with a single particle at the center of the box, 
and then new particles form randomly in contact with 
existing particles as long as space is available.  The 
simulation is continued until particles reach the edge of 
the box. This type of process is compatible with the ob-
servation that the hydration kinetics are controlled by 
nucleation and growth of hydration product (see Sec-
tions 3.1 - 3.2), and with the nanogranular structure of 
the C-S-H phase inferred from nanoindentation meas-
urements.  The average packing density and the distribu-
tion of interparticle porosity both depend on the specific 
rules governing the formation of new particles and the 
ability of particles to rearrange after they form. 
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occur as a result of drying or applied load, and in gen-
eral little has been learned about the changes that occur 
due to aging. With new information comes new insight, 
and more research in this area should be profitable. 

 
4.1 Small-angle scattering techniques 
Small-angle scattering (SAS) using neutrons (SANS) or 
X-rays (SAXS) is a powerful method of characterizing 
the micro- and nanostructures of disordered heterogene-
ous materials, and the technique can be used to study 
wet samples. It is of particular interest for materials that 
are amorphous over length scales short enough such that 
diffraction techniques are ineffective, as is the case for 
the C-S-H gel phase of cement paste. Another important 
advantage of SAS for cement paste is that specimens 
can be analyzed in their natural saturated state, without 
any drying or other pretreatment that can affect the deli-
cate nanostructure. For these reasons, SAS has been 
increasingly applied to hydrating cement systems in 
recent years, providing a significant amount of new in-
formation (Allen and Thomas 2007). 

The angular profile of the SAS intensity is effectively 
a Fourier transform of the microstructure that generates 
it, and can in principle be analyzed to determine the size 
distribution, volume fraction, and shape of the scattering 
features. For complex microstructures such as that of 
cement paste, the data are interpreted using microstruc-
tural models that generate quantitative parameters. For 
example, the Porod scattering relationship can be used 
to measure the total internal surface area of the scatter-
ing phase per unit volume of specimen. This specific 
surface area is a useful indication of the total active in-
terface between the hydration product and the pore sys-
tem. Recent SAS measurements of the specific surface 
area of cement indicate values ranging from 100 m2/cm3 
to 150 m2/cm3, or about 70 m2/g to 100 m2/g of dry 
paste (Thomas and Jennings 1999, Jennings 2008, Allen 
and Thomas 2007). The surface area increases slightly 
with long-time curing, and is greater when the w/c of 
the paste is higher.  

A more comprehensive microstructural model incor-
porating surface-fractal and mass-fractal components 

Table 1 Predictions of colloid model and measured values for various properties of C-S-H, after data in Jennings (2004).

Name of 
unit  

in structure 

Radiusa 
of unit 
(nm) 

Computed  
densityb 
(kg m-3) 

Measured 
density 
(kg m-3) 

Specific 
Surface 

area 
(m2 / g of 
C-S-H)

Model 
porosityc

(%) 

Porosity based 
on  

compositiond

(%) 

Measured  
composition  

(RH of  
measurement) 

Pore radius (nm) 

  Pores 
empty 

Pores 
full 

     Model Experiment

Basic  
Building 
Block 

1.1 2800 2800 2800 1000f - 0 
no H2O 

1.7 CaO•SiO2• 
1.4 H2O 

(Dry – no H2O) 

-   

Globules 2.8 2300 2480 2450 460g 18 16  
vol % .7 H2O

1.7 CaO•SiO2• 
2.1 H2O 

(11%, .7 H2O) 

 0.24- 
     0.45 
 0.24- 
     0.45 

17
5 

 

LD  8.3 1440e 1930  250e 49 
37%* 

Random 
Jammed 

 1.2-1.3   

Averageh   2030 2000  43.5 42 
vol %  

2.6 H2O 

1.7 CaO•SiO2• 
4.0 H2O  

(Saturated,  
2.6 H2O) 

   

HD >100 1750e 2130  0 38 
24%* 

Close Packed  1   

Inter LD         2 
10-15 

0.5-5 2.5
10

aAssuming spherical particles; using relation r = 3/(SSA * ρ) where r = radius, SSA= specific surface area, and ρ = density 
bBased on volume fraction of solid and pores 
cCalculated as (1 - ρunit/ρbasic building block) * 100. 
dComputed from the molar volume of dry C-S-H and the molar volume of water.  The molar volume of dry C-S-H 
(1.7CaO·SiO2·1.4H2O) was computed by dividing the molecular weight by the measured density to obtain a value of 6.45 × 10-5

m3/mol. 
eValues were optimized by maximizing the statistical fit between reported values of nitrogen surface areas, pore volumes, and capil-
lary porosity with predicted values of the model. 
fBased on SAXS data. 
gBased on SANS data, assuming that only the LD C-S-H structure contributes to the surface area. 
hAssuming 50 % LD (10) for w/c = 0.5. 
*Excluding porosity in globules. 
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has been used to model the scattering from a wide range 
of length scales (Allen 1991). This model is based on 
fundamental building-block particles of C-S-H gel that 
are randomly packed into relatively low-density struc-
tures that comprise the outer hydration product in the 
capillary space of cement paste. The size of the funda-
mental particles is 4 nm to 5 nm, and the similarly-sized 
spaces between the packed particles comprise the gel 
porosity. It should be noted that the type of fractal scal-
ing observed from normal cement systems is quantita-
tively different from what would be generated by a lay-
ered or sheet-like morphology, indicating that the sheet-
like chemical structure of the C-S-H gel does not extend 
to length scales above that of the fundamental particles 
(e.g., 5 nm).  

