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1. Introduction

Diffusion is the gradual compensation of concentration differen-
ces without external forces. This natural process is driven by
Brownian motion and occurs in all materials: gases, liquids,
and solids. In porous materials, diffusion takes place in the open
porosity of the material. In the case of very fine pores, Knudsen
diffusion reduces the ordinary molecular diffusion. Knudsen dif-
fusion is important in chemical processes such as catalysis, fil-
tration, and separation processes[1–3] and determines the
performance of proton exchange membranes in fuel cells.[4]

In environmental science, it is important
for seawater desalination[5] and governs
the natural migration of radon gas from
certain earth crust materials.[6] In material
science, Knudsen diffusion is crucial for
breathable and protective fabrics based on
carbon nanotubes[7] and essential for micro-
porous membranes to clean-energy technol-
ogies.[8] Furthermore, it has a significant
influence on the service life of structures
in civil engineering.[9]

In general, ions migrate into a porous
material through the adsorbed substance,
e.g., water, in the pore system. Thus, these
processes greatly depend on the amount of
adsorbed substance, e.g., the material’s
moisture content. In contrast, gases are
transported in the open space within the
pore system. In the case of an amorphous
material, the pore system is very complex.
Thus, the relationship between the effec-
tive gas diffusion coefficient and the poros-
ity is strongly nonlinear.[10] Considering for

instance hydraulically bound materials, the pore sizes vary over
several magnitudes from a few nanometers to several micro-
meters and a large proportion of the pore volume consists of
pores with radii below 100 nm.[11,12] Pore shape, tortuosity,
and the orientation of pore connections must be considered
in diffusion processes.[13–15] Depending on the pore size and
the moisture content, gas diffusion occurs by different diffusion
mechanisms. In large pores in the range of micrometers, molec-
ular diffusion dominates the gas transport. In this state, the pore
space is much greater than the mean free path length of a mole-
cule. The entire process can be described by molecule–molecule
collisions and has one diffusion coefficient for the entire gas
mixture.[13] In small pores in the range of nanoometers,
Knudsen diffusion sets in because the mean free path length
of a molecule is much greater than the limited pore space. In
this case, molecule–pore wall collisions dominate.[13] Molecular
diffusion is therefore significantly reduced by the Knudsen
effect.[16,17] At very low moisture contents or in dry material, sur-
face diffusion might occur or dominate in tiny pores.[16] However,
in this study, partially saturated pores are investigated and so,
surface diffusion plays only a negligible role.[14]

In porous materials with pores in the nanometre range,
molecular and Knudsen diffusion coexist and it is essential
to consider both effects.[10,13,17–20] The transient state starts
approximately when pore radii are below �30–200 nm and
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The effective gas diffusion coefficient describes the process of gas diffusion in
porousmaterials. Several materials have a significant number of micropores in the
lower nanometre range leading to a reduction of gas diffusion (Knudsen effect). In
the case of partial pore saturation during adsorption, the available pore space is
further reduced, as is the gas diffusion. In this study, the influence of partially
saturated pores on the Knudsen effect and on the gas diffusion is quantified. Three
different pore geometries are investigated (slit, cylindrical and spherical pores) and
three different types of pore size distribution, including a broad equal distribution,
three narrow normal distributions and two measured distributions of concrete.
Besides the intensive computation of the exact pore saturation, a simplified model
with low computational requirements is suggested. This study shows that the
influence of the water layer thickness on the effective diffusion becomes signif-
icant for pore radii below 50 nm and the assumed pore geometry is important. At
the end, the overall effect is quantified for an amorphous material with most pore
radii below 30 nm. At a moisture level of 50% relative humidity, the effective
diffusion is reduced by 35% due to partial saturation.
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ends at around 2 nm.[6,14,18,21,22] Thus, the effective gas diffusion
is a nonlinear function of these two effects and depends on the
pore system being investigated. Empirical models that correlate
porosity and gas diffusion cannot therefore be applied due to
the high complexity of this process.[16] Furthermore, a simple ana-
lytical consideration based on Fick’s law generally fails because it
is valid only for molecular diffusion.[6,16,23] To take this issue into
account, some authors have incorporated the limited space of dry
pores and calculated the Knudsen effect for the given pore
system.[20,24,25] However, this does not take the influence of pore
saturation on the Knudsen effect into account.

