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Abstract

Several novel methods have recently been proposed for rapid measurement of the liquid permeability of saturated cement paste, mortar and
concrete. The relative merits of the techniques are discussed, and some recent results obtained on pastes and mortars are presented. The low
permeabilities seen in cement paste are inconsistent with the pore size distributions measured following drying, indicating that the pore structure is
significantly changed by drying.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The permeability of concrete is related to its durability upon
exposure to freeze/thaw cycles [1,2] and crystallization of salts
[3]; nevertheless, this property is not routinely measured,
because the experiment is difficult. The conventional method
for measuring permeability is to establish a pressure gradient
over a slab of material and measure the flow through it, but this
can take days or weeks for good quality concrete [4], and the
sample can be changed (owing to hydration and/or leaching)
during that time [5]; moreover, there is a high risk of leaks under
pressure that can be hard to detect. Recently, novel techniques
have been introduced that permit measurement of low per-
meabilities in a matter of minutes or hours, so that the evolution
of the properties can be followed from early ages. We will
review these methods and discuss some typical results; we
consider only the liquid permeability of fully saturated
materials. Then we will review a variety of theoretical models
for permeability and compare them to the data for cement and
concrete. The results indicate that the pores controlling flow in
cementitious materials are extremely small (b10 nm), so the
pore liquid is likely to exhibit anomalous properties.
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2. Measuring permeability

The flow of liquid in porous materials obeys Darcy's law [6],
which says that the flux is proportional to the gradient in
pressure, p:

J ¼ −
k
g
jp ð1Þ

where k is the permeability (with units of area) and η is the
dynamic viscosity of the pore liquid. A commonly used unit for
permeability is the darcy, which is 10−12 m2; permeabilities of
rocks are commonly in the millidarcy to darcy range; cement
and concrete fall in the micro- to nanodarcy range. Eq. (1) is
often written with the pressure replaced by the hydraulic head,
h:

J ¼ −kwjh ¼ −
kqwg
gw

� �
jh ð2Þ

so the permeability kw is related to k by a product of the
properties of water (ρw=density and ηw=viscosity) and the
gravitational constant, g; at room temperature, the conversion
factor is kw (m/s)= 107 k (m2).

The most obvious way to measure k is to establish a pressure
gradient through a sample and measure J using a device such as
that in Fig. 1. In one version, a series of concentric o-rings is
placed on the upper surface, to permit separate measurement of
the flux from several annuli in order to identify heterogeneity in
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Fig. 1. Schematic design of conventional permeameter. Water or other fluid is
injected under pressure (from the bottom, in this case), and the flux is measured
from the opposite surface. The sample is sealed into the vessel with a resin, or by
a pressurized sleeve (as in a triaxial test).

Fig. 2. 3D off-lattice reconstruction of a Vycor-like porous glass. The pore
network is in white. The edge of the cube is 100 nm. a) “smooth” interface;
b) “rough” interface that reproduces measured surface area. From Ref. [30].
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the sample [7]. The sample must be sealed so that liquid cannot
leak around the sides. This may be done by gluing the sample
into place with a resin, but this requires drying the surface,
which may alter the permeability. Alternatively, a triaxial tester
may be used, in which a rubber sleeve is pressurized against the
sample; this confinement pressure is recommended to be ∼4
times the pressure driving the flow [8]. Since the permeability of
cement paste is typically b10−18 m2, such experiments are
slow; for example, it takes days to stabilize the flux through a
sample with kw=10

−14 m/s [4,8]. To accelerate the flow, pres-
sures on the order of MPa may be used, but this increases the
risk of leaks that cause an overestimate of k.

In an excellent review, Hooton [9] identifies several factors
that must be considered when using this method. First, one must
decide whether the relevant permeability is that of a virgin
(undried) sample, or one that has previously been dried. This is
crucial, because a single drying cycle can raise the permeability
of concrete by two orders of magnitude [5]; however, the
microcracks responsible for this change will begin to heal
during the measurement [10], so the duration of rewetting
influences the measured permeability. The mechanical loading
history is also important, as stresses exceeding about a third of
the compressive strength cause microcracks that raise the per-
meability [11]. Second, it is essential for the sample to be
saturated, which may be difficult or impossible to achieve for
low water/cement (w/c) ratios; moreover, the water should be
de-aired to prevent pore blocking by bubbles. Third, the con-
finement pressure must be sufficiently high to prevent leaks;
indeed, order-of-magnitude changes can be seen as that pressure
is varied. Fourth, concrete samples must be at least three times
thicker than the diameter of the largest aggregate, or the flow is
dominated by “short-circuits” through the interfacial transition
zone [12]. Fifth, exposure of the outlet face results in capillary
pressure that can substantially distort the pressure gradient
when low pressures are applied. Even when all these factors are
properly controlled, the variation in permeability measurements
on nominally identical samples is on the order of ±50%.