An important issue in understanding and modeling 
the C-S-H gel phase in cement paste is determining the 
role of water in pores of various sizes. While it is clear 
that water in the larger capillary pores will behave es-
sentially like liquid (bulk) water, and that OH groups in 
the C-S-H and CH will be part of the solid phases, there 
is significant ambiguity regarding water in gel pores 
with sizes of the order of 1 nm. Recent SAS measure-
ments exploiting the different scattering properties of 
hydrogen and deuterium have established the molar 
composition (1.7C-S-1.8H) and mass density (2.60 
g/cm3) of the solid C-S-H phase in contact with the pore 
system (Allen et al. 2007). This provides an important 
baseline value for modeling efforts.  

Because SANS is conducted on saturated specimens, 
the microstructural changes associated with drying can 
be investigated by comparing the SANS response of the 
same paste before drying and then after drying and re-
saturating. A recent investigation of this type (Thomas 
et al. 2007) found that at RH levels above 50 %, capil-
lary stresses compact the C-S-H gel and increase its 
density. Drying and resaturating also reduced the sur-
face area, particularly at RH levels below 50 %. This 
was attributed to a loss of surface area at C-S-H particle 
contacts as the average interparticle spacing decreased.  

Another recent SANS investigation (Jennings et al. 
2007) found that a short period of elevated temperature 
curing caused the local packing density of the C-S-H gel 
to increase and the surface area to decrease, an effect 
quite similar to that of drying. In addition, extended 
curing at 20˚C had a similar effect. These results suggest 
that aging of cement paste resulting from different 
causes such as time, heating, and drying, are all related 
to changes in the orientation and packing of the C-S-H 
nanoparticles.  

 
4.2 Nuclear magnetic resonance 
Nuclear magnetic resonance (NMR) analysis, which is 
used to study a wide variety of atomic-scale interactions 
in materials, is an extremely useful technique for appli-
cation to cement chemistry. In particular, as with SANS, 
NMR can be used to study wet samples. The technique 
is based on the fact that most atomic nuclei have a non-

zero spin state. The rate at which the spins align them-
selves with a static magnetic field (spin-lattice NMR), 
or the response of the material to an oscillating mag-
netic field (spin-spin NMR), provides information about 
atomic interactions with adjacent nuclei and with the 
surrounding medium. The most widely used NMR ap-
plication to cement is 29Si NMR, which allows the 
bonding state of the silicates in the hydration product to 
be monitored. NMR enables the average chain length of 
the silicate backbone in the C-S-H gel to be measured, a 
parameter which shows significant variation depending 
on composition and curing conditions.  

Another NMR application with particular relevance 
to the pore system in hydrated cement is 1H relaxation. 
The relaxation times of hydrogen nuclei within water 
molecules are determined by the chemical and physical 
environment of the water, and measurement of these 
relaxation times provides information about the pore 
system. Two relaxation times are generally measured: T1 
is the spin-lattice relaxation time, and T2 is the spin-spin 
relaxation time. In general, diffusing protons are able to 
relax when they encounter a pore surface. If the diffu-
sion rate is fast compared to the surface relaxation rate, 
then a single averaged relaxation rate is observed which 
is proportional to the pore surface/volume ratio.  

Halperin et al. (1994) derived an expression for the 
total surface area accessed by mobile water in a speci-
men based on the measured T2 relaxation time, and they 
were able to observe the development of the surface 
area during the hydration of a white cement paste. They 
found that the surface area increased rapidly between 6 
h and about 48 h, and that there was little surface area 
increase between 100 h and 1000 h. Similar behavior 
was previously observed when the surface area was 
measured with SANS (Thomas et al.1998). This clearly 
indicates that the surface area of cement paste is associ-
ated with the porous hydration product that forms rap-
idly in the capillary pore system during the early nuclea-
tion and growth period of the hydration process. The 
maximum surface area measured by NMR is about 280 
m2/g dry paste, which is considerably higher than SANS 
values. It is generally observed that different techniques 
measure very different surface areas for cement paste 
(Thomas and Jennings 1999), a discrepancy that can be 
generally attributed to the complex morphology across 
many length scales of the C-S-H gel phase.  

Quite recently, two-dimensional T1 –T2 correlation 
experiments have provided direct information on the 
pore size distribution and have established that water 
exchanges readily between the gel and capillary pore 
networks (McDonald et al. 2005, 2007; Monteilhet et al. 
2006). In addition, these experiments suggested that the 
gel and capillary pore system were clustered in two 
ranges with sizes of 0.9 nm to 1.4 nm and 7 nm to 30 
nm. This observation was further refined by NMR dis-
persion measurements (Korb et al. 2007) that found four 
discrete pore diameter ranges with average values of 1.8 
nm, 7 nm, 50 nm, and 600 nm. This provides consider-
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able support to the view that the C-S-H gel consists of 
solid particles of a characteristic size on the order of 5 
nm. In particular, similar pore sizes were proposed pre-
viously by Jennings (2000) as part of a quantitative col-
loid model of C-S-H gel.  

 
4.3 Colloid model of C-S-H 
During the past decade, attempts to combine the results 
of multiple experimental techniques (Jennings and Ten-
nis 1994, Tennis and Jennings 2000, Jennings 2004, 
Jennings et al. 2007) has resulted in the development of 
a colloid model now referred to as CMII (Jennings 
2008). A cartoon of the proposed structure is shown in 
Fig. 9. The model is granular, with each grain (Little 
brick) being about 4 nm to 5 nm across, and a few lay-
ers thick. Each grain contains both interlayer water that 
results in volume change as water comes and goes, and 
very small pores, 1 nm to 4 nm, that can empty without 
changing the volume of the particle.  