If more substance is adsorbed, the saturation of the porous
material increases. For instance, the water layer thickness in
the pores will increase during water vapor adsorption.[26] This
reduces the available free space or leads to the full saturation
of small pores.[6,27,28] The Knudsen effect is then increased
and reduces the effective gas diffusion significantly.[21,29] In addi-
tion, swelling of the material due to interlayer water further
reduces the free space for molecular diffusion.[26] In cement-
based materials, gas diffusion coefficients at dry state of
10�6 m2 s�1 are reduced to 10�13 m2 s�1 at high saturation levels
above 80%.[13,30] Odeh et al. computed the effective pore radius
due to water adsorption and its effect on Knudsen diffusion.
However, only the average pore radius of the concrete was used,
and the pore distribution was not considered.[6] Some authors
have investigated small samples of a few centimeters and incor-
porated the entire pore distribution and its varying water layer
thickness during adsorption. They concluded that pore satura-
tion significantly influences the predicted effective gas diffusion
and that this issue should therefore receive greater atten-
tion.[21,31,32] Similar effects are also known from modeling flow
physics in soils.[33,34] Several studies showed that the effective gas
diffusion coefficient is significantly reduced due to the Knudsen
effect at pore diameter below 1 μm.[35,36] As before, adsorption of
water reduces the pore space as well as the effective gas
diffusion.[35–37] To incorporate both, molecular and Knudsen
diffusion, the so-called dusty gas model is often used.[38] Based
on this model, a reduction of the effective gas diffusion of several
orders of magnitude is predicted for different soils at dry state or
high saturation of 80%.[39] Although this model requires several,
often unknown, parameters, it shows sufficient accuracy for
many gases. In addition to other assumptions in this model,
the diffusion coefficient is the reciprocal of linear combination
of the gas–gas and gas–wall collision resistance.[36,38] For the pre-
diction of moisture flux, this assumption is highly questionable.

Numerical wsimulations of porous media quite frequently
require a computation of diffusion coefficients, especially because
problems including adsorption, temperature gradients, pore
structure evolution, etc. are nonlinear. However, the modeling
of the different effects and their interaction are not completely
understood so far. For instance, modeling flow in unsaturated
soils still reveals physical inconsistencies, which need to be
eliminated.[40] For long-term prediction of structures made
of concrete, the different flow physics and their interaction
with each other in the porous cement matrix is still an open
research field.[41] If nanopores are considered, models limited
to molecular diffusion are insufficient and Knudsen effects
must be included.[42] For nondry materials, the water layer
thickness needs to be predicted as well for the entire pore sys-
tem.[43] Although Maekawa et al. were aware of this important
issue during calculations of concrete’s performance, they cal-
culated the water layer thickness only for the average pore
radius due to the high computational costs involved.[44]

In this study, the Knudsen number of partially saturated
pore distributions is calculated. Three different pore geome-
tries are investigated: slit, cylindrical, and spherical pores.
Water vapor adsorption is considered and Hillerborg’s adsorp-
tion theory is used to compute the corresponding water
layer thickness.[45] Hillerborgs approach of predicting the
adsorbed water already incorporates the Kelvin equation,
i.e., the pore curvature. Thus, the artificial differentiation
between water film moisture and capillary moisture is obso-
lete. Both occur simultaneously and are computed in one
step.[45] Furthermore, different pore size distributions are
investigated. These include theoretical equal and normal
distributions as well as the real pore distribution of an
ultrahigh-performance concrete (UHPC). Based on this, the
reduction of effective gas diffusion due to the Knudsen effect
of partially saturated pores is quantified for the entire sorption
isotherm. Furthermore, a simplified model, which shows good
correlation to the full model and requires only negligible
computational costs, is discussed.

2. Theory

In partially saturated pores, the effective gas diffusion is a
combination of molecular and Knudsen diffusion.[10,13,17,18,20]

Their respective contributions depend on the pore volume distri-
bution and the pore saturation. Figure 1 shows the different dif-
fusion states and the effect of pore saturation. In Figure 1a, only

molecular diffusion reduced diffusion due
to pore confinement 
and partial saturation 

a b c

reduced diffusion due
to pore confinement 

Figure 1. Diffusion in free and confined space; gray: cement matrix; blue: water layer.
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pure molecular diffusion occurs. The molecule (red dot) travels
through the unconfined space and collides only with other mol-
ecules (red crosses). This consideration is valid in atmospheric
air or in large pores, i.e., r > 1 μm. If no confinement exists, the
effective gas diffusion is equal to the molecular diffusion.
Figure 1b shows the transient state. The molecule collides with
other molecules as well as with the pore fringe. In this case, the
effective gas diffusion is already significantly reduced by the
Knudsen effect. If the material adsorbs water, a water layer of
a few nanometers will form at the pore fringes. This would
reduce the limited space further, especially in small pores with
r < 50 nm. The molecule would then collide more often with
the pore fringe, or rather, the surface of the water layer.
In the following, the diffusion of water vapor in porous materials
is considered.

