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Abstract

This paper describes a second generation model for the nanostructure of C-S-H based on the interpretation of water sorption isotherms. The
cornerstone of the model is a description of the globules (used here to mean small brick like particles), which consist of solid C-S-H and internal
water, and the distribution of water in the small pores between them. Microstructural changes that occur during drying and account for both
reversible and irreversible shrinkage are described. Since globules are particles, the properties of C-S-H gel are best understood through
application of the emerging granular mechanics. This new model should help to establish quantitative relationships between the nanostructure and

bulk properties.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction: background of model

Some, if not most, of the mechanisms that govern the
extremely complex engineering properties of concrete occur at
the nanometer level. Any comprehensive model of the
nanostructure should embody features that can provide a
basis for establishing relationships between structure and
properties. Progress has been made, but many challenges
remain. For example, in a series of papers [1—4], a model has
been described that rationalizes a range of experimental values
for density and surface area measured for different samples,
using several techniques. This nanostructure model is referred
to here as the “Colloid Model I” or CM-I.

The basic units of this model are globules of C-S-H (the
name globule will continue to be used although it is acknowl-
edged that they are not spherical and they have an internal sheet
like structure, perhaps layered bricks should be used but here,
for continuity with previous publications, globules is used),
clusters of which pack together in two packing densities, known
as high density HD C-S-H, and low density LD C-S-H. The
model treats C-S-H as a gelled colloid [4] or a granular material,
a concept that was first indicated by observations of very large
local deformations on drying, in excess of 20% [5], far greater
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than is possible for continuous porous materials. C-S-H behaves
more like a layered clay or a granular material than it does a
porous continuous material. Moreover, many other similarities
exist between C-S-H and colloids [6,7]. The use of this particle
packing model, CM-I, has provided a basis for modeling the
modulus and hardness of C-S-H as measured directly by
nanoindentation [8—11], and has facilitated multiscale proce-
dures to accurately predict bulk modulus.

CM-I does not, however, address the properties of drying
shrinkage or creep under load. Since the irreversible components
of shrinkage and creep must involve changes in the structure, or
rearrangement of the globules, the packing must change without
concurrent changes in modulus [11]. The model gives no
indication of how tightly water is bound, or equivalently, how
the structure changes as water leaves and reenters the smallest
pores. Describing these processes represents a significant
challenge, and the purpose of this paper is to critically reexamine
model CM-I, published in 2000 [1], and to suggest a number of
refinements. This paper focuses on the water in the smallest gel
pores and attempts to quantitatively model data in the literature,
some of which has been controversial for over 40 years. Because
this model represents a significant extension of CM-I it is
referred to here as CM-II.

Any given experiment generally measures one particular
property, such as the quantity of chemically combined water,
surface area, density, length change on drying, etc. CM-II (1)
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places emphasis on the interpretation of sorption isotherms,
particularly for water, which have caused much discussion over
the years, and (2) relates this interpretation to a number of other
data. It starts with the smallest scale, about 1 nm, and works up
to about 100 nm.

CM-Il s, in part, a model of the state of water in the finest gel
pores from the perspective of thermodynamic equilibrium,
although, strictly speaking, a true equilibrium is not achieved,
only a metastable state. Water comes and goes from C-S-H very
slowly, although it has been noted that some extrapolation may
speed the process [12]. Almost all of the experimental results
presented here are from experiments performed over long pe-
riods of time, usually several months. Water that enters or leaves
a pore at a particular relative pressure' must represent water
with well-defined energy. Energy of evaporation is a function of
the radius of a meniscus at higher pressures and of the inter-
action energy between water and the surface at lower pressures.
C-S-H contains evaporable water in two physical locations 1) in
pores, defined as having a free surface when empty, and 2)
interlayer space, defined as space with surfaces that collapse
when water is removed, allowing opposing surfaces to come in
contact.

This paper first discusses the characteristics of C-S-H glob-
ules by providing greater detail concerning their size, shape and
internal structure than is afforded by CM-1. Next, the packing of
the globules and the characteristics of the water contained in the
small pores between globules is discussed. CM-II focuses on
Low Density C-S-H (LD C-S-H) because, by virtue of its more
open structure, it changes the most during drying, is the de-
forming phase during creep, and has a structure that has been
studied by techniques such as small angle neutron scattering and
nitrogen adsorption (in the dry state).

2. Refinements to the description of the globule in LD C-S-H
2.1. Structure of the globules

In CM-I the internal structure of the globules was described
[1] as tightly packed spheres called “basic units.” These units
were further described as tiny, layered C-S-H particles, but this
was stated with little emphasis and without exploring the
possible relationships of this structure to the properties of the
material. Since this picture is not sufficiently descriptive, and
needed to be altered, the model presented here, CM-II, was
developed using iterative examination of several types of data,
and it is convenient to start at the nanometer scale. Of particular
importance here are the results from small angle neutron scat-
tering (SANS) that have been interpreted [13,14] as scattering
from particles, called globules, not the same as the basic unit in
CM-I, but with well-defined size, surface area, and packing
arrangement. This section discusses the structure of the globules.

! Relative pressure is defined here as P/ P, where P, is the vapor pressure of
the gas, e.g. in equilibrium with its liquid (sometimes, as with nitrogen, at low
temperature) and P is the ambient pressure. This quantity may be expressed as
a percentage.

2.1.1. Density and surface area, of saturated globules

Recently, neutron and X-ray scattering techniques have been
used to determine with great accuracy [15] the density and water
content of the saturated globules. The density is 2.604 Mg/m®
and the chemical formula is C; ;SH; g. These values include all
water, evaporable and non-evaporable, within the saturated C-
S-H particles, but do not include any adsorbed water on the
surface or any other water outside of the particles. The value for
the density is accurate to four significant figures. Other values
used in CM-II, such as those included in Table 1, rely on data
that vary slightly in the literature and are therefore much less
accurate. However, even with some uncertainty, the broad basis
for CM-II is established.

As discussed in CM-I, the literature is full of seemingly
inconsistent values for the specific surface area of C-S-H, an
observation that was resolved by proposing two densities for
packing C-S-H globules, each with a well-defined surface area
and internal porosity as measured by a particular technique.
Different values are associated with different proportions of
these two packing densities.

The size of the globules as determined from SANS
experiments is about 4.2 nm across. Based on geometry,
assuming spherical particles and density described above, the
specific surface area would be 550 m*/g, and, if only C-S-H that
scatters neutrons is present in the sample volume, then the
measured surface area should be 1200 m?*/cm? [16]. However,
since only the LD C-S-H scatters neutrons, which is only about
60% of the C-S-H in a paste with water/cement of 0.5, the
measured value should be about 750 m?/cm”. Further, by taking
into account pores and other non-scattering phases present in
paste, the computed value of the surface area is reduced to about
200 m*/cm? of paste (based on size of the particles). This value
converts to about 120 m?/g of paste, based on size and density
of globules. The surface area is also measured directly by SANS
using the Porod scattering region to give a surface area of about
125 m?/cm® [16], which converts to approximately 70 m?/g for
d-dried paste?. The discrepancy between the measured 70 m?/g
and the computed 120 m*/g may be explained by noting that the
regions where two particles are close to each other do not
provide the two phase interface that can scatter neutrons and,
therefore, do not contribute to the Porod scattering.