This model describes the low density (LD) C-S-H, 
which forms primarily during the nucleation and growth 
period. The nanostructure is granular, and sliding at par-
ticle contacts provides a mechanism for irreversible 
deformation for this nearly brittle material. Particles 
reorient and slide over each other with time, the applica-
tion of load, or by drying. Some of the predictions of 
this model are included in Table 1. The advantages of 
this granular model include a physical explanation for 
deformation and a quantitative description of water in 
the smallest pores, including the so called constrained 
water. Viscous flow does not change the specific surface 
area except for the small amount caused by bringing 
particles closer together. Also, the very large local de-
formations observed on drying (Neubauer and Jennings 

2000) are explained, along with the observed distribu-
tion of Young’s modulus values measured by nanoin-
dentation (Constantinides and Ulm 2004, Jennings et al. 
2007). Further research will lead to other implications 
of the granular approach and its consequences for bulk 
properties. It is important to note that seemingly contra-
dictory results from several experimental techniques 
have been reconciled using the granular model in its 
present form, and this is one of the most important con-
tributions a model can make to scientific understanding. 

 
5. Application of computer modeling to 
cement research 

5.1 Overview 
The foregoing discussion has made clear the enormous 
complexity of cementitious materials, which makes it 
difficult to characterize them and to predict their per-
formance. There are many interrelated phenomena, 
some of which are well understood and others for which 
our knowledge is incomplete and inadequate. Struc-
ture-property models have become computer intensive. 
This section describes how progress can be made on 
these issues through the application of digital and 
mathematical models, using high-performance com-
puters as another kind of experimental tool.  

The use of computational models for materials re-
search involves an intimate interaction with “tradi-
tional” experiments. For one thing, a fundamental 
model of a material system must be endowed with the 
best available knowledge of the physics or chemistry 
pertinent to the material, and this knowledge must have 
its source in experimental observation and analysis. On 
the other hand, as we have shown, there are instances 
where experimental observations appear to conflict with 
each other or lead to different theories about the proc-
essing-structure-property relationships that we wish to 
understand and quantify. In these instances, fundamental 
computer models can be used to test different theories or 
even to test new ideas that might bring a wider range of 
observations into harmony but which are too complex to 
investigate without the aid of a high-performance com-
puter. 

Generally, models of structure-property relationships 
attempt to calculate some property of the material based 
on structure, which is assumed not to be changing, at 
one or more length scales. These models may be divided 
into two types: 1) Models that explicitly require infor-
mation about the geometric distribution of phases and 
pores. These models are generally computer intensive 3-
D representations of the structure at some length scale. 
2) Models that average the microstructure into a ho-
mogenized volume and predict a property independent 
of the geometric distribution of phases and pores. The 
properties of individual phases and the volume fraction 
of each phase serve as a starting point. At a given scale, 
two or more phases are homogenized into one effective 
phase over a significantly larger scale. The process may 

Aging
Fig. 9 Schematic of particles of C-S-H, referred to as 
globules or bricks. They are about 4 nm across and have 
a layered structure with interlayer space and small pores 
where the layers imperfectly align. Their packing ar-
rangement is such that the pores tend to have specific 
sizes and overall packing efficiency. These characteris-
tics are outlined in Table 1. SCP are small capillary pores 
and GP or gel pores. 
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be repeated up to the scales of importance to engineer-
ing properties. 

 
5.2 Geometric models of hydration and micro-
structure 
Geometric models for calculating a composite material 
property rely on the assumption that two types of infor-
mation are necessary and sufficient: (1) the values of the 
property for each of the individual constituents of the 
composite and (2) the volumes and 3-D arrangement of 
each of those constituents. For example, to calculate the 
Young’s modulus of a hardened cement paste, a geomet-
ric model, such as the linear elastic finite element model 
for digital images developed at NIST (Haecker et al. 
2005) requires the input of the linear elastic moduli of 
each phase that is present in the material, including the 
porosity, and a 3-D digital representation of the cement 
paste microstructure with a resolution of 1 µm. As an-
other example, to calculate the permeability of pervious 
concrete, a geometric model like the Stokes Permeabil-
ity Solver developed at NIST (Bentz 2007) requires a 
digital image representation of the 3-D structure of the 
concrete at millimeter resolution, and the assumption 
that solid regions have zero permeability. 

The detailed distribution of phases, which we collec-
tively call microstructure, is often difficult to obtain 
because it involves a specification of the phase that is 
present at each point (x,y,z) in space. A few experimen-
tal techniques, such as X-ray computed microtomogra-
phy (Kak and Slaney 2001, Bentz et al. 2002) and fo-
cused ion beam nanotomography (Holzer et al. 2006) 
are capable of finely resolving the 3-D pore/solid struc-
ture of cement paste at a given age of hydration, al-
though a separate technique would be required to seg-
ment the solid phases.  In this connection, a reliable and 
fundamental model of the kinetics of microstructure 
changes, such as HydratiCA (Bullard 2007b), can be 
useful for predicting the microstructure as a function of 
time, providing snapshots of the structure at any given 
time that can be used as input to a structure-property 
model. Thus, first we review microstructure. 

