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Abstract

The nanometer-scale structure of cement paste, which is dominated by the colloidal-scale porosity within the C-S-H gel phase, has a controlling
effect on concrete properties but is difficult to study due to its delicate structure and lack of long-range order. Here we present results from three
experimental techniques that are particularly suited to analyzing disordered nanoporous materials: small-angle neutron scattering (SANS), weight
and length changes during equilibrium drying, and nanoindentation. Particular attention is paid to differences between pastes of different ages and
cured at different temperatures. The SANS and equilibrium drying results indicate that hydration of cement paste at 20 °C forms a low-density (LD)
C-S-H gel structure with a range of gel pore sizes and a relatively low packing fraction of solid particles. This fine structure may persist indefinitely
under saturated conditions. However, if the paste is dried or is cured at elevated temperatures (60 °C or greater) the structure collapses toward a denser
(less porous) and more stable configuration with fewer large gel pores, resulting in a greater amount of capillary porosity. Nanoindentation
measurements of pastes cured at different temperatures demonstrate in all cases the existence of two C-S-H structures with different characteristic
values of the indentation modulus. The average value of the modulus of the LD C-S-H is the same for all pastes tested to date, and a micromechanical
analysis indicates that this value corresponds to the denser and more stable configuration of LD C-S-H. The experimental results presented here are
interpreted in terms of a previously proposed quantitative “colloid” model of C-S-H gel, resulting in an improved understanding of the microstructural
changes associated with drying and heat curing.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction promising approach for correlating the nanometer-level struc-
ture of C-S-H to the bulk properties of cement paste and concrete

The microstructures of cement-based materials are so com- [1]. However, for a number of reasons that include problems

plex that they are seldom evaluated quantitatively. Only the
larger features such as the volume of capillary pores and the
distribution of air voids have been correlated to properties such
as strength and resistance to repeated freezing. Yet it is the
smallest gel pores associated with the calcium-silicate-hydrate
(C-S-H) phase that control properties such as creep and
shrinkage. Recently, multi-scale modeling has proven to be a
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with resolving the delicate nanoscale structure and understand-
ing the changes that occur with drying, age, temperature, me-
chanical loading, and other environmental variables, the
structure of C-S-H at the nanometer scale has not been unambig-
uously characterized.

The goals of this paper are twofold. First, we present experi-
mental results from three techniques that, particularly when
interpreted together, give a more complete and detailed picture
of the nanostructure of the C-S-H gel phase as a function of
aging, drying, and heating. The results from these techniques,
namely small-angle scattering, equilibrium drying, and nanoin-
dentation, are discussed in Sections 3—5. The second goal of the
paper is to extend a quantitative structural model of the C-S-H
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gel [2] to account for this new experimental data. This is the
subject of Section 6.

2. Experimental

The specimens analyzed by SANS and by nanoindentation
were made from commercial white portland cement (WPC),
while the specimens analyzed by equilibrium drying were made
from a commercial Type I portland cement (OPC). All pastes
were mixed at a water/cement ratio of 0.5 by weight and cured
under saturated conditions. The curing temperature was con-
trolled at 20, 60, or (for one specimen) 80 °C using pro-
grammable water baths. Specimens cured at 60 °C for at least the
first 24 h of hydration are considered “heat cured”, whereas
specimens heated to 60 °C after an initial period of curing at
20 °C are considered “heat treated”. Curing times varied and are
given in the text. For the SANS measurements, thin (~ 0.6 mm)
coupons were sliced from a larger block of paste using a water-
lubricated diamond saw. Specimens for nanoindentation were
prepared in a similar manner, but were approximately 1 cm thick.
In addition, nanoindentation specimens were ground and pol-
ished in six stages of decreasing fineness, beginning with silicon
carbide paper and finishing with a 250 nm diamond particle
suspension. Care was taken to keep the opposite faces of the
specimens flat and parallel, as any deviation could influence the
angle of indentation. As a final step, the specimens were cleaned
in an ultrasonic bath containing a saturated CaO solution. For the
equilibrium drying experiments, slender bars of OPC paste
measuring 150 x 5 x5 mm were cut from larger bars of paste and
fitted with steel endpoints using waterproof epoxy.