qv ¼ � ρv,satϕD0

Ω

Z
rmax

rmin

dV
1þ Nk

∇h (1)

If the moisture transport in the gas phase in porous materials
is to be calculated, the reduction of the effective gas diffusion due
to the Knudsen effect must be considered. This is shown in
Equation (1).[41] Here, qv in kg m�2 s�1 is the water vapor flux,
ρv,sat in kg m�3 is the saturated water vapour density, ϕ is the
open porosity, D0 in m2 s�1 is the water vapor diffusion coeffi-
cient in free atmosphere, and Ω describes the tortuosity of the
pore system. These parameters in front of the integral in
Equation (1) describe the molecular diffusion, and the integral
accounts for the Knudsen effect. If the Knudsen number is
Nk � 1, the integral reaches its maximum value of 1 and the
effective gas diffusion is equal to the molecular diffusion. In con-
trast, if Nk is significantly above zero, the effective gas diffusion
is reduced by the Knudsen effect. The integral starts at rmin in
meters, which represents the radius of the smallest partially sat-
urated pore, and rmax in meters is the largest pore in the pore
system being investigated. V is the normalized pore volume
of the radius being considered and h is the relative humidity.

NK ¼ lm
2ðr � taÞ

(2)

The Knudsen number is the mean free path of a gas lm in
meters divided by the effective pore space.[31,41] In a partially sat-
urated state, the pore radius r in meters and the adsorbed water
layer thickness ta in meters will both depend on the pore geome-
try. This is shown in Figure 2 for a slit pore, a cylindrical pore,
and a spherical pore. Slit pore geometry is defined as two infinite
parallel plates which form the corresponding pore volume. The
so-called pore radius is half the distance between the two parallel

pore walls. Thus, the water layer has no curvature and the pore
saturation is independent of the pore size.[46] In contrast, the
curvature of a cylindrical or a spherical pore varies. The smaller
the pore, the smaller is the radius of the water layer, which
increases both the water adsorption and pore saturation. This
phenomenon is shown in Equation (3) and (4), which incorporate
the Kelvin equation.[47]

ta ¼
twhC

ð1� h
hm
Þð1� h

hm
þ ChÞ (3)

hm ¼ exp � γM
ρlRT

1
r1 � ta

þ 1
r2 � ta

� �� �
(4)

C is a material constant related to the heat of adsorption in the
first layer.[46] tw in meters is the thickness of one monomolecular
water layer. R in J mol�1 K�1 is the ideal gas constant, T in kelvin
the temperature,M in kgmol�1 the molecular mass of water, and
γ in N m�1 is the surface tension of liquid water. During adsorp-
tion, the humidity at which the air volume in the centre of a pore
disappears is the so-called maximum humidity hm. In fact, the
smaller the two radii r1 and r2 in two perpendicular directions,
the higher is the pore saturation.[45,48] Thereby, adsorbed water
already incorporates water film moisture and capillary moisture
and therefore, Hillerborgs approach is able to predict the mate-
rial moisture for the entire sorption isotherm. Equation (5)–(7)
give the saturation depending on the pore geometry.

Sslit ¼
ta
r

(5)

Scylindrical ¼ 1� r � ta
r

� �2
(6)

Sspherical ¼ 1� r � ta
r

� �3
(7)

As shown in Figure 2, the pore size and the assumed pore
geometry influence the pore saturation. Thus, the Knudsen effect
and its influence on the effective gas diffusion is also a function
of pore geometry. At a given humidity, a spherical pore will
always hold a thicker water layer than a cylindrical or slit pore.
The smaller the pore, the more significant the Knudsen effect
will be. The Knudsen number can thereby vary between zero
and infinity. For a better comparison, the Knudsen quotient
QK is considered for every pore radii in the following. The range
of QK is between 0 and 1 and thus directly quantifies the reduc-
tion in molecular diffusion that is due to the Knudsen effect for
one pore size.

