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The permeability and elastic modulus of mature cement paste cured at temperatures between 8 °C and 60 °C
were measured using a previously described beam bending method. The permeability increases by two or-
ders of magnitude over this range, with most of the increase occurring when the curing temperature in-
creases from 40 °C to 60 °C. The elastic modulus varies much less, decreasing by about 20% as the curing
temperature increases from 20 °C to 60 °C. All specimens had very low permeability, kb0.1 nm2, despite hav-
ing relatively high porosity, ϕ ~40%. Concomitant investigations of the microstructure using small angle neu-
tron scattering and thermoporometry indicate that the porosity is characterized by nanometric pores, and
that the characteristic size of pores controlling transport increases with curing temperature. The variation
of the microstructure with curing temperature is attributed to changes in the pore structure of the calci-
um–silicate–hydrate reaction product. Both the empirical Carmen–Kozeny, and modified Carmen–Kozeny
permeability models suggest that the tortuosity is very high regardless of curing temperature, ξ ~1000.

© 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The hydration of portland cement results in the precipitation of
product phases onto the surface of the unhydrated cement grains.
These products grow into the capillary pore space, originally occupied
by the mix water, decreasing the volume and connectivity of the
intergranular porosity. The most important product phase for setting
and hardening is the calcium silicate hydrate (C–S–H) gel, which con-
tains internal, nanometer-scale gel pores that are an important aspect
of its structure. Thus, as cement hydrates not only does the total po-
rosity decrease, but the average pore size decreases by a few orders
of magnitude. As a result, the permeability of cement paste is surpris-
ingly low, typically lower than 1 nm2. Low permeability prevents the
ingress of dissolved species, and is therefore an important character-
istic for cement durability.

The C–S–H gel does not form with a fixed structure, but rather the
morphology, surface area, and internal porosity can vary depending
on the location within the specimen and also on environmental con-
ditions. Microscopy of hardened pastes generally shows that a porous
outer product morphology of C–S–H forms outside the perimeter of
the cement grains (LD C–S–H), while a denser inner product mor-
phology fills the volume originally occupied by the cement grains
(HD C–S–H) [1]. The Jennings colloid model [2] proposes that C–S–
H in mature paste forms with two packing densities of the same fun-
damental 5 nm C–S–H particles, resulting in interparticle gel pores
+1 617 768 2388.
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that are about 2 nm in size. This general picture is supported by a va-
riety of experimental measurements including nanoindentation [3,4].
Hydrogen NMR relaxometry indicates that the pore system in cement
hydrated at room temperature is bimodal, with characteristic pore
sizes of ~1–2 nm and 10–30 nm [5–7].

Curing cement paste at moderately elevated temperatures results
in microstructural differences that are apparent from microscopy [8].
At higher temperatures the hydration product layers around the ce-
ment grains appear denser, and the microstructure appears less uni-
form, with a greater number of large (capillary) pores. This has
been attributed to the formation of C–S–H gel with a smaller volume
of gel pores [3,9].

This work is motivated in part by inconsistent results regarding
the effect of curing temperature on the transport properties of hard-
ened cement paste. Goto and Roy [10] measured the permeability of
cement pastes cured at 20 °C and 60 °C using the standard pressure
gradient method, and found that at a given water to cement mass
ratio (w/c) the permeability after curing at 60 °C was at least an
order of magnitude higher. The authors attributed the variation in
permeability to a variation in the pore size distribution. Detwiler et
al. [11] measured the rate of chloride diffusion (a parameter that de-
pends in part on the permeability) of cement pasted cured at 5, 20,
and 50 °C and found a more modest increase of a factor of 2 between
20 and 50 °C, but little change between 5 and 20 °C. In contrast,
Marsh et al. [12] found that the permeability of neat cement paste
cured at 20, 35, 50, and 65 °C did not exhibit a strong dependence
on curing temperature, although there is a large amount of scatter
in their data.

Conventional techniques for measuring permeability, like those
used in the studies noted above, are cumbersome, time consuming,
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Fig. 1. Porod plot of the absolutely calibrated SANS data for cement paste hydrated at
20 °C. The solid line is a linear fit, for which the slope and intercept are given. The
slope is the incoherent flat background scattering and the intercept is the Porod con-
stant (see Eq. (1)).
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and markedly susceptible to experimental errors [13–15]. Therefore,
the permeability measurement itself could be a major source of in-
consistency. In the more recent past, the beam bending method, de-
veloped by Scherer [16,17], was applied to cement paste with good
success [18–20]. This technique provides a consistent, convenient
measure of the elastic and transport properties of a porous medium.

