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ABSTRACT: Several advanced non-destructive techniques are available to measure
the evolution of content profiles with time, allowing the analysis of unsaturated flow
and the determination of the moisture diffusivity of porous building materials. The
reliability of six different techniques is investigated: the NMR-technique, the MRI-
technique, the y-ray attenuation technique, the capacitance method, the X-ray
projection method and the TDR-technique. All of them were applied to measure the
moisture content evolution during free uptake experiments on two building
materials. Considering the limitations of some of the techniques, a good overall
agreement is obtained. The work presented is an outcome of the EU-initiated
HAMSTAD-project.

KEY WORDS: moisture content profiles, NMR, TDR, MRI, y-ray, X-ray,
capacitance method, round robin

INTRODUCTION

N THE PAST analysis of moisture phenomena in porous building materials

has been restricted to simple weighing of samples during wetting or
drying. Obtaining moisture profiles was only possible in a destructive way.
During the last decades, several advanced experimental techniques have
been developed to determine transient moisture content profiles in a non-
destructive way. Best-known in building physics are the y-ray attenuation
technique [3,9,11] and the NMR-technique [5,13]. However, several other
techniques exist, such as the capacitance method [19], positron emission
tomography [7] and neutron radiography [12,16]. Recently, Plagge et al. [15]
applied the TDR-technique, originally used in soil sciences, to building
materials. van Besien [22] and Roels et al. [17] presented the microfocus
X-ray radiography, evolved from the well-known medical technique, for the
analysis of moisture transport in porous building materials.
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In this paper, six different techniques for analysing moisture flow in
porous building materials are compared: the NMR- and MRI-technique, the
y-ray attenuation technique, the capacitance method, the X-ray projection
method and the TDR-technique. In the framework of the EU-initiated
HAMSTAD-project those six non-destructive techniques all measured
the evolution of the moisture profiles during a capillary uptake experiment
on two building materials: calcium silicate plate and fired clay brick. The
question addressed was how well various laboratories employing different
test methods can measure separate specimens from the same product batch.

MATERIALS INVESTIGATED

Calcium silicate plate and ceramic brick are two of the three materials
chosen for laboratory testing in the round robin (samples of the same batch
were sent to all participants) of the HAMSTAD-project [21].

The calcium silicate plate is a homogeneous, low-density board. It is
mainly used as capillary active interior insulation, because of its high
capillary-absorption coefficient and capillary moisture content. Table 1
summarises the basic hygric properties as measured on the material by the
different partners of the HAMSTAD-project (see [18]). As can be seen the
standard deviation of the measured properties is low.

The total open porosity of the second material, ceramic brick, is much
lower. Contrary to the calcium silicate, where during an imbibition
experiment, most of the pore space becomes filled with water, air becomes
entrapped in a large part of the pore structure of the clay brick (see Table 1).
Note also, that the standard deviation on the absorption coefficient and

Table 1. Mean and standard deviation of the basic hygric properties of
calcium silicate plate and ceramic brick as determined in the round robin
experimental work of the HAMSTAD-project. In brackets the number of
samples is given.

Calcium Silicate Fired Clay Brick

Mean St Dev Mean St Dev
o (kg/m®) 267.57 2.92(71) 2002.86 13.25 (76)
Omat (kg/m®) 2541.57 26.61 (71) 2628.68 7.34(76)
W, (%) 89.47 0.13(71) 23.81 0.56 (76)
Weap (kg/m®) 802.83 22.37 (62) 147.46 10.97 (64)
Waat (kg/m?3) 894.7 1.34 (71) 238.1 5.55 (76)
A (kg/m?s'’?) 1.223 0.085 (62) 0.160 0.028 (74)
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capillary moisture content is relatively seen, much higher for the ceramic
brick. This can be attributed to the nature of the material and the
production process, which will result in a higher variability of the properties.

MEASUREMENT TECHNIQUES

Gamma-ray Attenuation Technique

In a gamma-ray experiment, a test sample is placed between the gamma-
ray source and the detector of the gamma-ray equipment. A grid of vertical
and horizontal co-ordinates defines the surface that faces the gamma-ray
source. This arbitrarily divides the surface, and hence the specimen, into a
two-dimensional array of columns and rows. The gamma-ray equipment
can be focussed on any rectangular segment in such an array. At each
segment of the specimen, the gamma-rays are emitted from the source and
captured by the detector on the other side. Let the photons count last for a
given period (e.g. 30s). The test is first done on a dry specimen and I
denotes the count number for a given segment. Water is then added in a
container at the bottom of the specimen to immerse the bottom surface only
(approximately 3 mm). The time at which water touches the surface during
filling is noted as ““zero” time for the process. The temperature and level of
water are held constant by circulating water from a temperature-controlled
bath. As the water uptake proceeds, at regular intervals, gamma-rays are
transmitted through each of the segments and emitted photons are analysed.
If the count changes from /j to I and the average moisture concentration, c,
in the segment is calculated from the equation:

(/1) = e ()

where 1 is the mass attenuation coefficient for water that is characteristic
for the energy of the incident gamma photons and x is the thickness of the
specimen. The mass attenuation coefficient has to be determined for each
gamma source and measuring equipment [11].