The SANS measurements were conducted at the National
Center for Neutron Research in Gaithersburg, MD, using a
neutron wavelength of 0.8 nm and an effective range of scat-
tering vector of 0.02—2.2 nm™~'. More details on the experi-
mental configuration and the data normalization are given in [3].
Nanoindentation measurements were conducted using a NanoT-
est 200 instrument in the Department of Materials Science and
Engineering at MIT. More details are given in [4].

For the equilibrium drying experiments, initially saturated
bars were progressively dried in stepwise fashion by placing
them in sealed desiccators containing saturated salt solutions
with different equilibrium relative humidities (RH) ranging
from 85% to 7%. At regular intervals (typically 1 d) the bars
were weighed and the length was measured using a micrometer
mounted on a customized stand. Only when the length and
weight had stabilized at one RH was the specimen moved to the
desiccator containing the next-lowest RH. In some cases the
specimens were resaturated and then the entire drying cycle was
repeated.

3. Small-angle scattering measurements

Small-angle neutron scattering (SANS) provides a great deal
of information about the micro- and nanostructures of disordered
heterogeneous materials. The most versatile and sensitive SANS
instruments can produce a statistically averaged characterization
across length scales ranging from approximately 1 nm to greater

than 1 pum. SANS has some important advantages for char-
acterizing the nanometer-level structure of cement-based ma-
terials when compared to other techniques such as gas sorption
and TEM. The SANS analysis is non-invasive and does not
require drying, and can even be conducted in situ without dis-
turbing the hydration process.

When the scattered neutron intensity from a cementitious
material is plotted against the scattering vector, O, (proportional
to the angle of scatter) three regimes of interest are generally
observed (see Fig. 1). At highest O (representing the smallest
microstructural features) the scattering follows the Porod law
and gives a direct measurement of the total internal surface area,
St. At lower Q-values two power-law regimes are observed with
different slopes, corresponding to volume fractal and surface
fractal scaling behavior [3,5,6]. The volume fractal scattering is
associated with the arrangement (packing) of primary C-S-H gel
particles (of size ~4—5 nm) and is limited to relatively high O-
values. The surface fractal scaling can be associated with the
deposition of hydration product onto the originally smooth sur-
face of the cement grains. This fractal roughness extends upward
in size to include relatively large (micron-scale) features such as
calcium hydroxide crystals. As hydration proceeds, the volume
fractal intensity increases while the surface fractal intensity tends
to decrease as the original boundaries of the clinker grains
become obscured. Under some conditions, such as in calcium
chloride accelerated paste [7], the surface fractal regime can
essentially disappear.

Fig. 1 shows SANS data for an 8 d old WPC paste cured at
20 °C, an 8 d old WPC paste cured at 60 °C for the first 24 h only,
and a 28 d old WPC paste cured at 80 °C. The scattering curves
for all three pastes have the same general shape, suggesting that
the fundamental microstructure is not radically changed by high
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Fig. 1. SANS data for normal and heat cured WPC paste.
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temperature curing, but the surface fractal scattering is more
prominent with heat curing. This is indicative of a more heter-
ogeneous microstructure, where the original cement grains do
not blend smoothly into the outer hydration product [8]. This is
consistent with observations of denser hydration product [9,10]
and lower strength [11] in heat cured pastes.

