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Nomenclature
Roman-letter notations

A [kg/m? Vs]
B [m/Vs]

Bo [T]

Dp [m?¥/s]
Dw [m?/s]
Dop [m?¥/s]
Duwo [M%/s]

Duws [M?/s]

FID[V]
FIDo [V]
glkg/m?s]
ge [kg/m?s]
goo [kg/m?s]
gv [kg/m’s]
gw [kg/m®s]
Kn [-]

L [m]

M [kg/mol]
m,, [kg/m?]
M [T]

Mo [T]

N_ [mol™]
n [-]

P« [Pa]

P. [Pa]

Py [bar]

Po [Pa]

p [Pa]

water absorption coefficient

water penetration coefficient

external magnetic field

water vapour diffusion coefficient in air

liquid transport coefficient

surface diffusion coefficient

liquid transport coefficient in dry

building material (exponential approximation)
liquid transport coefficient at capillary
saturation (exponential approximation)

free induction decay (measuring signal)
measuring signal immediately following pulse
total mass flux density

vapour effusion flux density

surface diffusion flux density

vapour diffusion flux density

liquid transport flux density

Knudsen coefficient

mean free path

molecular weight

absorbed amount of water

macroscopic nuclear magnetization in Z direction
macroscopic nuclear magnetization prior to pulse
Loschmidt number

number of measurements

capillary pressure, suction pressure

ambient atmospheric pressure

applied over pressure

standard pressure

partial pressure of water vapour




ps [Pa]

R [J/mol K]
Rop [J/kgK]
r[m]

SIR [-]

s [m]

TIK]

Tq [s]

T2 [s]

t[s]

w [kg/m’]
wy [kg/m’]
Wmax [kg/m°]
x [m]

Greek-letter notations

o [W/m?K]

B, [kg/m’sPa]
& [kg/msPa]
&* [kg/msPa]
$ [°C]

A [mis]

n-]

nr -]

pw [kg/m’]
o [ N/m]
oLw [m]

o [-]

o [1/s]

saturation vapour pressure
universal gas constant

gas constant for water vapour
pore radius, radius of curvature
signal-to-noise ratio

depth of water penetration
absolute temperature
longitudinal relaxation time
transverse relaxation time
time

water content

capillary saturation

maximum water saturation
spatial coordinates

total heat transfer coefficient

water vapour transfer coefficient

water vapour permeability of stagnant air
fictitious water vapour permeability
temperature

Boltzmann variable

water vapour diffusion resistance factor of
dry building material

fictitious water vapour diffusion

resistance factor of moist building material
density of water

surface tension of water

average gas-kinetic impact diameter
relative humidity

angular frequency

1. Objectives in terms of building physics

It has become evident in recent years, both from research work and from
practical and economic activity, that increasing attention is being paid to
computer-based determination of moisture behaviour in building products and
components. Present challenges such as the preservation of historic
structures or the repair or insulation of exterior elements on existing buildings
are closely linked with the issues of moisture conditions and changes in
moisture behaviour as a result of protection measures. Considering the
expenditures in time and money involved in experimentally checking moisture
behaviour of building materials at full scale it is not difficult to appreciate the
reason for studies aimed at developing computer-based analysis.

There aiready exist a number of computer models for combined moisture and
heat transport. Some of these, such as KiellI's model [56] have been shown
to yield reliable data. Requisite for computerized application of the models is
accurate information on all necessary material properties. Whereas in the
area of heat transport and of heat storage the basic principles of physics and
the measuring method needed to determine material properties have long
been generally known, there is still a need in many areas for research to
explain the processes involved in the transport of moisture. A major problem
of existing computer models is that they employ moisture transport and
storage functions which are sometimes extremely complex, not very intuitive,
and questionable in their physics. With the measuring technology presently
available, determination of these functions would demand very high
expenditure for an unacceptable level of accuracy. It is for this reason that
broad application of computer analysis for moisture transport going beyond
vapour diffusion analyses like those of the Glaser method [40] in DIN 4108
[25] for example has to date only been somewhat tentative in the area of
physics relating to building and construction.

It is therefore the aim of this research effort to develop more suitable
functions for water storage and transport coefficients on the basis of the
physics involved in building and construction. This will make it possible to




describe the natural processes of moisture movement in porous mineral
building materials in a more accurate way without involving an excessively
large expenditure of measurement technology. New measuring methods are
developed to validate the models on which these coefficients are based and
to determine the coefficients. The new measuring methods make it possible to
determine the characteristic functions in a highly meaningful way, with greater
accuracy, and to some extent at higher speed. Furthermore, some of the
transport functions may be derived from traditional material properties or
estimated with acceptable accuracy.

In addition to the moisture storage function, this study investigates only liquid
transport (capillary conductivity and “surface diffusion”) and vapour diffusion.
Other transport phenomena such as hydraulic seepage flow, osmosis,
electrokinesis or thermodiffusion are excluded as they are of lesser
significance in the physics pertaining in building and construction or because
their mode of operation is as yet not understood (cf. Section 2.1.2).

This new information is also incorporated into development of a new
computer process for unidimensional and two dimensional calculation of
combined heat and moisture transport in building components [88]. A
computer program makes it possible to check the correctness of the material
properties used by comparing the computed results with actual test results.
The validation involves the use of two examples to show that the material
properties are valid not only under simplified test conditions. The conclusions
resulting from the findings of the investigations into the moisture storage and
transport processes of porous mineral building materials and concerning the
use of the material properties are discussed at the end.

2, Review of existing literature and new approaches

Review of the literature is carried out separately in two chapters, beginning

with discussion of the theoretical basics. In the second chapter experimental
methods used to show the accuracy of the theoretical basics and to determine
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storage and transport coefficients are presented and their applicability for the
aims of the investigation is evaluated.

2.1 The general basics of moisture storage and transport

A very comprehensive literature review (650 works) on moisture transport in
building materials was published by Kief3| in 1980 [55]. Consequently mention
will only be made here of the basics of significance for the present work as
well as literature, mostly recent, not included in Kiel3I’s survey.

The moisture balance of porous mineral building materials is determined by
the moisture storage characteristics and the moisture transport phenomena
taking place in the material in liquid and gaseous phases. Because the
storage and transport of moisture in mineral building materials take place
within the pores, scanning electron microscope photographs of aerated
concrete and two sandstones are used to give an idea of the pore systems.
Fig. 1 [39] shows aerated concrete at two different magnifications. In the left
image, 22 x magnification clearly shows the 0.1 to 1 mm diameter macropores
typical of aerated concrete. Further magnification to 11,000 x reveals the
needle-like arrangement of the solid-matter structure. Fig. 2 shows the pore-
space structure for Baumberger sandstone (left, 850 x magnification) and
Sander sandstone (right, 450 x magnification) which are quite different in
their structure despite the similar genesis of the two kinds of natural
sandstone [41]. The Baumberger sandstone consists of a conglomerate of
fine crystals a few micrometers in diameter which surround the pores. The
Sander sandstone shows considerably larger crystals several tenths of a
millimeter in diameter. The walls of the pore spaces are covered with fine
flakes in some places.

These photos show how difficult it must be to find a simple mathematically
treatable pore model capable of reproducing even approximately actual pore
space geometry vis-a-vis its complex influences on moisture storage and
moisture transport. In addition, as the examples show, there is the fact that
the same pore model is applicable only to a small range of similar building
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materials. Consequently, a number of different pore models have to be
developed to describe the commonly used mineral building materials. It is for
this reason that Brunauer [12] attempts to describe pore space by using
hydraulic radius without a pore model.

In this study pore models are only used to better illustrate the discussions
and data so as to assure comparability with test data obtained using different
methods. The most widespread and simplest is the model of non-branching
capillary tubes of differing radii (cylindrical pore model). Of course use of this
simple pore model creates systematic errors which have to be taken into
account in interpreting the results (cf. also [32] [112] [125]).

2.1.1 Storage of moisture

Three regions may be differentiated in porous mineral building materials: the
region of sorption moisture, the capillary water region and the region of
supersaturation. Following is a more detailed discussion of these three
regions.

The sorption moisture region

The sorption moisture region is characterized by the accumulation of water
referred to as sorption from the surrounding moist air until a state of
equilibrium is reached. Under isothermic conditions, the relationship between
the volume of the accumulated water and relative humidity is characterized by
the sorption isotherm (see Fig. 3). For hygroscopic porous building materials
sorption isotherms have a typical S-shaped profile ([55] [39] [61]) and often
show a hysteresis effect between moisture absorption and release
(adsorption and desorption). This hysteresis effect is widely viewed as the
result of differing wetting characteristics for adsorption and desorption or
other phenomena created by pore space geometry ([18] [45] [111]). However,
measurements by Kunzel [82] show that for most building materials the
hysteresis effect is so slight that the adsorption isotherm is adequate to
characterize the sorption moisture region. In the case of somewhat more
pronounced hysteresis, investigations by Rode [115], who compared results

12

computed with and without taking the hysteresis into account, showed that
sufficiently accurate calculation of moisture behaviour of such materials is
possible by averaging of adsorption and desorption isotherms. The influence
of temperature is indicated schematically in Fig. 3, bottom. Krischer [68]
reports an approximately linear relationship in which equilibrium moisture
content changes by a factor in the order of magnitude of 10 to 10?% K
depending on relative humidity. The typical characteristics of a sorption
isotherm for hygroscopic materials are shown in Fig. 3 (top). The lower area
up to about 15% relative humidity is marked by monomolecular coating of the
solid surface, followed by transition into an area of multimolecular coating
which rises in linear fashion, ending at about 50 % relative humidity. From
this curve it is possible to determine the inner surface using the BET theory
[11]. The subsequent progressively rising area is attributed to capillary
condensation. This involves the appearance of condensation phenomena in
the micropore area with radii between roughly 2 x 10”° and 107 m. According
to Kelvin’s law these are attributable to a lowering of saturation vapour
pressure over concave menisci ([39] [45] [61]). The assumption of a spherical
menisci in a cylindrical capillary yields, as derived in [55], the often-used
formula of the Kelvin equation. It shows the relationship between relative
humidity and that capillary radius up to which the cylinder pores are filled with
capillary condensation:

20 cos6

9= exp[— rpWRDT} M
o [-] relative humidity
o [N/m] surface tension of water
6 [dgr] wetting angle
r [m] capillary radius
Rp [J/kgK] gas constant for water vapour
T [K] absolute temperature
pw [kg/m3] density of water

Fig. 4 shows the curve for equation (1) assuming complete wetting.
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Capillary moisture region

At relative humidities above 95% the sorption isotherm rises very sharply.
However it is for this very region that there is no known method of
measurement to determine relative humidity with high accuracy. It is therefore

not possible to definitively apportion moisture content to relative humidity. It
is here that the capillary moisture region, frequently also called the
superhygroscopic region, begins. This region is marked by the ability of
capillary-porous hygroscopic materials to take up water until capillary
saturation is reached. Capillary saturation is defined as the material moisture
content which can be attained through natural absorption under normal
pressure without the influence of exterior forces. For capillary-porous building
materials, capillary saturation is always below the water content possible from
open pore space and is an important coefficient of the material. The reason
that not all pore space is filled is the presence of entrapped air bubbles. The
absorption capability results from the surface tension of liquids and the
wettability of solid bodies in contact with the liquid. In [68] [127] [125] [39],
[99] and [93] there is a full description of the capillary phenomena which can
most clearly be depicted by the simple model of a cylindrical capillary (Fig.
5). In a partially filled capillary, a concave or convex bending of the surface
(meniscus) develops due to the surface tension of the liquid and the
interfacial tension between liquid and wall, which may be positive or negative.
The curved surface of the liquid creates a pressure directed toward the centre
of the curve which for a cylindrical capillary can be described by the following

formula:
20 coso
pe = = (2)
r
pk [Pal capillary pressure
o [N/m] surface tension of water
0 [grd] wetting angle
r[m] radius of curvature
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Depending on the wetting angle this pressure is responsible for the rise
(capillary ascension) or drop (capillary depression) of the meniscus in a
capillary and can, as shown in Fig. 5, take on extreme values with decreasing
radius. If capillaries of differing radii are connected with one another, the
smaller ones will continue to draw moisture out of the larger capillaries until
they themselves are saturated and thus cease to exert tension, that is until
their meniscus has the same radius of curvature or until the larger capillary is
emptied (see Fig. 5, middle, above).

In a capillary-porous body having continous pore-size distribution, all of the
smaller pores will therefore be filled with water up to a certain pore size as a
function of moisture content. There thus exists a correlation between the
moisture content of a capillary-porous material and its capillary pressure
defined by the largest pores still filled. If a moist capillary-porous building
material is placed in contact with another dry building material, the latter will
continue to absorb water until a state of equilibrium exists. This equilibrium is
marked by the existence of equal capillary pressure in the two materials.
When the two materials do not have the same pore size distribution, different
moisture contents will be established.

This capillary pressure (often also called suction pressure) can be recorded
using a variety of measuring techniques. The capillary pressure curve
(capillary pressure as a function of moisture content) hence yields the
storage function for the capillary moisture region. The suction pressure curve
usually shows a hysteresis between humidifying and dehumidifying. This
phenomenon, which is readily explained from the cylindrical capillaries with
diameter varying along the capillary shown in Fig. 5 (bottom left), is referred
to by Lykow [93] as capillary hysteresis. Molenda, Crausse and Lemarchand
[98] show via a calculation of moisture balance that the measured hysteresis
of the capillary pressure curve of a sand fill has a noticeable effect on its
moisture balance. By contrast hysteresis has only a slight effect on aerated
concrete. The reason for this lies in the fact that in aerated concrete, as in
most mineral building materials, there is significantly broader pore size
distribution than in sand fill and consequently a much flatter shape to the
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suction pressure curve. Hence hysteresis has less impact. Investigations by
this author on specimens of natural sandstone show that roughly the same
superhygroscopic equilibrium moisture contents are established regardless of
whether they were reached by humidification or dehumidification of the
reference specimens (Fig. 6). The effect of temperature on the suction
pressure curve follows, as tests by Crausse [20] and Vetterlein [135] show,
from the slight influence of temperature on surface tension (see equation 2).

Supersaturated region

Capillary saturation can only be exceeded by application of external pressure,
application of a vacuum to remove trapped air or forced condensation by
pushing below the condensation point. Another possibility lies in protracted
soaking in water since trapped air dissolves in the water with time. There is
no unique relation between capillary pressure and water content in the region
of supersaturation since replacing the air bubbles in a specimen does alter its
water content but not its suction pressure. Consequently the suction pressure
curve of a vacuum-saturated specimen will even in the capillary water region
differ from that of the suction pressure curve for a capillary saturated
specimen. As tests have shown [73], no moisture equilibrium is reached
through capillary transport between supersaturated and capillary-saturated
regions even within 40 days. Because wetting of mineral building materials
beyond the point of capillary moisture saturation occurs only as a rarity under
the natural physical conditions prevailing in built structures, the region of

supersaturation is ignored.

2.1.2 Moisture transport

Fig. 7 gives an overview of the transport phenomena which may take place in
pores dependent on aggregate state and motive forces [56]. A number of
transport phenomena are however of little relevance under the practical
physical conditions of building and construction and will therefore not be
looked at in this study. With the exception of the effects of fire which involve
high temperatures, differences in overall pressure occur only to a modest
degree under normal conditions (wind pressure) so that convective hydraulic
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and gas flow may be neglected. The influence of eiectrokinesis on capillary
transport is as yet not adequately understood. According to [4] the process of
suction is accelerated by electrokinetic phenomena, but impeded according to
[140]. According to [5] thermodiffusion accounts for only the negligible figure
of about 0.05% of overall transport under the conditions to which built
structures are normally exposed. This transport phenomenon is not to be
confused with the thermally-controlled portion of vapour diffusion resulting
from the fact that water vapour saturation pressure is a function of
temperature. Moisture transport coefficients having temperature as the driving
potential, as used by numerous authors ([55] [63] [92] [106] etc.) are only
caused by formal splitting apart of the real potential, the partial pressure, into
the potentials relative humidity and temperature. Likewise omitted from this
study is the effect of gravitation on moisture transport. As the authors of [141]
show, gravitation only begins to affect liquid transport at pore radii greater
than 10°® m; it can therefore be neglected in the horizontal suction
experiments conducted. Fig. 8 shows the transport phenomena occurring at
various moisture contents using the model of a single cylindrical capillary of
varying diameter (modified after [118]).

2.1.2.1 Water vapour diffusion

As illustrated in Fig. 7, vapour diffusion as well as effusion may occur as a
result of differences in partial pressure. Using the Knudsen factor, which
describes the ratio of mean free path length of the water molecule and pore
space diameter, it is possible to produce a breakdown into the various
transport mechanisms:

L
K, =— 3
n=o (3)
Kn [-] Knudsen factor
L [m] mean free path
r[m] pore radius
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If the mean free path length is greater than the pore space diameter, there is
Knudsen molecular movement, also referred to as effusion. Transport here is
marked by collisions of the water molecules with the pore wall. Under normal
conditions the free path length for gases and water vapour is in the order of
magnitude of 10° m. Effusion therefore takes place only in the micropore
region.