Thus scanning each segment gives an average value for the moisture
content at a given interval and when all put together it results in the
moisture distribution in the specimen as a function of time. The interval
between each set of scanning steps depends on the rate of moisture
movement in the specimen. The interval varies between 1h and 24h for
common building materials.
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X-ray Projection Method

The X-ray technique allows visualising in a non-destructive way, the
interior of non-transparent objects, like porous building materials. For this
purpose, the object is illuminated with X-rays and the change in transmitted
X-ray intensity is measured. The HAMSTAD-experiments were performed
on an AEA microfocus CT with an X-ray source energy up to 160keV.
The detector is a CCD 12-bit camera (4096 intensity levels). The intensity
levels, I, are visualised as greyscales. The real-time images are digitised and
imported by a Tomahawk image acquisition card into the PC. To reduce
the noise, several projections taken at the same time are averaged. Acquiring
an image by averaging 256 frames takes a little more than 10s. The
reconstructed greyscale images are 1024 x 1024 pixels.

For the water uptake experiments, an oven dry sample is placed in
the X-ray apparatus, on a recipient, which can be filled with water. First, an
X-ray image of the oven dry sample is taken. Then water is poured into the
recipient. Images are now taken at regular time steps while the water is being
taken up by the sample. Assuming monochromatic X-rays, the relationship
between the intensity of the incident and attenuated X-rays (I, and [
respectively) is expressed by Beer’s law and the transmitted X-ray energy of
the dry and wet sample can be written as:

Idry =1 CXP(—Md) (2)
Tyet = Iy exp(—pd — pydy,) 3)

with u and p,, the attenuation coefficients of sample and water respectively,
and d the thickness of the sample. d,, has to be read as the thickness of a
fictitious water layer in agreement with the water content in the material.
Defining the moisture content w (kg/m?) as:

_ pw Vw _ pwdw

7 d

“4)
Equation (4) can be rewritten as:
Pw Iwet)
w=— In (5)
de <Idry
So by logarithmically subtracting the reference image of the dry sample

from the images of the wet sample, the moisture content at each position can
be quantified. Note that the attenuation coefficient depends on the density
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moisture content (kg/m?)

Figure 1. Subsequent moisture profiles for calcium silicate plate determined from two-
dimensional quantitative moisture profile images (right) as obtained by the X-ray projection
method in a free uptake experiment.

and atomic number of the material and the used X-ray energy. This makes it
possible to determine for each material an optimal sample thickness to
improve the resolution [22]. This optimal sample thickness, corresponding
to an X-ray energy of 85keV, is situated between 3 and 10 cm for calcium
silicate plate and between 1 and 2 cm for the fired clay brick. For calcium
silicate, a sample of 70 x 60mm with a thickness of 30mm is used.
The overall dimensions of the fired clay brick sample were 50 x 50 x 14 mm?.
The corresponding resolution R,, is respectively 0.8 kg/m® and 3.2kg/m?>. To
increase the test precision, at each step in time, the moisture profile is
determined as the average of a band width of 20 pixels in the middle of the
image and perpendicular to the moisture front (see Figure 1).

NMR-technique

NMR is a magnetic resonance technique, where the resonance condition
for the nuclei is given by:

S=vBy (6)

In this equation f'is the resonance frequency, y the so-called gyromagnetic
ratio and B, the externally applied static magnetic field. Because each type
of nucleus has a specific value of y, the method can be made sensitive to only
hydrogen and therefore to water. When a known magnetic field gradient is
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applied, the resonance condition will depend on the spatial position of the
nuclei. The NMR measurements reported in this paper were performed
using a so-called spin-echo technique. Assuming a single exponential decay,
the magnitude of a NMR spin-echo signal is given by:

S~ pll—exp(=TR/T))]exp(=TE/T>) (N

where p is the proton density, 7, the spin-lattice (longitudinal) relaxation
time, TR the repetition time of the spin-echo experiment, 75 the spin—spin
(transverse) relaxation time, and TFE the spin-echo time. This equation is
valid if T} > T5. As can be seen from Equation (7), small 7, values lead to a
decrease of the spin-echo signal whereas, on the other hand, small 7' values
are preferred, as this parameter limits the repetition time (usually
TR~4T)).