To obtain a more quantitative characterization of the micro-
structure, SANS data from a wide range of O (such as that plotted
in Fig. 1) can be fit with a model that includes appropriate terms
for the volume and surface fractal scattering described above
[6,8]. Here we focus on the volume fractal regime of the data
(associated with the C-S-H gel), in which the scattered intensity
varies as O °V, where Dy is the volume fractal exponent. A
volume fractal (also known as a mass fractal) is a two-phase
region formed from particles of a characteristic size, as, that are
packed together in such a way that the structure exhibits scale
invariance (i.e. fractal behavior). For cement paste these primary
particles are modeled as C-S-H “globules” that have the mea-
sured characteristic size of ~5 nm and, while not necessarily
spherical, are roughly equiaxed. It should be noted that AFM
studies [12] have reported that the primary C-S-H gel particles
have a lamellar, or sheetlike shape, with a thickness of 5 nm but
up to 60 nm in width, while TEM studies [13], on the other hand,
have presented evidence for elongated or fibrous particles, also
with a minimum dimension of a few nanometers. However, the
SANS response from cement paste does not exhibit any of the
hallmarks of elongated or sheetlike particles, unless the C-S-H
phase is decalcified [3].

Inside a volume fractal, the volume fraction of solid con-
tained within an imaginary sphere of radius d centered on a fixed
point decreases with increasing d, as long as as, <d<Z&y, where
&y is the correlation length. The volume fraction of solid material
within an isolated volume fractal region can be described as:

Dy—3
Nvre =N (%) (1)

where #, the local maximum packing fraction at the scale of the
individual particles, is also determined from the fractal micro-
structure model. The C-S-H gel structure in cement paste con-
sists of multiple volume fractal regions that grow into each other
and overlap during hydration [5], such that the actual average
packing density of the C-S-H is expected to be higher than that
predicted by Eq. (1). However, the ratio #y/n provides a relative
measure of the C-S-H packing density that is useful for direct
comparisons between different specimens. A model fit to the
data also provides the volume fraction, ¢ gy, of solid volume
fractal material (i.e. particles of size ag) within the entire
specimen volume penetrated by the neutron beam. This is es-
sentially a measure of the amount of LD C-S-H (without gel
pores) in the paste.

Table 1 lists the surface area and the volume fractal param-
eters described above for the data shown in Fig. 1, along with
data for a mature WPC paste cured at 20 °C. From Table 1 it can
be seen that when cement paste is hydrated at room temperature
there is little change in the surface area, fundamental C-S-H gel
particle size, or volume fractal exponent between the ages of

Table 1

Total surface area and volume fractal parameters determined from SANS
measurements of WPC paste specimens mixed at a water/cement ratio of 0.5 and
given the curing time and temperature indicated

8d 25y 1d60°C) 28d

(20°0)  (20°0) 4 20°C) (80 °C)
Surface area, St (m*/cm®) 128 (6)  135(7) 127 (6) 108 (5)
Particle size, ag (nm) 4.4 (1) 45 (1) 43 (1) 44 (1)
Volume fraction, ¢csy 0.135 (17) 0.196 (24) 0.161 (20)  0.202 (24)
Fractal exponent, Dy 2.62(5) 2.64(5 2605 2.67 (5)
Correlation length, & (nm) 63 (17) 47 (13) 37 (10) 51 (14)
Packing ratio, nve/n 037(2) 042(2) 0412 045 (2)

The numbers in parentheses are the estimated uncertainties in least significant
digits.

one week and a few years. This is in agreement with previous
observations [5,14] that the volume fractal structure of cement
paste is largely established after just one day of hydration.
Clearly, significant hydration occurs after this time, as indicated
by heat evolution, strength development, and other parameters.
This is reflected in the SANS data as an increase in ¢cgy and a
decrease in &y, with a concurrent increase in the volume fractal
packing ratio, yyg/n. The increase in nyg/n can be associated
with the elimination of the larger gel pores within low-density
(outer product) C-S-H in regions of the paste where the hy-
dration product layers around adjacent cement particles are
growing into each other. This is discussed in more detail in
Section 6.