Several notable attempts have been made to simulate 
the kinetics of microstructure evolution in cement paste, 
including the early work of Jennings and Johnson 
(1986), the HYMOSTRUC model developed at TU 
Delft (Breugel 1991), and the CEMHYD3D model de-
veloped at NIST (Bentz 1997). These models have been 
successful at predicting properties of cement paste that 
depend on the capillary pore system. The primary limi-
tation of these models, however, has been that they 
model the kinetics of microstructure development using 
semi-empirical parameters that must be calibrated to 
experimental results for any given cement formulation 
or mix design. 

 
5.3 Hydration modeling based on fundamental 
chemical principles 
It would be preferable to model the kinetics according 

to the individual fundamental chemical reactions that 
occur during hydration, according to accepted principles 
of chemical kinetics and transition state theory. The 
necessary kinetic parameters of each reaction could be 
measured in a laboratory once for each mineral of a 
given composition—admittedly a challenging task—and 
then used to model any cement mix design equally well 
without further calibration. This latter approach has 
been adopted recently to develop a new microstructure 
model called HydratiCA (Bullard 2007b). It is based on 
the recognition that there are only four primary rate 
processes that govern structural changes in cement 
paste: (1) dissolution and growth of mineral phases, (2) 
diffusion of mobile species in solution, (3) complexa-
tion reactions among species in solution or at solid sur-
faces, and (4) nucleation of new phases. The kinetics of 
all four of these basic processes are unified by the prin-
ciples of transition state theory (TST) (Glasstone et al. 
1941, Darken and Gurry 1953).  

According to TST, any observable rate process can be 
described in terms of a free energy surface. If the en-
tropy of activation is assumed independent of tempera-
ture, then the rate constants for a reaction in the forward 
and reverse directions are 
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where 0T is a reference temperature at which the values 
of the rate constants are known, *H +∆  and *H −∆ are the 
activation enthalpies for the forward and reverse proc-
esses, respectively, and rxH∆  is the enthalpy of reaction. 
It is important to recognize that the rate constants in Eq. 
(7) are absolute rate constants for the elementary reac-
tion in question, not the net rate constant that would be 
readily measured in a laboratory. The latter quantity will 
depend on the instantaneous quantity of reactants and 
how far the reaction is from equilibrium when the 
measurement is made. However, by keeping track of 
both the forward and reverse rates for a given elemen-
tary reaction using Eqs. (7), one can simulate the net 
rate of the reaction, regardless of the concentrations of 
each substance at any particular moment. In particular, 
if the reaction is at equilibrium then the forward and 
reverse rates must be equal, which implies that their 
ratio equals the equilibrium constant for the reaction. In 
this way, TST provides an explicit link between the rates 
of reaction (chemical kinetics) and the equilibrium state 
(thermodynamics). Furthermore, because k+ and k- de-
pend on temperature according to Eq. (7), this approach 
provides the dynamic basis for the temperature depend-
ence of the equilibrium constant, known as the van’t 
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Hoff relation (van’t Hoff 1903). Thus, a complete dy-
namic description of local kinetics and equilibria over a 
modest temperature range is given by values for k+ and 
k- at a reference temperature (or only one rate constant 
when Keq is known), together with the activation en-
thalpy in either direction and the net enthalpy of the 
reaction.  

The details of how these kinetic principles are incor-
porated and tied to microstructure development do not 
fit within the scope of this paper, but the reader may 
obtain a complete description in other papers (Bullard 
2007a, 2007b). In brief, a cubic 3-D lattice is defined 
with spacing λ between lattice sites. The initial cement 
paste microstructure is mapped onto this lattice by as-
signing a phase (e.g. alite, aluminate, gypsum, water) to 
each lattice site. These materials are themselves finely 
discretized into small quanta of concentration called 
cells; the number of these cells of a given material at a 
particular lattice point determines its concentration there, 
and multiple materials may be present at a given lattice 
point. 

Figure 10 shows a flow chart of how HydratiCA 
simulates microstructure evolution (this flow chart is 
qualitatively reminiscent of that used for the Jennings 
model of microstructure (Jennings and Johnson 1986)). 
In HydratiCA, transport of mobile species is simulated 
by allowing each cell at a lattice site to execute a ran-
dom walk to a neighboring site, the probability of the 
walk depending on the intrinsic mobility of the cell at 
the site and the length of the time increment being con-
sidered. The probabilistic rules are formulated to accu-
rately reproduce the kinetic laws of diffusion or advec-
tion (Bullard 2007a). Similarly, any given chemical re-
action at a lattice site is simulated by a probabilistic rule, 
in which the probability of the reaction occurring de-
pends on the reaction rate constant and on the numbers 
of cells of each reactant that participates in the reaction 
(Bullard 2007b). The microstructure evolves automati-
cally as the model updates the types and numbers of 
cells at each lattice point in the system for a small time 
increment, and then the whole cycle is repeatedly exe-
cuted to simulate longer times (Fig. 11). 

This modeling procedure is quite general and can ac-
commodate a wide range of coupled reaction and trans-
port phenomena if the model is given the correct kind of 
input. This input includes the necessary information for 
each fundamental reaction that can occur (rate constant, 
activation energy, nucleation energy barriers, and 
stoichiometry) as well as the intrinsic mobilities of each 
diffusing solute species. In addition to the reaction pa-
rameters, several properties of each of the constituent 
substances are also required. For simple condensed 
phases, the density (ρ), molar volume (Vm), and, for 
adiabatic simulations, the isobaric heat capacity (Cp) 
must be supplied. For mobile solute species, one must 
supply the electrical charge (z), the diffusion coefficient 
at infinite dilution (D0) and ion-specific parameters nec-
essary to calculate the activity coefficients (Harned and 

Owen 1958). Values for many of these properties can be 
found in textbooks or other reference materials (Taylor 
1997, Mills and Lobo 1989). For solids that can exhibit 
a range of chemical compositions (such as C-S-H), the 
model handles the compositional variability by a solid 
solution approximation using stoichiometric end mem-
bers to encompass the range of compositions. Each end 
member is assigned values for all the properties just 
enumerated, and then the relative rates of formation of 
each member at a lattice site determine the local compo-
sition of the phase. 

