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Abstract18
The nanometer scale structure of cement paste, which is dominated by the colloidal-scale19

porosity within the C-S-H gel phase, has a controlling effect on concrete properties but is difficult to20
study due its amorphous and delicate structure. Here we present results from three experimental21
techniques that are particularly suited to analyzing disordered nanoporous materials: small-angle22
neutron scattering (SANS), weight and length changes during equilibrium drying, and23
nanoindentation. Particular attention is paid to differences between pastes of different ages and cured24
at different temperatures. The SANS and equilibrium drying results indicate that hydration of cement25
paste at 20˚C forms a low-density (LD) C-S-H gel phase with a range of gel pore sizes and a relatively26
low packing fraction of solid particles. This fine structure may persist indefinitely under saturated27
conditions. However, if the paste is dried or is cured at elevated temperatures (60˚C or greater) the28
structure collapses toward a denser (less porous) and more stable configuration with fewer large gel29
pores, resulting in a greater amount of capillary porosity. Nanoindentation measurements of pastes30
cured at different temperatures demonstrate in all cases the existence of two C-S-H phases with31
different characteristic values of the indentation modulus. The average value of the modulus of the LD32
C-S-H is the same for all pastes tested to date, and a micromechanical analysis indicates that this value33
corresponds to the denser and more stable configuration of LD C-S-H. The experimental results34
presented here are interpreted in terms of a previously proposed quantitative “colloid” model of C-S-H35
gel, resulting in an improved understanding of the microstructural changes associated with drying and36
heat curing.37
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1. Introduction40
The microstructures of cement-based materials are so complex that they are seldom evaluated41

quantitatively. Only the larger features such as the volume of capillary pores and the distribution of air42
voids have been correlated to properties such as strength and resistance to repeated freezing. Yet it is43
the smallest gel pores associated with the calcium silicate hydrate (C-S-H) phase that control44
properties such as creep and shrinkage. Recently, multiscale modeling has proven to be a promising45
approach for correlating the nanometer-level structure of C-S-H to the bulk properties of cement paste46
and concrete [1].  However, for a number of reasons that include problems with resolving the delicate47
nanoscale structure and understanding the changes that occur with drying, age, temperature,48
mechanical loading, and other environmental variables, the structure of C-S-H at the nanometer scale49
has not been unambiguously characterized.50

The goals of this paper are twofold. First, we present experimental results from three techniques51
that, particularly when interpreted together, give a more complete and detailed picture of the52
nanostructure of the C-S-H gel phase as a function of aging, drying, and heating. The results from53
these techniques, namely small-angle scattering, equilibrium drying, and nanoindentation, are54
discussed in Sections 3-5. The second goal of the paper is to extend a quantitative structural model of55
the C-S-H gel [2] to account for this new experimental data.  This is the subject of Section 6.56

57
2. Experimental58

The specimens analyzed by SANS and by nanoindentation were made from commercial white59
portland cement (WPC), while the specimens analyzed by equilibrium drying were made from a60
commercial Type I portland cement (OPC).  All pastes were mixed at a water/cement ratio of 0.5 by61
weight and cured under saturated conditions.  The curing temperature was controlled at 20˚C, 60˚C, or62
(for one specimen) 80˚C using programmable water baths.  Specimens cured at 60˚C for at least the63
first 24 h of hydration are considered “heat cured”, whereas specimens heated to 60˚C after an initial64
period of curing at 20˚C are considered “heat treated”.  Curing times varied and are given in the text.65
For the SANS measurements, thin (~0.6 mm) coupons were sliced from a larger block of paste using a66
water-lubricated diamond saw.  Specimens for nanoindentation were prepared in a similar manner, but67
were thicker (~ 1 cm thick) and were polished on one face using a diamond pastes and then cleaned in68
an ultrasonic bath.  For the equilibrium drying experiments, slender bars of OPC paste measuring 15069
mm x 5 mm x 5 mm were cut from larger bars of paste and fitted with brass endpoints using70
waterproof epoxy.71
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The SANS measurements were conducted at the National Center for Neutron Research in72
Gaithersburg, MD, using a neutron wavelength of 0.8 nm and an effective range of scattering vector of73
0.02 –2.2 nm-1.  More details on the experimental configuration and the data normalization are given in74
[3].  Nanoindentation measurements were conducted using a NanoTest 200 instrument in the75
Department of Materials Science and Engineering at MIT.  More details are given in [4].76