Pressure relaxation methods involve raising the pressure on
one side of a sample and observing the rate of decay of the
pressure as liquid drains through the sample [13,14]; while this
is much faster, it still requires high pressure apparatus and can
be hampered by leaks, or failure to pre-saturate the sample. El-
dieb and Hooton compared the permeability obtained using a
triaxial cell [4,15] with that obtained by pressure relaxation
[16]. They found that they could measure an extremely low
permeability (kw=10

−16 m/s) in ∼30 h with the pressure pulse
method, whereas it took ∼330 h with the triaxial cell. The
duration of the measurement is important for minimizing
leaching [5] or hydration [17]; shorter measurements are also
desirable for probing the effect of aging on permeability.

An alternative method that was originally developed for gels
[18] and later extended to more rigid materials [19,20] is beam
bending. When a saturated beam is bent, the top half is
compressed and the bottom half is stretched, so a pressure
gradient is created in the pore liquid: liquid flows from the top to
the bottom within the beam; it also flows out of the top into the
surrounding bath, and into the bottom from the bath. As the pore
pressure equilibrates, the force required to sustain a fixed
deflection decreases, and the kinetics of relaxation of the force
can be analyzed to obtain the permeability; additionally, one
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obtains the elastic modulus and the viscoelastic stress relaxation
function of the solid phase. The kinetics can be analyzed in
closed form using the principles of poromechanics [21], orig-
inally developed by Biot [22]. The bending method has been
applied to porous glass [23], cement paste [24–26], and mortar
[27]. Validation of the method was achieved by comparing the
results obtained on Vycor® porous glass [23] with data from the
literature [28,29]. A reconstruction of the pore structure of this
material is shown Fig. 2 from Levitz [30]. It is made by in-
ducing phase separation in an alkali borosilicate glass, then
dissolving the alkali borate phase in acid, leaving almost pure
silica [31]. Typically, the pore diameter is ∼5 nm with a very
narrow distribution, porosity is ∼30%, and surface area is 130–
200 m2/g, but there are significant batch-to-batch variations.
Bending experiments were performed on samples saturated with
a range or n-alcohols and water to test the theoretical prediction
of the influence of the viscosity and compressibility of the pore
Fig. 3. Normalized force, W(t), required to hold fixed deflection on a square
beam of Vycor® porous glass saturated with the indicated liquids. a) The rate of
relaxation decreases as the viscosity increases, and the amount of relaxation
increases with the compressibility. b) When these factors are taken into account
according to the analytical theory [19], all of the curves collapse onto the
predicted shape; τb is the hydrodynamic relaxation time for equilibration of the
pore pressure. Data from Ref. [23].
liquid. The force,W, required to sustain a fixed deflection on the
beam is predicted to relax according to

W ðtÞ
W ð0Þ ¼ 1−Aþ ASðt=sbÞ ð3Þ

where A is a constant given by

A ¼ 1−2mp
3½1þ Kp=ðMb2Þ� ð4Þ

and M is the Biot modulus, defined as [21]

1
M

¼ /
KL

þ b−/
KS

ð5Þ

in which νp=Poisson's ratio of the drained porous body,
φ=porosity, KL=bulk modulus of the pore liquid, Kp=bulk
modulus of the drained porous body, KS=bulk modulus of the
solid phase(s) constituting the body, and b is the Biot coefficient,
defined as b=1−Kp /KS. For a soft material, such as a gel,
Kp≪KS, so b≈1 and Kp /M≈0; however, for porous glass or
cementitious materials, b is on the order of 0.4–0.7. The
relaxation function in Eq. (3) depends on the shape of the beam
[19,20]; for a square beam, it conforms exactly to the data shown
in Fig. 3b. The hydrodynamic relaxation time, τb, governs the rate
of equilibration of the pore pressure. For a cementitious material,
in which Kp and KS≫KL, it is given approximately by1