Although a number of fundamental parameters are 
required for input, there is no explicit dependence on 
mix design or cement clinker composition. In other 
words, one of the powerful motivations for developing 
this kind of model is that one does not need to adjust 
any of the reaction parameters to simulate different 
mixes. Instead, the differences between mixes, such as 
water-solids ratio, clinker composition, and particle size 
distribution, are specified at the beginning of the simu-
lation through the assignment of the cell types and 
numbers at each lattice point. 

Fig. 10 Flow chart illustrating the algorithms, program 
control, and data flow of the HydratiCA model of hydra-
tion. 

 

Fig. 11 Data structures and relations in the HydratiCA 
model of hydration. 
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This paper has detailed some of the important struc-
tural information that is encoded over a range of length 
scales, and this multiscale structure must be accommo-
dated in a model like HydratiCA because the structure at 
each length scale can have important consequences for 
kinetics. Figure 12 shows a hypothetical nanoporous 
material that is composed of solid building blocks (the 
gray circles) aggregated in a random fashion. When the 
lattice is fine enough that the individual details of the 
structure can be discerned, as in (A), then one can con-
sider this nanoporous structure as a two-phase material 
and can proceed as already described. However, if the 
lattice is much coarser, as in (B), then the details of the 
structure are mostly lost. In this latter case, one must 
assign “effective” properties to the material. These in-
clude not only effective values for the density and molar 
volume, but also an effective porosity, surface area, and 
tortuosity of the pore structure. Clearly, the former ap-
proach with finer lattice spacing is preferable for simu-
lating the growth and structure of such phases. However, 
in many circumstances the goal of a microstructure 
model is to track the structural evolution at length scales 
of ≥ 100 µm, making nanoscale lattices unfeasible from 
a computational standpoint. 

There are two important ways that a model like Hy-
dratiCA can be used to advance cement science. First, it 
can be used as a research tool for investigating mecha-
nisms of hydration and degradation of cement paste, and 
secondly it can be used to produce snapshots of the 3-D 
microstructure at any instant in time, with which engi-
neering properties may be calculated, as detailed earlier 
in the paper. 

We give here one example where this modeling ap-
proach has been used to shed light on the mechanism by 
which the pore system evolves in cement paste, using 
tricalcium silicate (C3S) as an idealized model (Bullard 
2008). There is some controversy over the nature of the 
induction period in the early stages of C3S hydration. 
According to one leading theory, which we call the me-
tastable barrier layer (MBL) theory, a thermodynami-
cally metastable hydrate phase (C-S-H(m)) forms on the 
surface of cement particles within seconds of wetting 
(Stein and Stevels 1964, Gartner and Gaidis 1989). This 
hydrate is assumed to approach equilibrium with the 
surrounding solution and also acts as a protective barrier 
against further dissolution. This qualitatively explains 
two important experimental facts about the induction 
period: (1) that hydration rates are very low, and (2) that 
the solution chemistry changes very slowly. According 
to this theory, the acceleration period begins when a 
more thermodynamically stable hydrate phase 
(C-S-H(s)) nucleates and grows at the expense of the 
metastable form. The C-S-H(s) phase is assumed to be 
more permeable than C-S-H(m), so the gradual disap-
pearance of the latter phase, combined with the ever 
increasing surface area of the growing C-S-H(s) phase, 
corresponds to ever increasing rates of hydration. 

An alternative theory has been developed to explain 

the kinetics of early-age hydration. In this theory, (sta-
ble) C-S-H nucleates on the surface of cement grains 
within minutes of wetting, due to its very low solubility. 
The rates of formation of C-S-H are initially very low at 
first because of the small surface area of the stable nu-
clei. At the same time, the rate of dissolution of cement 
grains is inhibited by poisoning of the active dissolution 
sites by adsorption of calcium or hydroxyl ions from the 
solution (Damidot et al. 2007). The observed slow 
changes in solution composition are assumed to be the 
result of a steady state condition, as opposed to a near-
equilibrium state, in which the rate of dissolution of 
cement is nearly equal to the rate of growth of C-S-H. 
By this latter theory, which will hereafter be called the 
steady-state theory, the ever-increasing surface area of 
C-S-H as it grows is responsible for the ever-increasing 
rates of hydration, i.e. C-S-H growth is assumed to be 
rate-controlling. This assumption has been used to de-
velop models that provide a good fit to experimental 
data on hydration of C3S and C2S at intermediate ages 
(Garrault and Nonat 2001), and it also is a basic as-
sumption of the new mathematical boundary nucleation 
and growth model of C3S hydration kinetics (Thomas 
2007) described in Section 3.2.  