An alternate explanation (although in many ways identical if
the close surfaces are arranged in an ordered pattern) is that the
surface area per unit mass of a globule is smaller than that of a
4.2 nm diameter sphere. In other words, if the particles are
actually larger in one or two dimensions, the surface area and
the mass are increased such that the surface to volume ratio is
reduced. For example, an ellipsoid with a small dimension of
4.2 nm could have the mass of two 4.2 nm spheres but have less
than twice the surface area, which reduces the surface area per
mass. This possibility is attractive because it brings the shape
closer to that seen by various microscopic techniques [17—19].
A number of shapes can bring these conflicting conclusions into

2 5x10"* Torr, an environment of dry ice at —79 °C under vacuum.
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Density and H (water) content under various conditions
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Density Mg/m® Packing Pore % of

Evaporable Total

Logic and assumptions for model values

Measured value of M

(length scale density volume of water (M) water (M) Given value(s) from literature * [Ref.] comparable to
from center globule computed #
of floc) Computed value(s) #
2.85% [25] - - 1.3% Density of d-dried measured with water. This density is achieved 1.3-1.5 1.2 [47]
by removing 0.5H
2.604* (2 nm) 9 saturated  0.504 total 1.8 Globule-saturated-values from Ref. [15]
inside evaporable
2.25 20# - 1.3 Globule empty of evaporable water — calculation based volume 18% CM-1
emptied by water — both interlayer and IGP space empty — 0.5 M
removed — constant volume
2.44 0.25 in 1.55" Globule with 0.25 M H removed — constant volume — represents Not physical for drying
interlayer IGP empty and interlayer full (interlayer water is highly restricted ~ but captures all immobile
and to neutrons looks water — 1.6 [50]
like chemically combined)
2.7 0.25 in 1.55 Difference between desorption and adsorption at
IGP 11% rh=0.25 mol — this is water that does not reenter globule.
From saturated globule interlayer is removed and IGP remain full.
No monolayer on outer surface. Density computed by simply
adding 0.25 H to d-dry or removing 0.25 H moles out
of globule and contracting the globule. Volume contracted 4%.
2.47 2.17 Saturated globule plus monolayer at 11% rh (.25 M on surface 2.1 [41] Compare mole to
of globule) or 8% water on d-dry 2.1 Hanson
2.58 05# 1.85 Dried globule plus monolayer (0.25 M) 11% rh on globule adsorb ~ 0.55 [30-32]
(interlayer space empty but IGP full with 0.25 M). This is
equivalent to 5.25 wt.% water added to d-dry (B)
2.31 (4 nm) 0.81 19 Outside 0.9 2.7% Constrained H-contained in IGP and small gel pores 2.7 CM-II fits data of [50]
globule
Below is %
of total
volume
2.20 (5 nm) 0.75 25 1.34 3.14 These values are model fit and can vary
2.12 (8 nm) 0.70 30 1.74 3.53" These values are model fit and can vary Compare to 4 M
Packing density=0.70 [41] values vary
with age [47]
2.03 0.64 4 Packing density=0.65
1.2 Single globule floc at greater scale
1.83 0.59 5 Include the LGP

* indicates values from the literature and * indicates computed values for CMIL

line. Thus this argument can be extended to small plates of
4.2 nm thickness and the computed surface can be reduced to
110 m*/g. It is important that the characteristic length of 4.2 nm
be oriented randomly to maintain consistency with SANS
results. Small platelets would be consistent with the layered
atomic structure of C-S-H. Fig. 1 shows the side view of the
new particle. Another advantage of modeling C-S-H particles as
elongated is the inclusion of another degree of freedom
(rotation) in modeling mechanical properties, and this possibi-
lity should be more fully explored in the future.

2.1.2. Density and water content

Because the density of d-dried C-S-H, shown in Table 1, is
higher than the density of the saturated globules, they must
contain evaporable water. The description of how this water is
contained within the particle is shown schematically in Fig. 1.
Ample evidence suggests that C-S-H is, in some respects, similar
to tobermorite and jennite [20], and that C-S-H has a layered
structure, albeit highly disordered. In one version, these imper-
fect layers, with relatively large in-plane dimensions, entrap tiny

gel pores [21]. In the CM-II model, these pores within the
globule will be referred to as intraglobular pores (IGP), which,
although they are small, are of some importance. In addition,
there are gel pores that are interglobular pores between the
particles. In many ways the concept of two types of small gel
pores is similar to a proposed [22] variation of the Feldman
Sereda model.

This is our starting point, but, as stated, consistency of the
model with other data is important. To examine this, the
published values of water sorption isotherms have been
converted to moles of water relative to moles of C-S-H. The
1.8 M content of water in C-S-H globule includes evaporable
and non-evaporable water inside the particle, but does not
include any adsorbed or gel pore water. From this, either the
density or water content can easily be computed if the other
quantity is known and if evaporable water is assumed to have a
density of 1 Mg/m’>. It will be shown that although water with
much higher density (1.2—2 g/cc) has been suggested [23,24] to
explain certain data, this unlikely assumption (only small
increases in density are possible) is not necessary. The data used



278 H.M. Jennings / Cement and Concrete Research 38 (2008) 275-289

C-S-H dry 2.85 g/cc?

Globule (H=1.8)

B (H=1.8)

1) Interlayer water

D (H=2.1)

Fig. 1. A schematic of a globule with water contents representing various states achieved during drying from 11% rh and rewetting to various relative humidities and
then returning to 11% rh. I) Single sheet of C-S-H with all evaporable water removed, and a saturated globule without water adsorbed on the surface. II) A) Fully
saturated globule with monolayer on the surface and both interlayer and IGP full representing 11% rh. B) Partially dried with much of the interlayer water and
monolayer removed. Volume of globule plus monolayer is reduced and density is increased from that of saturated globule. C) All evaporable water removed to
represent the d-dried state. The IGP are empty leaving internal void and reducing density. D) On rewetting water is returned to the IGP and a monolayer is present. The

full IGP increases density.

to hypothesize a very high density will be explained according
to CM-II later. All experimental densities for C-S-H are
corrected for the presence of CH, as suggested by Taylor [20],
and are, therefore, slightly higher than uncorrected values.
The density for d-dried C-S-H [25,20] (corrected for CH) has
been measured by water pycnometry to be 2.85 Mg/m® [25].
This measured value for the density of the solid without the
water is computed theoretically by removing 0.51 mol of water
from both intraglobular pores and interlayer space. The water
content of d-dried C-S-H is therefore 1.3 mol, within the range
that has been measured for C-S-H [25]. Slightly more water can
be removed if the sample is oven dried, perhaps bringing the
content to 1.2 mol as has sometimes been reported [20].

2.1.3. Sorption isotherms

The development of CM-II has relied heavily on data from
sorption isotherms. Over the years, much effort, both theoretical
and experimental, has been directed toward interpreting gas
sorption isotherms. Different gasses lead to different values for
the specific surface area, and experimental results using water
vapor produce a very confusing isotherm. The surface area has
often been evaluated using the BET [26] method, which uses
any gas that wets the solid at the temperature at which the gas
condenses onto the surface. It is presumed that, starting with a
clean surface, the first layer of molecules adsorbs with an
(higher) interaction energy while the second and subsequent
layers adsorb with another (lower) interaction energy and that
this water is liquid like. Ideally, when weight gain is plotted

against the relative pressure of the gas, the slope has one value
while the monolayer forms and another value during the
formation of subsequent layers. The amount of gas adsorbed
when a complete monolayer has formed gives the surface area.
Two of the most commonly used gasses for this procedure are
nitrogen and water vapor.