Krischer [68] reports the following transport equation for effusion through
cylindrical capillaries:

8 M dp
8 M dp 4
9% = "3\ 2:RT dx )

ge [kg/m2s]  effusion flux density

M [kg/mol] molecular weight

R [J/mol K] universal gas constant

T [K] absolute temperature

p [Pa] partial pressure of water vapour
r [m] capillary radius

In the case of pore diameters considerably greater than the mean free path
length (Kn <<1), transport is marked by collisions of the water molecules with
one another. Gas transport in this ,continuum flow regime* is known as water
vapour diffusion. According to [130] the following is given by the general gas
theory using the ideal state equation for humid air:

22 \/M%*M‘L_(E]m_‘iﬂ (5)

gy =
v 3 N_-o2,-P\7 dx
g, [kg/m2s] vapour diffusion flux density
M,, M,, [kg/mol] molecular weight of air and of water
G w[m] average gas-kinetic impact diameter
P [Pa] ambient atmospheric pressure

N [mol-1] Loschmidt number
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In the intervening transition zone the two transport mechanisms occur
intermixed. Because there is a pore size spectrum in most mineral building
materials, which covers all three regions in a continuous manner, clear
separation of the transport phenomena is scarcely possible. Moreover the
driving force for both kinds of transport is partial vapour pressure.
Consequently, from this point on the study employs a single common diffusion
coefficient to describe effusion and water vapour diffusion in building
materials.

Do_dp (6)

9 = "IRoT dx

g, [kg/m2s] vapour diffusion flux density

Dp [m2/s] vapour diffusion coefficient in air

Rp [J/kgK] gas constant for water vapour

p [Pa] partial pressure of water vapour

w -] water vapour diffusion resistance factor

In the physics of building and construction the empirical equation by Schirmer
[124] which is also established in DIN 52 615 has become most widely used
for the vapour diffusion coefficient in air:

Dp = 2,3-10‘5P—°(T/273)1'81 (7)
P
Po [Pa] standard pressure
P, [Pa] ambient atmospheric pressure
Do [m%/s] vapour diffusion coefficient in air

In the case of vapour diffusion through porous material layers, diffusion flow
has to overcome an increased resistance. This is due to the ratio of the area
occupied by the pores to the total cross-section area (porosity), to the
roundabout routes imposed by the pore structure and to cross-sectional
changes in the pore ducts. Krischer and Kast [68] have introduced a constant
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resistance factor incorporating these phenomena and determined
experimentally. This water vapour diffusion resistance factor py expresses the
factor by which the diffusion resistance of a layer of material exceeds that of
a layer of air of equal thickness. The factor Dp/RpT represents the transport
coefficient for diffusion in air defined in DIN 52 615 [26].

Dp dp & dp
__Dp dp_ _8dp 8
W= IRpTdx  pax ®)

gy [kg/m2?] vapour diffusion flux density

M [-] water vapour diffusion resistance factor
& [kg/msPa] water vapour permeability of stagnant air
p [Pa] partial pressure of water vapour

However if the vapour diffusion resistance 8/u is determined from equation (8)
in accordance with DIN 52615 for varying ranges of relative humidity,
measured diffusion resistance shows a typical dependence on relative
humidity in hygroscopic porous building materials ([81] [133] [90] [35] etc.). If
the mean relative humidity in the specimen is increased, the water vapour
permeability rises in a non-liner fashion, in some cases steeply. Fig. 9 shows
the difference between the water vapour resistance factors determined in
accordance with DIN 52615 in the dry region and determined in the moist
region for various building materials plotted against degree of pore fullness
(volumetric proportion of sorption water content as a fraction of total pore
volume). It is abundantly clear that the water absorbed in the pores is
responsible for the rise in water vapour permeability as determined in this
way [71]. Husseini [54] modifies the Glaser procedure by including the
dependence of the diffusion resistance factor on relative humidity and the
sorption isotherm of hygroscopic materials in his nonsteady diffusion model.
Philip and De Vries [106] attribute the lowering of vapour diffusion resistance
measured under isothermic conditions to the increased appearance of water
islets with increasing relative humidity. These water islets are said to act as a
short circuit for the water vapour diffusion (see Fig. 10, top).
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Whereas a number of authors ([55] [64] [98] [99] [114] etc.) likewise see the
formation of water islets as a major reason for the moisture dependence of
diffusion resistance, others ([17] [35] [67] [118] and [119]) suspect that the
cause is to be found in surface diffusion (see Fig. 10, bottom). On
examination of scanning electron microscope photos of the pore spaces of
capillary-porous materials (Fig. 1 and Fig. 2), closing of the pores by the so-
called water islets postulated as the cause by Philip and de Vries does not
appear very probable, at least at low relative humidities (below roughly 80%
relative humidity).It would seem more likely to assume that when water is
taken up by absorption it is deposited as an adsorbed film on the walls of the
pores and especially in the wedge-shaped spaces between adjoining crystals
of the solid-matter structure (see Fig. 11). It is these wedge-shaped spaces
which, as humidity rises, are capable of absorbing a great deal of water
which, compared to the thin absorbing film with a thickness of only a few
molecules clinging to the flat surface, is highly mobile.

If the specimen is under a partial vapour pressure gradient, there will be a
diffusion transport along this gradient as given by equation (8) which is
unaffected by the sorption moisture present in the pore space. Strictly
speaking, this applies only as long as the open cross-section available for
diffusion is not appreciably reduced in size by the water present.

Under isothermic conditions, when there is a partial vapour pressure gradient,
there is always in the specimen a gradient of relative humidity or sorption
content in the same direction. The transport phenomena occuring under these
conditions may be clearly illustrated using the simple model of a single
cylindrical capillary (see Fig. 12). Owing to the drop in partial pressure a
diffusion transport takes place along the capillary in gaseous phase. In
addition the existing adsorption moisture gradient produces liquid transport in
the sorptive layer, likewise in the direction of the partial pressure gradient.
This means however that sorption moisture on the side of higher humidity
drops below equilibrium moisture content and on the other side rises above
equilibrium moisture. The result is sorption on one side of the specimen and
desorption on the other. It may be assumed that sorption moisture equilibrium
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on the surfaces of the specimen is reached very rapidly compared to diffusion
and liquid transport through the specimen cross-section. Accordingly, water
vapour permeability determined under isothermic conditions prescribed in DIN
52615 results, at least at higher average relative humidity, from the sum of
vapour diffusion and liquid transport overlying this diffusion.

The present study is intended to contribute to understanding of the true
causes of the observed moisture dependency. Understanding of this issue is
of great importance since it determines whether the customary description of
moisture transport (liquid and vapour) as diffusion dependent on moisture is
acceptable.

2.1.2.2 Liguid transport

In looking at the phenomena of liquid transport it is necessary, just as with
moisture storage, to draw a distinction between the sorption moisture region
and the capillary water region. The region of supersaturation may be omitted
for the reasons discussed in Para. 2.1.1. In hygroscopic mineral building
materials, surface diffusion takes place in the sorption moisture region, while
capillary action occurs in the capillary water region.

Surface diffusion

Due to adsorption of water molecules on the inner surfaces, there forms,
according to the BET theory [11], a sorptive film of greater or lesser
thickness; the thickness increasing with rising relative humidity. With the
thickness of the sorptive film there is also an increase in the mobility of the
water molecules absorbed in multi layers [61]. If there is a relative humidity
gradient, a mass transport takes place in the liquid film on the pore wall set in
motion by the differences in layer thickness of the sorptive film. In contrast to
Philip and de Vries [106], who consider surface diffusion to be negligible,
mass transport through surface diffusion is of considerable significance in
hygroscopic mineral building materials at relative humidities above 50% as
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reported in [17] [23] [35] [118] [119] and [122], and in fact may exceed pure
vapour diffusion by many times. It may be assumed that mass flow in surface
diffusion is proportional to the layer thickness gradient and hence to the
concentration gradient. It is therefore a diffusion transport which can be
described by an equation analogous to Fick’s law [122] and [119]):

dw

=Dop— 9
9op =Pop -3 (9)
doo [kglmzs] surface diffusion flux density
Dop [M?/s] surface diffusion coefficient
w [kg/m’] water content
x [m] spatial coordinate

According to studies by Schaschek [122] and Chang [17] on the temperature
dependance of surface diffusion based on investigation of adsorption
energies and activation energies to overcome potential thresholds on
heterogeneous surfaces, the transport intensity of surface diffusion increases
as temperature rises. A further indication which suggests an increase with
temperature comes from the decrease in the viscosity of the liquid with rising
temperature.

Capillary conduction

The practically significant effect of capillary conduction in porous building
materials has to date eluded precise theoretical description ([61] [58] [55]).
The reasons for this, as previously discussed in Para. 2.1, lie in the extremely
complex cavity structure with its indefinable changes in cross-section and
interconnection of the transport ducts which no longer can be depicted by
simple, easily treatable mathematical models. A mathematical approximation
is therefore tied to certain model theories derived from and proved by
experiments.
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For the model of a single capillary, Cammerer [14], starting with the Bernoulli
equation of hydrodynamics and the Hagen-Poiseuille law for flow through
tubes, derives a differential equation for fluid movement and obtains for
depth of suction an equation in the form:

X =BVt (10)
X [m] depth of water penetration
B [m/Vs] water penetration coefficient
t [s] time

This +t relationship also appears in the capillary water absorption of porous
building materials having widely differing pore structures ([126] [80]). From
this Schwarz [126] derives the water absorption coefficient A which is also
contained in DIN 52617 [27] in accordance with the following defining
equation:

m,, = AVt (11)

m,, [kg/m2] amount of water absorbed
A [kg/m2Vs]  water absorption coefficient

While the amount of liquid absorbed during the contact with water can indeed
be calculated using Equation (11), it does not however allow any conclusions
on water content distributions or capillary equilibrium phenomena. The Jt
mathematical calculation model assumes a precisely defined water front
which penetrates into the interior of a building material. However this is not
the case in actual building materials where there is always a water content
gradient due to the interconnected pores varying in size, with their different
capillary pressure and flow resistances (see Para. 2.1.1). Using the model of
interconnected cylindrical capillaries it is possible to explain the formation of
water content profiles. The liquid in a capillary-porous body is accelerated by
capillary tension until an equilibrium is reached between capillary tractive
force and flow resistance. In a cylindrical capillary, tractive force is
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proportional to the inverse value of the radius (equation (2)). However flow
resistance is proportional to the inverse value of the square of the radius
(Hagen-Poiseuille law). The result of this is that the water in the larger
capillaries pushes on ahead despite their lower drawing power (see Fig. 13,
top). For this reason there is always a continuous decline in water content in
the direction of suction.

Since the operative tractive forces of capillary action in the pore space
cannot be measured directly, but since their measurable effects (gradient in
water content) must have a functional relationship with them, Krischer [68]
formally introduced water content as motive potential. This yields the
following diffusion equation:

dw
Ow = —Dw(w)a 12)

gw [kg/m?s]  liquid transport flux density
Dww,) [m?%s] liquid transport coefficient
w [kg/m’] water content

In his theoretical derivation Krischer likewise assumes a capillary bundle
model consisting of parallel cylindrical capillaries of varying diameter inter-
connected without any resistance. Equilibrium of pressure in all filled
capillaries at a given cross section of the bundle is assumed. The negative
pressure in the liquid is then determined by the capillary suction of the taut
meniscus of the largest still-filled capillary in this cross section. This
relationship between the capillary suction stress in a cross section of the
bundle and the water content there results in a capillary transport coefficient
Dw which is heavily dependent on water content. Cammerer [15] comes to a
similar conclusion through the equation of motion in the capillary bundle. In
[19] Crank shows that with this approach, the vt dependence of absorbed
amount of water found experimentally can be reproduced, regardless of the
form of the capillary transport coefficient. Krischer’s approach does not apply
however, as he himself states, to the following limiting cases:
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a) water transport without water content gradient. The transport coefficient
would have to be infinitely large, e.g. if transport in the water-saturated
region of an individual capillary or in an area of a building material capillary
saturated with water is considered.

b) water transport with discontinuous water content gradient. The transport
coefficient would have to be equal to zero at the discontinuous point because
of the infinite water content gradient, e.g. across the meniscus in an
individual capillary, in the absence of certain intervals in the pore-size
spectrum of a material or with passage of fluid through the interface of two
materials of differing capillary structure.

Despite the limitations cited, an approach along the lines of equation (12)
seems appropriate for the following reasons:

Case a) involving total saturation of sizeable areas of a building material
rarely ever occurs under ordinary circumstances. Discontinuity in pore
distribution (case b) has not been observed in mineral building materials in
the water-content regions of interest. The problem of discontinuity at
boundary layers may be eliminated by proper choice of the mathematical
method used or by conversion to another motive force independent of
material. Since this approach allows a far better depiction of the capillary
transport phenomena actually occurring in capillary-porous materials,
compared to the pure Vt approach, it has already been employed in
numerous papers ([34] [37] [58] [64] [106] etc.) and will also be used in the
course of this work.

According to studies by Crausse [20] and Vetterlein [135] the temperature-
dependence of capillary transport results from the temperature-dependence
of the viscosity of the fluid. The temperature-dependence of surface tension,
which is only very slight, is of minor significance here.

If the supply of water is cut off, ongoing fluid transport takes place, although
counter-menisci do form on the surface no longer supplied with water (see
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Fig. 13, bottom). This subsequent movement of fluid occurs because the
smaller pores not yet filled suck dry the larger filled pores through the cross-
connections by virtue of their greater suction power. It is anticipated that this
ongoing movement of fluid proceeds much more slowly than does the
transport during the absorption process, so that it is necessary to apply
different fluid transport coefficients for fluid transport depending on the
boundary conditions (wetted or unwetted surface). Prazak [108] likewise
states, based on test measurements on lime sandstone, that capillary
transport is dependent on the boundary conditions involved. However he
draws from this simply the conclusion that the capillary transport coefficient is
not a true material characteristic.

2.2 Experimental procedures

For determining storage characteristics, moisture transport coefficients and
vapour diffusion coefficients the literature contains a variety of test
procedures, some differing markedly. However not all procedures are equally
well-suited, or indeed suited at all, for conducting the necessary
investigations for optimal success at reasonable expense. Following is a look
at the various test procedures and a discussion of their suitability.

2.2.1 Determination of storage characteristics

In determining storage characteristics it is necessary to distinguish between
the sorption moisture region and the capillary water region. In the sorption
moisture region there is a very simple universally-used procedure. The
specimen is placed in an environment regulated by means of a salt solution or
a conditioning cabinet and the equilibrium moisture content determined by
weighing the specimen. Varying relative humidity in stages from relatively low
(<560% RH) to high humidity (up to 90% RH) yields the adsorption isotherm,
or, using the reverse process, the desorption isotherm. Measurements above
95% RH should not be made since in this area the sorption isotherm for
hygroscopic mineral building materials is extremely steep. In fact, small
unavoidable variations in relative humidity (for example, due to variations in
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temperature) by themselves cause very large changes in sorption moisture
([26] [61] [133]). Depending on the specimen material and the number of
moisture stages involved, determination of a sorption isotherm may take
several weeks or months due to the very slow process of establishing
equilibrium moisture content. For this reason a second measuring procedure
should not go unmentioned, viz. that described by Fagerlund in [29]. The
measuring principle here is based on the lowering of the freezing point of the
water in pores of decreasing radius. This allows formulation of a theoretical
relationship between freezing point depression and radius as well as via the
Kelvin relationship per equation (1) with relative humidity. Recording of a
sorption isotherm can be carried out in this fashion within about 3 hours.
However freezing can produce structural damage. In addition the possibility
of supercooling of the liquid in the pore space has to be taken into
consideration. Another major drawback of this test method lies in the
relatively large outlay in measuring and recording equipment involved.

In the capillary water region, the storage function, which represents the
relationship between capillary pressure and water content, has to be
determined in a different manner. Kief3l [55] calculates the storage function
for this region from pore radii distributions determined from mercury
porosimetry. Seemingly more useful by contrast is the use of water as the
measuring medium (more on this in Para. 4.3). In all procedures, capillary
pressure or suction pressure is controlled and water content determined after
establishment of equilibrium water content. By incremental increase in suction
pressure the suction pressure curve is obtained. In doing this use can be
made of centrifugal force in centrifuging the specimen or a pressure or
negative pressure can be applied directly to the liquid in the pore space.
Measuring equipment based on osmotic phenomena may also be used
(tensiometer). A good overview of the various analytical methods may be
found in [21].