Of particular interest here is the data for the heat-cured pastes
listed in the last two columns of Table 1. In this case, while the
particle size and fractal exponent are unchanged, the volume
fractal regions exhibit lower correlation lengths and higher
packing ratios similar to the much older paste hydrated at 20 °C.
The higher packing ratio likely results from a greater mobility of
the C-S-H particles at elevated temperatures, leading to a denser
structure with smaller gel pores. It can also be seen from Table 1
that heat curing increases the amount of volume fractal C-S-H in
the paste (¢pcsp) but does not increase the surface area. This can
be attributed to an increased loss of free surface area due to more
particle—particle contacts in the more densely packed structure.

4. Length and weight changes of cement paste during
equilibrium drying

Data relating the weight loss on drying to the drying strains
can provide important information about the pore size dis-
tribution of a material. However, drying of cement paste is
generally conducted under non-equilibrium conditions for
which the relative humidity (RH) inside the specimen is an
unknown function of both time and position until the drying
process is complete. This generates only a single data point,
which is not sufficient to provide information about pore size
distribution. A more useful approach is to conduct stepwise
drying, taking care to reach equilibrium at each RH level. Such
an experiment was first performed by Roper in the 1960s [15],
and those results are now widely republished in standard con-
crete texts [e.g. 11] because of the insight that the general shape
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of the weight loss versus shrinkage plot provides into drying
shrinkage mechanisms. Such equilibrium drying experiments
can also provide information about the volume of pores emptied
in different size ranges, and thus can provide information about
the pore structure of the C-S-H gel in specimens cured in
different ways [16,work,in,preparation]. When a porous body is
dried, the pores generally empty in order of size, starting with the
largest. At RH levels above ~40%, drying follows the well-
known Kelvin relationship between pore size and relative
humidity, and the capillary stresses exerted by the liquid-vapor
interfacial energy (given by the Laplace equation) generate bulk
drying shrinkage. While the stress in a given pore containing a
meniscus increases as the pore diameter decreases, the observed
bulk shrinkage will also depend on the number of pores being
emptied at a given time, that is, on the pore size distribution.
Near 40% RH the rate of drying shrinkage generally levels off
due to the collapse of the air—water menisci, but then increases
again at lower RH as other mechanisms, such as changes in
surface energy due to the removal of adsorbed water become
important.

Fig. 2 (at left) shows the equilibrium drying results for an
OPC paste cured for 7 d at room temperature. After drying to
7% RH the specimen was resaturated and then dried a second
time; both drying cycles are shown. The data from the second
drying cycle has been shifted so that it overlays the data from
the first cycle below 33% RH. It can be seen that all of the
differences between first and second drying occur above 33%
RH, corresponding to the emptying of pores greater than ~2 nm
in diameter. These differences correspond almost entirely to
irreversible changes to the pore structure of the paste induced by
the first drying cycle, as evidenced by the fact that there is
almost no irreversible shrinkage associated with the second
drying cycle. The weight loss in each humidity range is listed in

Table 2
Weight loss (%) in different relative humidity ranges for the equilibrium drying
of OPC paste (see graphs in Fig. 2)

Age/treatment 100— 85— 76— 54— 33— 19-7%
85% 76% 54% 33% 19%

7 d (first dry) 5.5 3.1 33 2.4 22 0.9

7 d (second dry) 6.8 1.3 1.8 2.2 1.8 1.0

56 d (not plotted) 2.8 2.7 3.7 4.5 1.9 1.0

7 d (heat treated) 7.6 1.8 2.7 3.1 1.9 0.9

7 d (heat cured) 8.5 2.1 2.3 34 1.8 0.9

Table 2. It can be seen that on second drying there is more
weight loss from larger (capillary) pores (100—-85% RH) and
less weight loss from smaller pores (85-54%) as compared to
the first drying, while the weight loss from the smallest pores
(<54%) remains unchanged. Fig. 2 (at right) shows the equilib-
rium first drying data for OPC pastes cured under different
conditions. One specimen was cured at 60 °C for 7 d (heat
cured), and another specimen was cured for 6 d at room tem-
perature and then for 1 d at 60 °C (heat treated). Data from these
specimens are overlaid onto the data from the 7 d old paste
cured at 20 °C. Once again it can be seen that there are sig-
nificant differences in the weight loss—shrinkage relationships
above 33% RH but little or no difference below 33% RH.