2.1.3.1. Nitrogen. Nitrogen has been used extensively to
measure the surface area of cement paste and the isotherm is
fairly easy to interpret (see for example Refs. [27,28]). The
shape of the typical nitrogen isotherm is shown in Fig. 2. There
is no low-pressure hysteresis (below a relative pressure of 50%
relative to saturation), and at higher pressures the hysteresis is a
consequence of capillary condensation, the capillaries rupturing
as nitrogen is removed and not reformed during adsorption until
higher pressures.

Although the isotherm for any one sample is well behaved,
there are large differences from sample to sample, and the
values obtained for surface area vary greatly when portions of a
given sample has been dried using different techniques.
Furthermore all of the values for surface area derived from
nitrogen sorption do not come even close to agreeing with
values obtained by adsorption of other gases, in particular water
vapor, and the values depend on the water/cement ratio of the
sample and other variables. Indeed, almost every gas that has
been used for BET experiments (see for example Ref. [29])
produces a different value for surface area. These, and other
observations, were taken into account in CM-I, by proposing
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Fig. 2. Nitrogen isotherm for cement paste. The hysteresis is due to stable
meniscus during desorption which does not reform during adsorption until high
partial pressures are achieved. Data from different researchers and data using
different drying techniques vary somewhat.

that the globules pack into two densities, LD (low density) and
HD (high density), and the different surface areas depend on the
relative proportions of the two, controlled by, for example
water/cement ratio. Nitrogen penetrates only the LD structure,
and, therefore, the surface area depends on the amount of LD
formed in a particular sample. Since LD forms mostly during
the early stages of the hydration reaction, the nitrogen surface
area, for gently dried samples, is almost fully developed during
the early reaction [1]. The highest measured values of surface
area, for very gently dried samples, are very close to that
obtained from SANS. However, some lower and higher values
have been reported and these will be discussed after the CM-II
model is more fully presented.

CM-I provides no detailed insight about changes in the
nanostructure due to heat, age of the sample, relative humidity
history, or the closely related creep under load, although some
hypotheses have been proposed [3,11]. One of the implications
of CM-I is that nitrogen surface area highlights with some
success an important variation in microstructure that is asso-
ciated with properties, but CM-I leaves exact relationships with
creep and shrinkage far from complete. Part of the objective of
CM-II is to describe the influence of heat, relative humidity, and
age on the nanostructure.

2.1.3.2. Water vapor. Water sorption isotherms have also been
studied extensively and comparison of the results from different
researchers shows that they are reproducible. They result in a
much higher value for surface area than do nitrogen isotherms,
and the value is relatively constant from sample to sample,
including samples of different age, curing temperature, and
relative humidity history. These results are obtained from the

adsorption branch of the isotherm after conditioning the sample
to a specific moisture content (rate of drying seems unim-
portant), usually by drying to the so-called d-dry state [20,24].
Under the assumption that C-S-H is well defined as a material, it
should have a well-defined specific surface area. Fig. 3 is a
typical water isotherm using typical (different investigators are
in close agreement) data by Powers and Brownyard [30],
Brunauer [31], and Feldman [32].

The major problem in interpreting the water isotherm is the
large hysteresis observed at pressures (P/Py) less than 50%,
which has been the subject of much debate [33—37]. Further-
more, the isotherms change significantly between first drying
and subsequent drying. After d-drying, the adsorption isotherm
of the sample becomes linear at around 11% relative humidity
(this is sometimes reported to be as much as 20%, which
changes the amount of adsorbed water only slightly and does
not affect the main arguments presented here), and this is
interpreted as the point at which a monolayer of water is com-
plete. Apparently, the surface area is about 300 m?/g of satu-
rated C-S-H [1].

Various qualitative explanations have been suggested to
explain the difference between nitrogen and water sorption
[24,33]. On the one hand, it is argued that water penetrates the
smallest pores giving the correct values [38,39], while nitrogen
does not penetrate the “ink bottle” entrances to these pores. On
the other hand, some investigators [40] suggest that water enters
the interlayer spaces, which, because they collapse and do not
create free surfaces on drying, should not be considered pore
space, and that therefore the water results give a calculated
surface area that is much too high. The difference between these
interpretations is not trivial, since the role of water in these
smallest spaces depends on whether it is adsorbed on a free
surface or resides within the structure, and there has to date been
no definitive resolution of this question.

The desorption branch of the water isotherm (for both first
and subsequent dryings) has not been analyzed as extensively as
the adsorption branch, mostly because it is difficult to interpret
with only a small linear region and a complex hysteresis, but it
is proposed here that it provides a great deal of useful infor-
mation. All of the data discussed here were obtained from
experiments in which equilibrium or near equilibrium condi-
tions were achieved: samples were conditioned for long periods
of time, usually many months, which means that explanations
for water content should be based on the assumption of
thermodynamic equilibrium, and not rely on kinetic arguments.

Data for density and water content of C-S-H have been
gathered from experiments where the sample is either saturated,
d-dried, or equilibrated at 11% relative humidity. The major
observations are included in Table 1. Water content is expressed
in terms of moles of water in the C-S-H (requiring the
conversion of most data in the literature), and includes both
chemically combined and evaporable water. Thus, the formula
for C-S-H has been determined as C,,SH, where x is the
number of moles of water. As described above, based on density
measurements, the water content of d-dried C-S-H was com-
puted to be 1.3 mol. All water in excess of this value is con-
sidered evaporable.
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Fig. 3. Water isotherm using data adapted from two publications, which captures the features of several publications referred to in the text. The first drying is from
Powers and Brownyard [30] and the second drying and rewetting is from Feldman [32], both for samples with water/cement=0.5. All data have been converted to
moles of water in C-S-H, including bound water and water that is removed and returns on drying and rewetting. Both references explicitly note that the water content at

11% rh was greater on second drying than on the first, as is shown.

Interestingly, if the water content of a saturated globule with
a monolayer of water on the surface is taken to be 2.1 mol [41],
and if the content within the globule is 1.8 mol, then the surface
area can be estimated. Assuming the difference between x=2.1
and x=1.8 is a monolayer of water:

1 mol CSH  6.02 x 10% water molecules
188 g

0.3 mol water
1 mol CSH

L 114 A? (1 m)?
1 water molecule (1 « IOIOA)Z

1 mol water

o 2.6 g CSH o 0.4 cm® CSH
1 cm3 CSH = 1 cm? paste

=114 m*m~3

The last term before the equal sign represents the volume
fraction of SANS C-S-H in a paste [42]. The result is very close
to the SANS surface area for a mature cement paste.

2.2. Model for water content of the globules

The next step is to model the evaporable water within the
globule. Here, in contrast to previous models, CM-II includes
two locations, the interlayer space and the intraglobular pore
(IGP), each of which contains water with its own binding
energy. The problem is to model water in the interlayer space as
opposed to that in the IGP, and to justify the need for the two
types of water in order to interpret literature data. The entire
water isotherm, including the low-pressure hysteresis, requires a

model that takes into account the location of water within the
saturated globule.