Here we revisit the effect of curing temperature on both the
microstructure and properties of cement paste. The former is char-
acterized by small angle neutron scattering (SANS) [3] and ther-
moporometry (TPM) [21], while the latter is characterized by
beam bending. We utilize this information to provide insight into
how the curing temperature affects the macroscopic properties
via changes in the microstructure.

2. Experimental

2.1. Materials

All pastes were made with Type I OPC (Lafarge). For each batch,
900 g of cement was mixed with 405 g of water, giving w/c=0.45.
The paste was mixed by hand with a plastic spatula for 5 min and
then poured into a plexiglas mold with four compartments, each
with internal dimensions of 254 mm×25 mm×25 mm. The mold
was tapped onto the counter for approximately 1 min to remove
trapped air bubbles, and then sealed into a plastic container with a
small amount of water at the bottom. For the pastes cured at 40 °C
and 60 °C, the sealed mold was partially submerged in a circulating
water bath. For the paste cured at 20 °C, the paste remained in the
laboratory which was maintained at that temperature. The remaining
batch was placed into a refrigerator which was maintained at 8±
1 °C. Pastes were demolded after 24 h (20, 40, 60 °C) or 48 h (8 °C)
by disassembling the mold. The bars were then cured under lime
water at the same temperature for an additional three months. After
this time, all bars were stored at room temperature under the same
saturated conditions until testing.

To form rectangular prismatic specimens for the beam bending
experiments, the bars were cut lengthwise to thicknesses ranging
from 3 mm to 7 mm using a water-lubricated diamond saw. Prior to
the beam bending test, the specimens were pressurized at 3 MPa for
24 h while under lime water. This handling is necessary to ensure sat-
uration of the pore system [18]. To determine the permeability and
elastic modulus from the beam bending data it is necessary to mea-
sure the porosity (see Section 2.4). This parameter was inferred
from the weight loss upon drying at 105 °C as measured on compan-
ion samples.

2.2. Small angle neutron scattering

The same cement paste specimens were analyzed using small
angle neutron scattering (SANS). Thin (0.6 mm thick) specimens
were cut from the rectangular bars using a water-lubricated wafering
saw. After cutting the samples were stored and analyzed in the water-
saturated state. The measurements were performed at the NIST
Center for Neutron Research using the NIST/NSF NG3 30-m SANS
instrument with a neutron wavelength of 0.8 nm. By varying the
sample-to-detector distance, data for each specimen were obtained
over a magnitude range of scattering vector of 0.02 b q b 3.0 nm−1,
where q=4πsin(ϕ/2)/λ, ϕ is the angle of scatter, and λ is the neutron
wavelength. Scattering from hydrated cement paste in this q-range is
dominated by the interface between the solid nanoscale C–S–H
hydration product and the pore fluid, i.e. the gel pores. In general,
the upper limit in q for obtaining data from hydrating cement
is about 2 nm−1, due to the decrease in SANS intensity with increas-
ing q.

For cement paste specimens it has previously been established
that a Porod scattering regime exists at the highest accessible q
values, where the scattering arises almost entirely from the nanoscale
C–S–H gel. In the range of 1.4 b q b 2.0 nm−1 the scattering follows:

Int ¼ CP

q4
þ BGD ð1Þ

where Int is the absolutely calibrated scattering intensity, CP is the
Porod constant, and BGD is incoherent scattering present as a flat
(q-independent) background. The values of CP and BGD are deter-
mined from a linear fit as shown in Fig. 1. The constant BGD value is
subtracted from the scattering data to remove the flat background,
while CP is used to determine the specific surface area per unit spec-
imen volume, ST, according to:

ST ¼ CP

2πΔρ2 ð2Þ

where Δρ2, the neutron scattering contrast, is the square of the differ-
ence in the neutron scattering lengths of the phases generating the
Porod scattering (solid C–S–H and water). The appropriate contrast
for Eq. (2) was previously determined to be 9.74×1028 m−4 [22].