For the equilibrium drying experiments, initially saturated bars were progressively dried in77
stepwise fashion by placing them in sealed desiccators containing saturated salt solutions with78
different equilibrium relative humidities (RH) ranging from 85% to 7%.  At regular intervals (typically79
1 d) the bars were weighed and the length was measured using a micrometer mounted on a customized80
stand.  Only when the length and weight had stabilized at one RH was the specimen moved to the81
desiccator containing the next-lowest RH.  In some cases the specimens were resaturated and then the82
entire drying cycle was repeated.83

84
3. Small-angle scattering measurements85

Small angle neutron scattering (SANS) provides a great deal of information about the micro- and86
nanostructures of disordered heterogeneous materials.  The most versatile and sensitive SANS87
instruments can produce a statistically averaged characterization across length scales ranging from88
approximately 1 nm to greater than 1 µm.  SANS has some important advantages for characterizing89
the nanometer-level structure of cement-based materials when compared to other techniques such as90
gas sorption and TEM.  The SANS analysis is non-invasive and does not require drying, and can even91
be conducted in-situ without disturbing the hydration process.92

When the scattered neutron intensity from a cementitious material is plotted against the93
scattering vector, Q, (proportional to the angle of scatter) three regimes of interest are generally94
observed (see Fig. 1).  At highest Q (representing the smallest microstructural features) the scattering95
follows the Porod law and gives a direct measurement of the total internal surface area, ST.  At lower Q96
values two power-law regimes are observed with different slopes, corresponding to volume fractal and97
surface fractal scaling behavior [3,5,6].  The volume fractal scattering is associated with the98
arrangement (packing) of primary C-S-H gel particles (of size ~ 4-5 nm) and is limited to relatively99
high Q-values.  The surface fractal scaling can be associated with the deposition of hydration product100
onto the originally smooth surface of the cement grains.  This fractal roughness extends upward in size101
to include relatively large (micron-scale) features such as calcium hydroxide crystals.  As hydration102
proceeds, the volume fractal intensity increases while the surface fractal intensity tends to decrease as103



4

1

10

100

0.1 1

8
 
d (20

o
C)

8
 
d (1

 
d at 60

o
C)

28
 
d (80

o
C)

I(
Q

) 
* 

Q
4

Q (nm-1)

Porod

Surface Fractal

Volume Fractal

104
105

Figure 1: SANS data for normal and heat cured WPC paste.106
107

the original boundaries of the clinker grains become obscured.  Under some conditions, such as in108
calcium chloride accelerated paste [7], the surface fractal regime can essentially disappear.109

Figure 1 shows SANS data for an 8 d old WPC paste cured at 20˚C, an 8 d old WPC paste cured110
at 60˚C for the first 24 hours only, and a 28 d old WPC paste cured at 80˚C.  The scattering curves for111
all three pastes have the same general shape, suggesting that the fundamental microstructure is not112
radically changed by high temperature curing, but the surface fractal scattering is more prominent with113
heat curing.  This is indicative of a more heterogeneous microstructure, where the original cement114
grains do not blend smoothly into the outer hydration product [8].  This is consistent with observations115
of denser hydration product [9,10] and lower strength [11] in heat cured pastes.116

To obtain a more quantitative characterization of the microstructure, SANS data from a wide117
range of Q (such as that plotted in Fig. 1) can be fit with a model that includes appropriate terms for118
the volume- and surface-fractal scattering described above [6,8].  Here we focus on the volume fractal119
regime of the data (associated with the C-S-H gel), in which the scattered intensity varies as Q-Dv,120
where DV is the volume fractal exponent. A volume fractal (also known as a mass fractal) is a two-121
phase region formed from particles of a characteristic size, aS, that are packed together in such a way122
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that the structure exhibits scale invariance (i.e. fractal behavior).  In cement paste, the volume fractal123
phase is the solid C-S-H, and the second phase is the gel porosity.  Inside a volume fractal, the volume124
fraction of solid contained within an imaginary sphere of radius d centered on a fixed point decreases125
with increasing d, as long as aS, < d < ξV, where ξV is the correlation length.  The volume fraction of126
solid material within an isolated volume fractal region can be described as:127