The removal of water from the interlayer space causes the
globules to collapse, and the removal of water from the IGP
empties “pores” with no change in volume of globules. As will
be discussed, removal of adsorbed and/or interlayer water
increases the density of the globules and removal of water from
IGP decreases the density. Removal and resorption of water is a
very slow process and one possibility is that structural changes
associated with the redistribution of water occur during this
process. In other words the sheets of C-S-H change shape and
orientation with respect to nearest neighbors. This structural
change may be the source of an activation barrier to the motion
of water in and out of the interlayer space, or a change in energy
with associated stress. While it is not possible from the infor-
mation presently in the literature to state exactly which category
of water leaves or reenters the globules first on drying or
rewetting, density measurements narrow the possibilities, and
the following paragraphs model the data well.

2.2.1. 0-11% relative humidity

The desorption isotherm is nearly linear over a small range
just above 11% rh, a point where a monolayer has formed on the
globule. Thus both the adsorption and desorption isotherms
provide information about water content of the globules with a
monolayer on their surface. However, CM-II models the linear
portion of the adsorption isotherm as water forming both
multiple layers on the surface and entering the globule. Since
the slope of the isotherm is constant, the energy of both these
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populations of water is the same, and the most likely location for
the internal water is multiple layers in the IGP, as will be
discussed below.

The difference between adsorption and desorption is
consistently about 0.25-0.30 mol water (C; ,SH,, where n is
moles of water), depending on how much the sample is ulti-
mately dried. This model uses the value of 0.25 mol (converted
from weight percent) based on the careful experiments of
Brunauer [31], which are in agreement with Feldman’s results.
However, it should be noted that adding (or subtracting) a little
evaporable water does not change the model presented here, it
simply means that less water is in the dried state of C-S-H
(perhaps oven dried), and this water can be simply added to the
water removed when dried below 11% rh.

In CM-II, 0.25 mol of the water present on desorption from
11% does not reenter the structure upon resorption to 11% rh.
This value is greater on second drying (0.55 mol), which will be
discussed later. Desorption from 11% rh increases density [32],
modeled here by water being removed from the surface and
from the interlayer space, both of which tend to increase density
in the same way (both volume and mass change the same
amount when water is removed from either location). Finally
removal of IGP water decreases the density of the C-S-H. The
fact that resorption to 11% rh does not change density of C-S-H
means that water both enters the IGP (effect of increasing
density) as well as adsorbs on the surface (effect of decreasing
density). Thus water is removed from but does not reenter the
interlayer space during desorption and adsorption below 11%
rh. This irreversibility could result from the deformation of the
layers during drying that does not recover until higher humi-
dities. In other words, water only reenters the interlayer space
when multiple layers of water on the surface reduce the surface
energy and allow the structure to relax. Alternatively, this might
be thought of as resulting from a positive pressure due to strong
adsorption forces developing as water enters the intraparticle
pores, which has the effect of opening the interlayer space.
Perhaps this is similar to deformation observed in zeolites due to
adsorption [43]. One way or other this may be associated with
the interpretation [44] that an energy difference is responsible
for the observed hysteresis. Again, detailed molecular dynamic
modeling may elucidate the details of this adsorption/desorption
problem.

When a d-dried sample is equilibrated to 11% rh, about
0.55 mol of water are added (using data from Feldman,
Brunauer as per Fig. 3). The question is how much is on the
surface and how much is within the C-S-H globules. Although
this question has been answered above, it is useful to approach
the problem from a slightly different angle, which can also
demonstrate the robustness of the model. The hysteresis ob-
served at 11% rh is interpreted here as resulting from the
globules having a monolayer on the surface; the interlayer space
is empty; and the IGP have an internally adsorbed layer making
them partially full. At higher relative humidities these interior
spaces become more filled. Thus during adsorption, of the
0.55 mol added to C-S-H, 0.3 mol form the outer monolayer,
and 0.25 mol enter the structure with the same thermodynamics
as water adsorbing on the outer surface, leaving 0.25 mol of

water that was irreversibly removed and only reenters at much
higher rh’s. (During the first drying, the structure contained
2.1 mol at 11% rh, which is 0.55 plus 0.25 plus 1.3 mol. This
observation, namely that on adsorption to 11% rh some of the
water reenters the globules and some does not, and the assump-
tion that the surface area of the globules does not change as a
result of drying, forces the concept of two types of space within
the globules, one into which water can reversibly reenter and
one which water cannot reversibly reenter.

While CM-II assigns values for the amount of water in IGP
and interlayer space, there are also implications to the surface
area. Since adsorption above 11% rh is linear, the water is
thermodynamically similar to multilayer adsorption. Since the
value of external surface area is about 1/2 that implied by water
adsorption, almost 1/2 of the surface area must be internal. The
surface of the IGP must therefore adsorb water at pressures
below 11% rh.

If the absolute water content of the globules were unknown,
the CM-II would predict the same result using the surface area
data from Porod scattering or nitrogen sorption and subtracting
the appropriate amount of water in the monolayer to give the
internal water content, but the necessary values for this calcu-
lation are somewhat scattered and are known with poor preci-
sion. Thus, central to the concept of CM-II, are globules with
water in three locations: (1) adsorbed on the outer surface as a
monolayer, (2) adsorbed within the particle, in the IGP, and (3)
located in the interlayer space, capable of causing swelling and
internal strains. The idea that water only very slowly leaves and
reenters globules, and that this process may be associated with
strain, may be important to understanding reversible creep and
viscous deformation. Additionally, at higher relative humidities,
water exists between the globules.

2.2.1.1. Feldman's helium experiments. The water content of
the globules, as defined above by CM-II, can be tested in some
detail. In the early 1970s Feldman [32] published the results of
complex experiments that determined the density of C-S-H with
different water contents, all at or below 11% rh. When water
was removed, the sample was equilibrated to an rh less than
11%. When water was added to the dried sample, conditioning
occurred at higher rh’s and then the sample was returned to 11%
rh. As the samples were exposed to higher rh’s more water
reentered the structure, much of which remained after desorp-
tion back to 11%. The 11% rh is associated with the point at
which a monolayer is present, but in addition, water also enters
the structure as the rh is increased. These experiments demon-
strate that the hysteresis is caused by water leaving the structure
at low rh and not reentering the structure until higher rh’s.
Feldman measured two densities, one using the volume that
was quickly occupied by helium and the other when helium was
allowed more time (40 h) to penetrate almost all of the pore
space. The interpretation presented here, different from
Feldman’s, is that the latter represents all of the space outside
of the globules. Predictions of CM-II must now be tested against
Feldman’s data. To do this in the model, water is added to and
subtracted from the globule in the three locations. (1) On the
surface to form a monolayer where it increases the volume of
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the globule as well as the water content. This condition exists at
11% rh; (2) Within the IGP where it adds to the water content
without changing the volume of the globule; (3) In the interlayer
space where it changes both the volume of the globules and the
water content. The numerical values for the densities of all
permutations of these conditions are included in Table 2.