HydratiCA has been used to test each of these two 
theories. To investigate the MBL theory, metastable and 
stable forms of C-S-H were defined in terms of their 
compositions, molar volumes, densities, transport fac-
tors, and reaction rate constants, listed in Table 2. Be-
cause the forward and reverse rate processes are simu-
lated at a local level, the approach to equilibrium be-
tween C-S-H and the solution happens naturally. Simi-
larly, the proposed phase transformation between 

Fig. 12 Hypothetical nanostructured material consisting 
of randomly aggregated solid particles (gray circles) sur-
rounded by porosity, showing the importance of model 
scale on the strategy for simulation. If the model lattice 
spacing is very fine (A) then the nanopore structure can 
be resolved and transport and reactions can be simu-
lated explicitly.  If the lattice spacing is coarse (B), then 
the solid material at each site must be assigned an ef-
fective internal porosity, surface area, and tortuosity to 
properly simulate the material’s resistance to solute 
transport. 
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C-S-H(m) and C-S-H(s), if assumed to be by a through-
solution mechanism, will occur automatically if and 
when the solution reaches a proper level of supersatura-
tion with respect to C-S-H(s). By adjusting the bound-
ary conditions on the solution composition (i.e. pure 
water versus lime water), the water-solids ratio, and the 
particle size distribution of the cement particles, simula-
tion results have been compared directly to experimen-
tal observations of the hydration rate and changes in 
solution chemistry. The reaction parameters and mate-
rial properties are not all known, so they have been sys-
tematically varied to observe their predicted effects. The 
steady-state theory also has been tested by defining re-
action parameters for adsorption of calcium and hy-
droxyl ions from solution and their effect on reducing 
the dissolution rate constant for the dissolving mineral. 
In keeping with the steady-state theory, no metastable 
form of C-S-H has been allowed in this case, but the 
composition, molar volume, porosity, and nucleation 
energy barrier for stable C-S-H is required. In this case, 
HydratiCA has been used to test whether or not the solu-
tion composition reaches the steady state, required by 
the steady-state theory, for any reasonable values of the 
rate constants for the various assumed reactions. 

Through this kind of testing, a major result has been 
that neither the MBL theory nor the steady-state theory 
alone are likely able to account for the full range of ex-
perimental observations that have been made on C3S 
hydration kinetics. Instead, a more plausible kinetic 
description, consistent with experiment, has been identi-
fied that incorporates certain aspects of both of these 
theories. Specifically, this new kinetic description in-
volves composition-dependent nucleation and growth of 
a stable, but compositionally variable, form of C-S-H on 

the surface of C3S particles (consistent with the steady-
state theory), but mediated by the formation of a tran-
sient metastable hydrate that covers the C3S particles at 
early times, sharply reduces the dissolution rate of C3S, 
and establishes equilibrium with the surrounding pore 
solution (Bullard 2008).  

Because this modeling approach is general, it can be 
expanded to address a number of other phenomena in 
cement-based materials besides hydration. For example, 
degradation of concrete by sulfate attack occurs by 
transport of ions from the boundary to the interior of the 
structure and subsequent reaction with existing phases 
to form new products that cause expansion strains and 
can lead to cracking. The rate of transport and of the 
sulfate reactions can be simulated directly on a digital-
image representation of the 3-D microstructure using a 
model like HydratiCA. The predicted misfit of the reac-
tion products at each point could be translated into a 
localized strain that could then be coupled to a finite 
element solver for digital images (Garboczi 1998) to 
determine the stress distribution and to identify regions 
susceptible to cracking. Alkali-silica reactions between 
cement paste and siliceous aggregates involve the same 
considerations and could be modeled using the same 
strategies since the underlying algorithms scale cor-
rectly to the greater length and time scales that would be 
involved. 

A model that quantizes the concentration of individ-
ual components, as HydratiCA does, is ideally suited for 
linking to even more fundamental models at the molecu-
lar scale. Thus, for example, HydratiCA cannot predict 
ab initio the gel pore size distribution of C-S-H as a 
function of solution chemistry; instead it must assume a 
relation and simulate the consequences. But a suitably 

Table 2 Material properties and reaction rate constants used in HydratiCA to model hydration of C3S, after Bullard (2008).

Material/Ion Formula ρ 
(kg/m3) 

Vm 
(10-6 m3/mol)

Transport
Factor 

Do 
(10-9 m2/s)

kdiss 
(10-6 mol/(m2·s)) 

log Ksp

H2O  1000 18.1 1.0 3.0   
Ca3SiO5 C3S 3210 72.4 0  10.0 0.477 

C-S-H(m) C3S2H3 1750 100.0 0.001  0.29 -17.14
C-S-H(I) CSH4 2200 85.7 0.01  0.16 -6.92 
C-S-H(II) C2SH5 1850 161.2 0.75  0.019 -11.84
Ca(OH)2  2240 33.08 0  32.3 -4.37 
Ca2+

(aq)     0.72   
OH-

(aq)     5.28   
H2SiO4

2-
(aq)     0.70   

 
ρ is the density, Vm is the molar volume, the transport factor is defined to be the diffusion coefficient of mobile species 
in the material divided by their mobility in water, Do is the diffusion coefficient at infinite dilution, kdiss is the forward 
rate constant for dissolution in water, and Ksp is the solubility product of the material.  Where values are not given they 
are either not meaningful or were not used in the simulations. The values for certain parameters of the C-S-H phases, 
specifically their molar water content and the transport factors, are intended only as reasonable approximations.  The 
water content both forms of stable C-S-H are likely too high, based on the analogous compositions of 1.4 nm tobermo-
rite and jennite.  However, the chosen values for the water content have little impact on the simulations when the pores 
are assumed to remain saturated, i.e., when water is replaced as rapidly as it is consumed by hydration reactions.  Re-
garding the transport factors of C-S-H, we are aware of no independent experimental measurements of their values.  In 
lieu of direct experimental tests of their values, we only note that the transport factors assumed here result in good over-
all fits to measured kinetic data on C3S hydration reported by Garrault and Nonat (2001) and by Kondo and Ueda 
(1968) 
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formulated molecular dynamic model, using validated 
potential functions for C-S-H, might be able to predict 
this relation. If so, the upscaling of this information to 
HydratiCA would be straightforward. 

