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The effects of drying to various relative humidity (RH) levels on
the internal structure of hydrated cement paste were investigated
using small-angle neutron scattering (SANS). Specimens of
young and mature portland cement paste were analyzed in the
initial saturated state, in the dried state, and then again after
resaturation, allowing reversible and irreversible effects to be
separated. While the observed changes on drying are mainly
physical in nature, the ability of the microstructure to resist
permanent structural rearrangement increased over time as the
hydration and aging reactions progressed. Permanent changes
to the nanometer-to-micrometer scale microstructure induced by
drying were quantified by applying a fractal model to the SANS
data for resaturated pastes. At RH levels above �54%, capil-
lary stresses compact the nanometer-level pore structure of the
calcium–silicate–hydrate (C–S–H) gel phase, increasing the gel
density by a mechanism related to that governing the classical
‘‘constant rate period’’ for pure gels. Owing to the restraining
effects of the other solid phases in cement paste, this decrease in
the volume of the C–S–H gel also increases the intensity of
surface fractal scattering that arises from the deposition of
hydration product onto the surface of the reacting cement
particles. At all RH levels, but particularly below 54%, drying
decreases the measured total internal surface area of the
specimens. This is attributed to a loss of surface area at parti-
cle contacts as the average separation distance between adjacent
C–S–H gel nanoparticles decreases on drying.

I. Introduction

HARDENED cement paste, the binder component of concrete,
forms by a series of parallel chemical reactions between

cement powder and water, resulting in a complex microstructure
containing significant amounts of liquid, chemically bound and
physically bound water. As the hydration reactions proceed, the
water-filled space in cement paste is increasingly replaced with
solid hydration product, increasing its strength and decreasing
its permeability. Of the several hydrated phases, the most abun-
dant and important is the calcium–silicate–hydrate (C–S–H) gel,
a precipitated colloid with a structure generically similar to that
of inorganic silicate gels.1 Owing to its nanoscale pore system
and high water content, the C–S–H gel is the primary phase
affected by drying of cement paste. Although the nanoscale

structure of the amorphous C–S–H gel is not completely under-
stood, small-angle neutron scattering (SANS) and other evidence
indicate that it exhibits underlying (universal) fractal-scaling
characteristics that can be analyzed through application of a
fractal microstructure model. Previous SANS studies indicate a
structure composed of particles with a characteristic size of about
5 nm that are aggregated into a relatively dense volume fractal
structure.2–5 The properties of cement paste also undergo
changes with time that are not directly associated with the
hydration reactions referred to as aging. These changes are
often attributed to an increase in the average degree of
polymerization of the silicate structure of C–S–H gel after it
forms.6

Drying of cement paste, which occurs naturally on exposure
to low-humidity environments, causes a number of undesirable
effects that limit concrete performance and durability, including
macroscopic volume changes (drying shrinkage), cracking, and
an increase in permeability. In addition, drying stops the hydra-
tion reactions, and these reactions may not fully restart when the
cement is rewetted. The ability of concrete to resist damage on
drying improves with its age, and drying of young concrete can
significantly limit its durability and thus its service life. Recent
efforts have been made to model and predict drying shrinkage
by modeling the underlying physical phenomena taking place at
different length scales within the microstructure.7–9 These efforts
are somewhat limited at present by a lack of quantitative
information about the physical and chemical changes induced
by drying, particularly to the nanometer-level structure of the
C–S–H gel.

The response of cement paste and concrete to drying is most
commonly and easily analyzed by measuring the reversible and
irreversible components of the bulk linear shrinkage strain, both
of which increase continuously as the relative humidity (RH)
inside the paste decreases. Well-defined regimes have been iden-
tified,10 indicating that different shrinkage mechanisms are
operational at different RH levels. However, the shrinkage pro-
cess of cement paste is complicated by the presence of unshrink-
ing solid phases such as calcium hydroxide crystals and the cores
of unhydrated cement particles that restrain the shrinkage of the
C–S–H gel phase. As a result, relatively small bulk dimensional
changes may be associated with large deformations of
certain parts of the microstructure and large internal stresses.11

Under these conditions, obtaining a full understanding of the
effects of drying requires probing the microstructure directly.