Interpretation of Feldman’s experiments is as follows:
Before drying below 11% rh, the globules are covered with a
monolayer. Nevertheless, this model suggests that water is first
removed from the exterior surface and then from the interlayer
space. Water in the interlayer space may have a relatively high
free energy because a free surface is not created with the
removal of this water. This is perhaps surprising but may also be
due to the role played by cations in the interlayer and/or in IGP.
These ions have been shown to strongly influence how water
enters and leaves montmorillonite [45]. The removal of inter-
layer water and surface water both have the effect of increasing
the measured density. However, water in the interlayer space is
the source of the hysteresis as has been postulated in the past
(see for example Refs. [20,24,46]). What is different here is that
the interlayer water leaves the globules before the water in the
IGP does. The IGP water leaves at the lowest rh’s with the result
that the density is reduced.

At 11% rh a monolayer is formed on the IGP and on the outer
surface. When more water is added in an amount roughly up to
0.55 mol, it fills the IGP and also adsorbs on the outer surface.
These combined effects increase the density of the globules to
about 2.6 Mg/m>. Also, since only about half the water, namely
the outside surface water, changes the measured volume, and
the other half enters the IGP, the implied density of water is
nearly 2 Mg/m?, a value near that measured by Feldman and not
easily explained until examined in the light of CM-II. Finally, at
higher rh’s, as stated in Feldman’s original arguments, water
increasingly enters the interlayer spaces.

As shown in Fig. 3, C-S-H contains less water at 11% rh on
the first desorption than on the second and subsequent (not
shown) desorption isotherms. This is interpreted here as the
result of the creation of interlayer space by the approach and
reorientation of neighboring globules during the first drying,
which causes a larger hysteresis.

2.2.1.2. 11-40% relative pressure. Approximately another
0.25 mol of water enters the gel pores when the pressure is

increased from 11 to 45% relative humidity or, similarly, this
amount of water is lost during drying. As this interlayer space is
filled, the globules expand, resulting in an apparent density of
water of about 1.2 Mg/m>, as measured by Feldman. The
expansion of the globule reduces its density. The above analysis
of Feldman’s experiments, using CM-II, is the first quantitative
interpretation of his results, and the agreement between the data
and the model is good. It also resolves recent statements
[47] that the first adsorbed water is “compressed” by about 10%,
by noting that some of the first adsorbed water enters the
globules.

Within the limits of these pressures, the isotherms exhibit
nearly a constant difference between adsorption and desorption,
equal to about 0.25 mol. Apparently the irreversible water is tied
into the structure until pressures below 11%, at which point it is
removed, or until pressures higher than 40% rh, at which it
reenters the structure.

2.2.1.3. 40-60% relative pressure and above. Another
0.25 mol of water are gained between 40-60% rh. On
desorption, capillary water (or water with a meniscus) is stable
within this range, but during adsorption, it does not reform, and
this increases the difference between adsorption and desorption.
It is seen as a bump on the desorption curve when the meniscus
becomes unstable, at which point all of the water evaporates
until a layer of only several molecules remains.

Powers [38] defined capillary water as water that is not
thermodynamically influenced by the surface of C-S-H, and
therefore must be located at least two water layers away from the
surface. The capillary water on desorption above 40% rh is
therefore not gel pore water even though the meniscus may be
within the bounds of the volume of C-S-H. This has implications
when comparing C-S-H gel to other gels. Gel pores have also been
defined as pores within the C-S-H and therefore this population
increases with percent reaction. Finally, gel pores may be defined
as pores that are not emptied at about 85% rh [3], which is the
definition adopted here. These different definitions of gel pores
has lead to confusion, which will be discussed in future publi-
cations, here gel pores mean the pores that are an intrinsic part of
C-S-H, with diameters of less than about 20 or so nm’s.

The Roper curve for shrinkage vs. weight loss shows a
marked decline in shrinkage at about 35—-40% rh [48,11] as does
direct measurement of shrinkage using an electron microscope

Table 2

Data and model for comparison to Feldman’s experiments (corrected for CH)

CM-II Density Moisture Experimental Density by He Comment Position

Mg/m® condition corrected for CH [20,76] in Fig. 3

2.47 11% initial dry 2.45 Globule plus monolayer at 11% rh monolayer (0.275 M on surface of globule) A

2.60 Partial dry to d-dry 2.55 Monolayer without interlayer or interlayer without monolayer or any B
combination — holding total volume and total mass constant — IGP full

2.25-12.53 d-dry 2.45 Globule empty, no monolayer — density depends on degree of interlayer collapse — C
highest density completely collapsed — IGP empty — complete collapse is not
possible so predicted density between values

2.60 11% adsorb from 2.40 —2.55 Globule collapsed — IGP full and monolayer: 5.25 wt.% gain from d-dry D

47% th
2.30 2.30 — 2.36 Include empty SGP (8%) — correct for CH — short term He inflow —

see text on particle packing




H.M. Jennings / Cement and Concrete Research 38 (2008) 275-289 283

[5]. This point is similar to the “critical” point observed in gels
[49] when the interface between liquid and gas enters the pores
between the gel particles, which results in much reduced shrin-
kage and sometimes even expansion. By plotting length change
against weight change when a prism of C-S-H paste was dried,
Roper [48] was able to clarify the different mechanisms of
shrinkage. At just below 40% rh, the paste almost stops shrin-
king, and this has been identified as the critical point for C-S-H
gel, but it should be noted that pores larger than about 2 nm
radius are empty at this point. In other words, the critical point
defines a point when the large gel pores (LGP) are empty, and
these are pores within the volume of the gel. The LGP are
thermodynamically similar to capillary pores.

An estimate of the water content on desorption at 35-40% rh
is 2.65 M, close to that identified as constrained water by quasi
elastic neutron scattering, (QENS) [50] and to many other
physical and chemical changes seen at around 33% rh [51]. If
the interlayer water is relatively immobile it is seen by QENS as
chemically combined. If this is so, the 0.25 mol of interlayer
water can be added to the 1.3 mol of chemically combined water
to give 1.55 mol of immobile or “chemically combined” water,
close to the 1.6 mol measured by QENS.

3. The relationship between the packing of globules and the
properties of the C-S-H

3.1. Granular structure and properties

Both CM-I and CM-II are founded on the idea of packing
particles (globules) that have surface area, internal porosity, and
interlayer space. The spaces between the packed globules are
referred to as small gel pores (SGP). This hierarchy of water-
filled volumes, inherent in CM-I, is the only way found to date
to quantitatively explain a reasonably large body of data. Thus,
both CM-I and CM-II are based on the assumption, shown to be
viable by the close fit between experimental data and model
predictions, that C-S-H is fundamentally particulate or granular
in nature, as explicitly suggested by Powers and Brownyard
[30], and, more recently, by analysis of results from
nanoindentation experiments [10]. Using the self-consistent
scheme, in which the influence of both pores and particles are
separately homogenized to a consistent property at a larger
scale, predictions of the influence of packing density on modu-
lus have been derived and compared to the more developed
Mori-Tanaka homogenization process. This analysis points to
the granular nature of C-S-H, with both the HD and the LD
modifications composed of the same C-S-H particles with
identical properties, only packed differently. Assuming this to
be true, unique relationships between packing densities, the
number of particle contacts, and the volume of porosity are
predicted. This point will be discussed below.

Implicit in CM-II is the concept that C-S-H globules have a
structure with specific internal and surface properties. This
allows the apparent density to vary with relative humidity, and it
allows properties to vary at the 100 nm scale, without changing
the globule structure, by simply packing the globules into
different arrangements. Thus, packing density of globules can

change, while maintaining other properties, such as the cons-
tancy of water surface area.