Figure 2. Illustration of a partially saturated slit, cylindrical, and spherical pore.
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QK ¼ 1
ð1þ NKÞ

(8)

Furthermore, the normalized effective gas diffusion Deff , norm

is considered for the different humidity levels. Deff , norm depends
only on the pore volume distribution and the humidity and there-
fore directly quantifies the reduction of molecular diffusion due
to the Knudsen effect for the entire pore size distribution. Its
range is between 0 and 1.

Deff , norm ¼ Deff

D0
¼

Z
rmax

rmin

QK dV (9)

For clarity, the collisions of water vapor molecules are
assumed as fully elastic without any interaction with the pore
fringe or the water layer at the pore fringe. Consequently, all
gas collisions are equivalent and no phase transition with the liq-
uid phase is assumed to occur.

3. Pore Saturation and Pore Size Distributions

First, the pore saturation is discussed. The thickness of the water
layer depends on the pore radius, the pore geometry, and the rel-
ative humidity. Based on this knowledge, the remaining free
space in the pore can be calculated to determine the Knudsen
number. In a second step, this approach for one pore should then
be applicable for a pore size distribution. The three theoretical
pore distributions also are introduced, and the required material
parameters are presented briefly.

3.1. The Influence of Pore Geometry on Pore Saturation

As discussed, pore saturation is a function of the pore radius and
the assumed pore geometry. Only if the pore saturation is known
can the free pore space be calculated, which then determines the
Knudsen number. In Figure 3, the pore saturation is shown for
three different relative humidities of RH ¼ 0.2, 0.6, and 0.95 for
the three pore geometries shown in Figure 2. It is the case for all
pore geometries that the lower the relative humidity, the lower is
the pore saturation. Furthermore, Figure 3 shows that the slit
pore has the lowest saturation. In comparison, the cylindrical

pore shows a significantly higher pore saturation, which is
caused by the curvature of the adsorbed water layer in one direc-
tion. In case of a spherical pore, a water layer curvature in two
perpendicular directions is present. Therefore, spherical pores
always show the highest saturation for a certain humidity level
as shown in Figure 3. The smaller the pore size, the greater is the
variation between the pore geometries. In contrast, at large pore
radii above 1 μm, the influence of pore geometry becomes negli-
gible, even for the high humidity of RH ¼ 0.95.

3.2. Investigated Pore Size Distributions

Pore saturation can be calculated for a pore of any radius.[45,48]

However, materials have more than just one pore radius. In gen-
eral, hydraulically bound materials have a pore size distribution
of between r ¼ 1 nm and 0.1 mm. However, the influence of
pore saturation is reduced in pores above r ¼ 100 nm. Three the-
oretical pore size distributions are therefore assumed for further
analysis, having normal distributions with a varying mean radius
μr and a standard deviation σr. The ratio σr=μr is constant at 0.2,
as shown in Table 1. These narrow, unimodal pore size
distributions are used to quantify the influence of saturation
and pore geometry on the Knudsen effect. The integral of
every pore distribution is set to 1. This general formulation
may help to make the results applicable to any other material
with nanopores as well.

The smallest radius in the computation is rmin ¼ 0.175 nm,
with the maximum being rmax ¼ 1 μm. Starting with the smallest
radius, the radius at every further sampling point riþ1 is
increased by 0.1%, as shown in Equation (10). This approach
leads to a total of 8657 sampling points.

riþ1 ¼ ri � 1.001 (10)

In addition to the theoretical distributions, the real pore vol-
ume distributions of a UHPC were investigated. The mixture is
mainly based on the cement “CEM I 42.5 Dyckerhoff weiß” with
some additives. Furthermore, a superplasticizer based on poly-
carboxylate was added. The formula used leads to a water–
cement ratio of 0.26 and a water–binder ratio of 0.223.[49,50]

The manufactured self-compacting concrete slabs were stored
in a box with high humidity for 1 day. The formwork was then
stripped off and a posttreatment started. One slab was stored for
6 days in a water basin at 23 �C. The resulting compressive
strength was f c ¼ 85 N mm�2. The second slab being
investigated was autoclaved for 8 h at 200 �C and 15 bar water
vapor saturation pressure. The final compressive strength was
f c ¼ 150 N mm�2. Both concrete slabs had a bulk density of
around 2.3 g cm�3.[51]

These pore distributions are based on a combination of
mercury intrusion porosimetry and gas adsorption.[52,53] The
mercury intrusion porosimetry generates test pressures of

1 10 100 1000
r in nm

0

0.2

0.4

0.6

0.8

1

S

RH = 0.2, slit pore
RH = 0.2, cylindrical pore
RH = 0.2, spherical pore
RH = 0.6, slit pore
RH = 0.6, cylindrical pore
RH = 0.6, spherical pore
RH = 0.95, slit pore
RH = 0.95, cylindrical pore
RH = 0.95, spherical pore

Figure 3. Pore saturation of a slit, cylindrical, and spherical pore geometry
at three humidity levels.