In the present study, the effects of drying on the internal
structure of cement paste are investigated using SANS. Because
the scattering from different sized features occurs at different
scattering angles, SANS can separate structural changes occur-
ring at different length scales within the microstructure. SANS is
particularly useful for investigating cement paste because it is
sensitive to features over the scale range from 1 to 100 nm that

P. Brown—contributing editor

The work performed at Northwestern University was supported by the National Science
Foundation under contract CMS 0409571. The work at NIST utilized facilities supported in
part by the National Science Foundation under Agreement No. DMR-9986442.

wAuthor to whom correspondence should be addressed. e-mail: jthomas@northwest
ern.edu

Manuscript No. 24128. Received December 19, 2007; approved July 8, 2008.

Journal

J. Am. Ceram. Soc., 91 [10] 3362–3369 (2008)

DOI: 10.1111/j.1551-2916.2008.02636.x

r 2008 The American Ceramic Society

3362

i:/BWUS/JACE/02636/jthomas@northwestern.edu
i:/BWUS/JACE/02636/jthomas@northwestern.edu


dominate the microstructure, and it can be performed on both
saturated and dry specimens. Thin cement paste specimens of
two different ages were measured first in their natural saturated
state, then after drying to various RH levels, and then again
after subsequent resaturation, allowing both reversible and
irreversible microstructural changes to be determined. Through
application of a practical fractal microstructure model, the
present results give a more complete picture of the structural
changes associated with the drying of cement paste than has
previously been available.

II. Experimental Procedure

(1) Sample Preparation and Analysis

All experiments were performed using a commercial white
portland cement (WPC) (US Gypsum Corp., Chicago, IL12).
The mineral composition by mass of the WPC is 72% tricalcium
silicate, 17% dicalcium silicate, 5% tricalcium aluminate, 1%
tetracalcium ferrite, and 0.7% alkalis (Na2O and K2O). Fresh
pastes were mixed at a water-to-cement ratio of 0.5 by mass
and cast into cylindrical polystyrene vials measuring
25 mm diameter by 50 mm high. After 3 days, the hardened
pastes were demolded and further hydrated in a saturated
Ca(OH)2 solution for a total of either 8 days (referred to as
young paste) or 3 years (mature paste). The pastes were cut into
0.6-mm thick coupons using a water-lubricated wafering saw
before the drying treatment. For the young pastes, the age of 8
days represents the age at the start of drying, as cement hydra-
tion ceases as soon as the drying treatment causes the internal
RH to fall below about 90%.

Coupons of young WPC paste were dried to RH levels of
76%, 54%, 33%, and 0%, while mature pastes were dried to
54% and 0% only. The effects of drying are thus determined
from parallel specimens cut from the same block of paste. To
dry to RH levels above 0%, coupons were placed in a sealed
desiccator containing a saturated salt solution with the appro-
priate equilibrium vapor pressure of water, which was verified
with a humidity monitor. Drying to 0% RH was accomplished
by evacuating a desiccator with a rotary vacuum pump.
Specimens were exposed only to pure nitrogen during the
drying process so as to avoid reaction with carbon dioxide in
the air, which occurs rapidly in partially dried cement paste.
Most of the weight loss on drying the thin coupons occurs in the
first 48 h, but a slow rate of weight loss continues for several
days thereafter. All specimens were dried for 7 days. It should be
noted that specimens equilibrated to the lower humidity levels
(0% and 33% RH) are subjected only briefly to the capillary
stresses associated with the higher humidity levels, and thus the
microstructural effects of drying are not necessarily expected to
increase monotonically with decreasing RH.

Resaturation was accomplished by placing dried coupons
into a saturated Ca(OH)2 solution for a 24-h period leading
up to the SANS measurement. In contrast to the drying process,
the resaturated weight stabilized within hours. The weight of
fully resaturated coupons closely matched the original saturated
weight, which is evidence of a lack of carbonation (which causes
a weight gain). All specimens were sealed into small specimen
holders just before the SANS measurement to avoid any change
in sample condition during the measurement. Undried control
specimens of the correct age were also measured in a fully sat-
urated state.