3.1.1. Particle packing

The distribution of water in CM-II is highly constrained at
the globular scale, with only one viable distribution of water
inside and on the surface, but there is some flexibility at longer
length scales. This flexibility comes in part from the granular
nature of C-S-H, which is an important aspect of this section.

The LD packing pattern is fractal, and has been described in
CM-I [1]. The new shape of the globules and schematics of
proposed packing arrangements are shown in Figs. 1,4, and 5. A
number of conflicting concepts have had to be resolved, or
partly resolved, in the development of CM-II. With a fractal
dimension close to 2.6 at scales between a 4 and 100 nm’s, it is
impossible to achieve the density implied by CM-I and ob-
served by nanoindentation [11]: namely a packing density of
0.64, the equivalent to random jammed packed spheres, a
concept that may be somewhat misleading for the packing
arrangement. With the new concept of the globule shape, an
explanation of this observed packing density of 0.64 no longer
depends on jammed packing [52], and there is some flexibility
in the arrangement of particles to accommodate deformation.

One possibility for the packing arrangement is shown in Fig. 5
where fractal regions, or globule flocs, (GF), overlap. The overlap
allows the average density to increase greatly over that of a single
GF. The fractal dimension for a GF is:

(1-p)=r"

where p is the volume fraction of pores within a radius 7 and D is
the fractal dimension. Using the densities and scales included in
Table 1, a fractal dimension of 2.67 is computed, which is similar to
that derived from CM-1. However, even with overlap, an average
packing density of 0.64 is difficult to achieve, and certainly can not

SGP
8 nm

Fig. 4. Packing of globules showing small gel pores (SGP). The SGP represent
an additional 12% porosity outside of the globule implying a saturated density of
2.23 Mg/m®, in almost exact agreement with Feldman’s measured density using
short time He inflow.
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Globule floc

LGP=3-12nm
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SGP=1-3nm
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Fig. 5. The aging process schematically represented as progressing from left to right. Time, drying, temperature and probably applied stress change the structure form
the more open to the tighter packed as represented on the right. During aging the large gel pores are reduced in size and volume, the globules align.

be maintained during deformation and/or shrinkage, and this
problem will be discussed in the following sections by analyzing
the particle packing at each of several scales.

3.1.2. The globule and its immediate neighbors — 3 nanometer
scale

Fig. 5 is a schematic of a globule and its immediate
neighbors. It is easy to construct arrangements having very
small porosity trapped between the globules, which we will
refer to as small globule pores (SGP) that are percolated to the
outer regions. These pores are assigned a volume equal to 12%
of the volume of a globule but are located outside of the
globules or between adjacent globules, consistent with a
number of experimental results. This gives 2.3 Mg/m® as the
density of water-filled C-S-H at the scale of 3 nm, consistent
with the density of a fractal structure. It also computes to the
density, if these pores are empty, as measured by Feldman using
results from helium inflow pycnometry experiments before the
helium was allowed to flow into the smallest pores. In addition,
it gives a water content equal to that of constrained water plus
chemically bound water as measured by QENS [50].

An important parameter behind the development of CM-I
[53] is the quantity of “nitrogen inaccessible” pore space in the
LD structure, which is greater in the LD structure than in the HD
structure. Using published data [53], one can compute the
effective density of the LD C-S-H that includes only the volume
inaccessible to nitrogen (i.e. globules plus inaccessible pores) to
be 2.2 Mg/m?, which is again very close to that computed for C-
S-H plus hindered water in Table 1, both with the pore (SGP)
empty. Feldman’s short time (immediately after exposing the
sample to 2 atm pressure) helium density is also consistent with

this value [32]. This analysis implies that hindered or con-
strained water occupies the same volume as has been assigned
as “nitrogen inaccessible.” Interestingly, the ‘hydraulic radius of
the pore system inaccessible to nitrogen for samples older than
one day tend to an average limiting value of 11.1 A [54]. This is
nearly identical to the 1.1 nm SGP.

The short time helium inflow experiments can be interpreted
in some detail. Upon first drying from 11% rh, both volume and
weight are reduced such that the overall density does not change
much. At the 3—5 nm scale (radius) the volume is reduced by
effectively packing the globules more tightly. As water is
removed from the surface of the globules, they rearrange to
reduce the high surface energy, thereby reducing the SGP,
which are empty and can fill with Helium over time. The density
of the globules increases as discussed above, so that the mea-
sured density by short term Helium inflow remains constant.
The rearrangement changes some of the outer surface of
globules to interlayer space, reducing the surface area, as mea-
sured by SANS by roughly 20% [55]. On rewetting, water first
reenters the IGP as well as forming a monolayer on the surface,
causing the density, as measured by helium inflow experiments
at 11% rh, to increase. Finally, as the interlayer spaces are
penetrated by the helium, the assemblies of globules expand and
density is reduced. Because aligning the globules has created
interlayer space, expansion continues as water enters.

3.1.2.1. 3-30 nanometer scale. At scales greater than 3 nm,
CM-II has flexibility for explaining a wide range of data, and
consequently the details of the model require further research.
One possible fractal arrangement is shown in Fig. 4. Simply
repeating the 3 nm structure preserves self-similarity. Adjacent
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globule flocs overlap, entrapping pores between 3—12 nm across.
It is these larger gel pores that are removed during irreversible
shrinkage, which in turn, may result from the rearrangement of
particles [3] and not, as proposed by the Feldman school, from
sliding the layers of C-S-H within the structure. However,
deformation of the globules may occur when they are under stress,
and this deformation may be recoverable.

It is evident that the average packing density must be less than
0.64, the random jammed packed density [52], if the 3—12 nm pores
are included in the calculation. As described above, these pores are
not part of the gel porosity as defined by Powers and Brownyard,
even though they are within the boundaries of the C-S-H. The large
capillary pores, outside of the C-S-H, are empty at 85% rh.

Reduction in the number of pores between 3—12 nm occurs
with age, heating, and drying, which all have the effect of
reducing the pore content of LD C-S-H and increasing the
capillary pore space. However, the mean value of modulus does
not appear to change (at least on heating [11]), although the
distribution around the mean does. This is not compatible with
continuum mechanics and can perhaps be addressed by deeper
investigation of the properties of granular materials. Experi-
ments reported in the geotechnical literature [56] have shown
that sands with non-spherical shapes can preserve a constant
modulus while changing packing density and visa versa. What
is probably important here is the number of nearest neighbor
contacts, and future research into this should be productive.
Perhaps the best way to study this problem is with advanced
discrete particle models.

3.2. Implications for shrinkage and creep

Two of the most important properties of concrete are drying
shrinkage and creep under load. Both of these properties have
reversible and irreversible components. The mechanisms
responsible for reversible shrinkage have been discussed
extensively, and will be revisited in light of CM-II, but irrever-
sible components have received little explicit discussion in the
literature. For the purpose of this model it is convenient to divide
the pores that exist within the gel volume into three categories.
(1) The IGP has already been discussed. (2) The small gel pores
(SGP) that exist outside the globules but are less than about 3 nm
across. And (3) the larger gel pores (LGP), here defined as those
between 3—12 nm. First irreversible and then reversible
shrinkage will be discussed, followed by comments on creep.