Table 1. Investigated normal-distributed pore size distributions.

Distribution Nr2 Nr10 Nr50

Mean radius μr ¼ 2 nm μr ¼ 10 nm μr ¼ 50 nm

Standard deviation σr ¼0.4 nm σr ¼2 nm σr ¼10 nm
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between 0.02 and 400MPa. The conversion from pressure to a
certain pore radius includes the Washburn equation.[54] The
measurement procedure used is an exact reproduction of the
international standard.[52] The calculated pore radius starts at
�100 μm and sensitivity is recorded down to a minimum pore
radius of �2 nm. The model assumes cylindrical pores when
converting pressure into pore sizes. The other method used is
gas adsorption[53,55] based on the physisorption of nitrogen
gas at 77 K in a pressure range of 4.5 mbar to 1 bar. The conver-
sion from pressure to a certain pore diameter is based on the
Barrett–Joyner–Halenda (BJH) theory.[56] The BJH theory
includes the layer thickness of the adsorbed nitrogen according
to Halsey[57] and the Kelvin equation for calculating the pore
radius. The measurement procedure used is an exact reproduc-
tion of the international standard.[55] The measured pore radii
ranged between 0.8 and 100 nm. To capture the entire pore vol-
ume distribution, the mercury intrusion data between 100 μm
and 2 nm were completed by the gas sorption data from 2 to
0.8 nm.[58] The porosity of the UHPC slab in the water basin
was 7.04% and the autoclaved UHPC had a porosity of 11.1%.

3.3. Material Parameters

Table 2 recapitulates the parameters to compute the pore
saturation. All parameters are defined for a standard ambient
pressure of p ¼ 101325 Pa and an ambient temperature of
T ¼ 296.15 K.

With the air density ρair in kg m�3 and the numerical constant
u, lm amounts to lm,H2O ¼ ffiffi

π
8

p η
u
ffiffiffiffiffiffiffi
pρair

p ¼ 66.35� 10�9 m.[59] C is

adapted to cement-based materials.[14]

4. Results

First, the Knudsen effect and its dependency on pore saturation
are discussed for cylindrical pores. The evolution of the Knudsen
quotient is then compared for all three pore geometries and all
humidity levels. Based on this quantification for single pores,
entire pore volume distributions are considered, both theoretical
distributions and the measured distributions of an UHPC. This
shows the reduction of molecular gas diffusion due to the partial
saturation of the material.

4.1. The Knudsen effect in Partially Saturated Cylindrical Pores

In a first step, the Knudsen quotient in Equation (8) was calcu-
lated for cylindrical pores, probably the most popular pore geom-
etry. Obviously, the maximum possible free space can be found
in a dry pore. In the following, dry is defined as pores without any
layer of water or adsorbed water molecules. Nevertheless, the
confinement of dry pores already reduces the molecular diffu-
sion. The Knudsen quotient is 0.97 for a dry, cylindrical pore
of r ¼ 1 μm as shown in Figure 4. Thus, the molecular diffusion
is already reduced by 3% due to the Knudsen effect. If the pore
radius is reduced further, the Knudsen effect will be stronger.
A reduction of 50% is reached for a dry pore of r ¼ 33.2 nm.
And at a pore radius of 1 nm, the Knudsen number of water
vapor is NK,H2O ¼ 33 and the Knudsen quotient amounts to
3%. At such small pore radii, Knudsen diffusion dominates
and molecular diffusion becomes insignificant.

When the cylindrical pore starts to adsorb water, a water layer
is formed at the pore fringe. This reduces the available pore space
and, consequently, the Knudsen quotient as shown in Figure 4.
As humidity levels increase, pores become fully saturated and the
Knudsen quotient goes down to zero. At r ¼ 1 μm, the influence
of pore saturation is negligible for all humidity levels. For a high
humidity of RH ¼ 0.95, the effect of pore saturation on the
Knudsen quotient is still negligible for pores larger than r ¼
100 nm. In contrast, low humidity levels of RH ≤ 0.4 signifi-
cantly reduce the Knudsen quotient at pore radii of r ≤ 5 nm.
Thus, the smaller the pore, the greater is the influence of partial
saturation on the effective gas diffusion.