ηVF = η ξV

aS







DV −3

(1)128

where η, the local maximum packing fraction at the scale of the individual particles, is also129
determined from the fractal microstructure model.  The C-S-H gel phase of cement paste consists of130
multiple volume fractal regions that grow into each other and overlap during hydration [5], such that131
the actual average packing density of the C-S-H phase is expected to be higher than that predicted by132
Eq. 1.  However, the ratio ηVF/η provides a relative measure of the C-S-H packing density that is133
useful for direct comparisons between different specimens.  A model fit to the data also provides the134
volume fraction , φCSH, of solid volume fractal material (i.e. particles of size aS) within the entire135
specimen volume penetrated by the neutron beam.  This is essentially a measure of the amount of LD136
C-S-H (without gel pores) in the paste.137

Table 1 lists the surface area and the volume fractal parameters described above for the data138
shown in Fig. 1, along with data for a mature WPC paste cured at 20˚C.  From Table 1 it can be seen139
that when cement paste is hydrated at room temperature there is little change in the surface area,140
fundamental C-S-H gel particle size, or volume fractal exponent between the ages of one week and a141

142
Table 1. Total surface area and volume fractal parameters determined from SANS measurements of WPC paste143
specimens mixed at a water/cement ratio of 0.5 and given the curing time and temperature indicated.144

8 d (20˚C) 2.5 y (20˚C) 1 d (60˚C)

+7 d (20˚C)

28d (80˚C)

Surface area, ST (m2/cm3) 128 135 127 108

Particle size, aS (nm) 4.4 4.5 4.3 4.4

Volume fraction,  φCSH 0.135 0.196 0.161 0.202

Fractal exponent, DV 2.62 2.64 2.60 2.67

Correlation length, ξV (nm) 63 47 37 51

Packing ratio, ηVF/η 0.37 0.42 0.41 0.45
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few years.  This is in agreement with previous observations [5,12] that the volume fractal structure of145
cement paste is largely established after just one day of hydration.  Clearly, significant hydration146
occurs after this time, as indicated by heat evolution, strength development, and other parameters.147
This is reflected in the SANS data as an increase in φCSH and a decrease in ξV, with a concurrent148
increase in the volume fractal packing ratio, ηVF/η.  The increase in ηVF/η  can be associated with the149
elimination of the larger gel pores within low density (outer product) C-S-H in regions of the paste150
where the hydration product layers around adjacent cement particles are growing into each other.  This151
is discussed in more detail in Section 6.152

Of particular interest here is the data for the heat-cured pastes listed in the last two columns of153
Table 1.  In this case, while the particle size and fractal exponent are unchanged, the volume fractal154
regions exhibit lower correlation lengths and higher packing ratios similar to the much older paste155
hydrated at 20˚C.  The higher packing ratio likely results from a greater mobility of the C-S-H156
particles at elevated temperatures, leading to a denser structure with smaller gel pores.  It can also be157
seen from Table 1 that heat curing increases the amount of volume fractal C-S-H in the paste (φCSH)158
but does not increase the surface area.  This can be attributed to an increased loss of free surface area159
due to more particle-particle contacts in the more densely packed structure.160

161
4. Length and weight changes of cement paste during equilibrium drying162

Data relating the weight loss on drying to the drying strains can provide important information163
about the pore size distribution of a material. However, drying of cement paste is generally conducted164
under non-equilibrium conditions for which the relative humidity (RH) inside the specimen is an165
unknown function of both time and position until the drying process is complete.  This generates only166
a single data point, which is not sufficient to provide information about pore size distribution.  A more167
useful approach is to conduct stepwise drying, taking care to reach equilibrium at each RH level. Such168
an experiment was first performed by Roper in the 1960’s [13], and those results are now widely169
republished in standard concrete texts [e.g. 11] because of the insight that the general shape of the170
weight loss vs. shrinkage plot provides into drying shrinkage mechanisms.  Such equilibrium drying171
experiments can also provide information about the volume of pores emptied in different size ranges,172
and thus can provide information about the pore structure of the C-S-H gel in specimens cured in173
different ways [14, work in preparation].174

175
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Figure 2:  Left: Equilibrium drying data for first and second drying of 7 d old OPC paste. Right:176
Equilibrium drying data for first drying of OPC paste cured under different conditions. Data is177
shifted to overlay the 7d OPC paste (see text).178