However, in many common porous building materials, like fired-clay
brick, usually large amounts of paramagnetic ions (e.g. Fe) are present. This
complicates the NMR measurements by two effects. First, the relaxation
time 75 will be drastically decreased by paramagnetic centres at the surface
of the pores. Secondly, due to the difference of the magnetic susceptibility of
water and the porous material, local field gradients will be induced, which
broaden the resonance line and thereby limit the spatial resolution.
Therefore, the moisture transport of these materials was studied using
an NMR apparatus, especially designed for this purpose [10,13]. This
apparatus uses a conventional iron-cored electromagnet, generating a field
of 0.7T, corresponding to a hydrogen resonance frequency of 33 MHz.
Home-built Anderson gradient coils were employed, yielding magnetic field
gradients in one direction up to 0.3T/m. With these gradients the one-
dimensional resolution is of the order of 1.0mm for the materials
investigated. The apparatus is designed such that quantitative measurements
can be performed. Therefore a specially designed Faraday shield is placed
between the RF coil and the sample, to suppress the effects of changes of the
dielectric permittivity by variations of the moisture content. The samples
used are cylindrical rods with a diameter of 20mm and a length up to
200mm. In order to measure a moisture profile, the sample is moved
through the NMR apparatus with the help of step motor.

MRI-technique

The MRI technique used is a variant of the preceding method, in which
liquid-state proton density (and hence water content density) within the
sample is measured using a radiofrequency pulse sequence known as
SPRITE [1,8]. This is a single-point imaging technique, which minimises
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the effects arising from the short spin relaxation times and variations of
magnetic susceptibility within heterogeneous porous materials such as brick
and concrete mentioned previously.

The MRI experiments were carried out using a 2.4 T, 32 cm i.d. horizontal
bore superconducting magnet system. Spiral-SPRITE measurements were
performed at 99.3 MHz using a phase encode time, t,, of 40 s, a recovery
time, TR, of 2ms, an rf flip angle, «, of 4°, 2564 k-space points per spiral
and a delay between successive spirals of 5s. The maximum gradient
strength was 22 Gauss/cm, with a field of view of 8 cm x 8 cm. Spiral k-space
data were transformed to a 64 x 64 Cartesian grid, giving a nominal image
resolution of 1.3 mm. To image water uptake in the calcium silicate, a single
scan was acquired in 10s. The ceramic brick required 4 scans, taking 40s to
image. Cylindrical samples of ceramic brick and calcium silicate, 36 mm in
diameter and 40 mm in length, were prepared. Samples were first dried
at 25°C and 50% relative humidity for 48 h. To achieve controlled water
uptake, a specially designed sample holder provided a reservoir of water at
zero hydraulic pressure at the end of the sample. From the calcium silicate,
Spiral-SPRITE images were acquired every 10s until the wetting front had
progressed through the sample, typically 12—-15min. Images of the ceramic
were collected every 40 s for 45min. The field of view was 8 cm.

Capacitance Method

A block diagram of the capacitance device is shown in Figure 2. The low-
voltage supply drives an oscillator of 400 kHz working frequency which has
a constant output voltage feeding a circuit where the measuring capacitor
(with the analyzed moisture sample as dielectric) is connected in series with a
resistance. This resistance determines the voltage after rectifying which
depends in a significant way on the moisture content in the dielectric. The

1
1
1
1
1
! | voltage oscillator ——0O—{ data

power rectifier |
\ logger
1

supply == |regulator[—] 400 kHz

measuring
capacitor

Figure 2. Block diagram of the capacitance device.
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relationship between the moisture content of the specimen and the voltage
measured on the resistance is determined by calibration. The measured
voltage increases with increasing capacity. By a proper choice of the
resistance it is possible to achieve that the dependence of the measured
voltage on the capacity is linear in the range of approximately one or two
orders of magnitude of the capacity. The voltage is recorded in specified
time intervals by data logger.

The described capacitance moisture meter was equipped with electrodes
in the form of parallel plates with dimensions of 20 x 40 mm. The moisture
meter readings along the rod specimen were done every 5Smm in order to
achieve certain space averaging of the results and reduce possible effects of
inhomogeneity of the material.