4.2. The Knudsen Effect in Various Pore Geometries

For pore radii below 100 nm, the pore saturation starts to reduce
the Knudsen quotient significantly. Different pore geometries
have different sorption behavior. In comparison with cylindrical
pores, slit pores saturate later and spherical pores earlier. The
resulting Knudsen quotient is shown for three humidity levels
in Figure 5. At RH ¼ 0.2, the adsorbed water layer is less than
0.5 nm.[45] Thus, the three pore geometries show very similar
Knudsen quotients. At radii below 2 nm, the critical radius for

Table 2. Material parameters and properties used for free liquid water and
water vapor at 296.15 K and 101 325 Pa.

Parameter Numeric value Unit

C 15

M 180153� 10�6 kg mol�1

R 8.314 J mol�1 K�1

γ 72232� 10�6 N m�1

η 18.381� 10�6 Pas

ρair 1.19221 kg m�3

u 0.49874

pv,sat 2815.7 Pa
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Figure 4. Knudsen quotient of water vapor in cylindrical pores.
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the spherical and cylindrical pores is reached, and pores are fully
saturated. At RH ¼ 0.6, the Knudsen quotient varies slightly
between the different pore geometries for r ≤ 10 nm.
Nevertheless, the full saturation of pores at the critical radius
has a great impact on the results. At a humidity of RH ¼ 0.6,
spherical pores have a critical radius of rc ¼ 5.3 nm, cylindrical
pores of rc ¼ 3.8 nm, and slit pores of rc ¼ 0.8 nm. Furthermore,
Figure 5 shows the three normally distributed pore sizes quali-
tatively. As shown, if cylindrical or spherical pores are assumed
for the pore distribution Nr2 , all pores are already fully saturated.
Only slit pores would remain partially saturated, which would
enable gas diffusion. At RH ¼ 0.95, all slit pores below 7 nm
are fully saturated. The critical radius of the spherical and cylin-
drical pore is around 40 nm. This clearly shows that the influence
of pore geometry on the Knudsen quotient can be huge for cer-
tain pore volume distributions.

4.3. Reduction of the Molecular Diffusion due to the Knudsen
Effect

The Knudsen quotient is determined for different pore geome-
tries and humidity levels. The integration of the Knudsen num-
ber over the given pore size distribution yields the water vapor
flux according to Equation (1). This equation includes several
material parameters, e.g., the molecular diffusion of the consid-
ered gas. In the following, the normalized effective gas diffusion
coefficient in Equation (9) is considered for better comparison.
Deff , norm depends only on the pore geometry, the pore volume
distribution, and the saturation. Thus, it quantifies directly the
influence of the Knudsen effect on molecular diffusion.

Three approaches will be compared using this method. First,
dry pores are assumed for all humidity levels. This gives the max-
imum diffusion. In a second approach, the critical radius and
pore saturation are predicted, and the Knudsen quotient is cal-
culated. This is the most precise approach but also requires the
greatest computational effort. The third approach assumes that
the pores of the system are either completely dry or fully satu-
rated. For this, only the critical radius needs to be known.

This kind of binary pore state is often used in capillary bundle
models.[60–63] This simplified model is more precise than the
model assuming dry pores at all humidity levels, but the compu-
tational costs are negligible.

Figure 6 shows the computed normalized effective gas diffu-
sion coefficient, assuming equally distributed pore sizes between
0.175 nm≤ r ≤ 1 μm. This is comparable to Figure 4. If all pores
are dry, Figure 6 shows that the normalized effective gas diffu-
sion coefficient of the pore distribution will be 0.89. This means
that the confinement of the pore walls already reduces the molec-
ular diffusion. The effective gas diffusion is 11% lower than pure
molecular diffusion. The other lines in Figure 6 show the nor-
malized effective gas diffusion for the three pore geometries. The
solid lines illustrate the precise model, which includes the critical
radius and pore saturation. The dashed lines represent the
simplified model, which only considers the critical radius. For
RH ≤ 0.8 in Figure 6, neither pore geometry nor pore saturation
has an influence. For higher humidity, the spherical pore shows
the strongest trend. In contrast, the slit pore is in good agreement
with the dry pore model, even at a high humidity of RH � 0.95.
At a high humidity of RH ≥ 0.85, the moisture flux is already
dominated by hydraulic conductivity and water vapor diffusion
becomes negligible.[64] Thus, for such a broad pore distribution,
the influence of pore geometry and pore saturation can be dis-
regarded for moisture flux predictions. In contrast, other gases
such as N2 and CO2 still migrate well through the pore system at
these high levels of water adsorption. In this case,
it might be important to take the Knudsen effect into account
for gas diffusion prediction.