2.3. Thermoporometry

The pore systems of the cured cement pastes were also character-
ized using a cryogenic technique devised by Brun et al. [21] known as
thermoporometry (TPM). This technique relies on the fact that a crys-
tal confined in a small pore (i.e. b100 nm) melts at a lower tempera-
ture than a bulk crystal. The melting point depression is proportional
to the curvature of the crystal/liquid interface, κCL, as described by the
Gibbs–Thomson equation [23]:

γCLκCL ¼ ∫TM
T ΔSfvdT ð3Þ

where T is the melting temperature of the confined crystal, TM is
the bulk melting point, γCL is the crystal/liquid interfacial energy,
and ΔSfυ is the entropy of fusion per unit volume of crystal. The curva-
ture is governed by both the size, rp, and geometry of the confining
pore. For example, κCL=2/rp for a hemispherical crystal/liquid inter-
face, or κCL=1/rp for a cylindrical interface.
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TPM is performed with a differential scanning calorimeter (DSC),
which monitors the heat flow during a phase transition as the temper-
ature is changed. During a typical TPM experiment, the sample is first
conditioned by exposing it to a very low temperature to freeze all of
the pore liquid. Then, the temperature is increased to just below TM,
melting most of the pore liquid but leaving bulk crystals distributed
throughout the system (e.g. on the surface or in large voids or pores).
The analysis is then conducted on a second cooling ramp, as the sample
is gradually refrozen. As the temperature is reduced the seed crystals
grow and penetrate the fine microstructure with no nucleation barrier,
obeying Eq. (3). The penetration of ice during a TPM experiment is anal-
ogous to mercury intrusion porosimetry (MIP).

The TPM experiments were performed on approximately 100 mg
samples of coarsely ground cement paste. Initial freezing was at
−60 °C, followed by melting up to −0.5 °C. The temperature was
then slowly ramped down to −35 °C at −0.1 °C/min. The heat flow
and temperature were logged throughout the experiment using soft-
ware provided by the instrument manufacturer (TA Instruments).

2.4. Beam bending

A schematic of the beam bending experiment is shown in Fig. 2. The
arrangement consists of simply supporting a slender beam of a homo-
geneous permeable medium in a bath of liquid with the same composi-
tion as the pore liquid. The measurement consists of monitoring the
load, W(t), after the beam is suddenly, symmetrically, deflected in
three-point bending. When the beam is first bent, a pressure gradient
forms in the pore liquid with compression above, and suction below
the neutral axis. In response, fluid flows through the pores to alleviate
these gradients, causing W(t) to decrease with time. Both the perme-
ability and the elastic modulus of the porous body can be determined
by analyzing this time-dependent load relaxation.

Solutions for W(t) were originally obtained for beams of circular
or square cross section [16,17]. The theory was then extended to de-
scribe the load relaxation in isotropic and transversely isotropic
beams of rectangular cross section [24]. The method was tested
with porous Vycor® glass [25], and the measured permeability was
consistent with that expected from the Carmen–Kozeny analysis
[26] given the characteristic pore size and porosity of the glass.

In this study we used slender plates with a rectangular cross-
section, for which the hydrodynamic load relaxation is estimated as
[24]:

W θð Þ
W 0ð Þ ¼ 1−Aþ AS1 θð ÞS2 κθð Þ ð4Þ

where A is the fraction of the load borne by the pore fluid:

A ¼
1−2νP

3

� �
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Fig. 2. Schematic of beam
In Eq. (5) ν is Poisson's ratio, K is the bulk modulus, and ρS is the vol-
ume fraction of solids (ρS=1−ϕ, where ϕ is the porosity). The sub-
scripts P, S, and L indicate quantities that correspond to the porous
body, the solid phase, and the liquid, respectively. In Eq. (4) the relax-
ation functions S1 and S2 represent relaxation along the thickness (a
in Fig. 2) and the width (b in Fig. 2) of the beam, respectively:

S1 θð Þ ¼
X∞
n¼1

6
π2n2 exp −n2π2θ

� �
ð6Þ

and

S2 κθð Þ ¼
X∞
m¼1

8
π2 2m−1ð Þ2 exp

− 2m−1ð Þ2π2

4
κθ

" #
ð7Þ

where κ=a2/b2 is the square of the aspect ratio of the cross section
(Fig. 2), and θ= t/τB is the reduced time. To analyze the experimental
data we use the following approximations for S1(θ) and S2(κθ) [24]:

S1 θð Þ≈exp − 6ffiffiffi
π

p
� �

θ0:5−θ2:5

1−θ0:551

 !" #
ð8Þ

and

S2 κθð Þ≈exp − 2ffiffiffi
π

p
� �

θ0:5−θ2:094

1−θ0:670

 !" #
: ð9Þ

The hydrodynamic relaxation time, τB is given by:

τB ¼ μB
ηL
k

� � a2

KP

 !
ð10Þ

where ηL is the viscosity of the liquid, k is the permeability, and μB is a
material constant that modulates the diffusive relaxation time (i.e.:
τ=(ηLa2)/(kKP) [27]) for concomitant strain in the pore liquid, and
the solid phase:

μB ¼ 1−KP

KS

� �2
þ 3 1−ρSð Þ
2 1þ νPð Þ

KP

KL
þ 3 ρS−KP=KSð Þ

2 1þ νPð Þ
KP

KS
: ð11Þ

The derivation of Eqs. (4)–(11) was presented in detail by Scherer
[24] and the accuracy of the analysis for plate with rectangular cross-
section was later verified by Valenza and Scherer [20].

Eq. (7) indicates that relaxation due to flow along the width of the
beam (the larger dimension of the cross section) is diminished by reduc-
ing κ. It was previously shown in Ref. [24] that when κb0.04 the effect of
flowalong thewidth is negligible.With fewexceptions, the dimensions of
the cement paste plates used here are such that κ falls below this bound.

The beam bending apparatus is very similar to the one described
in Ref. [25]. In general, the sample dimensions and imposed deflec-
tion are manipulated to allow τB to be accurately determined, and
bending experiment.

image of Fig.�2


Fig. 3. SANS response of the cement paste specimens cured at different temperatures.

Fig. 4. SANS intensities at 8 °C, 40 °C, and 60 °C, each normalized to the intensity at
20 °C, plotted as a function of the feature size, R, from which the scattering arises.
Pastes cured at higher temperatures generate more scattering from features on the
order of 10 nm in size.
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to ensure that the maximum stress is below 1 MPa. The latter bound
is well below the tensile strength of hardened cement paste, ~3 MPa.

3. Results and discussion

3.1. SANS

Fig. 3 shows the SANS data for the pastes cured at different temper-
atures. These data are plotted in log–log format as Iq4 vs. q, where I is the
absolute-calibrated scattering intensity (with the flat background sub-
tracted) at a given q. Plotting the data in this way enhances differences
between related cement datasets [28]. These datasets show two distinct
power–law regimes that have previously been interpreted as surface
fractal scattering (at lower q) associated with the deposition of hydra-
tion product onto the hydrating cement particles, and volume fractal
scattering associated with the fine nanoscale C–S–H structure [29–31].

Surface area values (Eq. (2), and Section 2.2) for the pastes are given
in Table 1. The ST values for curing temperatures between 20 °C and
60 °C are very similar, while the value for 8 °C is slightly lower, probably
due to a lower amount of hydration at this temperature. This indicates
that the amount of nanoporous C–S–H gel in these pastes is similar, par-
ticularly for those cured between 20 °C and 60 °C. Differences in the
SANS response (Fig. 3) are therefore associated with differences in the
nanostructure of the hydration products, such as differences in the ar-
rangement and packing density of the fundamental C–S–H particles.

The SANS results in Fig. 3 indicate that samples cured at higher
temperatures induce more scattered intensity at intermediate q
values. For fractal systems such as cement paste, the linear size of ob-
jects that contribute most to the scattering at a given q is approxi-
mately R=2.5/q [32]. In Fig. 4, the ratios of the scattered intensities
at 8, 40, and 60 °C to the intensity at 20 °C are plotted as a function
Table 1
Specific surface areas determined from SANS.

Curing temp. ST (m2/cm3)

8 °C 111 (6)a

20 °C 137 (7)
40 °C 134 (7)
60 °C 137 (7)

a The numbers in parentheses are estimated standard
deviations in least significant digits.
of R. For samples cured at high temperatures, the relative scattering
intensity increases the most at q-values corresponding to features
greater than 10 nm in size. Coupled with the relatively consistent ST
values, this observation is interpreted as an increase in the size of
pores through and around the nanoscale C–S–H gel. We believe this
change is caused by an increase in the packing density of the C–S–H
gel particles at higher temperatures, which causes the LD C–S–H
phase (solid particles plus smallest gel pores) to fill the capillary
pore space less efficiently, yielding a greater proportion of larger
pores (e.g. 10–30 nm vs. 2 nm, Fig. 4).
3.2. TPM