179
When a porous body is dried, the pores generally empty in order of size, starting with the largest.  At180
RH levels above ~ 40%, drying follows the well-known Kelvin relationship between pore size and181
relative humidity, and the capillary stresses exerted by the liquid-vapor interfacial energy (given by the182
Laplace equation) generate bulk drying shrinkage.  While the stress in a given pore containing a183
meniscus increases as the pore diameter decreases, the observed bulk shrinkage will also depend on184
the number of pores being emptied at a given time, that is, on the pore size distribution.  Near 40% RH185
the rate of drying shrinkage generally levels off due to the collapse of the air-water menisci, but then186
increases again at lower RH as other mechanisms (not discussed here) become important.187

 Figure 2 (at left) shows the equilibrium drying results for an OPC paste cured for 7 d at room188
temperature.  After drying to 7% RH the specimen was resaturated and then dried a second time; both189
drying cycles are shown.  The data from the second drying cycle has been shifted so that it overlays190
the data from the first cycle below 33% RH.  It can be seen that all of the differences between first and191
second drying occur above 33% RH, corresponding to the emptying of pores greater than ~ 2 nm in192
diameter.  These differences correspond almost entirely to irreversible changes to the pore structure of193
the paste induced by the first drying cycle, as evidenced by the fact that there is almost no irreversible194
shrinkage associated with the second drying cycle.  The weight loss in each humidity range is listed in195
Table 2.  It can be seen that on second drying there is more weight loss from larger (capillary) pores196
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Table 2. Weight loss (%) in different relative humidity ranges for the equilibrium drying of197
OPC paste (see graphs in Fig. 2).198

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

7 d (First dry) 5.5 3.1 3.3 2.4 2.2 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 3.4 1.8 0.9

199
(100 – 85% RH) and less weight loss from smaller pores (85 – 54%) as compared to the first drying,200
while the weight loss from the smallest pores (< 54%) remains unchanged.  Figure 2 (at right) shows201
the equilibrium first drying data for OPC pastes cured under different conditions.  One specimen was202
cured at 60˚C for 7 d (heat cured), and another specimen was cured for 6 d at room temperature and203
then for 1 d at 60˚C (heat treated).  Data from these specimens are overlaid onto the data from the 7 d204
old paste cured at 20˚C.  Once again it can be seen that there are significant differences in the weight205
loss-shrinkage relationships above 33% RH but little or no difference below 33% RH.206

The weight loss in each humidity range for the data plotted in Fig. 2, along with data from a 56 d207
old OPC paste, is listed in Table 2.  Comparing the 7 d and 56 d pastes, it can be seen that extended208
curing at room temperature increases the volume of pores emptied between 54 - 33% RH.  This209
indicates that the porosity in this range can be associated primarily with the high density C-S-H gel, as210
formation of this phase is the only significant reaction that occurs after 7 d of hydration.  Extended211
curing also decreases the volume of the largest pores emptied above 85% RH, which is simply a result212
of continued hydration reducing the volume of capillary pore space in the paste.213

From Fig. 2 and Table 2 it can be seen that heat curing and first drying have similar effects on214
the microstructure, in that the weight loss on drying to 85% RH is increased, while weight loss on215
drying between 85 – 54% RH is significantly reduced.  This can be interpreted as an increase in the216
capillary porosity at the expense of gel porosity within the low-density C-S-H, in agreement with217
previous nitrogen sorption measurements of C3S pastes cured at 25˚C and 60˚C [15].218

219
5. Nanoindentation measurements of cement paste220

The advent of instrumented indentation has given the concrete mechanics community an221
unprecedented opportunity for nanomechanical property exploration. The indentation technique222
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[16,17] consists of establishing contact between the indenter material (typically diamond) and the223
indented material whose mechanical properties are of interest.  Such nanoscale instrumented224
indentation has, for the first time, allowed the fundamental mechanical response of small material225
volumes of C-S-H gel within hardened cement paste to be directly investigated and quantified [4,18].226

Elastic contact mechanics provides a convenient framework for linking the measured227
indentation modulus, M, with the elastic properties of the indented material [e.g. 19]. Application of228
this approach to cement-based materials, which are multi-scale composites, poses several difficulties,229
as the underlying analysis relies on the self-similarity of the indentation test, which strictly holds only230
for homogeneous materials. However, the same principles hold for heterogeneous materials provided231
that the number of indentation tests is significantly increased, such that the results can be analyzed232
statistically.  In particular, when the depth of indentation is much smaller than the size of the233
heterogeneity, intrinsic material properties of the individual mechanical phases can be extracted [4,18].234
For mature cement pastes of w/c=0.5 it was found that an indentation depth of approximately 150 nm235
is small enough to ensure minimal interaction between separate phases, whereas an indentation depth236
in excess of 10-20 µm yields the homogenized (composite) properties of the bulk cement paste.237