When a water-saturated specimen is centrifuged, centrifugal forces are
exerted as a function of rotating speed and distance from centre of rotation.
Under their influence water is thrown out from the side of the specimen
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furthest from the axis until there is equilibrium between capillary action forces
and centrifugal forces acting on the columns of liquid suspended from the
menisci. This results in a water content in the specimen which increases with
increasing distance from the axis of rotation, as shown in Fig. 14a ([67]
[127]). Since the operative centrifugal forces are readily calculable, a number
of tests involving varying rotation speeds yields the suction pressure curve. In
order to centrifuge the water out of pores even as small as 107 to 10® cm in
diameter, rotating speeds sometimes much higher than 10,000 rpm have to be
used depending on the diameter of the centrifuge. Aside from the high cost of
such centrifuges, this can easily result in high mechanical stress of the
specimen material, and even its destruction. In addition, once the test has
been completed the moisture profile has to be determined quickly and
immediately before it changes as a result of capillary equilibrium phenomena.
This problem can be avoided by using a relatively short specimen on the
outer end of which is attached a saturated capillary-porous body. This
achieves a given length of water column, as long as the pores of this body
are fine enough. As long as specimen length is small vis-a-vis overall length
the moisture gradient in the specimen can be ignored ([21] [76]) and the
suction pressure curve can be determined by weighing the specimen after
equilibrium is reached with an appropriate number of different rom levels (see
Fig. 14a).

So-called tensiometers are based on a different measuring technique and are
used chiefly in soil science (see [21] and [113]). In tensiometers the specimen
is in contact with a porous, water-saturated ceramic. This ceramic is in
contact with a sealed water-filled chamber in which a manometer is located
(see Fig. 14c). Water is removed from the tensiometer until suction pressure
equilibrium is reached by way of the measurable underpressure which
develops. Another alternative is creating a hydrostatic underpressure through
a lowered water level (Fig. 14d). The drawback of both methods however lies
in the only very limited suction pressure range from 0 to about 1 bar, since
the achieved underpressure is limited by the vapour pressure of water.
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A significantly broader suction pressure range is covered by the pressure
plate apparatus (see Fig. 14e) attributable to Gardner [36] and likewise used
in soil science ([6] [9] [47] [104] [123]). In a pressure vessel is a porous
ceramic plate which is air-tight but water permeable (the details of the
apparatus setup are discussed further in Para. 4.1.1). In this case, instead of
using an underpressure, water is forced out of the water-saturated specimen
placed on the plate by an overpressure until establishment of an equilibrium
moisture content appropriate to the pressure. By progressively increasing
pressure, the storage function up to a suction pressure of up to 100 bar can
be determined in this way. In contrast to the centrifuge method described
previously, this method precludes destruction of the specimen since only
pressure stresses act upon the solid-matter structure.

In this research study measurement of suction pressure using the pressure
plate apparatus is used for the first time in tests on solid-state bodies in the
field of physics relating to structures and the building sciences. Through a
comparison with mercury porosimetry the advantages of this analytical
method for determination of a realistic moisture storage function are
discussed in Para. 4.3.

2.2.2 Determination of vapour diffusion coefficients

Procedures for measurement of vapour diffusion coefficients are standardized
in the Federal Republic of Germany under DIN 52 615 [26]. Here a distinction
is drawn between dry region processes for a moisture region between 0 and
50% RH, generally known as the “dry-cup” method, and moisture region
processes for a moisture region between 50 and 100% RH (“wet-cup”).
Measurement takes place under isothermal conditions.

A plate-shaped specimen of the material to be tested is placed atop a vessel
as its cover and made vapour-proof around the edges of the vessel (Fig. 15).
A constant relative humidity is then set up in the vessel using a drying agent
or a saturated salt solution. The vessels are placed in a conditioning chamber
at constant temperature and humidity. Under the influence of the water
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vapour partial pressure gradient between the air spaces bordering the
surfaces of the specimen water vapour diffuses through the specimen. Once
a steady diffusion flow is set up there is a constant weight change in the test
vessel per unit of time which corresponds to the diffusion flow.

For diffusion measurements on thin layers of non-hygroscopic materials a
stationary diffusion flow is established almost at once without a “start-up
process.” For thicker layers of hygroscopic materials, moisture equilibrium
commensurate with the ambient conditions (exterior and interior) must first be
established in the test specimen. The initial weight changes measured in the
test vessel including the test specimen are therefore at first attributable both
to changes in moisture of the test specimen and to weight changes in the
sorbent inside the vessel. Separation of the two is possible by weighing the
test specimen and the sorbent separately. Zehendner [142] is one author who
describes a test apparatus for this. Steady diffusion is reached when the
weight of the test specimen remains constant. It may under some
circumstances take a long time for the steady state to be reached depending
on the thickness and diffusion resistance of the test specimen. Because an
initial weight change proportional to time often takes place during the start-up
process, faulty interpretations are easily made if there is inadequate
measuring expertise in this regard ([8] [30]).

For procedural reasons in such tests it is useful if there is a layer of air
between the underside of the specimen and the drying agent/salt solution
[13]. With use of a granular drying agent (e.g. silica gel) fresh drying agent
can be made to emerge on the surface of the fill by shaking after each
weighing. If a liquid is used, an intervening air space is necessary to prevent
wetting of the specimen underside during handling.

To calculate the diffusion resistance of the layer of air, stagnant air is
assumed. This is permissible for “dry cup” measurements since in this case
there is increasing relative humidity from the drying agent to the specimen
with resulting decreasing density of the air. In the case of “wet cup”
measurements there is however beneath the surface of the specimen drier air
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of higher density than above the salt solution. This may result in a convection
in the air layer and hence to a lower diffusion resistance through the layer of
air. Especially with specimens having low diffusion resistance, faulty
interpretation of the influence of the air space can result in an
underestimation of diffusion resistance.

For some materials, as shown in [85], the water vapour diffusion resistance
factor can be determined with good accuracy much more quickly by way of
nonsteady diffusion measurements. However this method does not work for
non-homogeneous materials having a denser surface skin or coating.

Since in practice diffusion processes as a rule take place under the influence
of differences in temperature and relative humidity in the air on the opposing
surfaces of the building component,measurements were also carried out in
the presence of a temperature gradient in the test body ([120] [138]). This
method is more laborious and carries with it the danger that the diffusion
value from the test will be falsified by possible presence of moisture
condensation in the specimen. Moreover comparison with insulating materials
against cold [13] revealed no major difference in the results from those
obtained under temperature equilibrium.

In the diffusion measurements carried out under isothermic conditions, the
partial vapour pressure gradient and the gradient of relative humidity and
consequently also the sorption moisture gradient are all in the same direction.
Differentiation between gas diffusion and fluid transport in the sorbate film to
verify the aspects set out in Para. 2.1.2.1 is not possible. This would require
use of a measuring apparatus which would make it possible to set up a
temperature gradient over the specimen cross-section so as to create a
humidity gradient and therefore also a sorption moisture gradient opposing
the partial pressure gradient (see Fig. 12). In the event that in reality the
superimposed fluid transport in the sorbate film led to the lowering of vapour
diffusion resistance determined under isothermic conditions, a sorption
moisture gradient opposed to the partial pressure gradient would have to
cause a rise in the measured diffusion resistance.
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2.2.3 Determination of capillary transport coefficients

According to Equation (12) the capillary transport coefficient is yielded by the
mass flow of the water and the water content gradient responsible for the

transport:
dw
D, = -9y /(— 13
w="0w/(3) (13)
Dw [m?/s] liquid transport coefficient
gw [kg/m?s] liquid transport flux density
w [kg/m?] water content

To determine this coefficient it is therefore necessary to measure the water
content distribution. This makes it necessary therefore to employ a moisture
measuring procedure with relatively high spatial resolution. A non-destructive
and rapid measuring procedure would be desirable to be able to observe how
the moisture distribution develops with time during the absorption process.
Measurement of change in water content distribution with time in a single
specimen also excludes the effect of the inevitable fluctuations in material
characteristics of a number of specimens of a building material on
determination of the capillary transport coefficient. In addition determination
of water content distribution must be able to be carried out quickly enough to
preclude any appreciable change in water content distribution while the
measuring process is going on.

The difficulty in measuring moisture in materials is evident from the large
number of varying test methods. A good overview of the physical
fundamentals, the limitations of application and the pros and cons of the
various methods is given in [7] [53] and [91]. In the following pages the
various analytical methods under consideration are introduced and their
suitability for determination of the capillary transport coefficient discusssed.
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The methods of measuring material moisture may be divided into
conventional methods and radiation-type procedures. The conventional
methods include measurement of electrical resistance, measurement of
thermal conductivity, measurement of electrical capacity, ultrasound analysis
and the drying method.

Measurement of electrical resistance

The key effect of measuring resistance lies in a lowering of ohmic resistance
as moisture content increases in a specimen that is almost non-conducting if
dry ([2] [7] [42] [107]). Spatial resolution is scarcely attainable and the
measurable phenomenon is heavily dependent on fluctuations in electrolyte
content (salts). The influence of salts present can be reduced but not
eliminated by using alternating current for the measurements. Moreover,
measurement may cause warming of the specimen. Moisture measuring
apparatus based on measurement of resistance are widely and successfully
used only for recording wood moisture content.

Measurement of thermal conductivity

The increasing thermal conductivity of a material with rising moisture content
is used in thermal conductivity test apparatus to determine material moisture
content. A strong measurable response is obtained only from insulating
materials ([1] and [137]), however measurement of moisture content
distribution is possible in building materials using the hot-wire meter
technique, but only with spatial resolution in the centimeter range [106].
Nevertheless there is the danger with this method that the heating necessary
for measurement will influence the moisture profile.

Measurement of electrical capacity

This type of moisture measurement is based on the fact that in the frequency
range below 1 Ghz the dielectric constant of water is some 10 to 40 times
greater than that of most dry building materials. If the subject specimen is in a
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capacitor, the change in the capacity of the capacitor is a measure of
moisture content. By setting up an electrical resonant circuit, capacity is
measured by determining the resonant frequency ([65] [91] [100]). This
method of testing is affected only slightly by electrolyte content at a suitable
test frequency. Surface roughness of the test specimen may cause randomly
fluctuating distances between the specimen and the electrode which strongly
affects the outcome. High moisture content levels close to the electrode may
also cause erroneous measurements. This method is suitable for measuring
moisture distributions with a spatial resolution of about 1 cm although the
volume measured is dependent on the moisture content ([94] [100]).

Ultrasound analysis

The measurement of moisture content using ultrasound is based on the
dependence of sound absorption, as well as its speed of propagation, on
moisture. Because measurement of absorption is much more prone to error,
measurement of sound speed is used more frequently ([7] [38] [91]). As
tentative investigations of this author have also shown, this method of
measurement is quite imprecise, is very dependent on the composition and
structure of the test material and has practically no spatial resolution.

Kiln method

The kiln method, i.e. determination of moisture content by drying of the
specimen in a kiln, still offers the most accurate method of testing and is
therefore mostly used as a reference procedure ([7] [91]). An assessment of
various relevant parameters such as drying temperature, time of year and
possible flooding of the kiln with pre-dried air may be found in [84]. Although
determination of the moisture distribution is only possible by destruction of
the specimen, i.e. dividing of the specimen into the number of pieces required
for the desired spatial resolution, this method is used frequently because of
its accuracy, simplicity and affordability ([10] [37]).
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The tracer method

In this method the absorption tests are conducted with water containing
dissolved radioisotopes. Depth of penetration is determined from darkening of
a special film placed on the specimen or from scanning of the specimen using
a special detector. This requires use of gamma emitters as radioisotopes,
since because of their low penetration power, beta emitters would only allow
measurement of surface moisture content. Moreover, the half-life period of
the isotopes used has to be sufficiently large relative to absorption time ([7]
[38] [46]). This method may suffer from chromatography phenomena, i.e.
penetration different for water and the tracer. Repetition of measurements is
difficult due to contamination of the specimens and experiments of this nature
may only be carried out in special radioisotope laboratories.

X-ray analysis

The absorption of X-rays depends on the density and the atomic number of
the irradiated material. Water has a markedly lower X-ray absorption
coefficient than do building materials. Computer tomography developed by
Hounsfield [52] for the field of medicine makes possible two-dimensional
pictures having high spatial resolution [102]. However due to the low
absorption coefficient of water, moisture content can only be measured with
very low resolution at relatively high outlay in terms of equipment and
radiation safety ([109] [117]).

The microwave method

When irradiated with microwaves, water yields a high level of attenuation
since the water molecules are excited into rotation. In the process the energy
of the microwaves is transformed into heat. This can be used to determine the
water content. A full description of the microwave test method may be found
in [89]. With this method the density and the structure of the specimen
material have a great influence on the outcome so that a calibration curve has
to be established for each material [3]. Moreover, sharp boundaries between
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dry and moist material may cause adulteration of the results because of
diffraction effects [139]. Radiation levels must be restricted to the extent of
not causing moisture migration due to warming. It is for this reason that this
method allows achievement of acceptably high rates of measurement on very
thin specimens only. The microwave technique makes it possible to measure
moisture content distribution with a spatial resolution of about 1 cm with good
sensitivity at high measuring accuracy. The influence of temperature and
density may be taken into consideration to some degree by simultaneous
recording of the phase shift created by of material ([59] [60] [136] and [139]).

Gamma-ray attenuation

Gamma-ray attenuation is the most widespread method of non-destructive
measurement of material moisture content distribution ([78] [101] [110] [128]).
It is based on the moisture dependency of absorption and scattering of
gamma rays, with **'Am, *°Co and '*’Cs most frequently used as emitters.
However the absorption coefficient of water is approximately the same as that
of dry solids. Hence this method may be looked upon as a method of
measuring density. Moisture content is determined from the difference of
densities of moist and dry building material. In the case of materials showing
wide differences in density, it is necessary to carry out a dry measurement
involving precise site location. This can cause considerable difficulty
especially in materials which swell greatly. With materials which over time
change their solid structure and hence their density (e.g. from hydration in
concrete or mortar), reliable determination of water content is not really
possible with this method. An additional drawback of this method lies in the
outlay required for radiation safety. New developments in test equipment
allow determination of moisture content distribution with spatial resolution in
the millimeter range at acceptable sampling speeds ([22] [24] [62] [129]).

Neutron scanning

High-energy neutrons, the so-called fast neutrons, interact with atoms upon
passage through material. They are scattered, slowed down or diffuse. This
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creates thermal neutrons having altered direction of travel and reduced
energy. Water is most effective at braking fast neutrons; its braking power
exceeds that of other commonly occuring elements by more than a factor of
one hundred. Hence, for mineral building materials, measurement of thermal
neutrons represents a direct measurement method for water ([7] [50] [132]). In
general parlance a method of measuring moisture content is referred to as a
direct measuring method for water when the test signal is influenced only, or
at least almost only, by water content. Applied in this way, however, this
method does not yield any spatial resolution. Dependent on moisture content,
moisture is measured within a sphere with a radius of 20 to 50 cm around the
emitter. High resolution can only be achieved if a specimen is irradiated with
thermal neutrons instead of fast neutrons. After passage through the subject
specimen, the neutrons penetrate a photographic plate which includes a
conversion film. Neutron bombardment causes electrons to be be produced in
the conversion film. These cause darkening of the photographic layer ([134]
[143]). Drawbacks of the neutron method include the effect of a number of
elements such as chlorine, lithium, iron and potassium on the test signal as
well as the outlay required for equipment and radiation safety. Moreover, the
method using thermal neutrons is an indirect measurement of water content
similar to that of gamma-ray irradiation.

Nuclear Magnetic Resonance

Nuclear magnetic resonance is a test procedure long known in the fields of
biology, chemistry and medicine as a spectroscopic method ([43] [49] [51]
[66]). Less complex equipment units not suited to spectroscopy are also used
in the food industry, materials science and soil science ([48] [77] [96] [103]
[131]). Nuclear magnetic resonance is based on the angular momentum of the
positively charged protons (spin) and the resultant magnetic moment. In an
external constant magnetic field the hydrogen nuclei act like precessing
magnetic dipoles; there are two allowed proton energy levels corresponding
to orientation of their magnetic moment parallel or opposed to the direction of
the applied magnetic field. An alternating magnetic field of a specified
frequency, at right angles to the constant field, induces transitions between
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the two energy levels. The high frequency energy hereby absorbed by the
specimen is dependent on the number of protons in the specimen and can
serve as a measure of moisture content since hydrogen nuclei in building
materials in general occur only in the form of water. A detailed description of
the test principle is given in Para. 6.1.1. Like the neutron irradiation method,
this method is a direct method of measuring moisture content, albeit without
its hazardous biological effects. It is further distinguished by its high accuracy
at high measuring speed and low sensitivity to temperature ([69] [116] [121]).
Good spatial resolution, as will be shown in this work, is possible using a
special modified probe.

The criteria for non-destructive, high-accuracy measurement of moisture
content offering good spatial resolution and a high measurement speed
needed in determining capillary transport coefficients can only be met at
reasonable cost by the gamma-ray method and by NMR. In contrast to
gamma-ray irradiation, measurement by nuclear magnetic resonance, being a
direct method, allows measurement of moisture content without the need for
dry measurement. This and the absence of any hazardous radiation are the
reasons for the first-time use of NMR in the present work for investigations in
the field of building materials and structures.

