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A Gravitational Procedure to Measure the Diffusion
Coefficient of Water in Porous Materials: A Case Study
on Concrete

A. J. J. van der Zanden and A. Taher
Department of the Built Environment, Eindhoven University of Technology,
Eindhoven, The Netherlands

A new procedure is presented with which the diffusion coefficient
of water in partially saturated porous materials can be measured.
The first step in the procedure is the creation of a non-equilibrium
situation inside a sample by placing it into a centrifuge. In the
second step, the mass of the sample is measured by hanging it from
two cables, each connected to a balance. The comparison of the time
evolutions of the measured masses and the masses as predicted using
Fick’s second law gives the diffusion coefficient.

Keywords Concrete; Diffusion; Diffusion coefficient; Porous
materials; Water transport

INTRODUCTION

Many materials are porous and can absorb water. The
presence of water can cause damage (for instance, the bio-
degradation of wood) where the growth of mold needs the
presence of some water. Also well-known is the deterio-
ration of fired-clay bricks when water in the pores freezes
and scales can peel off from the brick. It is therefore impor-
tant to understand the processes involved in the transport
of water in porous materials.

As an addition to theoretical models (see Wang et al.[1]),
these processes are studied very often experimentally,
because every porous material has its own characteristics.
The most obvious physical property that can be measured
during a process is the mass of a sample (see, for instance,
Legros et al.[2]) where a drying sample loses weight.
Another valuable experimental technique is nuclear mag-
netic resonance (NMR), where the mass distribution inside
a sample can be measured. For instance, Pel et al.[3] mea-
sured the water distribution inside a fired-clay brick during
the drying process. The advantage of this technique is that
the water distribution can be measured inside a sample as a

function of time. Two important disadvantages of this tech-
nique are that it is expensive and that much knowledge is
needed to use it. Other techniques used to obtain moisture
transport properties are measuring the surface temperature
and saturation values using an optical metrology (see
Belhamri[4]) or using interior humidity measurements.[5]

Another technique has been proposed to determine the
diffusion coefficient of water in porous materials by van
der Zanden and Aghaei.[6] In this technique, a sample is
dried on one side, while it is hanging from two cables,
which are each connected to a balance. This way, more
information is obtained from the drying experiment com-
pared to the situation where only the total mass is mea-
sured with one balance. Van der Zanden and de Wit[7]

studied the accuracy of this drying procedure when the
used balances have a given inaccuracy. This technique is
similar to the technique proposed by Gaffner,[8] who mea-
sured the mass at one end of a sample, while the other end
was resting on a support. He sealed the sample on all sides
and created a non-equilibrium situation inside the sample
by placing two differently conditioned sample halves
against each other. The main disadvantages of this tech-
nique are that both sample halves can have different char-
acteristics and that the connection between the sample
halves can introduce resistance against mass transport.

The present paper proposes another measuring pro-
cedure to obtain the diffusion coefficient of water in porous
materials. In the procedure, a centrifuge is used to create a
non-homogeneous water distribution inside a porous
material. The material is then taken out of the centrifuge
and the method of van der Zanden and Aghaei[6] is then
applied to measure how fast the water reaches the equilib-
rium distribution again.

In the second section, the proposed measuring procedure
is described in detail. Next, an equation is derived with
which the concentration gradient of a partially saturated
sample in a gravity field can be obtained. How the diffusion
coefficient is obtained from the measured masses is not
described in the present paper, but is presented by van der
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Zanden and de Wit.[7] Finally, we examine theoretically
how the proposed procedure would work out for a sample
of concrete.

MEASURING PROCEDURE

In this section, the method of sample preparation and
how the measurements must be performed will be described
in detail.