Figure 3 shows a frequency plot of indentation modulus for a WPC paste cured at 20˚C; there are238
two overlapping but clearly distinguishable peaks that verify the existence of two types of C-S-H in239
cement paste.  The peaks can be deconvoluted to obtain the mean value of the indentation modulus for240

241

242
Figure 3: Frequency plot of indentation modulus, for a WPC paste mixed at a w/c ratio of 0.5 and243
cured for 28 days at 20˚C, based on a 10 x 10 grid of nanoindentation measurements.244

Modulus (GPa)
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Table 3. Indentation modulus, M, for the LD and HD forms of C-S-H as determined from245
indentation measurements of WPC paste specimens mixed at a water/cement ratio of 0.5 and given246
the curing time and temperature indicated.247

28 d @ 20˚C 1 d @ 60˚C
27 d @ 20˚C

28 d @ 60˚C 27 d @ 20˚C
1 d @ 60˚C

LD / HD LD /HD LD / HD LD / HD

M  (GPa) 18.8 / 31.0 17.8 / 29.8 18.0 / 28.5 18.3 / 29.1

248
HD C-S-H and LD C-S-H (see Table 3).  These values have been reproduced closely on several249
specimens with different cement compositions, w/c-ratios, and degrees of hydration [4,18,20].  For the250
present study, to test the effects of heat curing on the mechanical properties of C-S-H, nanoindentation251
grids were also performed on WPC paste specimens that were both heat cured and heat treated at252
60˚C.  These results are also listed in Table 3.  It can be readily observed that the characteristic values253
of the indentation moduli of the two types of C-S-H are essentially constant, indicating that the heat254
curing process does not change the intrinsic mechanical properties of the C-S-H phase.  It therefore255
appears that these properties as measured by nanoindentation are intrinsic in nature [18].256

It should be noted that what is measured by the indentation technique is the homogenized257
properties of the two types of C-S-H at the length scale of at least tens of nanometers, whereas it is258
well established that C-S-H has porosity at length scales down to about 1 nm. Direct experimental259
measurement of the nanomechanical properties of the solid C-S-H phase is currently still out of reach.260
However, the value of the solid C-S-H indentation modulus (ms) can be obtained from the reverse261
application of a self-consistent micromechanical model, commonly employed for polycrystalline262
materials, to the homogenized nanoindentation data.  The detailed analysis of this approach developed263
in [21] will be presented elsewhere.  This approach yields separate estimates of the solid C-S-H264
indentation stiffness for the LD C-S-H (ms = 65.9 GPa) and for the HD C-S-H (ms = 62.9 GPa).  The265
two values are very close, suggesting that the two types of C-S-H are comprised of the same solid266
phase and thus that their different mechanical performance is related to differences in their nanometer-267
scale porosity.268

More information about the porosity of the LD and HD structures can be obtained by making a269
forward application of the micromechanical prediction of the indentation modulus of an aggregated270
system of particles (here approximated by the self-consistent scheme) with an intrinsic solid stiffness271
of ms=65 GPa (average value of the two estimates). Figure 4 shows the predicted indentation modulus272
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Figure 4: Micromechanical prediction (solid line) of the indentation modulus of an aggregation274
of spherical particles (with ms=65 GPa) versus the packing fraction of solid.  The experimental275
modulus values of LD and HD C-S-H are also plotted onto the prediction line.276

277
of such a system as a function of the solid packing fraction.  The contact stiffness of the solid spheres278
is recovered for a packing density of 1, whereas a complete loss of mechanical performance is279
predicted at a packing density of 0.5.  The latter value is close to the random loose packing of spheres,280
which is the lowest packing density for a mechanically stable agglomerate of spheres.  The281
experimental average modulus values for the two types of C-S-H, also plotted in Fig. 4, correspond to282
packing densities of 0.64 for the LD C-S-H and 0.74 for the HD C-S-H.  As discussed in the next283
section, these values match the porosity values of LD and HD C-S-H predicted by the quantitative284
colloid model of C-S-H gel [2].285