The SANS measurements were performed during a 24-h
period using the 30-m NG7 SANS instrument13 at the NIST
Center for Neutron Research, National Institute of Standards
and Technology, Gaithersburg, MD, using a neutron wave-
length of l5 0.8 nm. The scattered neutron intensity was re-
corded on a two-dimensional position sensitive detector. These
data were summed radially to obtain the SANS intensity, I(q), as
a function of the magnitude of the scattering vector, defined as
q5 (4p/l)sin(y/2), where y is the scattering angle. Three SANS
sample-to-detector configurations were used, giving an effective

q-range of 0.02–2.2 nm�1. The volume of the specimen
penetrated by the beam was approximately 16 mm3, large
enough to be representative of the bulk cement paste and
many orders of magnitude larger than the features causing the
scattering. Thus, all micro- and nanostructural parameters
derived from the SANS data are statistically representative of
the specimen as a whole.

(2) Interpretation of the SANS Data

As anhydrous cement powder reacts with water, hydration
products build up in an increasingly thick layer around the
shrinking cores of the dissolving particles, creating a complex
microstructure that is heterogeneous over extended length
scales. A model for fitting the scattering response over almost
the entire accessible q-range has previously been developed by
Allen and colleagues2–4 and used to analyze the changes that
occur during the progress of hydration and with the addition of
additives such as blast furnace slag and silica fume. This model
is based on spheroidal C–S–H particles with fixed aspect ratios
that can be varied from 0.5 (oblate) to 2 (prolate). The charac-
teristic size of the particles, obtained from the fits, is always close
to 5 nm for cement paste. The size and particularly the shape
of the C–S–H particles is a matter of active research and
discussion, and may depend on local conditions at the time of
formation, such as available space and solution composition.
AFM studies14 have reported that the primary C–S–H gel
particles have a lamellar, or sheet-like shape, with a thickness
of 5 nm but up to 60 nm in width, while TEM studies,15 on the
other hand, have presented evidence for elongated or fibrous
particles, also with a minimum dimension of a few nanometers.
Jennings16 has recently proposed, based primarily on water
sorption experiments, that the fundamental C–S–H particles
are brick shaped, a hypothesis that is generally compatible
with the SANS interpretation. It should be noted that the
SANS response from cement paste does not exhibit any of the
hallmarks of a fibrous or sheet-like morphology at length scales
greater than several nanometers, unless the C–S–H phase is
decalcified.17

Application of the model to the scattering data relies on the
observed scale separation between three scattering regimes
associated with surface fractal, volume fractal, and single-
particle scattering (see Fig. 1), so that scattering in each regime
is fitted with only around three parameters. At lower q values
(corresponding to larger microstructural features), the deposi-
tion of hydration product onto the cement particles creates a
rough surface that generates surface fractal scattering. At
intermediate q values, scattering is dominated by a volume
fractal structure with a scaling exponent between 2.5 and 2.7
created by the random agglomeration of the fundamental
C–S–H particles. At high q values, single-particle scattering
applies and the form factor for single-particle scattering from
a spheroid, F2(q), is used.18 The spheroids have radius bR0 along
one axis, where b is close to 1. The full-model equation is

IðqÞ ¼ fCSHVpDr2
ZR3

C

bR3
0

xV
RC

� �DV

(

� sin DV � 1ð Þ arctan qxVð Þ½ �

DV � 1ð ÞqxV 1þ qxVð Þ2
h i DV�1ð Þ=2 þ ð1� ZÞ2

9>=
>;F2ðqÞ

þ px4SDr
2SoG 5�DSð Þ sin 3�DSð Þ arctan qxSð Þ½ �

1þ qxSð Þ2
h i 5�DSð Þ=2

qxS

þ BGD

(1)

where fCSH is the volume fraction of solid C–S–H gel particles,
VP is the volume of a single C–S–H particle (5 4pbR0