Although the Knudsen effect of partially saturated pores is
negligible for broad pore distributions, narrow unimodal pore
distributions might be significantly influenced, as shown in
Figure 5. Pore sizes in the lower nanometre range typically
dominate in hydraulically bound materials, especially in
high-performance concrete. Here, most pores are around
50 nm or even lower.[11,12] To investigate this, the Knudsen effect
is computed again, this time for normally distributed pore sizes
with a mean radius of 2 nm.
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Figure 5. Knudsen quotient for different pore geometries at three humid-
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If the pore system is assumed to be completely dry, the effec-
tive normalized gas diffusion will be 0.055, as shown in Figure 7.
Thus, the molecular diffusion is already remarkably reduced due
to the pore confinement. If water adsorption occurs, the pore
geometry also has a strong influence. In the case of a spherical
pore, almost all pores are fully saturated at around RH ¼ 0.4 and
gas diffusion goes down to zero. However, at a low humidity level
of RH ¼ 0.22, the gas diffusion is already reduced by 50% due to
the adsorbed water layer. A similar trend can be observed for
cylindrical pores, although at slightly higher humidity levels.
If only the critical radius is considered and the partial saturation
is ignored, the molecular diffusion is reduced as well. This alone
would lead to a better prediction of gas diffusion, although the
correlation with the precise model is poor. If a slit pore geometry
is assumed, the trend is quite different compared to the other two
geometries. Here, the descent of the effective gas diffusion cov-
ers a broad humidity range and is reaching zero at around
RH ¼ 0.85. The simplified model shows no effect below
RH ¼ 0.65. Thus, only the precise models lead to reliable
diffusion rates for slit pores. The molecular diffusion is
drastically reduced due to the small pores. Nevertheless, pore
saturation and pore geometry still have a remarkable effect on
gas diffusion. For service life predictions, these effects must
be taken into account if such small pores dominate the pore
distribution.

In Figure 8, Deff , norm is shown for a pore distribution with a
mean radius of 10 nm. If all pores are assumed to be dry, the
quotient is 0.22. Thus, the effective gas diffusion coefficient is
four times higher than that of the previous examples, which used
a radius of 2 nm. However, pores with a radius of 10 nm show a
transient regime of diffusion mechanisms, with Knudsen
diffusion and molecular diffusion coexisting. Up to a humidity
of RH ¼ 50%, diffusion is only reduced by 10% due to pore sat-
uration, independent of the pore geometry. If the humidity is
increased further, the spherical pore and the cylindrical
pore show a significant decrease at around RH ¼ 70%.
Furthermore, the approach that only considers the critical radius
correlates well with the precise model. In contrast, the slit pore
geometry only has an effect at a high humidity and the

correlation between the two approaches is weak. Nevertheless,
in this transient diffusion regime, the pore saturation has a
remarkable influence on the effective gas diffusion.

The third pore distribution investigated, with a mean radius of
50 nm, is analyzed in Figure 9. When only the pore geometry is
considered, Deff , norm will be 0.58. Thus, diffusion still occurs in
the transient regime, although molecular diffusion becomes
more pronounced. Up to a humidity of RH ¼ 85%, the effect
of pore saturation can be disregarded. However, above this
humidity level, the influence of the pore saturation goes up.
For the spherical and cylindrical pore, the correlation between
the two approaches is high. The overall trend for the normal dis-
tribution with μr ¼ 50 nm in Figure 9 and the equal distribution
over the broad range of 0.175 nm≤ r ≤ 1 μm in Figure 6 are very
similar.