286
6.  Extended colloid model of C-S-H – Effects of heating and drying287

The results reported here provide new boundary conditions that can be used to generate a refined288
model of the nanostructure of C-S-H gel.  The original “colloid” model of C-S-H [2] was based on289
density and surface area values for C-S-H gel determined by a variety of techniques.  The measured290
value of density or surface area was found to increase as the size of the smallest features that could be291
probed decreased (within the range of about 1 – 50 nm), which is a hallmark of a fractal structure.292
This is in agreement with SANS measurements of cement paste, which give more direct evidence of a293
fractal structure.  Figure 5 shows a schematic of the development of a volume fractal structure with the294
general features predicted by the colloid model.295

Packing Fraction
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296

a) b) c)

Figure 5: Proposed formation of C-S-H gel.  a) One volume fractal region, formed from contacting ~ 5297
nm globules of C-S-H, shown for illustrative purposes.  Such isolated regions are not found in cement298
paste.  b) Two volume fractal regions growing into each other during the early nucleation and growth299
period.  Globules from each region are shaded differently.  c) Four intergrown volume fractal regions,300
with all globules given the same shading.  The result is a relatively uniform structure with a range of gel301
pore sizes.  However, as described in the text, the larger pores are readily collapsed by heating or drying.302

303
To calibrate the colloid model, the size and density of the smallest units, or particles, of C-S-H,304

which form the building blocks of the fractal system of solid particles and gel pores, must be assigned.305
A range of density values for C-S-H has been reported in the literature [22] (e.g., for D-dried C-S-H),306
and for any particular value within this range the model describes a self-consistent pore structure that307
varies with scale.  In the original version of the model, two fundamental density values were308
identified, but, as was stated in the original paper [2]: “the results of this model do not determine309
which density of the basic unit is correct, although there might be a slight bias toward the higher310
density.”311

We propose here that the smallest units that form the basis of the fractal solid/pore system are312
the ~ 5 nm features identified originally as “globules,” and not the smaller “basic units”.  Although the313
globules have an internal structure and contain a certain amount of water that is removed at low RH314
values, the associated spaces are too small to be considered true pores.  We also propose here that a315
higher density assigned to a globule is the correct value.  As in the original model, the globules pack316
together to form larger structures with lower densities, and in mature pastes there are distinct “high317
density” (HD) and “low density” (LD) morphologies of C-S-H gel.318
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Recent results from SANS (e.g. Table 1) indicate that the globule has a diameter of about 4.4 nm319
(compared to the value of 5.2 nm used in the original model) that does not change with drying, heat320
curing, or age, and a saturated density of about 2650 kg/m3.  This density value is slightly higher than321
the measured density of solid C-S-H at 11% RH, and is close to the average density reported for D-322
dried C-S-H.  For an isolated globule, the specific surface area is calculated to be 515 m2/g, which323
slightly higher than the value reported in the original model.  This theoretical upper limit is never324
approached analytically, as in all structural variations surface area is lost at particle contacts.  Table 4325
lists the density of C-S-H at various scales with the new calibration of the colloid model.326

While the recalibration does not change the self-consistency arguments for surface area and327
density advanced in the original model, it does have ramifications at larger scales that are important to328
results reported here.  A central tenet of the colloid model is that the globules pack together to form C-329
S-H regions with two distinct densities at larger scales.  Regions of HD C-S-H contain 26% porosity330
(excluding, by definition, any porosity within the globule) and this remains unchanged.331

In the original version of the model, the globules pack together into “LD units” approximately 20332
nm across that contain 36% porosity (excluding the porosity within the globules), with a characteristic333
gel pore size slightly smaller than the particle size (i.e., a few nm).  At larger scales (> 100 nm) the LD334
units themselves pack into a structure with a total porosity greater than 36%, introducing additional335
pores that are, on average, somewhat larger than the particle size (i.e. 5 – 10 nm).  Intuitively, it is336
these larger gel pores that would be most vulnerable to collapse, and this is supported by the weight337
loss measurements during equilibrium drying presented in Section 4.338

339
Table 4:  Density and porosity of C-S-H gel at different length scales predicted by the340
recalibrated colloid model.  The stable form of LD C-S-H is obtained after heat curing or341
drying.  The less dense “early” form has a variable structure and may in persist indefinitely342
under ideal conditions.343

Scalea

(nm)
Density

(Pores empty)
(kg/m3)

Porosityb

(%)