The results from the TPM experiments are shown in Fig. 5 where
the data correspond to ice penetration during the second gradual
cooling ramp. Each sample exhibits an initial abrupt increase in ice
formation at an undercooling in the range of 2–3.5 °C. We interpret
Fig. 5. TPM results for cement pastes cured at different temperatures. Cumulative fro-
zen pore volume is plotted as a function of the temperature during the second freezing
ramp. All pastes exhibit an initial abrupt increase in pore volume at undercoolings of 2
−3.5 °C, which corresponds to a pore size of rp=19–33 nm. The porosity accessible
through pores of this size increases with curing temperature.

image of Fig.�3
image of Fig.�4
image of Fig.�5
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this event as ice, present from the initial freezing step, penetrating the
pore network. This interpretation is supported by the fact that in all
cases heterogeneous ice formation is observed at a significantly
lower temperature (ΔT=13−16 °C) during the initial freezing step.
Similar to the intrusion of mercury during MIP, we assume that the
ice penetrates the network with a hemispherical crystal/liquid inter-
face, so the size of the pores (in nm) governing penetration is given
by [21,33]:

rP nmð Þ ¼ 64:67
ΔT

þ 0:97: ð12Þ

Eq. (12) accounts for the temperature dependence of γCL, and the
entropy of fusion of water [21,33]. In addition, this expression ac-
counts for an aqueous liquid-like film that separates the confined
ice from the pore wall [21,33]. Brun et al. [21] determined the film
thickness to be ≈0.8 nm by comparing TPM results to MIP. Through
a similar comparison of TPM to nitrogen adsorption performed on po-
rous glass, Sun and Scherer [33] found a slightly larger value for the
film thickness (≈1 nm) when water is replaced by an aqueous solu-
tion saturated with CaO. In Eq. (12) we utilize the larger film thick-
ness, which we interpret to be representative of cementitious
systems.

Given the data in Fig. 5, Eq. (12) indicates that ice penetrates the
pore network through pores characterized by rP≈20–30 nm. As
noted earlier, NMR relaxometry indicates that cement paste has a bi-
modal nanopore system characterized by sizes of 1–2 nm and
10–30 nm. However, based on the above discussion the pores in the
smaller size range are not accessible to ice due to the unfrozen liquid
film. Therefore, we interpret the low temperature asymptote in Fig. 5
as the fraction of the porosity accessible from the larger
(≈20–30 nm) pores in the bimodal distribution. From Fig. 5 it is
clear that more of the porosity is accessible through the larger meso-
pores as the curing temperature increases; This result is consistent
with the SANS data (Fig. 4), which show an increase in intensity asso-
ciated with features of this size.

3.3. Beam bending

Typical results from a beam bending experiment are shown in
Fig. 6. The plot shows the load (normalized to the initial load) versus
time. There are two distinct regimes of load relaxation separated by
an inflection centered at t~300 s. Previous experience indicates that
the location of this inflection is roughly given by τB/C, where C≈3
Fig. 6. Results from a typical beam bending experiment on a sample cured at 20 °C. The
open circles are the data (normalized load vs. time) and the solid line is the fit.
−5. The relaxation at early time is hydrodynamic, while relaxation
at longer time is viscoelastic. It was previously demonstrated [17]
that the relaxation due to the two mechanisms is clearly distinguish-
able as long as τB is at least 100 times smaller than the characteristic
viscoelastic relaxation time. In this case, the data can be fit by a prod-
uct of two relaxation functions:

W tð Þ
W 0ð Þ ¼ RHD tð ÞΨVE tð Þ ð13Þ

where RHD(t) is the hydrodynamic relaxation function given by
Eq. (2) and ΨVE(t) is a viscoelastic relaxation function. The latter is
represented by one of two expressions, depending on the amount of
load relaxation that occurs. If the load relaxation is greater than 20%
then we use a combination of stretched exponential functions that
was previously shown to be reproducibly representative of cement
paste [19,20]. Otherwise we use a single stretched exponential func-
tion to represent ΨVE(t). In both cases there are two additional fitting
parameters; two relaxation times in the former case, or a relaxation
time and an exponent in the latter case. These parameters are adjust-
ed to account for the relaxation that occurs after the end of hydrody-
namic relaxation (Fig. 6). In all cases, the viscoelastic relaxation times
are at least 3 orders of magnitude greater than that for hydrodynamic
relaxation, and the related exponents are less than unity. So the relax-
ation processes occur on significantly different time scales.