To determine whether, depending on the boundary condition, capillary
transport involves two different transport mechanisms (see Para. 2.1.2.2) it
has been necessary to set up a test apparatus allowing rapid recording of
moisture profiles. This was designed to make it possible to determine
moisture content distributions during the absorption process even on building
materials which absorb rapidly without the distribution changing appreciably
during the test period. From the chronologically measured distributions it is
possible to determine the transport coefficients for capillary penetration by
liquid when the surface is wetted. If the supply of liquid is stopped after a
sufficient amount has been absorbed, the transport coefficients describing
subsequent moisture redistribution may be determined in the same way.
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3. Building materials investigated

All investigations involved the same selection of building materials. Four
types of natural sandstone (Baumberger, Obernkirchner, Ruthener and
Sander) were selected so as to encompass, as far as their moisture-related
properties are concerned, the broad array of natural sandstones used in
building and construction. To represent man-made building materials,
specimens of mineral materials commonly used in masonry (sand-lime brick,
aerated concrete and clay brick) were chosen. Gypsum is used as an example
of a material used in interior work. Following is a brief description of these
materials.

The Baumberger sandstone is a yellowish-grey, arenaceous limestone from
the Upper Cretaceous period having chiefly calcitic cement. It is finely porous
and has a high absorptive capacity compared to the other types of sandstone.
It has only poor to moderate resistance to weathering, showing such
weathering phenomena as incrustation, wearing away, scaling and gypsum
efflorescence [41]. Examples of its use include the cathedrals of Cologne and
Munster.

The Obernkirchner sandstone is a coarse-silt to fine-sand, greyish-white to
yellowish-white unstratified sandstone from the Lower Cretaceous period
having high quartz content and primarily siliceous cement. This sandstone,
which is likewise finely porous, has the lowest sorption capacity of any
sandstone investigated here. It is used in the Rathaus [town hall] of Bremen
and in numerous religious and secular buildings in Buckeberg and has good
to very good resistance to weathering. Weathering phenomena include flaking
and formation of cavities in fossil-rich strata [41].

The Rduthener sandstone is a greyish-green, moderately arenaceous
sandstone from the Upper Cretaceous period having high quarz content and
barytic-siliceous-argillaceous cement. This coarse-pored sandstone has a
markedly high capillary saturation and a very high water absorption
coefficient. It is used in many buildings and in many gravestones in the
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Ruthen area, has very good resistance to weathering and shows encrustation,
thin flaking and wearing away as typical weathering phenomena [41].

The Sander Sandstone from Sand is a brownish to olive green finely to
moderately arenaceous sandstone from the middle Keuper (in the late
Triassic period) having a mostly argillaceous cement. This fine-pored
sandstone has a relatively high absorption capacity and a low water
absorption coefficient. It is used in the Residence and the Ursuline Convent
in Warzburg and in SchloR Seehof castle near Bamberg among others and
shows a moderately good, occasionally good resistance to weathering with
numerous weathering phenomena such as wearing away, crumbling, scaling,
cracking and efflorescence [41].

Sand-lime brick is a building brick made of lime and silicic additives, which
are thoroughly mixed, then moulded, compacted and cured under steam
pressure. They are made solid or hollow in various densities and strength
grades and depending on the application also made as frost-resistant sand-
lime brick or facing brick. A solid brick having an apparent specific gravity of
about 1900 kg/m*® was chosen. At 29 % by volume, porosity is higher than in
natural sandstones. Capillary saturation and the water absorption coefficient
are comparable to those of the Baumberger sandstone.

To make aerated concrete, finely ground quartz sand is thoroughly mixed with
cement, lime, water and an aerating agent and poured into moulds. Hydrogen
is produced in the mixture, aerating it. The raw blocks are removed from the
moulds and the various building products are cut from them. The products are
cured in an autoclave under steam pressure. Because of its high porosity,
aerated concrete has good thermal insulating properties. Investigations were
carried out on an aerated concrete having a density of about 600 kg/m® and a
porosity of roughly 72 % by volume. Because there is a significant volume of
large pores without appreciable absorption capacity, capillary saturation and
the water absorption coefficient are markedly lower than the high porosity
would suggest.
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Clay brick is one of the oldest man-made building materials. It is made of
clay, loam or clay compounds, moulded with or without additives and fired.
Firing at higher temperatures can produce sintering which makes the brick
resistant to frost. The addition of sawdust or polystyrene beads can lower
apparent specific gravity and thermal conductivity. The solid brick
investigated with a specific gravity of about 1700 kg/m® has a porosity of
roughly 38% by volume and a water capillary saturation of almost the same
size. The sorption capacity of this material is very low; by contrast the water
absorption coefficient is relatively high (see Table 1).

Gypsum is a material used in interior work primarily in the form of gypsum
wallboard. The gypsum is applied to a heavy paper backing and dried in a
stream of warm, dry air. Gypsum has a very high capillary saturation of about
40% by volume and a large water absorption coefficient with only a very low
sorption capacity.

The moisture-related basic characteristics of the materials just discussed are
listed in Table 1.

4. Determination of storage characteristics

Because wetting of mineral building materials beyond capillary saturation
occurs only in isolated instances under normal conditions in building and
construction, only the sorption moisture region and the capillary water region
are discussed here. Different measuring methods have to be employed for the
two regions. Determination of the sorption isotherm is quite well known and
the measuring method standardized in DIN 52 620 [28] and as a result no
further description of the method is given here.

A relatively comprehensive catalogue of sorption isotherms may be found in
[44]. For some materials albeit the variation is relatively large, necessitating
new measurements in some instances. Table 2 contains a listing of
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adsorption moisture content figures at various relative humidities for the
building materials investigated.

The moisture storage function in the capillary moisture region is determined
using a pressure-plate apparatus. Using selected examples of salt-
impregnated and non salt-impregnated natural sandstones the capillary
pressure determined with the pressure-plate apparatus is compared with the
test data from mercury porosimetry to illustrate the benefits and drawbacks of
this measuring method. From the outcome of the sorption measurements and
the pressure plate measurements a moisture storage function is developed
encompassing all significant moisture storage characteristics of a porous
building materia! all the way up to capillary moisture saturation.

4.1 Pressure plate measurement

Following is a description of the measuring principle, the equipment setup
and the procedure involved in measuring capillary pressure.

4.1.1 _Measuring principle

In capillary-porous, hygroscopic materials with continuous pore-size
distribution, a maximum size of pores still filled with water can be correlated
with every moisture content right up to capillary saturation. This correlation is
predicated on the notion that all pores accessible to moisture are
interconnected and the smaller pores having the higher capillary pressure
draw water from the larger pores until capillary pressure equilibrium is
reached for a specific moisture content. For the region of superhygroscopic
moisture there exists a characteristic relationship; the so-called capillary
pressure curve. Using the capillary pressure measuring setup, this curve is
determined from dehumidification of initially saturated specimens by applying
varying overpressures, with the corresponding equilibrium moisture content
being determined for each pressure increment.
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To calculate the relationship between moisture content and maximum pore-
size still filled, the following model is used. The pore volume of the capillary-
porous body consists of a bundle of unbranched capillary tubes of varying
radii (cylindrical pore model). The elevation h of water in a capillary of radius
r is given by:

_ 2ccoso (14)
pg

h

o [N/m] surface tension (for water: 72,75 - 10-3 N/m at 20 °C)
p [kg/m3] density (for water: 1000 kg/m3)

g [m/s?]  acceleration due to gravity

6 [°] wetting angle (for fully wetting liquids: 0°)

Because hydrostatic pressure at maximum attainable elevation must be equal
to the pressure needed to empty this capillary, the pressure can be correlated
with a radius up to which all of the larger pores are emptied. For water, this
yields the following approximation equation:

r=15-10"°/p, (15)
r [m] pore radius
Pu [bar] applied overpressure

Since normally there are no cylindrical unbranched capillaries in a capillary-
porous body, the cylindrical pore model inherently has certain problems.
Sometimes there can be considerable variation in diameter along the length
of the capillaries. The pressure which has to be applied to empty the volume
behind a constriction (the neck of the pore) is determined by the cross-
sectional dimensions of this constriction in the pore. Thus equation (15) gives
a correlation between the volume of water forced out and the radius of the
pore-neck through which it was emptied [125]. However, since the same
model shows the same systematic error when used in mercury porosimetry,
we have the requisite conditions for a comparison between measurement of
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suction pressure and mercury porosimetry. The conversion of capillary
pressure to a pore radius only serves to illustrate the experimental resulits;
the choice of pore model has no effect on the applicability of the suction
pressure curve.

4.1.2 Equipment setup

The experimental apparatus for measuring suction pressure consists of three
pressure vessels, diameter about 25 cm, for pressures up to 5 bar, 15 bar and
100 bar. Pressure is generated up to 15 bar by a compressor and with a gas
bottle above this level. Pressure reducers are used to maintain constant
pressure. The schematic layout of a pressure vessel and a photographic view
are shown in Fig.16. Depending on its size and the number of specimens
involved, each pressure vessel contains one to three ceramic plates. They
are selected as to porosity so that after saturation their water permeability is
as high as possible but not permitting the passage of air up to the maximum
applied pressure. The plates are sealed with a rubber membrane on one side
and connected to the outside by a hose. To achieve a good capillary contact
between the underside of the specimen and the plate, the underside of the
specimen is normally coated with porcelain clay and the specimen pressed
against the plate. However because this can dirty the specimen and cause
errors in weighing, after a thick layer of porcellain clay has been applied, the
plate is covered with a very fine cloth through which very little of the clay can
pass. Once the plate is moistened this produces a soft bed into which the
specimens can be pressed. This likewise assures good hygroscopic contact
while significantly reducing the clay adhering to the specimen.

4.1.3 Procedure and specimen material

The specimen material to be investigated is cut into pieces about 4 x 4 x
1 cm® in size. Greater thicknesses than 1 cm are to be avoided since this can
significantly increase measuring time. Ten specimens of each type are used
so that averaging will even out discrepancies in measurement. The dry weight
of the specimen tablets is determined, following which they are saturated with
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water under standard pressure, weighed and pressed onto the cloth. The
plate is installed in the pressure vessel and the first pressure level applied.
The water is now forced out of the specimens, through the plate and out
through the hose. In two to four days a state of equilibrium is reached
dependent on the dimensions of the specimens and their porosity
characteristics, marked by cessation of water movement out of the vessel.
The specimens are then removed from the plate, cleaned of any clay sticking
to them and weighed, yielding the water loss for the particular pressure level.
The specimens are then returned to the vessel to set the next pressure level.
This procedure is repeated from the lowest pressure level to the highest.
Overall measurements are taken at up to 10 pressure levels between 0.015
bar and 100 bar, covering a pore-radius range between 10 m and 1.5 x 10®
m. From the readings for weight loss, pore volume or - expressed in terms of
overall porosity - relative pore volume can be determined for each pressure
stage and hence from equation (15) for the corresponding capillary radius
range.

4.2 Results of pressure plate measurements

Figs. 17 and 18 show equilibrium moisture content for the four natural
sandstones and the man-made materials plotted against the pressure applied
in the test apparatus for measuring suction pressure. Also shown on the
graphs are capillary saturation and as second abscissa the pore radius
corresponding to pressure from equation (15).

It is evident from Fig. 17 that water is not seen being forced out of the
Baumberger sandstone until a pressure of 0.5 bar, i.e. this sandstone has no
appreciable volume of pores of radius greater than 3 x 10® m. From this point
on, equilibrium moisture content drops continuously for the entire remainder
of the pressure range. This means that there must be uniformly distributed
pore-space volume over the full pore-radius range from 3 x 10° m to 1.5 x
10° m.
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The curve is different for the Obernkirchner sandstone. From a pressure of
0.5 bar there is a very sharp drop in equilibrium moisture content and at a
presure of 1.5 bar a moisture content of less than 30 % of capillary saturation
has already been reached. When pressure is increased to 5 bar it falls again
down to about 10% of capillary saturation and changes only slightly from
there on. Hence the majority of the pores in the Obernkirchner sandstone
must be in a radius range between 3 x 10° m and 107 m.

Even when pressure is increased from 50 to 150 mbar there is a sharp drop
noticeable in the coarse-pored Ruthener sandstone and at a pressure of 0.5
bar one quarter of capillary saturation has already been reached. This means
that half of all the pores in the Ruthener sandstone lie in the radius range
between 3 x 10° m and 1.5 x 10° m and another quarter in the adjacent
region up to 3 x 10° m.

In the Sander sandstone, equilibrium moisture content declines steadily over
the entire pressure range. Hence this sandstone does not have a pronounced
maximum in pore radii distribution.

The suction pressure curve for gypsum (see Fig. 18) is very similar to that of
the Baumberger sandstone. The drop at 0.5 bar is somewhat steeper however
and continues up to a moisture content of less than 5% of capillary saturation.
Gypsum can therefore only have a low sorption capacity.

In sand-lime brick there is only a modest decline up to a pressure of 15 bar
followed by a steep drop to the maximum pressure of 100 bar. This means
that the largest proportion of the pores lies between 107 m and 1.5 x 10 m.

Aerated concrete likewise shows only a modest decline up to a pressure of 5
bar. Beyond this, equilibrium moisture content drops continuously as far as a
moisture content of about 20% of capillary saturation when 100 bar is
reached. In the large visible pores of aerated concrete there is hence no
capillary transport; an observation confirmed as well by the large difference
between capillary saturation and maximum water saturation for this material.
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The majority of the capillary-active pores thus lies in the radius range
between 10" m and 1.5 x 10° m.

Clay brick behaves in a manner very similar to that of gypsum, except that
upon reaching 100 bar pressure there still exists an equilibrium moisture

content of approximately 15% of capillary saturation.

4.3 Comparison with mercury intrusion porosimetry

To illustrate the advantages of pressure plate measurement vis-a-vis Hg
porosimetry, measurements are carried out on salt-impregnated and non salt-
impregnated sandstone materials. It is anticipated that salt content exerts an
appreciable influence on water storage behaviour. To begin with, following is
a brief description of mercury intrusion porosimetry, specimen preparation
and the experimental procedure. The test results from the two methods are
then compared and the method-related differences shown while taking into
account the effects of the type of stone and the influences of salt in the pore
spaces of the various stones. A full description of these investigations may be
found in [70].

4.3.1 Description of mercury intrusion porosimetry

Mercury intrusion porosimetry is well-known and used frequently and
operates on the principle of mercury intrusion being dependent on pressure.
The operative principle is also based on the capillary law; the cylindrical pore
model is usually applied here, too. Mercury, being a non-wetting liquid, is
forced into the porous specimen material and the volume taken up by the
specimen registered for each pressure level. Controlling increases in
pressure and recording and analysis of the test data are done by computer. A
mercury porosimeter operates over a range from 0.15 to 2000 bar,
corresponding to a radius range of 5x 10° m to 3.7 x 10° m. It takes from 2
to 4 hours to complete measurement of a specimen to acquire up to 630 test
points over the full pressure range.
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4.3.2 Specimen preparation and experimental procedure

The investigations are carried out on two different types of sandstone - the
Obernkirchner and the Ruthener sandstone - markedly different in their
porosity characteristics, each involving unimpregnated specimens as well as
others saturated with Epsomite (MgS0O,;7H,0) or with Nitrokalite (KNO3). Salt-
impregnation of the Ruthener sandstone is done in a 3% Epsomite solution
and a 3% Nitrokalite solution; that of the Obernkirchner sandstone in a 3%
solution of Epsomite and a 25% solution of Nitrokalite. Using these
concentrations it is possible to achieve roughly the same quantity of absorbed
salt in each of the specimens. The specimens, initially rod-shaped and
measuring 4 x 4 x 20 cm®, are saturated with the respective salt solution, then
dried in dry air at 40 'C to constant mass, weighed and then returned to the
salt solution. This process is repeated until there is no longer any appreciable
increase in mass. To measure capillary pressure the specimens are cut to
size at about 4 x 4 x 1 cm®. For mercury pressure porosimetry, 5 to 10 g of
specimen material is sufficient each time. For each of the test methods,
specimens are cut from the same sample to assure complete comparability of
the data.

As initial information on the materials investigated, Table 3 shows the
porosity characteristics of the unimpregnated, recently quarried specimens of
rock measured using a helium pycnometer as well as data on the average
amounts of salt absorbed by the specimens under the preparation described.

4.3.3 Measurement results and evaluation

Fig. 19 shows the results of these investigations for the two test methods and
types of rock in the form of an integrated pore-size distribution. From this the
moisture storage function can be calculated for the superhygroscopic region.
Whereas mercury porosimetry always encompasses all of the reachable pore
space, it is possible with the pressure plate apparatus to look only at the
pore-space available for natural moisture storage phenomena by starting with
capillary-saturated specimens. In Fig. 19 the results obtained from the freshly
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quarried stones using the two test methods are shown as solid lines. The
distributions found using the suction pressure apparatus are somewhat more
angular due to the small number of pressure levels involved but show the
same characteristics as those from Hg porosimetry. In the Obernkirchner
sandstone, both methods show a sharp drop in the pore-radius range
between 3 x 10° m and 1.5 x 10° m; the drop lies between 3 x 107 m and 3 x
10°® m for the Ruthener sandstone.

In addition to the distributions for the unimpregnated specimens, Fig. 19 also
shows those for the salt-impregnated specimens. The curves found for the
Obernkirchner sandstone (Fig. 19, top left) using mercury-intrusion
porosimetry are almost identical up to a filled pore radius of about 3 x 10 m
and there are practically no noticeable salt effects. Beyond this point, the
curves diverge only slightly toward a differing overall porosity. Here the
curves for the salt-impregnated specimens are also close together, hence
showing scarcely any differences according to type of salt. In the pressure
plate method there is likewise scarcely any difference among the curves for
the salt-impregnated specimens, though they do differ from that of the
unimpregnated specimen, especially in the lower pore-radius range < 10° m
(Fig. 19, top right).