Densityc

(Pores Full)
(kg/m3)

Globule 4.4 2650 0 2650

HD > 15 2000 24 2300

LD (stable) > 40 1700 36 2050

LD (early) > 60 <1700 >36 <2050
a Above which phase appears uniform b Computed from density with pores empty344
c Computed from porosity345
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Figure 6: Percentage of the total weight loss occurring in various RH ranges, and associated pore type.347

348
Figure 6 shows the percentage of the total weight loss that occurs in various humidity ranges for349

different pastes, and gives pore classifications for each range.  After drying and resaturation of a 7 d350
old paste, and after heat curing or heat treatment, the proportion of the porosity emptied between 85%351
RH and 54% RH is significantly decreased compared to the 7 d control cured at room temperature,352
while the proportion of the porosity emptied at lower RH levels are almost unchanged.  In terms of the353
model, this can now be interpreted as a loss of the larger gel pores between the LD units, which results354
in a corresponding increase in the capillary pore volume outside the C-S-H gel regions, such that the355
LD C-S-H at large length scales more closely represents the stable structure with 36% porosity (see356
Table 4).  This is in good agreement with the SANS results for heat curing, particularly the higher357
value of the volume fractal packing ratio, ηVF/η (see Table 1), and also with SANS results for drying,358
which will be published separately [23].  Below 33% RH, adsorbed water and interlayer water is359
removed from the individual particles of both LD and HD C-S-H, a process which does not depend on360
the details of the gel pore structure and thus is relatively unaffected by curing conditions or previous361
drying.  Extended curing from 8 d to 56 d does not significantly affect the weight loss in the humidity362
range from 85% - 54%, suggesting that the more open LD C-S-H structure that forms initially may363
persist under ambient saturated conditions.364

As discussed in Section 5, nanoindentation measures two characteristic modulus values for C-S-365
H gel that are unchanged by heat curing or heat treating, and the data can be interpreted as two366
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packing densities of the same solid phase corresponding to porosities of 36% and 26%.  These can be367
readily associated with the HD and LD C-S-H structures proposed by the colloid model, with the368
caveat that it is only the more stable and tightly packed LD structure that is sampled.  This is369
supported by the fact that no change in the average modulus of the LD C-S-H phase is observed on370
heat curing (see Table 3).371

Because the indenter tip contacts an area with dimensions on the order of 100 nm, it must be372
assumed that the more loosely packed “early” version of LD C-S-H that can be present at this scale is373
not observed in the specimens tested to date, even those cured at room temperature.  This may be374
explained by the fact that the size of these larger gel pores interferes with the chosen indentation375
depth, leading to a loss of self-similarity of the indentation test, which is at the basis of indentation376
analysis.  In support of this proposition is the observation that the deconvoluted indentation data377
frequently shows a low-stiffness population (on the order of 5-8 GPa), attributable to indentation in a378
material dominated by large pores [21].  Another possibility is that sample preparation or drying of the379
sample surface prior to the nanoindentation test causes the LD C-S-H to collapse to its more stable380
configuration.  This issue will be the subject of future investigation.381

382
7. Summary383

The effects of heat curing and drying on the nanometer scale structure of cement paste have been384
analyzed using small-angle neutron scattering (SANS), equilibrium drying measurements, and385
nanoindentation. The SANS and equilibrium drying results indicate that hydration of cement paste at386
20˚C forms a low-density (LD) C-S-H gel phase with a range of gel pore sizes and a relatively low387
packing fraction of solid particles. This initial fine structure may persist indefinitely under saturated388
conditions, as additional C-S-H gel with a denser morphology forms. However, if the paste is dried or389
is cured at elevated temperatures (60˚C or greater) the originally formed low density structure390
collapses toward a denser and more stable configuration with fewer large gel pores and a total gel391
porosity of 36%, resulting in a greater amount of capillary porosity in the paste.392

Nanoindentation measurements of pastes cured at different temperatures demonstrate the393
existence of two C-S-H phases with different characteristic values of the indentation modulus. The394
value of the modulus of the LD C-S-H is the same for all pastes tested to date, and a micromechanical395
analysis indicates that this value corresponds to the denser and more stable configuration of LD C-S-396
H.  These experimental results are used to extend and recalibrate a quantitative “colloid” model of C-397
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S-H gel, resulting in an improved understanding of the microstructural changes associated with drying398
and heat curing.399
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