3/3), Rc is
the sphere-equivalent mean diameter (calculated from R0 and b),
and Z is the local packing fraction for nearest neighbor particles
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that represents the local density from which the volume fractal
scales. DV and DS are the volume and surface fractal scaling
exponents, and xV and xS are the upper-limit length scales
(correlation lengths) over which volume and surface fractal
scaling apply. S0 is the smooth geometric surface area on which

the surface fractal microstructure is deposited, i.e., it ignores all
roughness at length scales smaller than xS. The neutron scatter-
ing contrast, jDr2j, is discussed below. The background term,
BGD, allows the data to be uniformly adjusted to account for
incoherent scattering from the sample. In practice, fitted values
of R0 for b41 and bo1 (prolate and oblate spheroids) are each
converted to a sphere-equivalent radius, and then these values
are averaged and doubled to give the diameter of the C–S–H
building-block particles, aS, reported here.

The first term in Eq. (1), which gives the volume-fractal19 and
single-particle scattering, has also been used to model the scat-
tering from fine silica gels prepared using sol–gel methods.20–23

The second term in Eq. (1) is the surface fractal scattering.24 It is
important to note that Eq. (1) cannot be fitted with all param-
eters varying freely and simultaneously. The fits do not generally
converge to a stable result if Z, BGD and R0 are allowed to vary
simultaneously. For spheres the gel particle diameter as is the
same asRC and this can be determined from the high-q cut-off in
the volume-fractal scattering. The local-packing fraction, Z, can
then be determined and compared in a series of similar fits (as
here) from the relative prominence of the volume-fractal and
form-factor scattering components.

During the first few days of hydration, as hydration product
with an internal nanoscale pore system fills in the larger capillary
pore space between hydrating cement grains, the volume fractal
intensity increases. Meanwhile, the scattering at lower q de-
creases as coarse cement particles are consumed in the hydration
reactions and the sharp interface between the cement particles
and the larger pores is softened by the deposition of fractal
hydration product. Hydration then continues at a slower rate,
generating a denser form of hydration product within the
boundaries of the original cement particles that contributes
little to the SANS intensity.25 However, the volume fractal
morphology continues to grow at a relatively slow rate for
some weeks.

Figure 1 shows the SANS data for the undried young paste
along with the fit to the model of Eq. (1). Both I(q) and I(q)q4

are plotted on log–log plots versus q; the latter form accentuates
differences between related datasets and is used in Figs. 2 and 3
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Fig. 2. Small-angle neutron scattering data (solid lines) from young cement paste specimens after drying to various relative humidity (RH) levels (left)
and after subsequent resaturation (right). Data for different RH levels are offset. The open circles are fits using the fractal model given by Eq. (1). The
dotted lines are the data from the undried control (also shown in Fig. 1), which are repeated at each offset.
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to present the drying results. The fit is quite good over two
decades of q and six decades of intensity, supporting the general
physical interpretation on which the model is based. The model
deviates somewhat from the data at the highest q values where
the fractional uncertainties are high after the flat background
subtraction, and the Bessel function oscillations for an ideal
spheroid, incorporated in F2(q), are not observed for a real,
nonideal, particle shape. In fact, when qDmin44 1, where Dmin

is the size of the smallest features, I(q)Bq�4 according to
Porod’s law. Porod’s law can be applied to the coherent
(i.e. background subtracted) data in this scattering regime to
calculate the total internal surface area of the specimen per unit
specimen volume, ST:

ST ¼
CP

2p Drj j2
(2)

where CP is the constant of proportionality for the Porod
scattering and jDrj is the difference in the neutron scattering
length density of the two phases causing the scattering. For
cementitious systems, the Porod scattering can be recovered
from the coherent-scattering data above qD1.4 nm�1. Above
about q5 2 nm�1 the Porod scattering can no longer be
statistically separated from the incoherent flat background
scattering.25 The surface area of cement paste arises mainly
from the C–S–H gel, with only small contributions from other
phases such as calcium hydroxide, and is about two orders of
magnitude larger than that of the starting cement powder. Note
that while the C–S–H nanoparticles likely have an internal
layered structure into which water can leave and enter, these
layers are too small to cause scattering in the accessible q range.