The first step is the sample preparation. The sample is
most often cut from a larger piece of material. For the pre-
sented procedure, a length of 0.1m and a height and a
width of 0.05m are convenient. Of course, these values
are somewhat arbitrary. The measuring procedure assumes
that no water can leave or enter the sample during the mass
measurements. To ensure this, the sample must be sealed
completely. During the sealing process, a small surface area
of the sample is left open, which will be used to condition
the sample with a known water content. The first part of
the conditioning process of the sample is adding a known
amount of water to the sample. After all, the diffusion coef-
ficient depends strongly on the water content. Thus, for
each meaningful measurement of the diffusion coefficient,
the water content at which the diffusion coefficient is mea-
sured must be known. The second part of the conditioning
is creating a homogeneous water distribution throughout
the sample, which can be achieved by leaving the sample
for a long time in a conditioned environment. After this,
the remaining open surface area of the sample is also
sealed. The time needed to reach a homogeneous water dis-
tribution can also be done after the sealing of the sample.
The result is a sample with a known water content, which
is sealed on all sides. During the sample preparation, the
masses are measured after every production step. Thus,
the masses of the dry sample, the sealing material, and
the added water are known.

The second step is that the sample is placed in a centrifuge
(Fig. 1) to create a non-homogeneous water distribution
inside the sample. The time that it takes to reach this
non-homogeneous water distribution depends on the
diffusion coefficient of water in the sample.

The third step is the measurement of the mass on two
places of the sample, as proposed by van der Zanden and
Aghaei.[6] Both masses are registered as a function of time.
The masses, as predicted from Fick’s second law, are fitted
with the measured masses. The best fit gives the value of
the diffusion coefficient. A detailed description of this
method was given by van der Zanden and de Wit.[7]

It has been shown that the diffusion coefficient is very
often a function of the water content—for instance, for gas
concrete,[9] for parboiled rice,[10] and for pineapple.[11] The
preceding steps give the value of the diffusion coefficient only
at one water content of the sample. The sample can be used
again for another water content. In order to do so, the seal-
ing must be removed at a small surface area and a small

amount of water must be evaporated from the sample or a
small amount of water must be added to the sample. The
sealing must then be repaired, and then the sample is ready
for a measurement at another water content. It is also poss-
ible to use the same sample upside down to investigate poss-
ible inhomogeneities of the sample.

The proposed procedure is better than the procedure
proposed by van der Zanden and de Wit,[7] because in their
procedure, the measured masses depend on their drying
flux and the diffusion coefficient, while in the present pro-
cedure there is no drying flux. The reaching of the new
equilibrium, the time evolution of the measured masses,
depends only on the diffusion coefficient.

EQUILIBRIUM CONCENTRATION GRADIENT IN A
GRAVITY FIELD

When a partially saturated porous sample is placed into
a gravity field, the water in the sample will go down until
an equilibrium is reached, where the bottom part will have
a higher water concentration than the upper part. In the
present section, a differential equation will be derived with
which the concentration gradient in the sample can be
obtained. It is based on the fact that, in an equilibrium situ-
ation, the gradient of the hydrostatic pressure is equal to
the gradient of the capillary pressure.

The radius of pores in a porous material can vary a few
orders of magnitude ranging, for instance, from 0.01 to
10mm. For an overview of the pore size distribution of dif-
ferent building materials, and how this distribution is mea-
sured, see, for instance, the work of Haynes.[12] When such
a material is partially saturated with water, the water is,
due to the capillary forces, mainly in the smallest pores. This
has been observed experimentally by Engøy et al.[13] The lar-
ger pores are still filled with air. It is assumed here that both
phases (i.e., the water and the air phase) are continuous. This
means that every geometrical point in one phase can be

FIG. 1. After the sample preparation, a non-homogeneous water distri-

bution is in the second step created with a (n artificial) gravity field. In the

third step, it is measured how the mass distribution in the sample evolves

as a function of time.
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reached from any other point in that same phase through a
path that also lies completely in that same phase.