The differing results from the two methods of measurement are especially
evident in the Ruthener sandstone (Fig. 19, bottom). Using Hg-pressure
porosimetry all curves for salt-impregnated and unimpregnated rock are close
together. The shapes of the curves differ markedly however when measured
using pressure plate apparatus; the salt-impregnated specimens are scarcely
differing in the upper pore-radius range though differing distinctly from the
unimpregnated specimen. In the lower radius range the specimen
impregnated with KNO; seems, in contrast to the one impregnated with
MgSO,, to have capillary storage characteristics barely differing from those of
the unimpregnated specimen.

For interpretation of these results the reader is directed to the appropriate
remarks on differential pore-radius distributions contained in [70].
Comparison of the test results from the two methods shows that despite its
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more basic manual measuring procedure and the consequent lower number of
test points, the pressure plate method yields results which are certainly
comparable to those of mercury-pressure porosimetry. An investigation of
reproducibility accuracy using multiple measurements was not conducted
because of the lengthy measurement time involved. The use of water as the
operating medium assures a more realistic result since, as under natural
conditions, it covers the true interaction between water and pore wall
including substances possibly in the pores, especially hydrophilic or
hydrophobic ones. This is particularly evident with salt-impregnated
specimens as the test results described indicate. Moreover the use of
capillary saturated specimen material also only includes in the analysis the
pore-space available to capillary transport. In Table 4 the main points of the
two analytical methods are again compared in terms of their characteristic
features.

4.4 Determination of storage function from pressure plate measurement

and sorption measurement

The sorption isotherm and the suction pressure curve both give moisture
content as a function of true motive potentials, relative humidity ¢ as the ratio
of vapour pressure to saturation vapour pressure and the capillary radius r as
a quantity characterising capillary pressure. The two parameters are
connected to one another through Kelvin's thermodynamic equilibrium
condition mentioned previously (see equation (1)). This means that moisture
content may be expressed in a standardized fashion in both the hygroscopic
and the superhygroscopic moisture regions as a function either of ¢ or r.
Universally applicable and beetter amenable to an intuitive grasp in practical
work is the choice of relative humidity as general moisture storage potential.
In non capillary-active building materials, as in most insulating materials for
example, vapour pressure or relative humidity, but not capillary pressure, is
defined. Using the example of sand-lime brick, Fig. 20 [57] shows how the
moisture storage function is composed of:
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- the sorption isotherm (top left, indicating the value for capillary saturation)
and

- the suction pressure curve (top right, indicating relative humidity for the
respective pore radii per the Kelvin equation).

Because suction pressure measurement deals only with a relative humidity
range between 93% and 100% as a result of the non-linear relationship
between pore-size and relative humidity, this means that this choice of
depiction yields a steep curve for its results. To better compare the moisture
storage functions of various building materials, capillary radius is therefore
chosen instead as moisture storage potential for Figs. 21 and 22 and the
moisture storage function is developed similarly.

The moisture storage functions shown in Fig. 21 for natural sandstone and in
Fig. 22 for the man-made building materials all show a seamless transition
(without steps or breaks) from the hygroscopic moisture region in which
storage function is determined through sorption measurements, to the
superhygroscopic region with pressure plate measurement as the analytical
method. This applies both to materials having low sorption capacity (e.g.
Obernkirchner sandstone and gypsum) and to those having high sorption
capacity (such as Baumberger sandstone and sand-lime brick). Despite the
use of two different analytical methods, this allows determination of a uniform
moisture storage function which contains all of the practically significant
moisture storage characteristics for a porous building material up to capillary
saturation and which can be expressed as a function of a genuine potential
variable independent of material (either relative humidity or pore radius).

5. Determination of water vapour diffusion coefficients

The points on moisture transport discussed in Para. 2.2.2 can only be verified
by measurements in a temperature gradient since under isothermic conditions
the operative gradients for vapour transport and for liquid transport are
always in the same direction. To do this, measurements were carried out

52

using two different newly developed test equipment systems allowing
gradients for vapour transport and liquid transport in the same direction and
in opposite directions. Further evidence for the validity of the thesis that a
liquid transport is superimposed on diffusion transport is given by way of new
interpretation of the test resuits of other authors on the temperature-
dependence of diffusion readings and on dew-point measurements in
churches [72].

5.1 _Measurement in a moisture and temperature gradient

For measurement in a moisture and temperature gradient, this author
developed a suitable test apparatus. The equipment setup and the test
procedure as well as the results obtained using it are described in the
following paragraphs.

5.1.1 Equipment setup and measuring procedure

The measuring apparatus shown in Fig. 23 makes it possible to set up
specific vapour pressure and sorption moisture gradients or  humidity
gradients even in opposing directions, in a specimen of material through
application of a temperature difference. Through the bottom of a glass
diffusion vessel having a specimen of building material on the top, the interior
surface of the specimen is warmed to a specific temperature with the aid of an
adjustable lamp. The vessel is insulated on the sides to create
unidimensional conditions. The relative humidity inside is generated by a
saturated salt solution in an annular glass container on the bottom of the
vessel. The setup stands in a climatic chamber which controls the external
climatic conditions. Thermoelements are used to record the temperatures and
the partial vapour pressures are determined by dew-point mirror.

Use of an external heating unit is necessary because with a resistive heater
in the vessel large temperature gradients in the vessel would result in a
“storm in a teacup” situation. This would make investigation of diffusion
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transport impossible. With the type of heating used here, temperature
differences between the underside of the specimen, interior airspace, brine
and glass bottom are always less than 2 K. The investigations are carried out
under varying boundary conditions on round specimens of gypsum and
Baumberger sandstone 9 cm in diameter and 1 and 2 cm in thickness
respectively. Mass flow is determined by weighing the diffusion vessel.

5.1.2 Results of the diffusion measurements

The boundary parameters and test results for same-direction and opposing
gradients are shown in Table 5 for the specimen materials mentioned, with
the diffusion resistance factor p calculated on the basis of the diffusion
equation (8) from measured mass flow. For gypsum, same-direction gradients
yield a p-value of 6.3 and opposing gradients a value of 22. This corroborates
theoretical studies suggesting that opposing gradients result in a reduction in
total mass flow (see Fig. 12).

From the measurements on the Baumberger sandstone, in which both
measurements were carried out under non-isothermic conditions with
opposing gradients but differing vapour pressure differences, it can be seen
that a lowering of vapour pressure difference from 3.2 to 1.5 mbar causes the
u-value calculated in accordance with equation (8) to rise from 29 to 160.
This extreme effect may be understood by looking at the respective difference
in mass flow between the measured non-isothermic case and the calculated
isothermic case. Each of these was predicated on the same vapour pressure

difference:
Ag=107-057 =050 g/m>h (16)
Ag = 050-005=045g/m°h (17)

Ag [g/m2h] mass flux difference

The difference of roughly the same size in both cases reflects liquid
transport running counter to diffusion and independent of it in the non-
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isothermic state. Because in the case of the lower vapour pressure difference
the transport of liquid running counter is almost as large as diffusion flow,
instruments only record a very small total mass flow from which is calculated
an extremely large u-value.

5.2 Further proofs for the thesis of liquid transport superimposed on
diffusion

Experimental results from a second test apparatus provide further proof that
the increase in water vapour permeability observed under isothermic
conditions involves transport of liquid superimposed on diffusion. Additional
evidence is also provided by new interpretations of test results reported by
other authors.

5.2.1 The double chamber test

The test setup shown in Fig. 24 is simpler than the one already described
(Fig. 23). Two chambers are separated from one another by the specimen
material. In the lower chamber relative humidity is kept constant by a
supersaturated salt solution. This chamber is cooled in a cooling bath having
a bath temperature of 5°C so as to create an air temperature beneath the
specimen of about 13°C. The air in the upper chamber is at room
temperature. Particle board is used as a specimen material since in addition
to a high sorption capacity it has good insulating qualities. The specimen is 9
cm in diameter and 16 mm in thickness. In both chambers dew point or water
vapour partial pressure is measured by means of a lithium chloride sensor
which operates something in the manner of a dew-point mirror.

If there is pure diffusion transport there must be equal water vapour partial
pressure in the two chambers; the relative humidity in the upper chamber
being lower because of the higher temperature. If a liquid transport is
superimposed on diffusion because of the gradient in relative humidity or in
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sorption water content from the lower to the upper chamber, a higher water
vapour partial pressure and hence a higher dew-point temperature is to be
expected in the upper warmer chamber. In fact this test did record a
difference in dew-point of between 1 and 2 K.

5.2.2 Temperature-dependence of measured vapour diffusion coefficients

According to Schirmer [124] the following equation describes the effect of
temperature on the vapour diffusion coefficient of air Dp:

Dp = 8,8.10-1°-T181[m2/s] (18)

T [K] absolute temperature
Dp [m%s]  water vapour diffusion coefficient in air

Substituting Equation (18) in Equation (8) yields:

188107 o1 dp__3dp

19
1 Rp dx pdx (19)

v =

Water vapour permeability would have to rise with increasing temperature.

R.C. McLean, G.H. Galbraith and C. Sanders [90] have determined the water
vapour permeability of different materials at various temperatures (10, 15, 20
and 25°C) and a variety of moisture ranges (0 to 60, 60 to 100, 60 to 93 and
80 to 100 % RH). Fig. 25 shows the change in measured values for water
vapour permeability compared to the value measured in each case at 20°C for
plasterboard, wood and insulating material. During the measurements there
was a humidity gradient from 60 to 93 % over the specimen cross section.
This humidity range was chosen because in the other ranges there was either
a very low sorption water content (0 to 60 % RH) or in the case of
measurements at 100% RH on one side of the specimen there was a danger
of skewed test results from water vapour condensation on the surface of the
specimen due to slight temperature fluctuations.
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The insulating material, which has only a low sorption moisture content even
in these high moisture ranges, shows, as anticipated from Equation (19), an
increase in water vapour permeability with rising temperature. In plasterboard
and to an even greater extent in wood however, the behaviour is the opposite.

On the assumption that in this moisture range a liquid transport is
superimposed on diffusion, this behaviour may be explained as follows:
Total mass flow may be expressed as:

Dp dp dw S dp dw
= + = — = _D, —
970 0w =T IRTax " dx | mdx Wdx

(20)
g [kg/m2s]  total mass flux density

g, [kg/m2s]  vapour flux density

9w [kg/m2s] liquid flux density

Dp [m?2/s] vapour diffusion coefficient in air

D,, [m2/s] liquid transport coefficient

8 [kg/msPa] water vapour permeability of stagnant air

u -] water vapour diffusion resistance factor

From total mass flow relative to the water vapour partial pressure gradients,
fictitious water vapour permeability works out to:

. D g
8 =-——D S 21
URT dp/dx (21

&* [kg/msPa] fictitious water vapour permeability

The liquid transport coefficient Dy slightly increases through the temperature-
dependence of the viscosity of water, whereas the slope of the sorption
isotherm declines slightly with temperature. This means that the liquid
transport component barely changes with temperature. By contrast the water
vapour partial pressure gradient is known to rise very steeply as a result of
the exponential dependency of water vapour partial pressure on temperature.
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This causes a sharp drop in the liquid transport component of water vapour
permeability calculated from equation (21); the result is water vapour
permeability which falls with temperature.

Tests involving paper membranes [122] also support these conclusions. The
top diagram of Fig. 26 shows diffusion flow through the membrane as a
function of partial pressure difference. Contrary to the laws of gas diffusion, it
drops with rising temperature. If the moisture-related increase (moisture flow
minus moisture flow under dry conditions) is plotted against relative humidity
(Fig. 26, bottom) temperature-dependence is in accord with the regular laws
of physics.

5.2.3 Dew-point investigations in churches

H. Kunzel and D. Holz [83] have conducted studies on numerous churches.
Fig. 27 shows typical profiles for dew-point temperatures inside and outside
churches for a heated church and an unheated church. In an unheated church
(Fig. 27, left) the interior dew-point curve follows the dew-point temperature
curve outside the church, although of course the peaks are somewhat
damped. By contrast, dew-point temperature in a heated church (Fig. 27,
right) runs markedly above the dew-point temperature curve outside the
church during the heating period in the first and fourth quarters. The
investigations revealed that moisture released from congregations increases
the humidity of the air only very slightly. From this they took it that the higher
dew-point temperature is due to desorption of moisture stored in the walls.
This alone cannot be the cause however since in this case the walls would
have to re-absorb during the rest of the time the moisture given off. In this
period dew-point temperature in the church interior would have to be below
that of the outside air.

This phenomenon can only be explained by the movement of moisture from
the outside air through the walls into the building. Here diffusion cannot be
the cause of the transport since it cannot work against a partial pressure
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gradient. By contrast heating of the church creates a gradient of relative
humidity from the outside to the inside. Outside, relative humidity is high at
about 80%, typical for the heating period, whereas humidity in the interior of
the church has dropped markedly due to the increase in temperature. As a
result of this a sorption moisture profile develops in the wall which causes a
liquid transport from the outside of the wall to the inside. The transported
water is acquired from the outside through sorption and increases the
moisture content of the air in the interior through desorption from the interior
surfaces (see also Fig. 12).

5.3 Diffusion coefficient independent of material moisture content

The results shown demonstrate that the increase in water vapour permeability
recorded under isothermic conditions per DIN 52 615 [26] with increase in
average material moisture content is due to a moisture transport in liquid
phase superimposed on diffusion.

Because differing transport potentials are at work in the two transport
mechanisms, an integrated description of the two transport phenomena as
moisture-dependent diffusion is not acceptable. As discussed in Para. 5.1.2,
a reduction in moisture transport as a result of moisture content may occur
under non-isothermic conditions, the normal situation specifically during the
heating period. This is because under these conditions liquid transport
counter to diffusion can take place. Consequently using the diffusion equation
alone with a diffusion resistance independent of vapour pressure gradients
cannot describe the transport phenomenon for non-isothermic conditions.
Even under isothermic conditions as well, where the gradients for vapour and
moisture transport are parallel, inclusion of moisture transport in the vapour
diffusion equation by way of a moisture-dependent diffusion resistance factor
can produce errors in calculations. Specifically, if the calculations are done
with temperatures different from those at which the coefficients were
determined experimentally (cf. Para. 5.2.2).
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For these reasons it is useful to postulate a diffusion coefficient independent
of material moisture and to take into account surface diffusion in calculating
liquid transport. Requisite for this of course is that vapour and liquid transport
do not affect each other. In the sorption moisture region this criterion is
essentially fulfilled for most building materials since rate of diffusion is
controlled principally by the larger pores, whereas liquid transport takes place
largely independent of this through the micropores and in the film of water
absorbed in the narrow interstice corners. In the capillary water region
diffusion resistance independent of moisture can no longer be postulated
since here diffusion is clearly impeded by the water present. However in this
moisture range capillary transport is in general greater than diffusion by
several orders of magnitude, so that for calculations in this region moisture-
related changes in the diffusion coefficient can have only a slight influence on
the outcome.

Consequently the diffusion transport coefficient has to be determined under
conditions having no (appreciable) liquid transport taking place. In most
building materials there is only a slight sorption moisture content up to a
relative humidity of 50%. Hence the diffusion resistance coefficient
determined in accordance with DIN 62 615 in the dry region (0 to 50% RH)
may be looked on as a true material coefficient describing diffusion.

5.4 Determination of liquid transport coefficients in the sorption moisture
region from diffusion resistance measurements and comparison with

NMR investigations

On the assumption that vapour diffusion is described by the vapour diffusion
resistance coefficient recorded in the dry zone, and that decline in the
diffusion resistance coefficient is due to a superimposed liquid transport, it
must be possible to calculate the liquid transport coefficients in the sorption
moisture region by determining fictitious vapour diffusion resistance
coefficients p* in a manner similar to measurement per DIN 52 615 in higher
moisture regions [26]. The difference between mass flows measured in higher
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moisture regions and those measured in the dry zone must be attributable to
liquid transport:

1 1) Dpdp (1 1]DDp do
Ag=Qy=———-—| 2F = |. 2D “7 22
970w (u u*) RTdx \pu p* RT dx (22)

Ag [kg/m?®s] mass flux density difference

Dp [m¥s] water vapour diffusion coefficient in air

n -] water vapour diffusion resistance factor

w* [-] fictitious water vapour diffusion resistance factor
(with liquid transport)

R [J/kgK] gas constant for water vapour

T [K] absolute temperature
ps [Pa] saturation vapour pressure
o [-] relative humidity

For transport in the liquid phase we have:

d
=-D, W 23
Gw W o (23)

Dw [m?/s] liquid transport coefficient

This yields the following defining equation for the liquid transport coefficient:

DDps(1 1) dw
=P T _ 7, 0% 24
YOORT \p p* do (24)

Consequently for calculation of the transport coefficients, one must also know
the sorption isotherm for determining operative water content gradients.