The calibration curve of the capacitance moisture meter is usually for
each material determined in advance using the gravimetric method. In this
case, we have chosen another method and calibrated the device a posteriori
using the moisture profile in the specimen after finishing the suction
experiment, which was determined by the gravimetric method.

The overall dimensions of the specimen were 20 x 40 x 300 mm. The edges
were water and vapour proof insulated by thermally contractile PVC sheet to
achieve a perfectly flat surface without air bubbles, which is necessary for a
proper functioning of the measuring method (an even very thin air layer in
series with the specimen can significantly affect the measured impedance).

TDR technique

The non-destructive TDR technique, known as cable radar, allows the
automatic and continuous monitoring of volumetric water content in

TDR-probe
PC and monitor
sensor hody ST S
cahle

TDR-device
Irst level multiplexer :

travel Hme, Alyeobe
— coaxial cable :

— control cambes

Voltage [V]

|I|"Q|1 515 |(‘| 2nd level multiplexer

i

Figure 3. Schematic view of the experimental set-up, able to monitor 36 miniaturized two-
rods TDR-probes. A picture of the TDR trace and a reflectogram of the sin"-shaped electro-
magnetic pulse is presented. Note, having a rise time of 200ps, the technology applies
frequencies between 50 MHz and 1.6 GHz.
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porous materials by means of dielectric measurements. A scheme of the
TDR-system is shown in Figure 3, where also the basic components of the
equipment are listed. The special measurement volume of a TDR-mini-
probe is 2.8 cm® and can be approximated by a cylinder of 6 mm in diameter
and 53 mm length.

For measurement, a TDR pulse is guided through the TDR probe, which
is inserted in the respective material. If the travelling TDR pulse encounters
changes in the electrical impedance surrounding the probe, part of the signal
is reflected back towards the source. These reflections can be plotted as
voltage as function of time, as given by the TDR-trace in Figure 3. The time
of arrival and the magnitude of the reflected pulse are used to infer
properties. The apparent dielectric constant, ¢,, can be determined using:

¢a=§m—n) ®)

where ¢ is the velocity of the electro-magnetic wave in free space,
2.9979 x 10°ms™", and / is the length of the embedded metal rods (m). #;
and 1, are the points of reflection (s), identifying the entrance and the end of
the rods. Since the characteristic length, /, and ¢; of the probe are known by
calibration using liquids of known dielectric constants, &, can be
determined. The dielectric determination of the water content by TDR
requires the knowledge of their relationship. Since the dielectric constant of
free water is remarkably higher than of mineral materials or air, &yater ~ 81,
Eprick ~ 40, €45, ~ 1, the water content of the porous media can be obtained
using a conversion or a calibration function.

Considering porous material to be a mixture of the phases; water, solid
and air, the dielectric constant of the mixture can then be derived using the
mixing law approach of Tinga et al. [20]:

£ = [068 + (1 — 9)e! + (6 — 0)]"” ©)

where the subscripts w, s and a are the dielectric constants of the phases
water, solid material and air. # and ¢ are the volumetric water content and
the porosity and are used to define the volumetric fractions of the 3 phases.
B corresponds to a geometry factor, accounting for the orientation of the
imposed electrical field. Since B cannot be measured directly, the parameter
is determined empirically using measured reference data and a least square
minimization technique. More complex four-phase-models integrate the
bound water fraction into the analysis [4,14] but require additional data and
some assumption on the dielectric constant of bound water, leading to more
fitting parameters and increasing model flexibility.
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COMPARISON OF RESULTS

A direct comparison of the measured moisture profiles is difficult. Due to
the characteristic features of each technique, the experimental data is
obtained for different positions and different time steps. Furthermore, most
of the techniques scan the specimen point wise. Therefore, comparing a
profile at a certain time step would only be possible by an interpolation in
the time domain. To overcome this problem, a Boltzmann transformation is
applied to the experimental data. For each technique, the obtained moisture
content versus distance profiles are plotted as a moisture content versus
A-profile, with

Jo=xt"1? (10)

If the Boltzmann-conditions are fulfilled (a constant boundary condition
applied to a semi-infinite homogeneous medium that is initially at a uniform
moisture content), all the measured moisture profiles should fall on a single
A-profile. Figure 4 compares the Boltzmann transformed experimental
data of calcium silicate plate. Looking at the experimental data of one
technique, the Boltzmann-transformation seems to hold very well. However,
a systematic difference between the different techniques can be observed.
In the case of the y-ray attenuation technique, the uptake in the calcium
silicate plate is so fast that only some limited points can be measured leading
to less reliable results. For the other techniques the overall agreement is good.