The neutron-scattering contrast, jDrj2, describes the intrinsic
strength of the neutron-scattering interaction at the interface
between two scattering phases, and can be thought of as a struc-
ture-independent-scaling factor for the SANS intensity. An
independent determination of the contrast is necessary to
obtain values of fCSH from Eq. (1) and values of ST from
Eq. (2). In a multiphase system, the contrast will vary with
q depending on the relative prominence of each phase at the

associated length scale. For cementitious materials under
normal conditions, the interface between solid C–S–H gel and
the water-filled pore system dominates at all q-values accessed,
with a small contribution from calcium hydroxide. The neutron
scattering contrast in saturated cement paste was recently
determined accurately from SANS measurements involving
deuterated fluid exchange and from SANS/SAXS intensity
comparisons to be jDrj2 ¼ 9:64� 1028 m�4.26 In a fully dried
specimen, the pore system contains air rather than water, caus-
ing the associated value of r to increase from �0.56� 1014 m�2

to 0. In addition, some of the structural water associated with
the solid C–S–H gel is removed on drying, causing the value of
r for the solid phases to increase from 2.54� 1014 m�2 to
approximately 2.81� 1014 m�2. The net result is that the
scattering contrast decreases to around 7.9� 1028 m�4,
corresponding to a nearly 20% decrease in I(q).

Interpretation of the SANS response from partially dried
specimens is more complicated. At higher RH levels (e.g., 76%),
the system has effectively three phases (solid, liquid, and air) and
additional scattering can arise from the interface between the
liquid phase and the emptied pores.27 At lower RH levels (e.g.,
33% RH), the liquid water in cement paste is present primarily
as an adsorbed layer around the individual gel particles with a
thickness comparable to the neutron wavelength. Such a layer
would reduce the observed specific surface area by filling in the
small spaces between gel particles,28 and could also change the
effective scattering contrast between the solid phase and emptied
pores in a way that is difficult to quantify. These issues do not
apply to pastes that have been resaturated after drying; any
observed changes in the SANS response in this case can be
unambiguously attributed to structural changes to the solid
phase induced by drying. The quantitative analysis presented
here therefore focuses on the saturated and resaturated
specimens.

III. Results and Discussion

Figure 2 shows SANS data for young WPC pastes after drying
to various RH levels and after subsequent resaturation, along
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with fits to Eq. (1) (plotted as open circles). Satisfactory fits
using Eq. (1) could be obtained for all of the resaturated datasets
and for most of the dried datasets, using values of the
microstructural parameters that are not significantly different
from those obtained for the undried controls (see Fig. 4). Thus,
a key finding of the present study is that drying of cement paste
does not radically alter the fine structure. However, statistically
significant shifts in the SANS data, corresponding to significant
microstructural changes, were observed (note that the two-

decade change in intensity with q tends to compress the differ-
ences between datasets in Figs. 2 and 3). On drying to the higher
humidity levels (76% RH and to 54% RH), the shape of the
dried datasets underwent subtle changes from the control
(shown as dotted lines at each offset). After resaturation, it
can be seen that the scattering associated with the surface fractal
component is irreversibly increased by high-RH drying while
that associated with the volume fractal component is nearly un-
changed. The increase in surface fractal intensity on resaturation
can be attributed to the greater scattering contrast when the
larger pores contain water rather than air, and thus is not a
microstructural effect.

Drying to lower RH levels (33% and 0% RH) caused addi-
tional changes to the SANS data. In the dry state, the volume
fractal and Porod intensities are significantly reduced. On resat-
uration these intensities recover somewhat, but there remains an
irreversible change in the apparent volume fractal slope that
makes the two fractal regions less distinct. The surface fractal
scattering is irreversibly increased as was also observed on dry-
ing to higher humidity levels. The data from the 33% RH-dried
paste exhibits a ‘‘hump’’ at intermediate q values that disappears
on resaturation. This can be attributed to the effects of an ad-
sorbed water layer separating the solid and air-filled pore sys-
tem, as discussed in the previous section. This dataset was not
fitted using Eq. (1).