Table 6 shows vapour diffusion resistance coefficients measured in various
regions of relative humidity. For some building materials the differences from
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the value in the dry region are only slight, so that evaluation using equation
(24) does not appear to be meaningful. This slight diminution in the diffusion
resistance coefficient in the higher moisture region is due to a low sorption
water content and/or a very high degree of permeability to vapour diffusion.

Fig. 28 shows the transport coefficients calculated from the diffusion
measurements per equation (24) using the Baumberger sandstone and the
sand-lime brick as examples together, in advance, with the transport
coefficients determined for redistribution of water using the NMR equipment
system. The coefficients determined using the two methods show amazingly
close agreement for sand-lime brick. In this instance the transport coefficient
was determined only from the dry cup and wet cup methods. In the case of
the Baumberger sandstone there is likewise close agreement in the upper
hygroscopic moisture region. Only at low moisture levels do the transport
coefficients determined from diffusion measurements decline to somewhat
lower values. Table 7 lists the liquid transport coefficients for the materials
examined for the hygroscopic region. They were determined using equation
(24) from isothermic diffusion measurements in the dry and moist regions. All
of the transport coefficients are relatively small.

6. Determination of liquid transport coefficients

Through the taking up of liquid water, quantities of water greater by several
orders of magnitude per unit of time than those moved by diffusion are
transported into most mineral building materials. Although, apart from natural
stone facades or external masonry walls of double-leaf contructions exposed
to natural weather, highly absorbent building materials are usually protected
against exposure to heavy rains by proper design and construction, it is
useful to take a closer look at this transport phenomenon. For example,
sufficient moisture to cause problems for structures can even result from
minor deficiencies as a result of improperly installed sealing, caulking and the
like or from small cracks which may appear over time, because of the great
intensity of this type of transport. The capillary activity of building materials
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may however also be beneficial because water forming within the material
from a drop in temperature below dew-point becomes spread over broader
areas hence avoiding excessive local concentration.

6.1 Measurement of water content distribution using nuclear magnetic

resonance

To determine liquid transport coefficients dependent on water content it is
necessary to measure water content distributions in the specimen body during
the transport process. This calls for analytical apparatus capable of providing
rapid recording of moisture profiles with good spatial resolution. To do this an
apparatus employing measurement by nuclear magnetic resonance was set
up. In contrast to nearly all other methods for measuring material moisture,
this method may be viewed as a direct method for measuring the water
content present in a building material.

6.1.1 _Physical principle of measurement

All atomic nuclei having an uneven number of protons or neutrons (roughly
two-thirds of all stable atomic nuclei) have an angular momentum (spin) and
connected with it a magnetic moment resulting from their spatially unevenly
distributed charges. Simplified, one may imagine the atomic nuclei as rotating
bar magnets (magnetic dipoles) forming a symmetric magnetic field around
their axis of rotation. As long as no external magnetic field is present, the
poles of these bar magnets are pointing statistically in every possible spatial
direction. If an external magnetic field B, is applied, the magnetic nuclear
dipoles try to align themselves (see Fig. 29). However, according to the laws
of quantum mechanics only very specific orientations relative to a preferred
orientation are allowed. In hydrogen atoms (protons) only two directions are
permitted, one more parallel to the applied magnetic field and one more
antiparallel. The dipoles precess like tilted gyros in a cone-shaped envelope
about the By axis (see Fig. 30). The parallel alignment is that of lower energy,
with the energy difference of the two alignments being proportional to the
magnetic field strength. At absolute zero temperature all nuclear magnetic
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moments are aligned parallel to the external magnetic field. At higher
temperatures this ceases to be the case since thermal energy considerably
disrupts the regular alignment. If for example water is introduced into a
magnetic field of flux density 1 T, for every ten million nuclei in the higher
energy level there will be ten million and eleven nuclei in the lower at room
temperature. However since there are 6.7 x 102 hydrogen atoms in one cm®
of water the result is nonetheless an excess of 3.7 x 10'® magnetic moments
parallel to the external magnetic field. This excess results in macroscopic
nuclear magnetization having the nuclear magnetization vector Mz parallel to
the applied external field (Z-direction).

In pulsed nuclear resonance, this nuclear magnetization is disturbed by
applying a high frequency pulse via a measuring coil. The frequency of the
pulse must correspond with the precession frequency of the dipoles
(resonance frequency); it is proportional to the field strength of the applied
magnetic field. Via the length of the pulses the deflection of the macroscopic
nuclear magnetization may be varied. If the pulse is switched off when the
nuclear magnetization vector is at right angles to the magnetic field (angle of
deflection = 90°, hence 90°-pulse), the nuclei precess about the static field at
a maximum vertex angle. Maximum voltage is then induced in the measuring
coil. This voltage is proportional to the number of hydrogen nuclei in the test
volume.

Once the high-frequency pulse ceases, the excited nuclei return to their
original positions with a time-behaviour which may be described by a
relaxation equation of the form:

My(t) = Myo(1-e7'T) (25)
M.y [T] macroscopic nuclear magnetization vector in Z-direction

My [T] macroscopic nuclear magnetization vector prior to pulse
T1 [s] longitudinal relaxation time
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incorporating the relaxation time T;. During relaxation, the energy
corresponding to the difference between the two alignments is released. T, is
chiefly dependent on the physical bonding of the hydrogen nucleus, i.e. in the
case of water on whether it is present as a solid (ice) or in liquid form but also
on bonding to the pore walls and hence on pore diameter. This relaxation
time is of importance for the nuclear resonance experiment in that following
each excitation of the nuclei, all nuclei have to have returned to their original
alignments before the start of the next measurement. Hence longitudinal
relaxation is definitive for the speed at which the measurements can be
conducted. In general, time between measurements should be roughly five
times the T, relaxation time [97].

In nuclear magnetic resonance a second relaxation process takes place:
transverse relaxation. Between the nuclei precessing at right angles to the
static field an energy exchange takes place, the individual nuclei change their
precession frequency and phase angle; the result is a “fanning out” of the
magnetization vector. During this process there is no change in the total
energy of the spin system. However, there is a decrease in the magnetization
responsible for the voltage induced in the measuring coil. Because transverse
relaxation occurs much more rapidly (except for free water) the time-
behaviour of the measuring signal is in large measure determined by it and
shows an exponential decline. Fig. 31 shows a typical measuring signal
generally referred to as FID (free induction decay).

FID =FID, -exp™ ™ (26)

FID [V] free induction decay (measuring signal)
FIDo [V] measuring signal immediately following pulse
T2 [s] transverse relaxation time

Transverse relaxation too is dependent on the physical and chemical bonding
of the nucleus (see Table 8). If components having various T, relaxation
times are present, this gives a measuring signal composed of the overlapping
exponential curves of the individual components. If the measuring curve is
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separated into the individual exponential curves, the relative content of the
individual components may be determined. This is for example routinely used
in the food industry to determine the fat/water content of margarine [16].
Since the relaxation times, as previously described, are also strongly
dependent on the physical bonds of the water in the pore space and hence on
pore-space size, it is conceivable that determining them would make it
possible to gain information on the relative content of bound/free water or a
kind of pore size distribution. This is however not possible as investigations
by this author have shown. Since in mineral building materials there is always
a continuous pore size distribution over a sizeable region, the measuring
signal is an overlapping of numerous relaxation curves. Separating them at
reasonable cost and with reasonable accuracy is impossible. Table 8 shows
the orders of magnitude of longitudinal and transverse relaxation times for
water in a variety of bound conditions.

It has only been possible to present the fundamental principles of nuclear
magnetic resonance in simplified form and to the extent necessary for
understanding of this paper. The behaviour of atomic nuclei cannot be
explained solely by way of classical physics; to properly describe it reference
must be made to the laws of quantum physics. A more complete description
may be found in the relevant literature of the field and in the standard books
([31]1[33] [43] [95] [97]).

6.1.2 Equipment setup

The heart of the equipment setup is an NMR unit consisting of an electronic
control unit and a permanent magnet with measuring coil. In the measuring
field of the permanent magnet, magnetic field strength is 0.235 Tesla,
meaning that the resonance frequency for hydrogen nuclei is about 10 MHz.
The magnet is thermostatically set at 40°C to prevent temperature from
affecting the magnetic field. Field strength can be readjusted by means of a
pair of Helmholtz coils at the poles of the permanent magnet. The measuring
head is located between the poles of the magnet. Because good spatial
resolution is necessary for determining water content distributions, a special
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measuring head was developed. Its coil length is only 3 mm in contrast to the
25 mm standard for this type of unit. Moreover use of a fully open measuring
head and placing of a matching opening in the base of the magnet housing
allows stepwise scanning of the specimen. The open diameter of the
measuring coil of about 30 mm hence allows the use of prismatic specimens
having sectional dimensions up to 20 x 20 mm?® or cylindrical specimens 30
mm in diameter. The magnet is mounted on a sliding carriage in such a way
that the opening with the measuring head lies horizontally in the direction of
travel of the carriage. The carriage is positioned by a step motor. Thus the
measuring coil can be gradually passed over the specimen to record
distributions. The specimen itself is suspended horizontally and hooked up to
a glass liquid supply system to allow free water absorption without
gravitational influences. Capillary liquid flow is determined by continuous
weighing of the reservoir container from its mass loss, corresponding to
determination of the water absorption coefficient (A value) from a suction test.
Weighing provides a check of the liquid distributions recorded in the
specimen. Fig. 32 shows a schematic sketch of the setup.

The control unit operated by a microprocessor has a quartz oscillator to
generate the resonance frequency. Pulse length is set by potentiometer and
like field strength adjustment of the magnet has to be controlled through the
signal profile displayed by a storage oscilloscope hooked up to it. The
alternating voltage induced in the coil by the test specimen after the high
frequency impulse is rectified and the user can choose between diode
rectification and phase-sensitive rectification. Higher measuring sensitivity is
attained using phase-sensitive rectification but fluctuations in field strength
and temperature have a greater influence on the test signal than using diode
rectification. The rectified signal is then digitized for the microprocessor using
an analog-digital converter (ADC). Since the ADC only has an operating
range of -5.1 to +5.2 volts, the signal has to be attenuated further so that this
range is not exceeded.
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This unit makes it possible to register and average a number of signals to
improve signal-to-noise ratio S/R after the equation

S/R~+n (27)
n[-] number of measurements

In recording distributions therefore as many measurements are made at each
test point as are possible without taking too much time for the measurements.
Here of course the interval between measurements is also a big factor. It has
to be selected to assure that all nuclei have returned to their original
alignments before the next measurement is taken. The amplitude of the FID
signal (Fig. 31) is recorded as a measurement signal at a time set on the unit.
This point in time must in any event be later than the dead time of the
measuring coil (resulting from switchover from sending of the pulse to
receiving of the desired signal). Choosing different times allows variation of
the effect of a possible signal of the solid-state matrix on the resulit.

A personal computer having four serial interfaces is used to operate the
entire system. Connected to these interfaces are the step motor control, the
operating electronics for starting measurement, NMR control and the
weighing unit. A menu-operated program was developed to record the test
data, performing the following functions:

. positioning of the measuring unit,

. initiation of NMR analysis via the operating electronics,

. receipt of the NMR signal,

. recording of the test data from the weighing unit,

. recording of liquid distributions at constant root time intervals

. graphic display of NMR signal over specimen length and recorded liquid

O O ON =

volume over the root of time, with automatic scaling of axes
7. storage of data.
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A second NMR test unit was also set up suitable for investigating larger
specimens measuring 5 x 5 cm? in section. In contrast to the system just
described this called for an electromagnet weighing about 700 kg. In this
case it is not the magnet which is moved but the specimen by means of a
sliding carriage. This set-up is less well suited for long-term studies since
there is a drift of the power supply and hence of the magnetic field. If diode
rectification, which is more insensitive to changes in field strength, is
selected, the magnetic field has to be adjusted roughly every two to three
hours. The magnet has a field strength double that of the “little” NMR and
consequently a somewhat greater measuring sensitivity. Except for the
differences discussed, this analytical setup is identical to the first apparatus.
Fig. 33 shows a photographic view of the two units.

6.1.3 Accuracy of measurement, limits of applicability

A comparison of water content figures derived using traditional gravimetric
means and the NMR apparatus on the same specimens is shown in Fig. 34 for
two different natural sandstones (one fine-pored, of good sorption capacity
and one coarse-pored, of lesser sorption capacity). The same calibration
curve can be used for both sandstones. This shows the advantage of a direct
method of measurement for moisture content. The NMR method can be
looked on as such for most building materials. A dry analysis does not have
to be carried out and a new calibration curve plotted for every material. This
does not apply to materials containing hydrogen nuclei (e.g wood, plastics).

Fig. 35 shows the high measuring accuracy of this method. The Fig. shows
measurement of moisture content in the hygroscopic region for a variety of
natural sandstones. Material moisture content can be determined to an
accuracy of more than 0.2 % by volume. The signal-to-noise ratio and hence
the attainable measuring accuracy can be varied with the number of
individual measurements to be averaged.
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Of course, the spatial resolution capability of the test equipment, too, is of
importance in determining moisture distributions. The NMR unit measures not
only inside the short 3 mm measuring coil, but ahead of it and behind it as
well since it is there too that the hydrogen nucleii are excited to resonance
and hence also contribute to the measurement signal. Spatial resolution was
determined using a very thin saturated filter paper passed by millimeters
through the measuring head. Fig. 36 shows the sensitivity curves determined
in this manner for the two NMR units. Both units yield a curve which can be
approximated very well by a Gauss function in each case. Half-width at half-
maximum for the relative sensitivity of the two measuring units is about + 6
mm and + 7.5 mm respectively. Fig. 37 shows a comparison between
measurement of water content distribution using the NMR unit and
measurement by gamma testing. The measurements were taken one
immediately after the other on the same specimen after an absorption period
of several hours. The specimen measured had 5 x 5 cm? in section and 25
cm in length. Scanning of the specimen took about 5 mins for NMR and 25
mins for gamma testing. The gamma testing unit used achieved a spatial
resolution of one millimeter [62]. Nevertheless the two distributions measured
show only very slight differences, if the first millimeters of the specimen are
ignored. This shows that the spatial resolution of the NMR unit is completely
adequate for determining the moisture distributions of common building
materials which usually do not involve moisture gradients on a millimeter
scale. Because in suction testing the moisture gradient becomes ever flatter
with increasing depth of penetration, a possible problem of spatial resolution
being too low can in most cases be mitigated by making absorption time
longer.

As investigations by this author have shown, it is not possible, despite
knowing the response function limiting the spatial resolution of the measuring
equipment, to calculate from the measured profiles the true water content
distributions which differ slightly from them. It is however very possible to
take the reverse tack and to determine from the calculated distributions those
profiles which would be yielded by the NMR unit in measuring these
distributions. To allow optimal comparison between calculation and
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measurement, all calculated distributions were “NMR corrected” in this

manner.

Problems can occur in the measurement of building materials containing
coarse-grained aggregates. Frequently aggregates are used which in part
exceed one centimeter in diameter. At a maximum sectional size of 5 x 5 cm?
the specimen can in this case no longer be viewed as homogeneous. The so-
called gel pores in concrete pose another problem. These pores are
extremely small in diameter. As previously discussed, the transverse
relaxation time of water drops off sharply in pores of decreasing pore
diameter. In very small pores, relaxation time can become so short that even
within the dead time of the measuring coil the hydrogen nuclei are already
relaxed so far that they can no longer be detected by the measuring coil, or
only just barely. This results in a calibration curve, as the tentative studies on
concrete shown in Fig. 38 also indicate, which does not pass through the zero
point and possibly is not even a straight line.

6.1.4 Procedure

Moisture-distribution measurements to determine transport coefficients were
carried out using the “little” NMR unit on dried specimens sealed on the sides
with epoxy resin and having a sectional area of 2 x 2 cm? and a length of 10
to 15 cm. The appropriate attenuation of the NMR signal and the necessary
time interval between measurements are determined from saturated test
specimens. For most materials an interval of 0.2 sec is sufficient. For the
chosen number of 25 measurements per point this means a measuring time of
5 sec. Measurement is made every 4 mm; i.e. for a specimen 15 cm in length
there are about 40 sampling points. Combined with the positioning time of the
carriage this yields a total measuring time for a moisture profile of less than 5
minutes. However, a longer measuring-time interval of sometimes as much as
a full second is required for highly absorbent coarse-pored materials which
are just those with the fastest changes in the moisture distribution. To reach
an acceptably short measuring-time despite this, the number of
measurements to be averaged has to be reduced accordingly. Usually this
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does not present any problem in that these materials frequently have a very
high capillary saturation which results in a better signal-to-noise ratio.

The specimen is connected with the glass liquid supply system by way of a
shrinkable PVC plastic tubing some sealing compound being placed between
the tubing and the specimen. Once the specimen holder has been properly
adjusted so that the magnet with the measuring coil can be passed over the
specimen without difficulty, a dry measurement is carried out. This dry
measurement is necessary since, containing hydrogen nuclei, both the epoxy
resin and the sealing compound give an NMR signal which has to be
subtracted from the subsequent measurements.