1000

800 1

600 -

400 1 | o NMR-technique
*x MRI-technique +

+ gamma-ray attenuation .
2004 |° capacitance method
- X-ray projection method *

4 TDR-technique

moisture content (kg/m?)

0 : : ; s
0.0E+00 5.0E-04 1.0E-03 1.5E-03 2.0E-03
-112 ( 112 )

x.t ms

Figure 4. All experimental data as obtained by the different techniques for calcium silicate
plate plotted as moisture content vs. /. (A=xt""").
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Figure 5. All experimental data as obtained by the different techniques for fired clay brick
plotted as moisture content vs. J. (.=xt™""2). Figure (a) and (b) compare data as measured
with the X-ray projection method of two specimens with distinct different absorption
coefficient (sample 1: A=0.18 kg/m?s’"2, sample 2: A=0.26 kg/m?s"?).

A comparison of the experimental data obtained for fired clay brick is
shown in Figure 5. At the moment, applying TDR to this kind of materials is
still in an experimental stage, because of the contact problem between needle
and material. Therefore, no results of TDR are shown for ceramic brick.

As could be expected, compared to the results on calcium silicate plate,
the scatter on the experimental data is much higher. This is not only the fact
within the data obtained with one technique, but also the deviation between
the results of the different techniques is much higher. This, however, has
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30 sec 2 min 22sec 5 min - 8 Min 13 min

Figure 6. Snapshots of the 2D moisture distribution as measured with the X-ray projection
method during free water uptake in a brick specimen. The baseline of each image measures
50 mm. Imbibition from the bottom side. The inhomogeneity of the sample is clearly reflected
in the moisture profile.

more to do with the material investigated than with the applied technique.
Figure 6, showing a 2D-image taken with the X-ray projection method,
clearly illustrates the problem. Water uptake happens almost twice as fast
on the left side of the specimen than on the right side. Note that the baseline
of the image measures only 50 mm. Since most techniques measure on small
specimen or scan one line within a specimen, this will result in considerable
deviations between different measurements. As an example Figures 5a and
5b compare two samples, with distinct different absorption coefficient
measured with the X-ray projection method. Where the results of the first
sample (4 =0.18 kg/m?s'/?) correspond well with the results of the NMR-
technique, the second sample (4 = 0.26 kg/m’s'/?) is in close agreement with
the data obtained with the capacitance method. This proves that the wide
spread of results can be attributed to the inhomogeneity of the material as
was demonstrated in Table 1. As a result the Boltzmann-condition of a semi-
infinite homogeneous medium is not completely fulfilled, which will result in
scatter on each J-profile and deviations between the A-profiles measured on
different samples.

CONCLUDING REMARKS

Six different non-destructive techniques for the analysis of moisture flow in
porous building materials were compared by scanning the moisture content
profiles during free water uptake experiments on two building materials:
calcium silicate plate and ceramic brick. Since most of the techniques scan
the specimen point wise, a direct comparison of the measured profiles was
not possible. Therefore, a Boltzmann-transformation was applied to the
experimental data and the obtained A-profiles were compared.

It was found that the results of the y-ray attenuation technique deviate
from the results obtained with the other techniques. This can be attributed
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to the fact that the uptake process both in calcium silicate plate and in
ceramic brick is so fast that only some limited points can be measured with
this technique, leading to less reliable results. In the past, the technique
showed to be much more reliable for materials with a lower absorption
coefficient (see e.g. [3,11]).

The TDR-technique, adapted from soil sciences, was applicable for
calcium silicate plate, a material where the needle can be installed through a
pilot hole. Applying TDR to materials such as ceramic brick is still in an
experimental stage, due to the installation problem of TDR-needles into
hard materials.

The other four techniques: the NMR-technique, the MRI-technique, the
capacitance method and the X-ray projection method, showed a good
overall agreement. Looking at the results obtained on calcium silicate plate,
the transformation of the measured data into a single A-profile seems to hold
very well. Between the different techniques, however, a small systematic
difference was observed.

Compared to homogeneous calcium silicate plate, the transformed data
of ceramic brick showed much more scatter. This gives evidence that
the Boltzmann-condition of a semi-infinite homogeneous medium is not
completely fulfilled. Furthermore it was found that different samples
resulted in different A-profiles. This can be attributed to the variability on
the material properties and the fact that most techniques measure the
moisture profiles on small samples.

That kind of scattered data, as presented in this paper, is normally used
to derive the moisture diffusivity of the material. This determination is,
however, not so straight forward. The derivation of the moisture diffusivity
starting from this kind of experimental data was a subtask in the
HAMSTAD-project and will be discussed in ([2]).
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