Figure 3 shows the SANS data for mature WPC pastes after
drying to 54% and 0% RH and after subsequent resaturation.
The effects of drying and resaturation (as determined by
comparison with the undried mature control) are similar in na-
ture to those shown in Fig. 2 for the young paste, but are smaller
in magnitude. This indicates that the hydration products of
cement paste undergo less local rearrangement on drying at later
hydration ages, in agreement with the observation that bulk ir-
reversible drying shrinkage of cement paste decreases with age.29

Greater insight into the microstructural changes caused by
drying is obtained by examining the structural parameters as-
sociated with the fits using Eq. (1). The value of the primary gel
particle diameter from this particular set of fits did not exhibit a
statistically significant variation with either age or drying treat-
ment, and had an overall average value of aS5 4.2970.09 nm.
The lack of any coarsening of these nanoparticles with time or
on drying indicates that they have a surprising degree of
physicochemical stability. The solid volume fraction occupied
by volume fractal solid material was greater in the mature paste
(average fCSH 5 0.20670.010) than in the young paste
(fCSH 5 0.15170.006), but did not exhibit any significant
variation with drying treatment. These results support previous
findings that the basic nanometer-level structure of C–S–H
gel is established at early hydration times3,25,30 and suggest
that this structure is not fundamentally altered by drying.
The smooth surface area S0, which is more closely related to
the particle size of the unhydrated cement powder than to
the hydration product morphology, was also statistically
unchanged by hydration time or drying (average
S05 0.7770.22 m2/cm3).

The remaining model fit parameters for the resaturated pastes
are plotted in Fig. 4 as a function of the RH level to which they
were initially dried. The uncertainty values shown in Fig. 4 are
the standard deviations for the fit parameters obtained for
multiple specimens made from the same batch of cement
powder and cured under similar conditions. These uncertain-
ties, which account for sample-to-sample microstructural varia-
tion and other sources of experimental error, are in most cases
significantly larger than the computed uncertainties associated
with a particular fit. From Fig. 4 it can be seen that drying
decreases xV and drying to low RH levels decreases DV slightly.
Drying increases both xS and DS at intermediate RH levels, but
has only a very minor effect at low-RH levels. These trends are
consistent with a compaction of the volume fractal structure on
drying that densifies the layers of hydration product around the
original cement grains, leaving the surface fractal component of
the microstructure more prominent.
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The average packing density of solid particles within a single
isolated volume fractal region is given by

ZVF ¼ Z
xV
RC

� �DV�3
(3)

where RC is close in value to aS for nearly spherical particles. In
relation to our model, the nanostructure of cement paste is
assumed to consist of multiple volume fractal regions of C–S–H
gel that grow into each other and overlap during hydration.2,3 In
this case the actual average packing density will be considerably
higher than that predicted by Eq. (3). With this in mind, the
ratio, ZVF/Z, provides a relative measure of the C–S–H density
that is useful for comparative purposes. As shown in Fig. 5,
ZVF/Z increases on drying to higher RH levels and resaturating,
but no increase is observed following drying to lower RH levels.

The trends shown in Figs. 2–4 can be interpreted to give a
more complete picture of the permanent structural changes
associated with drying and resaturation of cement paste than
has previously been available. Upon drying to higher humidity
levels (i.e., 76% and 54% RH) the air/liquid interface surrounds
the volume fractal regions of the gel. The capillary pressure
difference across the interface, DP, is given by

DP ¼ � dfRT

Mf
lnRHf (4)

where df and Mf are the mass density and molecular weight of
the pore fluid, respectively, and RHf is the RH of the empty
pores with respect to the vapor pressure of the pore fluid. Be-
cause the pore fluid in cement paste is a rather strong solution of
alkalis salts, RHf will be somewhat higher than the RH to which
the specimen is equilibrated. However, as an upper bound esti-
mate, the values of 76% and 54% RH used in Eq. (4) give cap-
illary pressures of 37 and 83 MPa, respectively. These large
pressures compact the gel, increasing its density via a permanent
rearrangement of the gel particles that is not reversed when the
system is rewetted. This phenomenon is known in the gel liter-
ature as ‘‘constant rate period’’ drying,31 because the decrease in
the volume of the gel is equal to the volume of liquid lost by
evaporation. A similar result was obtained from a SAXS study
of silicate sonogels,23 which had a lower initial packing density

and thus exhibited relatively larger increases in density on
drying.