sbc
ga2

k

� �
/
KL

� �
ð6Þ

where a is the half-thickness of the beam. Eq. (6) indicates that
the rate of relaxation depends on the viscosity and compressibility
of the pore liquid, and this is reflected in the shift of the curves in
Fig. 3. When they are shifted vertically according to Eq. (4) and
horizontally according to Eq. (6), all the data converge onto a
single curve, whose shape is S(t /τb). The permeability calculated
from Eq. (6) is in good agreement with values obtained by the
conventional method on a similar sample by Debye and Cleland
[28], confirming that the bending method correctly yields the
permeability. The bending data also agree with the earlier work in
that the permeability varies systematically with the molecular size
of the pore liquid. By assuming that a monolayer of solvent is
immobilized on the pore wall for the organic liquids, and two
layers (0.5 nm) for water, the variation in permeability can be
explained, as shown in Fig. 4. We will return to the question of
mobility of water near solid surfaces in the Discussion.
1 It has been shown that the hydrodynamic relaxation time must have a certain
form (see Eqs. (5.21–5.22) of Ref. [21]) that differs from the result given in Ref.
[19], which must be inexact. The most likely reason for this discrepancy is the
approximate nature of the strains in the beam that are deduced from simple beam
theory (O. Coussy, private communication). The equations fromRefs. [19,21] both
lead to the result given in Eq. (6), so the quantitative error is negligible for
cementitious materials. Even for gels, where the difference is expected to be
significant, the permeability extracted from bending experiments agrees well with
independent measurements. Therefore, it is likely that the use of simple beam
theory introduces offsetting errors in the relaxation time and the relaxation function,
such that the measured permeability is correct. This is confirmed through finite
element analysis [G.W. Scherer and J. H. Prévost, work in progress].



Fig. 4. Symbols are measured permeability values for various liquids in Vycor®,
taken from erratum listed in Ref. [23]. Curve is calculated using the Carman–
Kozeny equation, as explained in Ref. [23], except that the thickness of
immobilized water is taken to be 0.5 nm, rather than a single molecular diameter.

Fig. 5. Relaxation of force, W, on mortar beam (2 parts sand/1 part cement,
water/cement ratio=0.45) as a function of time, t, after deflection was imposed.
Symbols (●) are data, and dashed curve is fit to data, which is the product of the
hydrodynamic relaxation (dotted curve) and the viscoelastic relaxation of the
solid phase (dash–dot curve).
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Bending has also been applied to measure the permeability of
cement paste [24–26] with a range of w/c and curing times. In
fact, hydrodynamic relaxation in bending of cement paste had
been seen and understood by Sellevold and Richards [32],
although they did not exploit it to measure permeability. In
contrast to Vycor®, cement paste is viscoelastic, so the mea-
surement also yields the stress relaxation function. A two-
parameter relaxation function was originally developed for paste
samples from 1 to 4 days old [25], but it has subsequently been
found to describe paste at least one year old, as well as mortar
[27]. An example of a relaxation curve for mortar is shown in
Fig. 5, together with the hydrodynamic relaxation curve (i.e., the
equilibration kinetics of the pore pressure) and the viscoelastic
relaxation extracted from the data. The permeability is
determined from a fit of the data to the theoretical function;
the hydrodynamic and viscoelastic effects are easily separated,
as long as the inflection in the curve, which reflects the end of the
hydrodynamic relaxation, is visible. For this mortar, the
inflection occurs after about 4 min, so the results are obtained
very quickly even though k is only ∼3×10−21 m2. The
experiment was continued for 3 h, so that the shape of the
relaxation function could be established. The permeability of the
mortar was larger than that of the corresponding paste, in spite of
the high loading of impermeable sand, so the interfacial
transition zone was obviously important to the transport process.