As discussed extensively elsewhere [17,24], the values of A and τB
that yield the best fit to the data corresponding to hydrodynamic re-
laxation are used to determine the permeability (see Eq. (10)), and
the elastic modulus of the cement paste:

EP ¼ W 0ð Þ 1−Að ÞZ3

48ΔM
ð14Þ

where Δ is the measured deflection, Z is the span (Fig. 2), and M=
(ba3)/12 is the moment of inertia. To complete the analysis it is nec-
essary only to assume a value for νP=0.25 and the relationship be-
tween the bulk moduli corresponding to the porous medium, which
we set to KS/KP=ρS2 based on previous experience [18]. It was previ-
ously shown that the permeability is not markedly dependent on
these assumptions [18].

Fitted values of the elastic modulus for pastes cured at tempera-
tures in the range of 8–60 °C are shown in Fig. 7. The values of EP do
not have a large variation with curing temperature, as expected
Fig. 7. Elastic modulus of cement paste specimens as a function of curing temperature,
obtained from beam bending measurements. Error bars represent the average standard
deviation as a percentage of the mean value at each curing temperature.

image of Fig.�6
image of Fig.�7
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based on the relatively consistent porosity, but some trends are
apparent.

The highest modulus is obtained for 20 °C curing, and there is a
decrease in modulus with increasing curing temperature above
20 °C. The modulus value at 20 °C is in excellent agreement with pre-
vious measurements using beam bending by Vichit-Vadikan et al.
[18], and in that same paper the authors reported good agreement
with modulus values calculated from ultrasonic pulse velocity. Kim
et al. [34] measured the compressive strength and modulus of cement
paste cured at different temperatures, reporting the chord elastic
modulus value from compression testing according to ASTM C469.
Their modulus values are about 50% higher than those reported
from beam bending (i.e. 30 GPa vs. 20 GPa for mature paste with w/
c=0.4). A variation of this magnitude between very different tech-
niques is not surprising given that cement paste is a nonlinear inelas-
tic material [35].

In agreement with the present results, Kim et al. [34] found that
the elastic modulus of 28 day old specimens decreased with increas-
ing curing temperature, as did the compressive strength. In fact,
well established empirical relationships show that the compressive
strength and elastic modulus of cement paste and concrete vary to-
gether under a range of conditions. The decrease in both of these pa-
rameters with increasing curing temperature can be attributed to an
increase in capillary porosity [36] due to less efficient filling of the
capillary pore space by hydration product.

Fitted values of the permeability are plotted in Fig. 8. The perme-
ability increases by a factor of 2 between 20 °C and 40 °C, and in-
creases by nearly 2 orders of magnitude between 20 ° and 60 °C.
The very low permeability value obtained at 8 °C and 20 °C (about
0.001 nm2) is in good agreement with previous beam bending mea-
surements of mature pastes made with a similar w/c [18]. On the
other hand, the permeability of the 60 °C specimen (0.1 nm2) is sim-
ilar to previous results [18] for an immature (about 3 d old) paste
made with w/c=0.6.
3.4. General discussion—relating permeability to microstructure

The measured permeability of cement paste is extremely low, par-
ticularly in view of its rather high total porosity (about 0.4 for the
samples measured here). In comparison, porous rocks tend to have
permeabilities that are several orders of magnitude higher, despite
Fig. 8. Permeability of cement paste specimens as a function of curing temperature,
obtained from beam bending measurements. Error bars represent the average standard
deviation as a percentage of the mean value at each curing temperature.
having lower porosities. The most widely used relationship for the
permeability of a porous material is the Carmen–Kozeny equation
[26]:

k ¼ ϕr2P
ξ

ð15Þ

where rP is the size of pores controlling transport in the porous medi-
um, and ξ is the Kozeny constant, also known as the tortuosity.