Based on these three narrow pore distributions, it is shown
that pore sizes and pore geometry have a significant influence
on diffusion in porous media.
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4.4. Reduction of the Effective Gas Diffusion due to the
Knudsen Effect in UHPC

Strictly equally distributed and narrow normally distributed pore
sizes do not represent the real pore size distributions; they are
theoretical values that cannot be used to develop a realistic
computational model of most porous materials. Thus, in a final
step, the Knudsen effect of partially saturated pores is computed
based on the measured pore distributions of a common UHPC.
This material is a suitable candidate to represent an amorphous
material with a broad pore size distribution with a large amount
of pore sizes in the lower nanometre range. The UHPC mixture
was the same for the two investigated samples, whereas the sub-
sequent curing conditions differed. One sample was stored in a
water basin, the other in an autoclave. The two normalized pore
size distributions are shown in Figure 10. Most pores are
between r ¼ 2 nm and around 30 nm for the UHPC stored in
the water basin with f c ¼ 85 Nmm�2. In contrast, the autoclaved

UHPC with f c ¼ 150 Nmm�2 has a unimodal peak pore at r ¼ 3
nm and is significantly narrower. The Knudsen quotient for
cylindrical pores is also shown in Figure 10. For a humidity
of 0.2, the quotient of the partial saturation is close to that of
dry pores and the critical radius is significantly below 2 nm.
At RH ¼ 0.6, almost all the autoclaved UHPC’s pores are
affected by the pore saturation. At a high humidity of 0.9, both
distributions are almost completely influenced by the partial sat-
uration of the pores.

To compute the effective gas diffusion of the material,
the Knudsen quotient of a certain radius is multiplied by the
corresponding pore volume. The results of the water-stored
UHPC are shown in Figure 11. If a dry pore system is assumed,
molecular diffusion is already reduced by more than 70% due
to the Knudsen effect. The stepwise trend of the lines is the
result of the low resolution of the pore radius of mercury
intrusion porosimetry and gas adsorption measurement.
However, for humidity below 0.2, the pore geometry and satura-
tion have almost no effect. The gas diffusion is reduced by
another 10% at RH ¼ 0.5 for spherical pores and at RH ¼ 0.7
for cylindrical pores. Furthermore, the correlation of the precise
model and consideration of only the critical radius is high for the
spherical and cylindrical pore. At a humidity of above 0.8, the
influence of pore saturation on the Knudsen effect becomes sig-
nificant for all three pore geometries.

The effective gas diffusion of the autoclaved UHPC is shown
in Figure 12. The reduction in molecular diffusion is more than
80% in dry pores. At a humidity of 0.5, the gas diffusion is fur-
ther reduced by almost 35% for spherical pores and by more than
20% for cylindrical pores. At RH ¼ 0.9, the effective gas diffu-
sion is almost halved for both pore geometries due to pore satu-
ration. Again, the correlation between the precise model with
high computational effort and the model considering only the
critical radius and having low computational costs is sufficient.
The results for the UHPC with several pores in the lower nano-
meter range clearly show that the saturation of pores remarkably
increases the Knudsen effect and significantly reduces the gas
diffusion.
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5. Conclusion

The effective gas diffusion coefficient under consideration
of the Knudsen effect and its dependence on pore saturation
was quantitatively analyzed. In case of dry pores, the confine-
ment of a pore with a radius of 1 μm leads to a reduction of
3% of the effective diffusion, and to a reduction of 25% for a
radius of 100 nm. This effect gets more pronounced the smaller
the pore radius is. The water layer thickness of partially saturated
pores has no significant influence for pore radii above 300 nm at
all moisture levels. In contrast, in case of pores of a radius of
2 nm, the influence of the water layer thickness is remarkable
already at almost dry conditions corresponding to a relative
humidity below 10% RH. In consequence, if porous materials
with a significant amount of pores in the lower nanometer range
are hydrophilic, the water layer thickness must be considered at
any moisture level. The effective gas diffusion is highly influ-
enced. The assumption of just considering the dry pore system
to predict the effective gas diffusion would lead to remarkable
deviations.

The calculation of the water layer thickness for all pore radii
and humidity levels involves high computational effort. To avoid
this, a simplified model is presented. This model shows good
correlation with the precise model for cylindrical and spherical
pores, while the computational costs are negligible. Thus, this
simplified model is already a great improvement compared to
those models that completely ignore the effect of pore saturation
on the effective gas diffusion.

As shown, at high humidity and/or small pore radii
below 50 nm, pore saturation has a great influence on the
effective gas diffusion due to the Knudsen effect. This should
in future be taken into account in computer simulations
allowing a prediction of gas transport and an evaluation of the
material’s performance or degradation. In consideration
to the latest developments in nanomaterials, this study might
help to estimate the effective gas diffusion of partially saturated
pores.
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