Several important precautions must be taken in this method.
First, the samplemust be long and slender (length/thickness at least
10, but preferably≥20), so that simple bending theory is valid and
indentation by the supports is minimal. Second, the beam must be
thick enough so that it represents the bulk properties of thematerial
of interest. Only a few millimeters are needed for porous glass,
paste, mortar, stone, and other relatively homogeneous materials,
but not for concrete. Third, the sample must be fully saturated, so
that the pore pressure is relieved by flow to the exterior surface,
rather than by compressing pockets of air. An excellent test of
saturation is obtained by using samples of several thicknesses to
confirm that the hydrodynamic relaxation time varies as thickness
squared, as predicted by Eq. (6). By that method, it was
demonstrated that paste cylinders thicker than ∼8 mm contain
enough trapped air to interferewith themeasurement.However, by
submerging the rods in water and subjecting them to ∼2 MPa
pressure, the air was dissolved and the dependence of τb on a

2 was
demonstrated for cylinders up to 12 mm in diameter. During the
measurement, the sample remains immersed in a bath containing
the same liquid that is in the pores of the specimen, so no drying or
leaching occurs. Fourth, the strain must be small enough to avoid
damage. In the study of cement paste [24] the strain was b10−4,
and repeated measurements demonstrated that there was no
change in permeability attributable to microcracks.

Clearly the beam-bending method is extremely rapid, and it
provides the viscoelastic properties, as well as the permeability,
so it is an ideal method for characterizing a material that can be
prepared in the form of a slender beam. In particular, it is useful
for studying the evolution of the properties at young ages, since
the duration of the experiment is short [25]. In principle, it could
also be used for concrete, but the samples would have to be
inconveniently large (say, 10 cm thick and more than a meter
long). Fortunately, other fast methods exist that do not have the
same geometrical limitations.

Thermopermeametry (TPA) is another method that was first
applied to gels [33,34] and later extended to more rigid mate-
rials, such as cement paste [35,36]. The original elastic analysis
was found to be inadequate for cement paste, so a viscoelastic
analysis was developed [37] and shown to describe the thermal
expansion kinetics of saturated paste [38,39]. The principle of
the method is that the thermal expansion of the pore liquid is
always much greater than that of the solid phase, so when the
body is heated the expanding liquid no longer “fits” in the pores;



Fig. 7. Schematic of system used for dynamic pressurization measurement.
Sample containing embedded strain gauge is immersed in lime-saturated water,
then covered with oil. Pressure is suddenly applied to the oil and the strain of the
sample is continuously monitored.
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if it does not have time to flow out of the body as the temperature
rises, it expands within the pores and stretches the solid phase.
The solid gradually squeezes the liquid out of the pores at a rate
controlled by the permeability, so by measuring the kinetics of
expansion of the body, one can determine the permeability. An
example of a thermal expansion curve for cement paste is shown
in Fig. 6. (This measurement was made using a special dila-
tometer [38], but comparable results can be obtained on small
samples of homogeneous materials in a dynamic mechanical
analyzer [39], as long as the sample is immersed.) If the same
thermal cycle had been applied to the dry solid body, the strain
would have followed the dashed curve labeled αS ΔT, but the
pore liquid causes an overshoot and undershoot following
heating and cooling, respectively. The overshoot had been seen
previously [40–42] and explained in terms of expansion of the
liquid [43]. Here we see that there is also an undershoot, in-
dicating a negative pressure in the pore liquid, which is possible
only if the sample is fully saturated (otherwise, the suction is
relieved by bubble growth, rather than contraction).

In principle, this technique can be applied to large samples,
such as the cylinders routinely used for strength measurements
of concrete. It has the advantage of being much faster than
conventional methods, and does not require the slender samples
needed for beam bending. Unfortunately, while this method
works well for gels and cement paste, recent experiments with
mortars [27] revealed that entrapped air seriously compromised
the results, because the pore pressure can be relieved by flow into
the air pockets. Since the spatial distribution of the air voids is
unknown, the kinetics of relaxation cannot be interpreted
quantitatively. Efforts were made to pre-saturate the samples
by submerging them in limewater and exerting 2–3 MPa of
pressure to collapse and dissolve the air bubbles. This was
effective, but it took as much as 3 weeks to saturate mortar
cylinders that were only 4 cm in diameter. If the samples were
prepared under vacuum (to eliminate gas pockets) or under a
Fig. 6. Axial strain (left ordinate) of cylinder (19 mm diameter) of cement paste
(Type III, w/c=0.5) subjected to thermal cycle (right ordinate). Black symbols
are the measured strain and the continuous curve is the best fit to the theory from
Ref. [37]. From Ref. [38].
flow of CO2 (to ensure that only highly soluble gas is present),
then saturation could be achieved more rapidly and TPA could
be used. This approach has been successful with larger samples
tested with the dynamic pressurization method described next;
however, it does not appear that either method could be applied
to routine strength cylinders, which always contain some en-
trained and/or entrapped air.