When such a partially saturated sample is placed into a
gravity field with acceleration g, the situation of Fig. 2
arises. The water is pulled down by gravity, which results
in a higher water concentration at position x than at pos-
ition xþ dx. At position x, more pores are filled with water
than at position xþ dx.

In the absence of gravity, such a concentration gradient
would lead to a pressure gradient in the water phase and
to water flow through the water-filled pores, as is shown
by the model of van der Zanden et al.[14,15] In the presence
of gravity, however, the difference between the pressure in
the water phase at x and at xþ dx is, in an equilibrium situ-
ation, because of the assumption of continuity in the water
phase, the hydrostatic pressure difference, and is given by

pðxÞ ¼ pðxþ dxÞ þ qg dx; ð1Þ

where q is the density of water. An example of a cumulative
pore size distribution of a fictional material is sketched in
Fig. 3. It is measured by forcing mercury under pressure into
a sample, as was proposed by Ritter and Drake[16] in 1945.
From the pressure in the mercury needed to force the mer-
cury into the sample, the average pore radius can be
obtained using Laplace’s law (Atkins[17]) and the volume
of mercury in the sample is measured. The result is given
as a cumulative volume fraction, F. The maximum value
of F, Fmax, is the total volume of the pores expressed as
the volume fraction of the porous sample, and is thus for this
case the porosity of the concrete. For the sample of Fig. 2, at
position x, the volume fraction occupied by water is Fmax�
F(x). This means that all the pores with a radius smaller
than R(x) are filled with water. Likewise for F(xþ dx)
and R(xþ dx).

The density of air is much smaller than the density of
water. The hydrostatic pressure difference is in the air

phase much smaller than in the water phase, and is thus
neglected in the derivation below. The pressure in the air
phase is set to zero.[14] This is not the real value, but only
pressure differences are relevant for the present reasoning.
Then, again using Laplace’s law,[17] the water pressure can
be related to the largest filled pore radius as

pðxÞ ¼ � 2r
RðxÞ ; ð2Þ

and

pðxþ dxÞ ¼ � 2r
Rðxþ dxÞ : ð3Þ

where r is the surface tension of water.
Substitution of Eqs. (2) and (3) into Eq. (1) gives

�2r
RðxÞ ¼

�2r
Rðxþ dxÞ þ qg dx; ð4Þ

which can be written as

�2r
R

¼ �2r
Rþ dR

þ qg dx: ð5Þ

Eq. (5) can be written as

�2r
R

¼ �2r
R

1

Rþ dR
R

 !
þ qg dx; ð6Þ

which can be approximated as

�2r
R

¼ �2r
R

1� dR

R

� �
þ qg dx; ð7Þ

which can be simplified to

dR

dx
¼ �qgR2

2r
: ð8Þ

FIG. 2. A partially saturated porous material that is placed into a

gravity field has, in an equilibrium situation, more pores filled at position

x than at position xþdx, when the gravitation points into the negative x

direction.

FIG. 3. A hypothetical pore size distribution. The cumulative volume

fraction is given as a function of the pore radius.
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For F as a function of x, Eq. (8) can be used to obtain

dF

dx
¼ dF

dR

dR

dx
¼ dF

dR

�qgR2

2r

� �
: ð9Þ

The result of this section, Eq. (9), gives the gradient of
the cumulative volume fraction F and, because the water
concentration is given by qF, essentially also the concen-
tration gradient in a partially saturated porous material
that is placed into a gravity field. If this gravity field is arti-
ficially created with a rotating motion, the acceleration g is
a function of position x.

THEORETICAL APPLICATION ON A CONCRETE
SAMPLE

A hypothetical experiment is considered on a sample
with length L, as shown in Fig. 4. The mass is measured
on the left side, ML, and on the right side, MR. The (cen-
trifugal) acceleration was pointing in the negative x direc-
tion, as in Fig. 2. A water concentration profile is
sketched with a low concentration at x¼L and a high con-
centration at x¼ 0.