Following input of the NMR parameters (signal attenuation, number of
measurements to be averaged, interval between individual NMR
measurements) the liquid supply is opened and the face of the specimen fully
wetted. Immediately thereafter the test routine is begun. The specimen is
scanned in the direction of absorption. Recording of moisture profiles is
repeated at constant root-time intervals to obtain constant spacing of the
profiles despite the absorption process becoming slower and slower (vt law).
The profiles recorded are displayed at once on the computer monitor. Once
the liquid has penetrated deeply enough and enough profiles to determine the
capillary transport coefficients have been recorded, sampling can be stopped.
To provide meaningful evaluation, penetration of about 6 to 12 centimeters is
necessary. Depending on the absorption capacity of the specimen material, a
test period from under 2 hours up to as much as several days may be needed.

After interruption of the water supply, the process of subsequent moisture
redistribution begins in the specimen. This transport phenomenon, which is
considerably slower, may also be observed through subsequent determination
of moisture distribution using the NMR unit. However this requires a test
period from roughly one day to as much as several weeks depending on the
specimen material. Observation time is limited as a result of the simultaneous
process of diffusion which causes drying of the specimen through the open
sectional surface on the end of the specimen. Once the total moisture content
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of the specimen has dropped by more than 5%, the sampling operation is
discontinued.

6.2 Measurement results

In the following discussion of measurement results the four natural varieties
of stone and the four different man-made building materials are combined into
two composite graphs made up of the four individual graphs each. This
means of depiction is also used to show the capillary transport coefficients.
Also plotted on the graphs in addition to the test points are calculated
moisture distributions which are discussed in more detail in Para. 6.3.1.

6.2.1 Absorption of water

Figs. 39 and 40 show the test results for natural sandstones and man-made
materials. The moisture distributions measured over the length of the
specimens at specific times in the absorption process clearly show that water
does not penetrate in the form of a “definite moisture front.” Fully in accord
with theoretical approaches to describing capillary penetration in porous
building materials having varying pore size, it penetrates in a complex way
with gradients changing over space and time. The natural sandstones show a
behaviour similar to one another. On the absorbing face of the specimen a
constant moisture content corresponding to capillary saturation quickly
establishes itself. Moisture content declines continuously in the direction of
absorption. The measured water content distributions all have a convex
shape. As depth of penetration increases, the curves become flatter. The
individual types of sandstone differ in rate of penetration and steepness of
the resultant curves.

Baumberger and Sander sandstone have the lowest rate of penetration. That
Baumberger sandstone has about the same rate of penetration as Sander
sandstone despite its water absorption coefficient which is roughly twice as
large is due to its water absorption capacity which also is nearly double that
of Sander (cf. Table 1). Because of its very low absorption capacity with only
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slightly higher water absorption coefficient, Obernkirchner sandstone has a
markedly higher rate of penetration. With its very high A-value, Ruthener
sandstone shows the highest rate of penetration and the steepest water
content profiles.

Of the man-made building materials, gypsum and sand-lime brick behave in a
manner similar to the natural sandstones (see Fig. 40). With its somewhat
higher capillary saturation but also its higher A-value, sand-lime brick
behaves in a manner somewhat comparable to Baumberger sandstone. At
400 kg/m® gypsum has the greatest water absorption capacity of all the
materials considered here, though because of its relatively high A-value it still
does not have a low rate of penetration.

Water penetration presents a different picture for aerated concrete. Though
for short absorption times this material does show a water absorption
behaviour comparable to the results already presented, this changes once the
absorption times exceed 24 hours. The moisture content of the absorbing
surface climbs above capillary saturation to 375 kg/m® and at capillary
saturation and below this at about 200 kg/m® moisture plateaus form which
migrate into the interior of the material as absorption time increases. After an
absorption period of eight days (192 hrs), moisture content of the absorbing
surface rises further to a water content of 450 kg/m® with a third moisture
plateau beginning to form at 375 kg/ms.

In the case of brick a moisture plateau also forms, albeit after only roughly
one hour of absorption time. This plateau, with a shape somewhat less
distinct than that of aerated concrete, appears at about half the capillary
saturation. Here no change in water content is evident on the absorbing
surface.

An explanation for the peculiar behaviour of aerated concrete and clay brick
could not be found in the course of this research work. Studies of the pore
radii distribution in clay brick using mercury porosimetry produced two pore
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radii frequency maxima. This could be an explanation for the appearance of
water content plateaus.

6.2.2 Redistribution of water

To investigate redistribution the specimens are first supplied with water up to
the time t = 0 until a penetration depth of roughly one-third of the specimen
length is reached. Application of water from outside is then discontinued. The
test curves for water content distribution at the start of redistribution are
marked in Figs. 41 and 42 with time t = 0. In the process of redistribution the
smaller pores with their greater suction power suck dry the larger, full pores.
The result of this is that water penetrates further into the specimen whereas
water content in the front portion of the specimen falls. If the water content
profiles shown are compared with the profiles obtained during the absorption
process, the markedly greater time intervals are conspicuous.

While the behaviour of gypsum and sand-lime brick is comparable to that of
the natural sandstones with respect to redistribution as well, here again it
differs from it in the case of aerated concrete and clay brick. At the start of
redistribution, the water content of aerated concrete shows only an indistinct
moisture plateau at a water content of about 210 kg/m® after an absorption
time of seven and a half hours. This plateau continues to grow until after a
redistribution time of something over one day the water content at no point in
the specimen exceeds the value of this plateau. A new plateau then forms at
175 kg/m>. In the case of clay brick there is no moisture plateau visible at the
start of redistribution. It then appears however after eight hours at
approximately the same moisture content as in the absorption process along
with an additional plateau at a moisture content of roughly 30 kg/m®.

6.3 Determination of liquid transport coefficients

Two methods are commonly used to calculate capillary transport coefficients
from recorded water content distributions varying with time. Using a
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Boltzmann transformation, equation (12) becomes an ordinary differential
equation

d{D dw /dr
_1XM:—( w(v) ) (28)
2 di da

Duww) [Mm?/s] liquid transport coefficient
w [kg/m®]  water content

with the Boltzmann variable A = x/\t. This equation applies to penetration of
liquid into a body extending infinitely in the direction of absorption, having
constant initial water content and constant water content on the absorbing
surface. In addition, capillary transport must be a function of water content
only; a criterion synonymous with linear water absorption over the root of time
[19]. The method of calculating transport coefficients using the Boltzmann
transformation is not applicable to the redistribution process which is why
another method is utilized. Equation (12) may be solved directly for Dy:

aw
D = ~Guixy /(o) (29)

Gwiy [kg/m?s] liquid flux density

For any point in time the transport coefficient is given by the ratio of mass
flow and water content gradient. This ratio is independent of time if capillary
transport can be described by a diffusion equation. The water content
gradient in equation (29) may be determined directly for every measuring time
and every sampling location from the recorded profiles.

To allow better evaluation a regression curve is passed through the test
points; the curves are read in using a digitizing board having a data point
spacing of 0.1 mm. This regression method is used because a mathematical
regression for the full moisture range would only be possible if different
equations were used for different areas. However this would result in
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discontinuity in the first derivative at the interfaces and hence to physically
inexplicable forms of the capillary transport function (as in Kumaran [79] for
example).

The mass transport gwixty mMmay be determined from profiles determined at two
different points in time t; and tx:

1 ©

9 ety =y |
w(x,t=—‘—;—2—) (to —t1) azx

(Weaty) - Wiaty)da (30)

The upper limit of integration may be replaced by the location of the moisture
front since a further integration cannot result in any change.

6.3.1 Coefficients for absorption

Fig. 43 shows the transport coefficients determined in this fashion for the
various types of sandstone. In all cases the transport coefficient is heavily
dependent on water content. At capillary saturation the transport coefficient is
above that in the hygroscopic moisture region by roughly two orders of
magnitude.

The moisture transport coefficients of the Baumberger sandstone and of the
Sander sandstone, both of which have approximately the same rate of
penetration, show a similar pattern. Obernkirchner sandstone, which despite
its low water absorption capacity does have a slightly higher water absorption
coefficient than Baumberger sandstone, accordingly has a considerably
higher transport coefficient. As anticipated, the high water absorption
coefficient of Ruthener sandstone also results in transport coefficients higher
by more than an order of magnitude.

For the transport coefficients shown in Fig. 44 for the man-made building
materials, sand-lime brick and gypsum show transport coefficients
comparable to the natural sandstones. As anticipated, aerated concrete by
contrast presents a different image. For the moisture contents of the moisture
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plateaus where extremely low gradients appear (see Fig. 40), very high
transport coefficients are resulting. Moreover the moisture transport function
is a function not only of water content but also of time, since the plateaus
only form with time and the water content of the absorbing surface changes
constantly. Behaviour of this nature can no longer be described by a diffusion
equation. For clay brick as well, the plateau which forms at half saturation,
yields an increase of the correspondent transport coefficient. But the time-
dependence is only slight. According to KieRl [56] the capillary transport
coefficients for most building materials can be approximated very well by an
exponential function. To verify this an exponential approximation is included
in Figs. 43 and 44 for all building materials (with the exception of aerated
concrete and clay brick). The exponential function is chosen so that water
content distributions calculated using it show the least deviations from the
measured profiles. The calculated distributions are shown in Figs. 39 and 40
and show sufficiently good agreement for many applications. In [74] a
procedure for determining from the water absorption coefficient a good
exponential approximation for the capillary transport coefficient is reported.

6.3.2 Coefficients for redistribution

The transport coefficients for redistribution are shown in Figs. 45 and 46 for
the four types of sandstone and the four man-made building materials. Since
during redistribution the maximum water content on the front side of the
specimen is decreasing steadily, the transport coefficients can only be
determined up to a maximum moisture content which is falling more and more
with subsequent redistribution. For redistribution as well the transport
coefficient curves for Baumberger sandstone and the Sander sandstone are
similar. As would be anticipated, the transport coefficients for Ruthener
sandstone are higher. Despite the lower A-value, the transport coefficients for
redistribution in Obernkirchner sandstone are somewhat higher than those for
the Ruthener sandstone.

The transport coefficients of gypsum lie above those of Baumberger
sandstone, though by contrast they are just beneath them in the case of sand-
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lime brick. The recorded profiles of aerated concrete and to a great extent the
profiles of clay brick as well yield transport coefficients which change with
time, making mathematical description of the transport phenomena impossible
at present.

Exponential approximations of the transport coefficients are also included for
redistribution in the four types of sandstone as well as for gypsum and the
sand-lime brick. As is evident from Figs. 41 and 42 the moisture profiles
calculated in this manner are in very close agreement with the recorded
curves. In contrast to the exponential approximations of the transport
coefficients for the moistening process, there is however still no known means
of approximating these for redistribution from simple experiments operating
without measurement of moisture profiles.

6.3.3 Comparison of the coefficients for absorption and redistribution

Comparison of Figs. 43 and 44 with 45 and 46 shows that the transport
coefficients for redistribution of moisture are always smaller than those for
absorption. For Baumberger and Sander sandstone the transport coefficients
are lower by a factor of about 5; for Obernkirchner sandstone by contrast only
by a factor of 2 and for the Ruthener sandstone by a factor of about 15.

For sand-lime brick and gypsum the transport coefficients likewise differ as
for Baumberger sandstone by a factor of about 5. The comparison is more
difficult in the case of aerated concrete and clay brick due to the large range
covered by the calculated transport coefficients. If the average curves of the
coefficients for absorption and redistribution of moisture are compared
respectively, the transport coefficients for absorption of aerated concrete are
higher by roughly a factor of 20, that of clay brick on the other hand by about
two powers of ten. The extreme difference between absorption and
redistribution in the case of clay brick may be explained by its pore structure.
Unlike the other building materials, clay brick actually has cylindrical
capillaries. Redistribution of moisture takes place only through the few cross-
connections between the capillaries, whereas by contrast in the other building
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materials redistribution of the liquid also takes place in the grain interstice
corners of each capillary (see Fig. 11).

However, in the hygroscopic moisture region as well the measured transport
coefficients for absorption are also higher than those for redistribution. In this
region, where liquid transport takes place in the sorbate film, differentiation
between absorption and redistribution of moisture can not be justified in a
physically meaningful manner. Fig. 48 shows a comparison of the profiles
calculated using the measured transport coefficients for absorption (Fig. 47)
for the Baumberger, Ruthener and Sander sandstones as well as for gypsum.
These materials were chosen because exponential approximations for them
do not yield perfect agreement of calculation and measurement (see Figs. 39
and 40). Whereas in the higher moisture region a better situation is reached,
the curves are all too flat in the hygroscopic moisture region. This indicates
that in this region the transport coefficients were chosen too high. It is
however not surprising that in this region the transport coefficients recorded
are not correct. The point is that the transport taking place in the hygroscopic
moisture region is smaller than total transport by several orders of magnitude.
Even at high levels of computational accuracy errors occur in this moisture
region in determining mass flow density from equation (30) and in calculating
the transport coefficients from equation (29). In this region the transport
function has to be corrected by transport coefficients determined by another
method. On the assumption that the transport coefficients determined from
diffusion studies are valid for absorption in this region as well, a corrected
transport function can be plotted. Included in Fig. 47 is the liquid transport
coefficient for each of the four building materials calculated from isothermic
diffusion measurements in the dry and moist regions. A straight line is drawn
through this point to intersect the transport function determined from NMR
studies at the water content corresponding to the end of hygroscopic moisture
content (sorption moisture content at 95% RH). This line is extended
downward to intersect with the ordinate. For the hygroscopic moisture region
the values indicated by a dotted line are to be used for the transport function;
above it the values of the solid line. The water content profiles calculated
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using these transport functions show better agreement in the hygroscopic
moisture region, as illustrated in Fig. 49.

For redistribution as well it is possible to improve the agreement between
calculation and measurement if, in place of the exponential approximations,
the transport function determined from the recorded moisture profiles is used
(see Fig. 50). Instead of gypsum, for which there is already good agreement
in the redistribution profiles with the exponential approximation and the
measured ones (see Fig. 42), sand-lime brick is shown in this figure.
Correction in the hygroscopic moisture region is not necessary in this
instance since the transport coefficients determined from water content
profiles differ only slightly from the values calculated from diffusion analyses.

7. Examples of calculations on moisture balance using the new
coefficients and comparison with practical results

Table 9 lists the measurement accuracies for all the instruments used here
for determining moisture transport and moisture storrage parameters.
Usability of the measured coefficients depends not only on the precision of
their measurement, however. Before they come into general use, the newly
defined material transport coefficients and storage functions have to be
validated by way of practical examples involving experimental investigation
into the moisture behaviour of building components to show that they are not
only valid under simplified laboratory conditions. This calls for a computation
method which allows prediction of the moisture behaviour of building
components even under complex conditions using these material
characteristics. The computer program developed by H.M. Kunzel [88] meets
this criterion and has been successful in showing good agreement between
calculated and experimental results in numerous applications ([86] [87] [88]).

To validate material coefficients only those test examples are suitable for
which the initial and boundary parameters and the composition of the building
components are well documented and the material coefficients are available.
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No material coefficients for moisture redistribution are to be found in the
literature; nor are the materials used any longer available for a new
determination of material coefficients. Consequently, this author conducted
his own experimental investigations which serve as the basis for the
computations.

7.1 Natural stone wall section with natural weathering

The first example illustrates the investigation of moisture behaviour in a
section of west-facing natural stone facade by H.M. Kunzel [88]. To calculate
the moisture behaviour of the facade section of Sander sandstone, the
measured storage function shown in Fig. 21 (bottom right) and the liquid
transport coefficients shown in Fig. 47 (bottom left) and Fig. 45 (bottom right)
were used for the absorption process and the redistribution of moisture,
respectively, where used. The other material characteristics needed are listed
in Table 10.

The experiment was carried out on prisms of stone 25 cm in length, with
sealed flanks, having a sectional area of 5 x 5 cm?. These prisms were
installed in dry condition in the west facade of an unheated test hall. The
inner face of the prisms was sealed to protect it against condensation while
the outer face was exposed to natural weathering. From the moment of
installation on continuous recording was made of the solar radiation (western
exposure), outside air temperature and humidity, and driving rain which was
measured by a drop-counter integrated into the facade at the same height as
the prisms. These climatic data are shown in Fig. 51 (top) in the form of daily
average values or totals for an observation period of 80 days. In this same
period room air temperature declined relatively steadily from 21°C to 10°C.
The humidity of the interior air is not significant since the prisms are sealed
on the back. The moisture uptake and release behaviour of the natural stone
prisms under the conditions described was recorded by regular weighing of
the prisms. In addition, the moisture profiles in the prisms were recorded by
NMR at specific intervals. To calculate the moisture behaviour of a natural
stone facade under the conditions described here, average hourly values of
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the recorded climatic parameters were used. As transfer coefficients for heat
and moisture the values from Table 11 were used.