IGP<1 nm
SGP =1 -3 nm
LGP =3 —2nm

The 3 nm break between SGP and LGP is somewhat
arbitrary; it is chosen as roughly the size of the pores that empty
when the meniscus becomes unstable, or the largest size of
pores remaining full at about 40% rh.

3.2.1. Irreversible shrinkage
Theories for irreversible shrinkage are scarce, although
correlations have been made between increased polymerization

of silica, increased capillary porosity and total shrinkage [58].
The simplest and most obvious explanation offered by a model
that considers the granular nature of C-S-H is that permanent
deformation is the result of the lateral movement and/or rotation
of the globules. Since the globules are not spherical, translation
and rotation can reduce surface as discussed above and shown
in Figs. 4 and 5.

Feldman’s data, [58] along with ours [3], suggests that
essentially all irreversible shrinkage is achieved by drying from
100% to 50% relative humidity. Further drying is mostly re-
versible, except perhaps when carried out between 11% rh and d-
dry conditions. At 50% rh, the LGP are empty, suggesting that
these pores must contain water to facilitate irreversible shrinkage.
Also, the volume of LGP is reduced during first drying, and is not
much changed during subsequent drying, and SANS data
indicates that the correlation length is reduced [11]. Irreversible
shrinkage is modeled here by pushing the interpenetrating globule
flocs closer together, a process driven by a meniscus surrounding
all of C-S-H, i.e. the meniscus is at the edge of the capillary pores,
or at the edge of the LGP at rh between 85-40%. This is
schematically shown in Fig. 5. Possibly some reorientation of
globules also occurs. In addition to the meniscus effect, capillary
tension, contributes to irreversible shrinkage, which is accom-
panied by very large local volume changes as has been observed
in an environmental electron microscope [5]. This tighter packing
of globules can also be correlated with an increased degree of
polymerization of the silicates, and a somewhat reduced measured
surface area. However, the mechanical properties of granular
material require more study.

3.2.2. Reversible shrinkage

The mechanisms behind reversible shrinkage have been
discussed [59] and broadly accepted. Shrinkage is analyzed in
terms of surface tension, capillary tension and disjoining pres-
sure. The CM-II model, however, adds other possibilities to
these mechanisms. Certainly capillary tension is of central
importance at relative humidities higher than 50%. Shrinkage
can be analyzed [60,61] at the higher relative humidities, above
30-40%.

AV 1 1
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where K is the bulk modulus of the composite or the solid
(excluding the pore), V' is the volume fraction of filled pores
(varies from 0 to 1) of size less than r at a particular relative
humidity, and € is the strain. There is nothing in this model to
change the role of capillary tension on shrinkage. At somewhere
around 40% rh the LGP are empty and the meniscus becomes
unstable. This is the critical point and the air water interface
enters the SGP, accompanied by much reduced shrinkage or
even expansion. This type of problem should be analyzed in
terms of a compacting colloid.

For low relative humidities, Powers tried to analyze
shrinkage in terms of surface energy of the particles. Removal
of the last layer or two of water increases the surface energy of
the C-S-H, as it does for any material. Noting that there are no
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chemical reactions during this change, Powers determined that
the heat of adsorption (heat of immersion according to Powers
[38]) is close to the free energy change. Thus:

AG = —AH = ady

and
RT (P dP
Ay=—— [ n—
a Jo P
where
G free energy
H enthalapy
a surface area
P pressure
Y surface energy of solid
n number of moles
Finally
Al
— =kAvy
/
where
k=22
E
where
p density of C-S-H
E Young’s modulus

These are the Bangham equations. The values used for a
globule are E=60 GPa [62] and a=70 m?*/g. Evaluating these
equations below 40% rh gives a change in length of 0.05%, far
lower than the observed 0.3%. Recently, this disparity between
theory and observation has been critically analyzed [63].

The volume change indicated in Table 1 resulting from
removal of interlayer water gives a length change of 1.5%. Bulk
measurements indicate that this volume change is too large, but
it should be noted that shrinkage of 1% or more has been
measured directly for small regions of C-S-H using microscopic
techniques [64]. This observation of very large local deforma-
tion was in fact one of the reasons for developing a colloid
model for C-S-H. This analysis seems to suggest that shrinkage
at low rh’s is due to removal of interlayer water.

The new concept resulting from the colloid or particular
nature of C-S-H is that at about 40% rh, the meniscus disappears
and the interface enters the SGP. This point is analogous to the
critical point in colloid science [49]. At the local level, the gel
continues to shrink only a small amount or even expands as the
attractive forces between globules are relaxed. This marks a
transition from the influence of capillary stress to the influence
of surface energy, which introduces a new mechanism associated
with reversible shrinkage.

3.2.3. Comments on creep and temperature — aging

Changes in microstructure due to load are much less studied
than changes due to drying. However, it seems likely that similar
mechanisms apply to shrinkage and creep, except that deforma-
tion is now driven by shear stress and not compression. Creep is
also greatly reduced at relative humidities less than 50% [65].
The experiments establishing this were performed by increasing
the relative humidity on dried samples, interpreted here as
meaning creep begins when SGP are full and increases as the
LGP fill at higher rh’s. Creep may involve reorientation of the
globules producing tighter local packing and perhaps reducing
the surface area. Both creep and shrinkage may involve changes
in the LGP. Research into the microstructural changes that occur
under load is an area that should produce dividends.

The collapse of LGP not only occurs with drying (and probably
under load), but also with heat and slowly with the passage of time
[11]. Under these latter conditions the stress is not large enough to
cause bulk deformation. The LGP are part of the LD structure,
which is the modification of C-S-H that is deforming. That the LGP
can be reduced in volume (forming a different density LD C-S-H)
without bulk deformation suggests that the as formed non-
deforming HD C-S-H is percolated through the paste, and as
long as the stress is not too high, HD resists deformation.

Reduction in the LGP with the passage of time bears a
striking resemblance to the concept of aging as proposed by
Bazant et al. [66] in that it is a microstructural change that is
associated with the gradual removal of the mechanism of irre-
versible shrinkage and/or creep with the passage of time, and is
not associated with the formation of new product. The gradual,
over periods of years, reduction of the LGP is further evidenced
by the observation [67] that the water content of the C-S-H gel,
which according to CM-II includes the water in the LGP, is
reduced with the passage of time. The H/S decreases with time
from 4.46 at 3 days to 3.93 at 28 days to 3.6 at 60 days and
finally to 3.2 between 126 and 479 days [47].

Aging and change in volume of the LGP appear to be
correlated. The removal of LGP is almost certainly driven by an
associated reduction in surface energy, a process that is acce-
lerated by the application of capillary stress, applied stress, or
heat. These effects could be coupled in a non-linear fashion.

As discussed, the globules deform as water is removed from
and reenters the interlayer spaces. On rewetting, this water takes
between 10 and 100 days to recover, similar to the reversible
component of creep. Applied stress could also cause this de-
formation, and be associated with the reversible component of
creep.

There are several ways of rearranging the particles to col-
lapse the LGP and possibly different loading conditions lead to
different results. Discrete particle mechanics should be able to
solve at least some of these problems. Microstructural
considerations should facilitate the modeling of the non-linear
coupling of deformation due to applied stress plus changing
moisture and/or temperature. The process of pulling water out
of the LGP causes them to collapse, but the greatest collapse
occurs while the meniscus is outside the gel, not in the LGP.