 
5.4 Homogenization approach to modeling me-
chanical properties 
Most civil engineering materials problems are multi-
scale in nature because of inherent or induced heteroge-
neities existing at different length-scales. Inherent het-
erogeneities are those resulting from fluctuations in ma-
terial properties such as diffusivity or strength. Induced 
heterogeneities are those imposed by a physical phe-
nomenon (e.g., deformation) that alters the characteris-
tics of the medium. For instance, Fig. 13 and Fig. 14 
show typical scales relevant to granular and concrete-
based materials, respectively. By comparing these fig-
ures, it is evident that granular materials have many 
parallel characteristics with cement-based materials; 
perhaps the most evident of which is the nanogranular 
structure of C-S-H at so-called ‘level 0’ (Ulm et al. 
2004). All of the information pertaining to granular or 
nanogranular systems, including heterogeneities, is en-
coded at the granular scale and propagated or upscaled 
through to the macroscopic scales (e.g., level III, speci-
men scale, field scale, etc.).  

The fundamental scale in these materials is the grain 
scale and hence models capable of representing the be-
havior at this scale would be fundamentally useful. 
However, accessing the granular scale (or level 0 in 
C-S-H) is computationally and analytically impossible 
at this point. Even teraflop computers cannot cope with 
the fact that the macroscopic response of granular mate-
rials is governed by particles rolling and sliding, expul-
sion of insterstitial fluids, and, at high pressures, grain 
comminution. However, as depicted in Fig. 13, the most 
interesting physics in engineering systems tends to oc-
cur in localized regions such as shear bands and cracks. 
Hence, models that probe the granular scale should fo-
cus on such regions where rich physics is occurring.  

Unfortunately, modeling of deformation and failure in 
geomaterials such as soils, rocks, and concrete, has been 
tackled using mostly single-scale approaches. For ex-
ample, many models have been proposed to capture 
deformation banding in granular materials (Andrade and 
Borja 2006, 2007, Borja and Andrade 2006, Cui and 
O'Sullivan 2006, O'Sullivan et al. 2003). Two broad 
methodologies can be identified: continuum models and 
discrete models. Continuum models traditionally rely on 
phenomenological laws designed to capture the macro-
scopic behavior of sands by smearing or averaging the 
granular-level processes, yielding relatively accurate 
stress-strain laws under relatively homogeneous defor-
mations. Examples of continuum models can be found 
in the works of Andrade and Borja (2006), Bazant et al. 
(2000); Carner and Bazant (2000) and Gailly and 
Espinosa (2002). On the other hand, discrete models 
(which could include molecular dynamics models) are 

predicated upon the fact that all processes in particulate 
media occur at the granular level and attempt to explic-
itly model inter-granular phenomena. By far the most 
popular discrete model is the so-called discrete element 
method (DEM) where grains are modeled as rigid bod-
ies with or without inter-particle friction and cohesion 
(Cundall and Strack 1979, O'Sullivan et al. 2003, Tu 
and Andrade 2007). Unfortunately, both methodologies 
suffer from serious drawbacks: continuum models break 
down when forced to extrapolate outside of the phe-
nomenological framework, whereas discrete models are 
computationally expensive at the macroscopic scale and 
require high-performance parallel computing to be pre-
dictive at such scales (Cundall 2001, Cleary et al. 2006). 

To ameliorate the shortcomings of phenomenological 
models, several methodologies have been proposed. 
Homogenization is perhaps the most classic approach to 
obtaining effective properties in heterogeneous media. 
The idea behind homogenization is based on separation 
of the different homogeneous phases that comprise the 
heterogeneous media to obtain an equivalent homoge-
neous constitutive relation (Hill 1963, Hashin 1983, 
Zaoui 2002). Recently, these concepts have been applied 
in the area of poromechanics under the framework of 
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Fig. 13 Multi-scale nature of granular materials. After 
Andrade et al. (2007). 
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Fig. 14 Multi-scale nature of concrete-based materials.
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continuum micromechanics (Dormieux et al. 2002, Cha-
teau and Dormieux 2002). Central to the idea of homog-
enization is the concept of representative elementa vol-
ume (REV) defined as the smallest possible region rep-
resentative of the whole heterogeneous medium on av-
erage. In particular, homogenization has been used in 
obtaining the elastic properties in cement paste (Hashin 
and Monteiro 2002, Dormieux et al. 2004, Sanahuja et 
al. 2007) and in the multiscale investigation of poroelas-
tic properties in C-S-H (Ulm et al. 2004).  

A complementary alternative to classic homogeniza-
tion is direct numerical simulation of heterogeneities via 
multiscale computation. Similar to classical homogeni-
zation, multiscale approaches were born as a method for 
obtaining constitutive responses without resorting to 
pure phenomenology. The pioneering Quasi-Continuum 
method proposed the use of the so-called Cauchy-Born 
rule to obtain a continuum energy density function from 
molecular dynamics computations within a finite region 
of interest (Tadmor et al. 1996). Another similar multis-
cale method is the recently proposed Virtual Power 
Domain Decomposition (Liu and McVeigh 2007), 
which has been used to do concurrent and hierarchical 
simulations in linear elastic solids with heterogeneities 
at multiple scales. Additionally, numerical homogeniza-
tion of hardened cement paste, at a continuum level, has 
been performed using parameter identification and plas-
ticity models (Hain and Wriggers 2007).  