The weight loss in each humidity range for the data plotted in
Fig. 2, along with data from a 56 d old OPC paste, is listed in
Table 2. Comparing the 7 d and 56 d pastes, it can be seen that
extended curing at room temperature increases the volume of
pores emptied between 54% and 33% RH. This indicates that
the porosity in this range can be associated primarily with the
high-density C-S-H gel, as formation of this structure is the only
significant reaction that occurs after 7 d of hydration. Extended
curing also decreases the volume of the largest pores emptied

% Weight Loss -0.1+ % Weight Loss
0 5 10 15 20 -5 5 10 15 20
00 SSD 1 1 1 ] L C.C QSD 1 1 1 ]
85% RH 85% RH
014 0.1
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g 76% RH £
£ & 54% RH
< K 0.3
@D 0.3 “\, 54% RH =
()] ) =
£ \ <
> o 33% RH
a \o 33% RH e 0.4
32 0.4+ e e OPC - 7d at 20C 19% RH
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—— OPC - 7d 20C - 1st drying 7% RH
0.6- A OPC - 7d at 60C (heat cured)
06d T OPC - 7d 20C - 2nd cycle shifted

Fig. 2. Left: Equilibrium drying data for first and second drying of 7 d old OPC paste. Right: Equilibrium drying data for first drying of OPC paste cured under different

conditions. Data is shifted to overlay the 7 d OPC paste (see text).
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above 85% RH, which is simply a result of continued hydration
reducing the volume of capillary pore space in the paste.

From Fig. 2 and Table 2 it can be seen that heat curing and
first drying have similar effects on the microstructure, in that the
weight loss on drying to 85% RH is increased, while weight loss
on drying between 85% and 54% RH is significantly reduced.
This can be interpreted as an increase in the capillary porosity at
the expense of gel porosity within the low-density C-S-H, in
agreement with previous nitrogen sorption measurements of
C3S pastes cured at 25 and 60 °C [17].

5. Nanoindentation measurements of cement paste

The advent of instrumented indentation has given the con-
crete mechanics community an unprecedented opportunity for
nanomechanical property exploration. The indentation tech-
nique [18,19] consists of establishing contact between the in-
denter material (typically diamond) and the indented material
whose mechanical properties are of interest. Such nanoscale
instrumented indentation has, for the first time, allowed the
fundamental mechanical response of small material volumes of
C-S-H gel within hardened cement paste to be directly investi-
gated and quantified [4,20].

Elastic contact mechanics provides a convenient framework
for linking the measured indentation modulus, M, with the
elastic properties of the indented material [e.g. 21]. Application
of this approach to cement-based materials, which are multi-
scale composites, poses several difficulties, as the underlying
analysis relies on the self-similarity of the indentation test,
which strictly holds only for homogeneous materials. However,
the same principles hold for heterogeneous materials provided
that the number of indentation tests is significantly increased,
such that the results can be analyzed statistically. In particular,
when the depth of indentation is much smaller than the size of
the heterogeneity, intrinsic material properties of the individual
mechanical phases can be extracted [4,20]. For mature cement
pastes of w/c=0.5 it was found that an indentation depth of
approximately 150 nm is small enough to ensure minimal
interaction between separate mechanical phases, whereas an
indentation depth in excess of 10-20 pm yields the homoge-
nized (composite) properties of the bulk cement paste.
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Fig. 3. Frequency plot of indentation modulus, for a WPC paste mixed at a w/c
ratio of 0.5 and cured for 28 d at 20 °C, based on a 10 x 10 grid of nanoindentation
measurements.