Another method for measuring permeability is dynamic
pressurization, which was first applied to aerogels [44] and has
recently been extended to cement paste [45–47]. (A similar
method has also been applied for measuring permeability to gas
[48].) In this case, a saturated sample is submerged in a bath
within a pressure vessel (see Fig. 7), then the bath is suddenly
pressurized: the sample immediately contracts by an amount
that depends on the undrained bulk modulus, Ku:

e0 ¼ −
pA
3Ku

ð7Þ

where

Ku ¼ Kp þ b2M ¼ Kp þ b2=
/
KL

þ b−/
KS

� �
: ð8Þ

As the liquid from the bath penetrates the pores, the rising pore
pressure causes the body to re-expand. The final dimensions of
the body depend on the bulk modulus of the solid phase (not the
drained modulus of the porous body), and the kinetics of re-
expansion reveal the permeability. A simple closed-form
expression describes the kinetics following a step change in
applied pressure, pA:

ez ¼ el þ ðe0−elÞXðt=svÞ ð9Þ

http://dx.doi.org/doi:10.1617/s11527-9124


Fig. 8. Strain data (symbols) and fit to theoretical expression (dashed curve) in a
dynamic pressurization experiment on a Type III cement paste (w/c=0.5)
subjected to 6.9 MPa of hydrostatic pressure. From Ref. [46].
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where Ω is the relaxation function; the final strain is

el ¼ −
pA
3KS

ð10Þ

The permeability can be found by fitting the measured strain
to Eq. (9) using the known form [45] of the relaxation function,
as shown in Fig. 8. This method has been found to work well on
cement paste and concrete, as indicated by the data in Fig. 9.
The permeability values from dynamic pressurization [46]
compare very well with data from beam bending made on the
same type of cement [24]. Samples 9 cm in diameter with
permeabilities ∼3×10−14 m/s can be measured in the course of
a day. As in the case of TPA, this method requires the body to be
free of air voids. Fig. 10 shows the calculated axial strain of a
cylinder as a function of the volume percentage of entrapped air,
indicating that the time required for re-expansion is ∼5 times as
long when the pores contain 3% air. In contrast to TPA, the
experiment directly indicates the presence of air, because the
Fig. 9. Permeability values for Type III cement paste (w/c=0.5) obtained using
beam-bending (Bending) or dynamic pressurization (DP); square symbols are
from DP measurements on concrete made from the same cement with 482 kg/m3

(809 lb/yd3) of paste. Data from Refs. [24] (Bending) and [46] (DP).
strains measured during pressurization and depressurization
should be symmetrical; if they are not, then air pockets must be
present. The cycles can be repeated until the air dissolves and
the data are reproducible. A more effective approach is to mix
the sample under vacuum to avoid entrapping air, as was done
in preparing the samples used to generate the data in Figs. 8 and
9. Another important consideration is that the pressure jump
should not do damage to the sample. This is not a serious
limitation during a compressive step, but it is easy to do damage
during depressurization, because this creates tensile stress in
the sample equal to ∼pA / 2 [45]. Therefore, one should make
measurements only during compression, and depressurize
slowly, or use pressure jumps significantly smaller than the
tensile strength of the sample. For best accuracy, the ends of the
sample should be sealed, because the theory assumes that the
flow into the sample is purely radial.

3. Models of permeability

The simplest possible model for flow in porous media is a
bundle of parallel non-intersecting cylinders with radius r, each
carrying a flow Q (volume/time) given by Poiseuille's law [6]:

Q ¼ −
pd4

128g
jp ð11Þ

If there are n such pipes per unit area, the flux is

J ¼ nQ ¼ −
npd4

128g
jp ¼ −

/d2

32g
jp ð12Þ

where φ=nπ d2 /4 is the porosity. Comparison of Eq. (12) with
Eq. (1) indicates that the permeability of a body consisting of
straight pipes is

kSP ¼ /d2

32
ð13Þ

Thus, we expect the permeability to be related to the porosity
and the cross-sectional area of a pore. Of course, the pores in
real materials are non-circular, intersecting, and tortuous, so Eq.
(13) must be modified to take account of those details. The
Fig. 10. Calculated axial strain in a cylinder of cement paste when the pores
contain water contaminated with various volume percentages, υ, of air. The
abscissa is a dimensionless time scale, normalized by a quantity related to the
permeability and modulus of the material.
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simplest approach is to insert a “finagle factor” called the
Kozeny constant, κ, (which is actually somewhat density
dependent [49]) into the denominator:

kk ¼ /d2

16j
ð14Þ

For a wide range of porous materials, Eq. (14) is found to
work quite well with κ≈5 [6]. This formula has been suc-
cessfully tested against simulations of flow through various
obstacles [6], and it appears to work particularly well when the
obstacles are disordered or fractal [50]. The Kozeny formula was
found to work very well for gels, where the permeability was
measured by beam bending and the pore diameter was obtained
by nitrogen desorption [51,52]. If Eq. (14) is used with the
measured porosity (0.315) and the pore size found by nitrogen
desorption (d=5.4 nm) for Vycor® glass, the result is
kK=0.11 nm2, which is about twice as large as the measured
values; if the hydraulic diameter is used (dh=4 Vp /S=3.3 nm,
based on a surface area of 131 m2/g and pore volume of
0.216 cm3/g), the calculated value rises to kK=0.17 nm2. The
good results in Fig. 4 were obtained by reducing the pore
diameter by the thickness, δ, of a molecular layer of pore liquid
presumed to be immobile against the pore wall; the porosity was
also reduced by δ S ρb, where S is the measured surface area and
ρb is the bulk density. The existence of one or two layers of
surface-affected pore liquid is supported by spectroscopic data
[53], neutron scattering [54], and numerous molecular dynamics
simulations [e.g., [55,56]], as well as studies of transport
properties [28].

Katz and Thompson (K–T) [57,58] introduced a formula for
permeability based on percolation theory:

kKT ¼ d2c
226F

¼ /d2c
226s

ð15Þ

where F=φ /τ is called the formation factor and τ is the tor-
tuosity; the characteristic pore diameter, dc, is the breakthrough
diameter, which can be estimated from the peak of the pore size
distribution found by mercury intrusion. Johnson et al. [59]
introduced a more rigorous choice for dc, obtained by weighting
the surface/volume ratio by the intensity of the electric field in
the pores; however, the derivation is only expected to be valid
when the pores are large enough so that surface-affected layers
are small compared to the pore size. In fact, Eq. (15) was
developed and verified for stone, which has micron-sized pores,
so modifications are likely to be necessary for nanometric pores.

The tortuosity can be obtained by measuring the diffusion
coefficient in the pore liquid, D, and comparing it to the self-
diffusion coefficient in the bulk liquid, D0 [60]:

D
D0

¼ 1
/F

¼ 1
s

ð16Þ

Using NMR, the diffusion coefficient of water was measured
in the same sample of Vycor® that was used for the beam-
bending experiments [61], with the result τ=4.8, which is
consistent with values reported in the literature for similar
glasses [29,30]. Using this value with the hydraulic diameter,
Eq. (15) yields kKT=0.012 nm
2, which is∼20% of the value for

water (∼0.065 nm2) in Fig. 4. Reducing the pore diameter by
1 nm to account for the immobile water layer decreases kKT to
0.008 nm2. Evidently, this equation does not work well for
Vycor®. We will now consider how well the Kozeny and K–T
equations work for cement and concrete.

4. Discussion

A surprising observation made during TPAmeasurements on
cement paste is that the thermal expansion coefficient of the
pore liquid is 30–50% larger than that of bulk water at ambient
temperature [39]. Direct dilatometric measurements show that
similarly elevated expansion coefficients are found in porous
glass, when the pore diameter is below ∼15 nm [62,63]. Recent
molecular dynamics simulations of water in a narrow slit [64]
yield expansion values in excellent agreement with measure-
ments in silica xerogels [65]. Therefore, the expansion
coefficient in cement paste implies that the water is in pores
with diameters below∼10 nm. However, pore size distributions
measured on cement paste using mercury intrusion or nitrogen
desorption generally indicate that the pores lie between 10 and
100 nm (or larger) [66–68], so the expansion behavior seems to
be dominated by a small fraction of the pores with small
diameters. Even more surprising is the inconsistency between
the low permeability of cement paste and the reported pore size
range. Given k=10−21 m2 and φ=0.3, Eq. (14) predicts a pore
diameter of ∼0.5 nm. Obviously, this is orders of magnitude
smaller than the pore sizes measured by the usual methods.
Since the structure of the liquid is sufficiently altered to raise the
thermal expansion coefficient, one might argue that the
viscosity is anomalously high in the pores of the paste, so that
k is underestimated if the bulk viscosity is used in the cal-
culation. The measurements on porous glass described earlier
suggest that there is a monolayer of immobilized liquid mole-
cules on the surface of the solid phase, so the effective pore size
is correspondingly reduced; however, the rest of the liquid in the
pores appears to have normal viscosity. This is supported by
molecular dynamics simulations that indicate a normal structure
for water molecules lying more than 0.5 nm from a silica surface
[64]. It seems likely that the pore structure of cement paste
obtained from mercury intrusion or nitrogen desorption is an
artifact of the drying that precedes the measurement.