Interesting evidence for deformation of C-S-H comes from
nitrogen surface area experiments, which show variation with
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drying technique prior to measurement, harsher drying resulting
in lower values. The values have a positive correlation [68] with
the volume of pores in the 2—8 nm diameter range. These are the
smallest pores accessible to nitrogen but are part of the LGP
population. Also the value of the measured surface area is
higher when samples are ground before drying compared with
drying a small slab of material [27]. Grinding eliminates much
of the capillary porosity and this removes the mechanism that
collapses the LGP. On the other hand, if stress is applied and if
capillary forces are maintained by drying, the net effect could
amplify the deformation.

3.3. Hindered and constrained water — and disjoining pressure

Powers and Brownyard [30] described the origins of
disjoining pressure in detail. They argued that surfaces attract
water to reduce surface energy, and that this attraction would
extend over several layers of water. When two close surfaces are
separated by water- filled space but are not at their equilibrium
separation, described recently by molecular models [69], then
they are either attracted or repelled. In either case the water is
under pressure different from that for bulk water, and can cause
swelling or shrinkage.

Two other descriptions of water, based on theory and ob-
servation, have been introduced into the literature, namely
“hindered water,” and “constrained water.” Hindered water was
proposed as part of a theoretical construct to explain viscous
flow [70,71], in and out of load bearing spaces with well-
defined diffusion constants. Hindered water is to some extent
load bearing and can slowly diffuse to accommodate deforma-
tion under load or during drying. This water diffuses very slowly
and, according to CM-II, would require the globules to re-
arrange. In general, this coupling between redistribution of
water and rearrangement of globules may account for the very
long times required to reach equilibrium at any given relative
humidity.

The constrained water, measured by QENS, is, in the CM-II
model, quantitatively associated with the SGP, as described
above. Indeed the reduction of LGP may be directly linked with
the rearrangement of SGP, its quantity matching the space
available in these small pores. Constrained water has thermo-
dynamic characteristics between those of chemically bound
water and liquid water. Some of the complex behavior regarding
the removal and return of water to the smallest pores may well be
related to the thermodynamics of constrained water. It would be
very productive to further characterize constrained water to see if
it can be related to the mechanisms of creep and shrinkage.

3.4. LD and HD C-S-H

C-S-H in cement paste forms as either LD, during the early
stages of reaction (the first day or so), or later as HD, namely
during the middle and late stage [1]. The amount of each type
depends on variables such as initial water/cement. HD is more
loosely packed than LD C-S-H, which was described in CM-I as
spherical globules in a close packed arrangement, e.g. with a
packing efficiency of 0.74. There is little reason to change this,

but if shapes of the globules are different in HD, it is important
that any model keeps the elastic properties of the individual C-
S-H globules constant. If HD is granular, then it may also
tolerate heterogeneity, or the presence of the large 10 nm pores,
while maintaining a constant mean modulus (this is a concept
that requires further research). If the particles are not spherical
they can still slide over each other, but much less easily than in
the LD C-S-H. While most of this paper has addressed refine-
ments in the LD structure, the HD structure is also important.

Water can penetrate all of the pores in C-S-H, both LD and
HD. Inspection of published data [72] shows that the adsorption
isotherm does not depend on variables such as water/cement
ratio, up to about 40% rh. Noting that the centers of the fractal
structures in the LD C-S-H are as densely packed as in the HD
C-S-H, and that only the smallest pores are filled at 40% rh, one
can conclude that the low-pressure portion of the isotherm
should not depend on the amount of LD and HD.

Strength may develop as globule flocs interpenetrate (Fig. 5).
The LGP are between the flocs and the SGP within the flocs.
Aging is a process of interpenetration of globule flocs which
reduces the volume of LGP. The interface between LGP and
capillary pores may be thought of as the outer surface of C-S-H.
In this region the globule flocs may be isolated and nearest
neighbors may not interpenetrate. The size of the globule flocs is
between 30—60 nm depending on drying and age, which is about
the same size as features seen using microscopic techniques such
as atomic force microscopes (see for example Ref. [18]).

3.5. Implications of CM-II to strength and toughness

Recently [73] arguments have been presented suggesting that
HD C-S-H forms in restricted space and LD C-S-H forms in
more open areas. This reflects the reason that the concept of HD
and LD was chosen as opposed to “inner” and “outer” product,
having as a boundary the original cement clinker surface, a
concept not supported by observation. This model was used to
determine the distribution of HD and LD.

CM-II provides a few hints about the influence of relative
humidity on fracture strength and toughness. The strength of the
LD may be related to the interpenetration of the globular flocs. As
described above, the water—air interface is about to enter the SGP
at 50% rh. Strikingly, the toughness of a paste peaks at this rh [74].
The meniscus applies a closing stress, which is at its maximum at
50% rh. In other words the bonds between grains are increased by
the meniscus, which is exerting a compressive stress on the pores
or a closing stress at the crack tip. Tensile (bending) strength does
not appear to be influenced much by relative humidity [72].
Tensile strength of a brittle material depends on the flaw size and
on the intrinsic strength of the matrix. Compressive strength
appears to be increased on drying [75].

4. Summary

Several refinements have been made to CM-I. CM-II is a
model of the nanostructure of C-S-H that builds on CM-I. Starting
with precise values for the water content and physical density of a
globule, the model defines distinct pore and interlayer spaces that
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allow quantitative interpretation of literature data for density and
water content of C-S-H at different relative humidities. The C-S-H
is treated as an assembly of globules which are not spherical, with
a cross section of 5 nm. The globules are particles of nanometer
dimension that assemble into statistically well-defined patterns.
Water-filled spaces include the interlayer spaces, the intraglobule
spaces (IGP), the small gel pores (SGP), and the large gel pores
(LGP), in each of which the water has a specific thermodynamic
character.

The strong hysteresis in the low-pressure portion of the water
isotherm 1is interpreted as representing water that leaves the
interlayer spaces at pressures below 11% or so and not reentering
until higher pressures. Research into the thermodynamics of the
water in the smallest pores holds promise. The most tightly bound
water is adsorbed on the surface of the globules and within the IGP.

Possible mechanisms for irreversible shrinkage and rever-
sible creep, neither of which has been previously addressed in
the literature, are discussed. Irreversible shrinkage is associated
with changes in structure of the LGP, and its associated SGP.
Reduction in surface energy is probably the driving force for
natural aging; and the non-linear coupling of stress, heat and
drying may all result from the acceleration of these changes in
structure under the influence of stress and heat. It is proposed
that the globules can deform slowly, and that this deformation is
recoverable reversible.

The presumption of globules, or particles with an outer
surface and internal porosity, as well as interlayer space, is used
to model the density of C-S-H under various moisture condi-
tions. The model reconciles various density values reported in
the literature without requiring water to have an unlikely density
that is far different from 1 Mg/m®. While this does not preclude
density variation near the surface and within the interlayer
space, these variations would be much smaller than the 10% or
more that is often cited in the literature.

Globules are particles that can rearrange under stress, which
opens the door to modeling mechanical properties using gra-
nular mechanics, and holds particular promise for understand-
ing viscous flow and the irreversible deformation of concrete.
This model predicts that one consequence of the irreversible
changes that occur because of drying, heating, and the passage
of time is a measurable decrease in the LGP, that is pores
between about 3—12 nm in diameter. The SGP may also rear-
range, with changes in associated constrained water.
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