Table 3

Indentation modulus, M, for the LD and HD forms of C-S-H as determined from
indentation measurements of WPC paste specimens mixed at a water/cement
ratio of 0.5 and given the curing time and temperature indicated

28 d at 1dat 60 °C 28d at 27d at 20 °C

20°¢ 27dat20°c  0°C 1d at 60 °C

M (GPa) M (GPa) M (GPa) M (GPa)
LDC-S-H  18.1+4.0  17.8%43 18.0£3.1  183+38
HD C-S-H  31.044.0  29.8+23 285426 29.1%53

Fig. 3 shows a frequency plot of indentation modulus for a
WPC paste cured at 20 °C; there are two overlapping but clearly
distinguishable peaks that verify the existence of two types of
C-S-H in cement paste. The peaks can be deconvoluted to
obtain the mean value of the indentation modulus for HD C-S-H
and LD C-S-H (see Table 3). These values have been repro-
duced closely on several specimens with different cement
compositions, w/c-ratios, and degrees of hydration [4,20,22].
For the present study, to test the effects of heat curing on the
mechanical properties of C-S-H, nanoindentation grids were
also performed on WPC paste specimens that were both heat
cured and heat treated at 60 °C. These results are also listed in
Table 3. It can be readily observed that the characteristic values
of the indentation moduli of the two types of C-S-H are
essentially constant, indicating that the heat curing process does
not change the intrinsic mechanical properties of the C-S-H
structure. It therefore appears that these properties as measured
by nanoindentation are intrinsic in nature [20].

It should be noted that what is measured by the indentation
technique is the homogenized properties of the two types of C-
S-H at the length scale of at least tens of nanometers, whereas it
is well established that C-S-H has porosity at length scales down
to about 1 nm. Direct experimental measurement of the nano-
mechanical properties of solid C-S-H is currently still out of
reach. However, the value of the solid C-S-H indentation
modulus (mg) can be obtained from the reverse application of a
self-consistent micromechanical model, commonly employed
for polycrystalline materials, to the homogenized nanoindenta-
tion data. The detailed analysis of this approach developed in
[23] will be presented elsewhere. This approach yields separate
estimates of the solid C-S-H indentation stiffness for the LD C-
S-H (ms=65.9 GPa) and for the HD C-S-H (m;=62.9 GPa). The
two values are very close, suggesting that the two C-S-H
structures are comprised of the same solid phase and thus that
their different mechanical performance is related to differences
in their nanometer-scale porosity.

More information about the porosity of the LD and HD
structures can be obtained by making a forward application
of the micromechanical prediction of the indentation modu-
lus of an aggregated system of particles (here approximated by
the self-consistent scheme) with an intrinsic solid stiffness of
mg=65 GPa (average value of the two estimates). Fig. 4 shows
the predicted indentation modulus of such a system as a
function of the solid packing fraction. The contact stiffness of
the solid spheres is recovered for a packing density of 1,
whereas a complete loss of mechanical performance is predicted
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Fig. 4. Micromechanical prediction (solid line) of the indentation modulus of an
aggregation of spherical particles (with m;=65 GPa) versus the packing fraction
of solid. The experimental modulus values of LD and HD C-S-H are also plotted
onto the prediction line.

at a packing density of 0.5. The latter value is close to the
random loose packing of spheres, which is the lowest packing
density for a mechanically stable agglomerate of spheres. The
experimental average modulus values for the two types of C-S-
H, also plotted in Fig. 4, correspond to packing densities of 0.64
for the LD C-S-H and 0.74 for the HD C-S-H. As discussed in
the next section, these values match the porosity values of LD
and HD C-S-H predicted by the quantitative colloid model of C-
S-H gel [2].

6. Extended colloid model of C-S-H — effects of heating
and drying

The results reported here provide new boundary conditions
that can be used to generate a refined model of the nanostructure
of C-S-H gel. The original “colloid” model of C-S-H [2] was
based on density and surface area values for C-S-H gel deter-
mined by a variety of techniques. The measured value of density

or surface area was found to increase as the size of the smallest
features that could be probed decreased (within the range of
about 1-50 nm), which is a hallmark of a fractal structure. This is
in agreement with SANS measurements of cement paste, which
give more direct evidence of a fractal structure. Fig. 5 shows a
schematic of the development of a volume fractal structure with
the general features predicted by the colloid model.