Several attempts have been made to apply the Katz–
Thompson equation to cement paste. Garboczi [69] concluded
that the model worked, but he had to assume a tortuosity of 570,
which is an order of magnitude greater than the values found
from electrical measurements on comparable materials [70].
Baroghel-Bouny et al. [71] reported order-of-magnitude
agreement with the K–T equation for pastes with permeabilities
on the order of 10−14 m/s, which were inferred from the drying
kinetics. The formation factor from diffusivity of Cl− in paste
was F≈1800 for a high-performance paste (w/c=0.19 with
10% silica fume) and F≈300 for ordinary paste (w/c=0.34);
the pore diameters from mercury penetration were respectively
8.6 and 20 nm [72]. El-Dieb and Hooton [73] performed an
extensive test of the K–T equation, using permeability data on



Fig. 12. Pore diameters calculated from Eq. (17), using permeability data for
cement paste (Type III, w/c=0.4, 0.5, and 0.6) from Ref. [24].
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paste and concrete, along with mercury intrusion data. As
shown in Fig. 11, the correlation was quite poor for paste, with
the calculated permeabilities orders of magnitude greater than
the measured values. The results for concrete were even worse.
Tumidajski and Lin [74] made a similar comparison, but found
the K–T values to be ∼100 times lower than the measured
permeabilities; however, they had improbably high permeabil-
ities (10−8–10−10 m/s), so there may have been an error in their
data for kw.

If we use the Kozeny equation to estimate the pore size of
cement paste, then it is reasonable to replace d with d−δ and
reduce the porosity by δ S ρb, as was done for the Vycor® data:

dcdþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
80k

/−dSqb

s
ð17Þ

Using δ=0.5 nm and S=100 m2/g, with the measured
densities, and permeability data obtained on paste by beam
bending [24], we obtain the pore diameters shown in Fig. 12,
which range from about 1.5 to 5 nm; changing the choice of S
within the observed range (∼60–200 m2 [75]) would not shift
the values substantially. The implication is that the permeability
is controlled by the “gel pores”, rather than the capillary pores in
the paste. How can we reconcile this result with the pore sizes
measured by mercury porosimetry?

The basic problem with mercury porosimetry and nitrogen
sorption is that the samples must be severely dried before
measurement. Since the permeability is known to leap by two
orders of magnitude after drying [5,9], the effective pore
diameter must increase substantially. Therefore, it is inappro-
priate to interpret the permeability of virgin samples on the basis
of pore sizes determined on dried samples. Moreover, the high
pressure exerted during mercury intrusion can damage the
sample, particularly when entering the smaller pores [76]. An
additional problem, in the case of concrete, is the small size of
Fig. 11. Comparison of measured permeability of cement paste with values
calculated using the Katz–Thompson equation, together with microstructural
information from mercury intrusion. Data from Ref. [73].
the sample. It has been reported that the permeability is much
greater when the sample thickness is less than ∼3 times the
aggregate diameter [12], presumably because this raises the
likelihood of interfacial transitions zones percolating through
the sample. Similarly, intrusion of a small sample will
exaggerate the role of the ITZ. These issues help to explain
the failure of comparisons of measured permeabilities with
values calculated from the K–T equation, where the pore sizes
are taken from mercury intrusion.