At the macroscopic level, the bulk shrinkage of cement paste
on drying is quite small compared with that of the gel compo-
nent, generally o1% by volume,29 due to the restraining effect
of nonshrinking solid phases. An increase in the density of the
C–S–H gel component should, therefore, be accompanied by an
increase in the volume of capillary pores, defined as the larger
pores between the regions of volume fractal product. The re-
strained shrinkage process would thus be expected to open up
the capillary pore space and make any surface-fractal compo-
nent decorating the cement clinker grains more clearly separated
from the volume-fractal product. This effect can be observed
broadly as an increase in the intensity of the SANS data in the
surface fractal-scattering regime at low scattering vectors
(Fig. 2). A parameter that can quantify this effect is the fractal-
ly rough surface area, SSF, of the hydration product that
decorates or is located on the geometrically smooth surface
area, S0. This is given by4:

SSF ¼ S0
xS
RC

� �DS�2
(5)

where RC is again close in value to aS. The change in SSF with
drying and resaturation, also shown in Fig. 5, follows a trend
similar to that of the packing ratio, ZVF/Z.

The microstructural effects inferred here from the fractal
model fits are in good agreement with recent equilibrium
drying measurements,32 where the weight loss of cement paste
specimens was measured as they were dried in stepwise fashion
using the same procedure as for the SANS specimens discussed
here. Comparison of the weight loss results for the first drying
cycle and for the second drying cycle (following resaturation)
showed that initial drying reduced the volume of pores that
empty between 85% and 54% RH (interpreted as the larger gel
pores) while increasing the volume of pores emptied above 85%
RH (interpreted as the capillary pores).

When the RH inside a gel falls below about 40% RH, air–
water menisci become unstable, relieving the capillary stress on
the gel, and the remaining liquid water exists primarily as an
adsorbed layer around the individual gel particles. The presence
of such a layer has a strong effect on the observed scattering
response, as can be seen from the very different shape of the
SANS data for the specimen dried to 33% RH (see Fig. 2, left).
Figure 5 indicates that the volume fractal density for the pastes
dried to 33% and 0% RH and then resaturated is not increased.
Because drying to 0% and 33% RH requires passing briefly
through the higher humidity levels where capillary stresses op-
erate, the lack of a measurable increase in gel density in these
specimens indicates that the C–S–H gel does not respond im-
mediately to capillary stresses. This is supported by the fact that
the cement paste specimens, despite their small thickness of
about 0.5 mm, required several days to equilibrate to the higher
RH levels. This may be partly due to the kinetics of moisture
transport out of the paste, but likely also reflects the viscoelastic
deformation of C–S–H under capillary stress.

The total internal surface area per unit specimen volume,
ST, obtained independently of the model fits from the scattering
at the highest q (see Eq. (2)), is plotted in Fig. 6. As can be seen
from the 100% RH (undried) values, the extended hydration
time between 8 days and 3 years caused only a modest increase
in surface area, indicating that ST is primarily associated with
the C–S–H gel that grows into the capillary pore space early in
the hydration process. Drying reduced the surface area, with the
maximum reduction occurring at 33%RH. Qualitatively similar
results for drying of cement paste have been obtained from
small-angle X-ray-scattering measurements,28,33,34 using a
different method to calculate the surface area. On resaturating
from the higher RH levels the surface area is largely recovered,
but at lower RH levels there is a permanent surface area loss.
After drying to 0% RH and resaturating, the surface areas of
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Fig. 5. Relative volume fractal packing density (Eq. (3)) and surface
fractal surface area (Eq. (5)) after drying to various relative humidity
levels and then resaturating. Solid symbols are for young paste and open
symbols are for mature paste. The lines connect the data for the young
paste.
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the young and mature pastes decreased by 18% and 12%,
respectively.