To calibrate the colloid model, the size and density of the
smallest units, or particles, of C-S-H, which form the building
blocks of the fractal system of solid particles and gel pores, must
be assigned. A range of density values for C-S-H has been
reported in the literature [24] (e.g., for D-dried C-S-H), and for
any particular value within this range the model describes a self-
consistent pore structure that varies with scale. In the original
version of the model, two fundamental density values were
identified, but, as was stated in the original paper [2]: “the
results of this model do not determine which density of the basic
unit is correct, although there might be a slight bias toward the
higher density.”

We propose here that the smallest units that form the basis of
the fractal solid/pore system are the ~5 nm features identified
originally as “globules,” and not the smaller “basic units”.
Although the globules have an internal structure and contain a
certain amount of water that is removed at low RH values, the
associated spaces are too small to be considered true pores. We
also propose here that a higher density assigned to a globule is
the correct value. As in the original model, the globules pack
together to form larger structures with lower densities, and in
mature pastes there are distinct “high-density” (HD) and “low-
density” (LD) morphologies of C-S-H gel.

Recent results from SANS (e.g. Table 1) indicate that the
globule has a diameter of about 4.4 nm (compared to the value of
5.2 nm used in the original model) that does not change with
drying, heat curing, or age, and a saturated density of about
2650 kg/m®. This density value is slightly higher than the
measured density of solid C-S-H at 11% RH, and is close to the
average density reported for D-dried C-S-H. For an isolated
globule, the specific surface area is calculated to be 515 m?/g,

Fig. 5. Proposed formation of C-S-H gel. a) One relatively small volume fractal region, formed from contacting ~ 5 nm globules of C-S-H. b) The same volume fractal
region (shown in white) has grown into a larger, self-similar structure with a reduced packing density. ¢) Adjacent fractal regions have grown into each other to form a
relatively uniform structure with a range of gel pore sizes. The largest pores are greater than 10 nm. Upon drying these pores collapse to form a structure with a packing

density of about 0.64.
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which is slightly higher than the value reported in the original
model. This theoretical upper limit is never approached ana-
lytically, as in all structural variations surface area is lost at
particle contacts. Table 4 lists the density of C-S-H at various
scales with the new calibration of the colloid model.

While the recalibration does not change the self-consistency
arguments for surface area and density advanced in the original
model, it does have ramifications at larger scales that are impor-
tant to results reported here. A central tenet of the colloid model
is that the globules pack together to form C-S-H regions with two
distinct densities at larger scales. Regions of HD C-S-H contain
26% porosity (excluding, by definition, any porosity within the
globule) and this remains unchanged.

In the original version of the model, the globules pack to-
gether into “LD units” approximately 20 nm across that contain
36% porosity (excluding the porosity within the globules), with
a characteristic gel pore size slightly smaller than the particle size
(i.e., a few nm). At larger scales (>100 nm) the LD units
themselves pack into a structure with a total porosity greater than
36%, introducing additional pores that are, on average, some-
what larger than the particle size (i.e. 5—10 nm). Intuitively, it is
these larger gel pores that would be most vulnerable to collapse,
and this is supported by the weight loss measurements during
equilibrium drying presented in Section 4.

Fig. 6 shows the percentage of the total weight loss that
occurs in various humidity ranges for different pastes, and gives
pore classifications for each range. After drying and resaturation
of a 7 d old paste, and after heat curing or heat treatment, the
proportion of the porosity emptied between 85% RH and 54%
RH is significantly decreased compared to the 7 d control cured
at room temperature, while the proportion of the porosity emp-
tied at lower RH levels are almost unchanged. In terms of the
model, this can now be interpreted as a loss of the larger gel
pores between the LD units, which results in a corresponding
increase in the capillary pore volume outside the C-S-H gel
regions, such that the LD C-S-H at large length scales more
closely represents the stable structure with 36% porosity (see
Table 4). This is in good agreement with the SANS results for
heat curing, particularly the higher value of the volume fractal
packing ratio, #vg/n (see Table 1), and also with SANS results
for drying, which will be published separately [25]. Below 33%