Fortunately, there are methods for measuring pore sizes that
do not require drying, including nuclear magnetic resonance
(NMR) relaxation time analysis [77–80] and thermoporometry
(TPM) [81–83]. Scattering methods also give useful structural
information, but not a pore size distribution [75]. NMR is
particularly attractive, because it can provide information on the
hydration reaction, image the distribution of moisture and salts
during drying, and measure diffusion coefficients in the pore
liquid, in addition to providing pore sizes [84]. Although NMR
is capable of seeing much larger pores, studies of cement
indicate pores smaller than ∼10 nm [77,80]. Thermoporometry
exploits the depression in melting point caused by the curvature
of ice crystals confined in small pores (i.e., the Gibbs–
Thompson effect [2]). If a saturated sample is gradually frozen,
the temperature at which ice appears indicates the size of the
pores, and the heat released is proportional to the volume of ice
formed. Freezing is usually detected calorimetrically, but it can
also be done elegantly using NMR [78,85,86]. A particularly
interesting study was done by Villadsen [83], who performed
calorimetric TPM on very mature cement pastes that had not
been dried; he then dried and resaturated them and repeated the
measurement. Some of his results are reproduced in Fig. 13a–d.
Parts (a) and (b) show the pore size distributions measured in a
paste with w/c=0.4; the TPM curve in (b) is shifted to the right,
compared to (a), because the sample was dried and resaturated.
The virgin sample had no pores with diameters larger than
∼6 nm, but the pore sizes double after drying. Similar results
are seen in (c) and (d) for a paste with w/c=0.6. Even at that



Fig. 13. Pore size distributions in very mature cement paste with w/c=0.4 and 0.6, measured by nitrogen desorption (Nitrogen), mercury intrusion porosimetry (MIP),
and thermoporometry (TPM); some of the MIP samples were dried after exchange into methanol (MeOH). In (a) and (c), the TPM samples had not been dried, but in
(b) and (d), they were dried and resaturated; this resulted in a shift of the TPM curves toward the others.
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high water content, the virgin sample has no pores larger than
30 nm before drying; the shift after drying is not as great in this
case, presumably because the larger pores in this paste result in
lower capillary pressure [87].

5. Conclusions

Several novel permeability measurements have been intro-
duced that permit relatively rapid measurement, so that the
properties of the sample do not change substantially during the
test. For homogeneous materials, such as paste and mortar, the
beam-bending test is ideal, because it is fast (minutes to hours)
and it also provides the elastic and viscoelastic properties of the
paste. For concrete, the pressure decay method introduced by
Brace et al. [13] is the most attractive of the conventional
approaches, because it is relatively fast. However, it still
requires high pressures, and therefore presents the risk of leaks,
and it gives errors if the sample is not fully saturated.
Thermopermeametry is faster and does not require high
pressure apparatus; however, the sample must be fully saturated
(which can be problematic for high-performance concrete), and
some error is introduced by our lack of knowledge about the
thermal expansion coefficient of the pore liquid in cement paste.
Nevertheless, if saturation can be achieved, this is a relatively
easy and quick method. Another rapid method is dynamic
pressurization. Although it employs a high pressure chamber,
there is no problem with leaks; it is only necessary to hold the
pressure constant (even if that requires a continuing addition of
fluid to the chamber). As with the other methods, the major
difficulty is ensuring full saturation; an advantage of dynamic
pressurization is that the shape of the curve indicates whether or
not entrapped air is present.

When the measured permeability of cement and concrete is
compared to various theoretical models, the agreement is often
poor. This is attributed to the inappropriate use of pore size
information from dried samples, whose structure is quite
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different from that of the undried samples used to measure k. If
the theories are used to infer the pore size, the resulting
diameters are b5 nm. In fact, pores of this size are found from
techniques, such as NMR and thermoporometry, that do not
require drying of the sample. Therefore, it is essential to use
such methods to obtain pore characterization for prediction of k
for virgin cement and concrete.

The practical reason for permeability measurements is to
predict the durability of exposed concrete on buildings and road
surfaces, which is dry to a depth of some centimeters. In such
cases, it is preferable to dry the sample before measuring k; this
is particularly important for making conservative predictions,
since k may rise one hundred fold after drying. Mechanical
loads can also cause microcracks that raise k, so appropriately
preloading a sample before measuring permeability is also wise.
An issue that has not received enough attention is the effect of
microcracks on permeability, and the healing of microcracks in
moist environments. For the comparison of experiment and
theory, measuring k on dried and resaturated samples is
desirable, since the characterization of the pore structure is
much easier on dried materials. However, the high permeability
of dried materials results from microcracks, whose shape and
connectivity are probably qualitatively different from that of the
original pores in the undried body.
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