Multiscale simulation affords great flexibility and is 
not limited to applications where REVs are defined or to 
the use of linear elasticity. Figure 15 shows an example 
of multiscale computations performed in granular mate-
rials. DEM computations are performed at the granular 
scale within a region of interest (say, within a shear 
band where the material behavior is unknown). Then, 
the DEM computations are used to upscale the behavior 
implied by the granular system by continuum computa-
tions using plasticity theories and the finite element 
method (FEM). In this fashion, as shown in Fig. 15, a 
continuum model is enriched by information obtained 
directly from granular scale computations while faith-
fully matching the material response implied by the 
granular system. The effective macroscopic parameters 
are obtained ‘on the fly’ and phenomenology is by-
passed.  

By the same token, it is clear from comparing Fig. 13 
and Fig. 14 that the nano-globular structure of C-S-H is 
very similar to the microstructure of granular systems. 
Therefore, multiscale concepts developed for granular 
materials can be used to obtain a fundamental under-
standing of the behavior of C-S-H starting at the nano-
scale, completely bypassing phenomenology at the mac-
roscopic scale.  

 
6. Present challenges and concluding 
remarks 

One purpose of this paper is to discuss new approaches 

that might be used to develop a comprehensive and fun-
damental model of cement paste that simulates the de-
velopment of structure at the nanoscale and microscale, 
and that can predict macroscale properties. Such a 
model, provided that it is based on fundamental chemi-
cal and physical principles, would have the important 
advantage of being capable of being extended to novel 
cements with a variety of starting compositions. This 
would, for example, streamline the process of designing 
and verifying new, greener, cement-based materials. 
Perhaps the most challenging aspect of a model of this 
type is to precisely and quantitatively define the pore 
system as a function of drying, mechanical loading, and 
other environmental factors. This understanding is the 
essence of the aging phenomenon that is central to con-
stitutive models for creep and shrinkage. 

There is evidence that the nanostructure is granular, 
with both elastic and viscous properties determined by 
particle contact and particle sliding. The details of the 
nanostructure are not easily investigated directly but 
rather must be inferred from multiple techniques, as 
shown in Fig. 16. The importance of nanostructure to 
elastic properties has now been reported in the literature 
(Constantinides and Ulm 2004, 2007). Both control of 
the nanostructure and detailed relationships to properties 
will require sophisticated mechanics models. In princi-
ple, the distribution of high-density C-S-H and low-
density C-S-H should be taken into account to accu-
rately predict elastic moduli over time as the microstruc-
ture develops (Smilauer and Bittnar 2006), although the 
assumption of constant average C-S-H elastic moduli 
has been used to make accurate predictions of the linear 
elastic properties of at least one OPC paste (Haecker et 
al. 2005).  Even so, complex properties such as the 
nonlinear coupling of loading and drying (the Pickett 
effect), compressive strength, and propensity for crack-
ing have not been explained on the microstructure level, 
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and there are certainly no detailed quantitative models 
yet available. This serves as an example of a great chal-
lenge. 

To summarize, the following general observations can 
be made: 
(1) The materials science approach – whereby an un-

derstanding of the fundamental links between proc-
essing, structure, and properties leads to predictive 
ability – is a valid and reasonable goal for cement 
based materials, and can lead to a new generation of 
powerful models. The success of these models may 
be judged on the basis of their ability to be ex-
tended to predict the structure and properties of 
new cementitious systems that are chemically and 
physically different from those used for the last 
hundred years.  

(2) The nanostructure of cement paste, particularly its 
nanometer scale pore system, controls important 
bulk engineering properties, particularly for high-
performance concretes where the capillary porosity 
is low and highly depercolated. Modern techniques 
are providing new information about the structure 
at this scale; however, much more remains to be 
learned regarding structural changes resulting from 
drying, application of load, changes in temperature, 
and various deterioration processes.  

(3) Models will become more powerful as improved 
experimental measurements of cement paste nanos-
tructure become available. While progress has been 
made on the size and distribution of nanoparticles 

that form under normal conditions, similar informa-
tion is not available for systems that contain admix-
tures, especially mineral admixtures that change the 
chemistry of C-S-H, or for cements that react under 
extreme conditions. Because of the many variables, 
models must be based on the fundamental chemis-
try of the nanoparticles of C-S-H, including a ther-
modynamic description of what controls the size, 
shape, bonding between, and packing arrangement 
of the particles. The properties that are most chal-
lenging to model are those associated with creep, 
shrinkage, and the ingress of aggressive chemicals. 
Models of these properties require a detailed under-
standing of nanostructure, microstructure, and pores.  

(4) The overall strategy to develop more powerful pre-
dictive models of concrete properties requires co-
operative efforts from a variety of disciplines. The 
wedding of microstructure and mechanics holds 
particular promise. This will require coupling phys-
icochemical models of the cement paste nanostruc-
ture with discrete granular mechanics and then up-
scaling to predict bulk properties. This provides a 
good example of how different disciplines and 
techniques must be combined if significant progress 
is to be made. At present, several fundamental is-
sues have not been addressed with sufficient detail 
such that first principle models can be extended re-
liably into the realm of new cement-based materials.  
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