Table 4
Density and porosity of C-S-H gel at different length scales predicted by the
recalibrated colloid model

Scale® Density (pores empty) Porosity® Density® (pores full)

(nm)  (kg/m’) (%) (kg/m?)
Globule 44 2650 0 2650
HD >15 2000 26 2300
LD (stable) >40 1700 36 2050
LD (carly) >60 <1700 >36 <2050

The stable form of LD C-S-H is obtained after heat curing or drying. The less
dense “early” form has a variable structure and may persist indefinitely under
ideal conditions.

? Above which structure appears uniform.

> Computed from density with pores empty.

¢ Computed from porosity.
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Fig. 6. Percentage of the total weight loss occurring in various RH ranges, and
associated pore type.

RH, adsorbed water and interlayer water is removed from the
individual particles of both LD and HD C-S-H, a process which
does not depend on the details of the gel pore structure and thus
is relatively unaffected by curing conditions or previous drying.
Extended curing from 7 to 56 d does not significantly affect the
weight loss in the humidity range from 85% to 54%, suggesting
that the more open LD C-S-H structure that forms initially may
persist under ambient saturated conditions.

As discussed in Section 5, nanoindentation measures two
characteristic modulus values for C-S-H gel that are unchanged
by heat curing or heat treating, and the data can be interpreted as
two packing densities of the same solid phase corresponding to
porosities of 36% and 26%. These can be readily associated
with the HD and LD C-S-H structures proposed by the colloid
model, with the caveat that it is only the more stable and tightly
packed LD structure that is sampled. This is supported by the
fact that no change in the average modulus of the LD C-S-H
structure is observed on heat curing (see Table 3).

Because the indenter tip contacts an area with dimensions on
the order of 100 nm, it must be assumed that the more loosely
packed “early” version of LD C-S-H that can be present at this
scale is not observed in the specimens tested to date, even those
cured at room temperature. This may be explained by the fact
that the size of these larger gel pores interferes with the chosen
indentation depth, leading to a loss of self-similarity of the
indentation test, which is at the basis of indentation analysis. In
support of this proposition is the observation that the de-
convoluted indentation data frequently shows a low-stiffness
population (on the order of 5—8 GPa), attributable to indentation
in a material dominated by large pores [23]. Another possibility
is that sample preparation or drying of the sample surface prior
to the nanoindentation test causes the LD C-S-H to collapse to
its more stable configuration. This issue will be the subject of
future investigation.
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7. Summary

The effects of heat curing and drying on the nanometer-scale
structure of cement paste have been analyzed using small-angle
neutron scattering (SANS), equilibrium drying measurements,
and nanoindentation. The SANS and equilibrium drying results
indicate that hydration of cement paste at 20 °C forms a low-
density (LD) C-S-H gel structure with a range of gel pore sizes
and a relatively low packing fraction of solid particles. This
initial fine structure may persist indefinitely under saturated
conditions, as additional C-S-H gel with a denser morphology
forms. However, if the paste is dried or is cured at elevated
temperatures (60 °C or greater) the originally formed low-den-
sity structure collapses toward a denser and more stable config-
uration with fewer large gel pores and a total gel porosity of 36%,
resulting in a greater amount of capillary porosity in the paste.

Nanoindentation measurements of pastes cured at different
temperatures demonstrate the existence of two C-S-H structures
with different characteristic values of the indentation modulus.
The value of the modulus of the LD C-S-H is the same for all
pastes tested to date, and a micromechanical analysis indicates
that this value corresponds to the denser and more stable con-
figuration of LD C-S-H. These experimental results are used to
extend and recalibrate a quantitative “colloid” model of C-S-H
gel, resulting in an improved understanding of the microstruc-
tural changes associated with drying and heat curing.
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