ST can be interpreted as a measure of the total amount of
scattering interface between the gel particles and the pore fluid
accessible to neutrons. Where the gel particles are in contact
(or are separated by a thin layer of adsorbed water), there is an
effective loss of surface area. Because the gel particle size, aS,
and total volume fraction, fCSH, obtained from the fractal
model fits are not affected by drying, the decrease in ST after
drying can be attributed to a greater amount of surface lost at
particle contacts. The maximum surface area of the volume
fractal structure (ignoring particle contacts) inferred from the
model fits is given by (6/aS)fCSH. Using the average values of aS
and fCSH for the young and mature pastes quoted above results
in values of 211 and 287 m2/cm3, respectively, roughly twice the
measured ST values. This is a reasonable result for a tightly
packed system of particles.

The results shown in Fig. 6 suggest that as the drying RH is
lowered, the adjacent gel particles are brought into increasingly
close contact, an interpretation that is also supported by the in-
crease in the local packing fraction, Z, on drying (see Fig. 4). At
higher humidity levels the interparticle spacing could decrease
due to a decrease in the disjoining pressure provided by bulk
liquid water,35 a mechanism that can operate in parallel with
capillary stresses. At 0% RH removal of the adsorbed layer of
water separating the individual gel particles would bring them
into direct contact. In the latter case, the ST results suggest that
the particles do not reseparate on resaturation. A possible
explanation for this is that new interlayer space is created
when adjacent particles are brought together by drying.16 The
boundary between the adjoining particles is effectively absorbed
into the internal structure and, as a result, does not reappear on
resaturation.

A consistent trend observed in Figs. 2–6 is that the structural
effects of drying are less significant in the mature paste than in
the young paste. This is not unexpected, as it is well established
that the C–S–H gel phase undergoes chemical aging over time
that renders it less susceptible to permanent deformation.6,36

The present results indicate that the main structural changes that
occur on drying, specifically increases in the overall gel density
and in the local packing fraction of primary gel particles, also
are associated with extended hydration between 8 days and
3 years. Thus, as the packing density of the C–S–H increases
over time, the microstructural changes caused by drying are less
dramatic.

IV. Conclusions

The internal structure of cement paste at a scale of about 1–100
nm can be described as a relatively dense volume fractal gel that
is bounded internally by a coarser system of capillary pores. The
present study shows that while aging and drying do not alter
the essential nanostructural features of cement paste, they do

compact the gel structure making it less susceptible to further
irreversible deformation. Application of a practical fractal
model to SANS data from dried and resaturated cement paste
at two ages allowed the relevant material parameters to be
extracted. The observed structural changes on drying could
then be related to specific physical mechanisms. For 8-day-old
and 2.5-year-old cement pastes reported here, the primary gel
particle size is 4.2970.09 nm and the volume fractal exponent is
close to 2.6. On drying to 54% RH and above, the volume
fractal structure remains saturated and capillary stresses
compact the gel, eliminating the larger interparticle spaces (gel
pores) and increasing the average gel density, in agreement with
the classical drying theory of gels. This process also increases the
surface area of the rough surface fractal interface between the
gel and the capillary pore system, an effect that can be attributed
to the presence in cement paste of nonshrinking solid phases that
restrain the bulk shrinkage.

On drying to 33%RH and below, capillary stresses disappear
and the air–water interface penetrates the gel. At 33% RH the
presence of a layer of adsorbed water around the individual gel
particles has a strong effect on the shape of the SANS data that
is eliminated by resaturation. Drying also decreased the total
internal surface area (by a maximum of 18% after drying to 0%
RH and resaturating), an effect that is interpreted as an
increased loss of surface area at particle contacts on drying as
adjacent particles are drawn closer together. This can be attrib-
uted to a loss of the disjoining pressure of water at higher RH
levels, and to the removal of adsorbed water between the par-
ticles at lower RH levels.

All of the measured structural changes on drying were more
significant in the younger cement paste specimens, indicating
that age increases the ability of the C–S–H gel phase to resist
structural rearrangement. Whereas some previous work has
related aging effects to the increase in silicate polymerization
over time, the present results suggest that physical compaction
of the C–S–H gel, resulting either from extended hydration
within a fixed volume or from capillary stresses on drying,
can explain many of the changes associated with aging such as
increased resistance to irreversible deformation.
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