An estimation will be given of the mass difference that
can be expected when the sample of Fig. 4 has been in a
gravity field. The sample can be considered to consist of
two halves, one on the left side and one on the right side.
In each half, there is an average water concentration, which
differs from the others. This results in a difference in the
masses of the two halves ML and MR. To obtain this mass
difference, Eq. (9) is used to arrive at the approximation

DF � FL � FR ffi L

2

dF

dR

�qgR2

2r

� �
; ð10Þ

from which follows

DM � ML �MR ffi L

2

dF

dR

�qgR2

2r

� �
V

2
q; ð11Þ

where V is the volume of the sample and DM the mass
difference.

Eq. (11) has a very simple form, and it is accurate enough
for an estimation of the order of magnitude. The precise
equations for ML and MR follow from the mechanical
no-rotation conditions.[6,7] If the mass difference is not large
enough, it can be increased by moving the cables closer to
each other. This way, the sensitivity of the measuring
procedure can be increased.

This method can now be applied theoretically on a
sample of concrete. In Fig. 5, the pore size distribution of
a concrete is given, as the result of a computation presented
by Ye.[18] The pores have a size typically in the range
2� 10�7–2� 10�6m. An estimation will follow of the
mass difference, given by Eq. (11), for a sample that has
an easy-to-handle size in an experiment of a centrifugal
velocity that can be obtained easily. The diameter of the
largest filled pores is set at 1 mm. From Fig. 5 and after a
computation, it follows that dF=dR has the value �105m�1.
A convenient sample size is a length of 0.1m and a width
and height of 0.05m. The density of water is approximately
1000kgm�3. The surface tension of water is 73 � 10�3

Nm�1. A centrifuge for drying clothes can easily have a
rotation velocity of 20 rp s, which implies an angular velocity,
x, of 120 rad s�1. If the sample is placed 0.25m from the
rotation axis, the acceleration,

g ¼ x2r; ð12Þ

with r the distance from the rotation axis, which becomes
3.6 � 103m s�2. Using these values in Eq. (11) gives a mass dif-
ference of 3.1 � 10�3 kg. This mass difference can be measured
very easily. For dryer samples, the mass difference is smaller.
For instance, for the same sample but with the pores filled up
to a pore diameter of 0.1mm, dF=dR has approximately the
same value as before, but the 10 times smaller pore radius
leads, according to Eq. (11), to a 100 times smaller mass dif-
ference. For higher water concentrations, the mass difference
is larger.

FIG. 4. In an experiment, the total mass of the sample is divided into two,

which are measured independently. A non-homogeneous water content is

shown, and the average water content of the two halves are shown. FIG. 5. The pore size distribution of a concrete as found in the literature.
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CONCLUSION

A procedure to measure the diffusion coefficient of
water in porous materials has been presented. After prep-
aration of the sample, which is the first step, the procedure
consists of a second step, where a non-equilibrium situ-
ation inside a partially saturated porous sample is created
using a centrifuge. In the third step, the sample is taken
out of the centrifuge and we measure how fast the water
distribution inside the sample reaches its new equilibrium
by hanging the sample from two cables, each connected
to a balance. The comparison with Fick’s second law gives
the diffusion coefficient.

The theoretical application on concrete shows that, for
this material, the procedure can be used. In order to show
the feasibility of the procedure, the pore size distribution
must be known. However, to measure the diffusion coef-
ficient with the proposed procedure on a material, the pore
size distribution does not need to be known.

NOMENCLATURE

F cumulative volume fraction (�)
Fmax porosity (�)
g (gravitational) acceleration (m s�2)
L length of a sample (m)
M mass (kg)
ML mass of left side (kg)
MR mass of right side (kg)
p pressure (Nm�2)
R pore radius (m)
r distance from the rotation axis (m)
V volume of a sample (m3)
x position coordinate (m)
Greek

q density of water (kgm�3)
r surface tension (Nm�1)
x angular velocity (rad s�1)
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