For random porous materials, rP is often estimated by calculating
the hydraulic radius rH, defined as the pore volume divided by the
wetted area. In the present case we have rH=ϕ/ST, which yields
rH≈3 nm for all curing temperatures. In fact, C–S–H gel is not ran-
dom, but has internal gel pores with a smallest characteristic size of
about 2 nm [2,6], which is nonetheless reasonably close to the calcu-
lated rH value. Using a value of 2 nm in Eq. (15) with the porosity and
measured permeability for the samples cured at ambient temperature
implies a tortuosity of ξ≈2000. This is in poor agreement with the
calculated values of ξ=3–5 for various model porous media with
ϕ=0.4 [37]. To bring the inferred value for ξ into agreement with
that for model porous media it would be necessary to assume that
rP is more than an order of magnitude smaller, which is unphysical
as this would be smaller than a single water molecule.

An alternative to the Carmen–Kozeny equation was proposed by
Avellaneda and Torquato [38]:

k ¼ L2

8F
ð16Þ

where L is a length parameter that is the product of the kinematic vis-
cosity and a weighted sum over the viscous relaxation times, and F is
the formation factor, defined as the ratio of the electrical conductivity
or diffusivity of the pore liquid to that of the corresponding saturated
porous medium. In Eq. (16) the formation factor plays a similar role
as the tortuosity in Eq. (15) in defining how strongly the geometry
of the pore system impedes transport. However, unlike ξ, F is much
simpler to measure directly. For cement paste, a hydration model
was used to estimate a value of F=400 from diffusivity data [39],
and a value of F=230 was calculated [40] based on the same micro-
structural model (e.g. gel consisting of 5 nm building blocks) that
suggests rP=2 nm [2]. These values are in agreement with direct
measurements on portland cement mortars using impedance spec-
troscopy, for which F=300 for w/c=0.4 and 28 d of hydration [41].
Utilizing the latter measured values for F≈300, and k=0.001 nm2

in Eq. (16), we find L=1.5 nm, which is remarkably close to the gel
pore size. This agreement supports a general interpretation that the
controlling pore size for transport is on the order of 2 nm in these
specimens but some aspect of the microstructure greatly hinders
the dissipation of gradients in chemical potential.

Regarding the cement paste cured at 60 °C, the SANS data indi-
cates that curing at 60 °C yields an increase in features that are great-
er than 10 nm, while the TPM data indicates that ice penetration, and
thus transport, is governed by ≈20 nm pores. From Fig. 5 we see that
the proportion of the porosity accessible from 20 nm pores increases
by a factor of 2.7 over the range of curing temperatures investigated
here. In particular, for the paste cured at 60 °C the porosity accessible
through these pores comprises nearly 75% of the total porosity.
Therefore, it seems reasonable to assume that transport is controlled
by these larger (≈20 nm) pores in the paste cured at 60 °C, rather
than the fundamental 2 nm gel pores. Eqs. (15) and (16) both indi-
cate that a one order of magnitude increase in the characteristic
pore size should result in an increase in permeability of two orders
of magnitude, which is exactly the increase we observe (see Fig. 8).
It is important to note that this agreement suggests that even in the
case of higher curing temperature the microstructure severely limits
the dissipation of gradients in chemical potential.

image of Fig.�8
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4. Conclusions

Cement paste specimens cured at various temperatures in the
range of 10−60 °C were characterized by beam bending to deter-
mine the permeability and elastic modulus, while SANS and TPM
were used to characterize the microstructure. The permeability in-
creases by two orders of magnitude over this curing temperature
range, with most of the increase occurring when the curing tempera-
ture increases from 40 °C to 60 °C. The elastic modulus varies much
less, decreasing by about 20% as the curing temperature increases
from 20 °C to 60 °C. All specimens had very low permeability,
k b 0.1 nm2, despite having relatively high total porosity, ϕ ~40%.
SANS indicates that increasing the curing temperature from 20 °C to
60 °C yields a substantial increase in pores characterized by a size
greater than 10 nm, which is an order of magnitude greater than
the characteristic pore size in the gel. TPM shows that the amount
of porosity accessible through ~20 nm pores increases by a factor of
3 as the curing temperature increases. Accordingly, the permeability
of samples cured at high temperature is 2 orders of magnitude greater
than the samples cured under ambient conditions where it is likely
that transport is controlled by ≈2 nm gel pores. This observation is
consistent with the implications of the Carmen–Kozeny model for
permeability. Finally, our results suggest that flow in cementitious
systems follows a highly convoluted path, regardless of the curing
conditions. Altogether we interpret these results to indicate that
fluid flow in hardened cement paste is governed by the morphology
of the C–S–H gel on the scale of nm.
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