Fig. 51 (bottom) shows the calculated curve for the water content of the
natural stone facade averaged over the total width of 25 cm in comparison
with the measured moisture change of three natural stone prisms for an
observation period of 80 days following the start of exposure. Measurement
and calculation, which agree relatively well, show a rise (interrupted by brief
periods of drying) in water content due to driving rain (most apparent in the
middle of Fig. 51) which has still not reached a state of equilibrium even after
80 days. The moisture profiles established in the facade specimens are
shown in Fig. 52 for four distinct points in time. The profile at Time 1 shows
the moisture of the stone after the first period of rain. Similar to the situation
in a laboratory absorption test this shows a narrow moisture front. At Time 2 -
following a lengthy period of fine weather - this moisture front has flattened
out by the time it reaches the middle of the prism as a result of drying and
redistribution. The chart at Time 3 shows a moisture profile in stormy weather
with low relative humidity, known in the foothill areas of the Alps as the foehn.
Evident here is the steep water content gradient in the surface zone resulting
from the high rate of drying under these climatic conditions. The moisture
profile at the end of the 80-day observation period (Time 4) shows a relatively
uniform moisture gradient in the facade with approximately capillary water
saturation of the exterior surface while there continues to be only very low
water content in the area of the interior surface. At all four points in time
there is excellent agreement between measurement and calculation. In
addition to showing the applicability of the computer program, this clearly
shows that the transport coefficients used permit good prediction of the
moisture behaviour of building materials even under complex climatic
boundary conditions. In this example the storage function is not of any great
significance, however, since the test specimen involved is monolithic.
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7.2 Liquid transport across the boundary layers of two capillary-porous

materials in contact with one another

Until now comparisons between measurements and calculations have for the
most part only been made for moisture transport in monolithic materials. One
exception to this is KieRl [55] who compares the measured profile for the
capillary water absorption of two solid clay bricks having a 1 cm mortar joint
between them [80] with computed figures. The comparison ends however at
the point of full moistening of this thin mortar joint. To fill this gap,
measurements of water absorption across the boundary layers of two
capillary-porous materials in contact with one another were carried out and
compared with computed values.

The investigations, described in detail in [75], were conducted using three
different kinds of natural sandstone: Ruthener, Baumberger and
Obernkirchner. For each combination of two materials specimens measuring 5
x 5 cm? in section and of varying lengths were cut. The sides of all specimens
were sealed with epoxy resin to provide unidimensional conditions. To get a
good hygric contact, two different specimens were fastened together in each
case with moistened china clay powder between them and dried. A water
absorption test was then carried out, with the open end of the shorter
specimen piece being placed in contact with water (see Fig. 53). Water
absorption as a function of time was determined by weighing. As preliminary
tests indicated, the thin layer of china clay has no appreciable effect on the
process of water absorption.

7.2.1 Measurement results

Figs. 54 and 55 show the profiles for water absorption as plotted points
obtained from successive weighings. Fig. 54 (left) shows water absorption for
the combination of 2 cm of Ruthener sandstone and 18 cm of Baumberger
sandstone. Following a brief absorption period by the Ruthener sandstone
with its high water absorption coefficient, water reaches the Baumberger
sandstone as can be seen from the sharp bend in the curve. From there on
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the Baumberger sandstone takes up water almost totally unaffected by the
Rathener sandstone.

The Baumberger/Ruthener sandstone combination, as shown in figure 54
(right), behaves in a different fashion. In this case the Baumberger sandstone
has a major influence on the absorption behaviour of the Riathener sandstone.
Despite its large water absorption coefficient, the Ruthener sandstone in fact
takes up water more slowly than does the Baumberger sandstone. As
absorption time increases or as depth of water penetration increases the
water absorption rate of the Ruthener sandstone increases. This phenomenon
is anticipated since with increasing depth of penetration the decreasing rate
of flow causes a decrease in the flow resistance which is considerably higher
compared to Ruthener sandstone.

For the combination of 4 cm of Obernkirchner and 16 cm of Baumberger, two
materials having almost the same water absorption coefficients but differing
suction pressure, absorption behaviour is similar to that of a homogeneous
material (see Fig. 55, left). For the reverse combination, by contrast,
behaviour is comparable to the Baumberger/Ruthener combination. The
reason for this is that in this case as well a material having low suction
pressure has to draw the water through a material having high suction
pressure and high flow resistance.

7.2.2 Computed results

The computations were made using the moisture transport program [88]. As
Table 12 illustrates, the water absorption coefficient of each type of
sandstone varies in a certain range. To increase accuracy, the water
absorption coefficient measured with each individual specimen was used for
the computations. From this coefficient the exponential approximations for the
liquid transport coefficients were computed as described in [74]; variations in
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the coefficients are included in Table 12. The computed results are shown as
a solid line in Figs. 54 and 55. In all cases there is excellent agreement
between computation and measurement; the characteristic behaviour and the
absorbed volume are accurately reproduced (with very slight deviations only).

Computations in which the transport coefficients and the suction pressure
curve were varied showed the suction pressure curve (water retention curve)
exerting a dominant influence on the computed behaviour of the water
absorption profile. This shows that an accurate determination of the storage
function, e.g. using the pressure plate apparatus, is of critical importance
when moisture transport for two capillary-active building materials in contact
with one another has to be calculated.
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8. Summary and Conclusions

The aim of this work was to determine the storage and moisture transport
coefficients of porous mineral building materials necessary for calculation of
moisture balance. For this purpose the state of knowledge on the mechanisms
of moisture storage and transport is first discussed through a critical analysis
of the literature. Moisture movement in porous building materials due to air
flow, gravitation, differences in hydraulic pressure and osmotic or
electrokinetic phenomena is excluded since as a rule it is insignificant for
analyses in the field of building materials and structures. On the basis of new
approaches by the author, new measuring methods are developed for the
field of building science. Some of the measurements results lead to new
transport coefficients properly based in physics and in some instances these
may also be determined or approximated using simple, classical means.

The storage of moisture in building materials is characterized by three
regions. The first region marks so-called hygroscopic equilibrium moisture
contents. Next to this for capillary-active materials comes the capillary water
region with water contents up to capillary saturation. Capillary saturation may
only be exceeded by application of an overpressure or an underpressure,
artificially induced condensation from falling below dew-point or extremely
long submersion in water. Because hygric equilibrium conditions no longer
exist in this supersaturated region, there is also no defining a definitive
storage function. The storage function for the hygroscopic moisture region is
characterized by the sorption isotherm. Gravimetric determination of the
sorption isotherm, which is relatively simple but mostly time-consuming, is
feasible to an upper limit of 95% RH. Because the sorption isotherms of most
building materials are extremely steep at higher relative humidities, clearly
defined sorption measurement and correlation of water content figures with
relative humidity are no longer possible above this value. Consequently the
moisture storage function of the capillary water region must therefore be
determined in a different manner. In capillary-porous hygroscopic building
materials having continuous pore-size distribution, a correlation can be made
all the way up to capillary saturation between every water content value and a
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maximum pore size still filled with water. This correlation is based on the fact
that all pores reached by water are connected and that the smaller pores with
their greater suction power draw water from the larger pores until capillary
pressure equilibrium is reached for a specific water content. For the region of
superhygroscopic water contents this produces a characteristic functional
relationship, the so-called suction pressure curve or water retention curve. To
determine this suction pressure curve a unit for measuring suction pressure
familiar in the field of soil science and modified for this purpose is used for
the first time in building physics. In contrast to mercury pressure porosimetry,
this method, which uses water as the measuring medium, assures a more
realistic description.It allows for the interactions between water and pore
walls in a way which is identical with natural conditions. It also makes it
possible to document not total pore space but the pore space accessible to
moisture transport by basing the analysis on capillary saturated specimens.

The sorption isotherm and the suction pressure curve express water content
as a function of true potential parameters not dependent on material: relative
humidity and capillary pressure respectively. The two parameters are linked
by Kelvin's thermodynamic equilibrium condition. This makes it possible to
combine the sorption isotherm and the suction pressure curve into a storage
function continuous over the whole region and including all the practically
significant moisture storage characteristics of a porous building material up to
capillary water saturation.

Measurements of the water vapour diffusion resistance of porous hygroscopic
building materials per DIN 52 615 for the most part show smaller diffusion
resistances in the moist region than in the dry region. This increase in water
vapour permeability determined under isothermic conditions is generally
attributed to moisture phenomena which increase vapour diffusion flow.
However with isothermic diffusion measurements in the higher moisture
region the development of a sorption moisture gradient on the pore walls of
hygroscopic building materials occurs. A sort of transport in liquid phase take
place in this sorbate film. The operative potential of this liquid transport is
relative humidity; its gradient operating under isothermic conditions in the
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same direction as the water vapour partial pressure gradient driving diffusion.
If this liquid transport superimposed on diffusion is responsible for the
increase in total mass flow recorded under isothermic conditions, then in the
case of opposing gradients of vapour pressure and relative humidity (non-
isothermic conditions), a reduced mass flow would have to be recorded. By
way of investigations using a test apparatus specially developed for this
purepose to induce a temperature gradient through the cross-section of the
specimen so as to create a relative humidity gradient and hence sorption
moisture gradient running counter to the partial pressure gradient, these
considerations are worked out clearly for the first time and confirmed. In
addition, other studies by the author and interpretation of other authors’
findings are used to offer further evidence of the correctness of this novel
interpretation. Consequently only a water vapour diffusion resistance factor
determined in the dry region without liquid transport can be looked on as the
true material coefficient for diffusion transport.

Study of liquid transport in porous building materials calls for a diversified
approach. Essentially, a distinction has to be made among three phenomena:
capillary action upon water contact with the major transport intensities being
in the high water-content regions; subsequent liquid water redistribution
without moistening, and sorption moisture transport having transport
intensities which are relatively small yet in the order of magnitude of
diffusion. Accurate description of water content distributions varying in time
and space under natural conditions requires liquid transport coefficients
dependent on water content. To determine the transport coefficients two NMR
test units are designed and set up. With their high measuring accuracy and
speed of measurement, these make it possible to record continuously and in
non-destructive fashion water content distributions in prismatic test
specimens during capillary absorption and also, after shut-off of the water
supply, during subsequent redistribution of moisture. From these
distributions, recorded at different points in time, it is possible to determine
the liquid transport coefficients for absorption and redistribution in a short
time. It emerges that the transport coefficients for redistribution are in most
cases lower than those for absorption. The moisture transport functions for
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absorption and redistribution converge in the hygroscopic moisture region
since liquid transport takes place there in the sorbate phase and
distinguishing between absorption and redistribution is no longer physically
meaningful. Both absorption and redistribution show moisture transport
functions which rise with moisture content sometimes over several powers of
ten. Often, the functions can also be approximated with acceptable accuracy
by way of a simple exponential function. This makes it possible to work out an
exponential approximation for absorption from the water absorption
coefficient, whereas there is still no known simple method of approximation
for redistribution.

The newly defined transport coefficients and storage functions are validated
using practical examples to show that they are valid not only under simplified
laboratory conditions but in practice as well. The first example involves the
moisture behaviour of a section of a west-facing natural stone facade under
conditions of natural weathering over a period of 80 days. The water content
curves and distributions calculated using the transport coefficients and
storage function determined in the laboratory show good agreement with the
measured curves and distributions. In the second example moisture transport
across the boundary layer of two specimens of differing capillary-active
building materials in hygric contact with one another is investigated. In this
example as well, where in particular the influence of the suction pressure of
the materials used is of prime importance, the computed water content curves
reproduce the measured values accurately.

The results of the investigations carried out into the moisture storage and
transport processes of capillary-porous mineral building materials yield the
following conclusions as to the use of the coefficients for calculating moisture
balance:

- For the calculation of liquid transport through the boundary layer of two
capillary-active materials in contact with one another, use of an accurate
moisture storage function is essential. Particularly in the superhygroscopic
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moisture region, accurate evaluation, preferably involving a measuring
method employing water as the measuring medium, is of great importance.

- For hygroscopic building materials under practical, non-isothermic
conditions, the traditional description of moisture transport in the
hygroscopic moisture region (liquid and vapour) as moisture-dependent
diffusion is not acceptable. Calculated results obtained in this fashion are
incorrect. Diffusion and moisture calculations have to be carried out
separately for these materials as diffusion and liquid transport. Diffusion
has to be calculated using a diffusion resistance factor determined in the
dry region. For calculation of the simultaneous transport in liquid phase,
liquid transport coefficients have to be used.

- In calculating liquid transport, it is necessary to distinguish between two
types of transport: absorption and redistribution. For both types of transport
there are moisture-dependent and to some extent widely differing transport
coefficients. The functions of the liquid transport coefficients of the two
types of transport are the same in the hygroscopic moisture region for
physical reasons. For this region determination of the coefficients from
diffusion analyses is preferable. Both for redistribution and for the
absorption process the transport coefficients may be approximated by an
exponential function with an accuracy adequate for numerous applications.
In this regard it is possible for some building materials to derive the
exponential approximation for the absorption process from the water
absorption coefficients.

All in all, this work has been able to significantly refine and enhance the
analytical methods used in the field of moisture science. Whereas to date
mainly standardized water vapour diffusion investigations or suction tests
have been used in the area of physics relating to the building sciences, in
particular the NMR moisture analysis used here for the first time established
the basis for specific determination of those hygric material characteristics
which are indispensible for the theoretical study of moisture transport
phenomena in building materials and building components.
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Table 3

absorbed salt

Tabulation of the porosity coefficients and the amount of

of the varieties of stone investigated for
comparison of pressure plate measurement and mercury intrusion
porosimetry.

bulk porosity | capillary absorbed amount of salt
density saturation [mass-%]

stone variety [kg/m®] | [vol.-%] | [kg/m3]

MgS0,-7H,0 KNO3
Obernkirchner | 5450 14 110 0.16 0.39
sandstone
Rathener 1950 24 210 0.19 0.41
sandstone

Table 4 Comparison of parameters for pressure plate measurement and
mercury intrusion porosimetry.

parameter pressure plate mercury .|ntru5|on

measurement porosimetry

analytical medium water mercury

pore space only water-filled pores all pores

encompassed

influence of salt measurable no measurable response

hydrophobic effects measurable no measurable response

moisture condition wet dry

rate of measurement

low (ca. 4 weeks)

high (ca. 3 hrs)

accuraly medium high
gradation coarse fine
pore radius range [um] 0.015to 30 0.004 too 50




Table 5 Parameters and results for diffusion mass flux densities and p-
values in gypsum wallboard and Baumberger sandstone. The
non-isothermic diffusion resistance coefficients were determined
from measured mass flows on the basis of equation (1). The
isothermic diffusion resistance coefficient was determined at an
average relative humidity of 63 % and the mass flow calculated
from it.

parameter results

material 94 9, (o8 0, | Po1 Pp2 | gradients | g H

°’cl r°cl | %] (%] |Imbar] [mbar]| ®undpp |[g/mZh] [-]

gypsum 24 18 50 75 | 149 155 parallel 0.86 6.3

measured

non- 26.5 18 50 75 [17.3 15.5 | opposing | 0.41 22

isothermic

Baumberger | 27 17 50 75 [ 17.7 14,5 | opposing | 0.57 29

measured

non- 25 17 50 75 | 16.0 14.5 | opposing 0.05 160

isothermic

Baumberger average App = 3.2 parallel 1.07 16

23 value

calculated 63 %

isothermic ca. ° App = 1.5 parallel 0.50 16

84, @1, pp1:  temperature, relative humidity, partial vapour pressure in the

diffusion vessel

9,, 05, Ppp:  temperature, relative humidity, partial vapour pressure in the

g

conditioning chamber
total mass flux

Table 6 Vapour diffusion resistance coefficients for the materials
investigated, measured per DIN 52 615 [26] in the dry-cup and
wet-cup region as well as in other moisture regions above the
dry-cup region. The differences in the results from the dry-cup
region measurements are attributable to liquid transport
phenomena and may be used to determine the liquid transport
coefficients in the hygroscopic moisture region.

vapour diffusion resistance coefficients

material dry-cup region wet-cup region

3t050 % RH |44t063 % RH | 50t0 93 % RH | 80 to 90 % RH

Baumberger 20 17 14 8,8

Obernkirchner 32 30 28 18

Ruthener 17 16 13 9.4

Sander 33 30 22 13

gypsum 8.3 - 7.3 -

sand-lime 28 24 18 13

brick

aerated 76 _ 6.7 _

concrete

solid clay

brick 9.5 8.8 8 6.9




Table 7 Liquid transport coefficients determined from isothermic diffusion
measurements in the dry-cup and wet-cup regions using equation
(24). The sorption isotherm must be known for calculation (see

Table 2).
material wat[ir cor;tent “qgiode;frii?:ﬁtort
g/m?] [m2/s]
Baumberger 31 2.5.10-10
Obernkirchner 7.7 1.9.10-10
Rathener 14 2.9.10-10
Sander 22 1.8 - 10-10
gypsum : 10 3.5-10-10
sand-lime brick 30 1.8 - 10-10
aerated concrete 44 1.1 - 10-10
solid clay brick 35 26-10-10

Table 8 Orders of magnitude of longitudinal relaxation time T1 (from [77]
and transverse relaxation time T, (from [121]) of water in various

bound states.

bound state of water

longitudinal relaxation
time

transverse
relaxation time

solid (ice)/firmly bound
water

lightly bound water
unbound pore
water

free water

about one hundred
millisecs

about one hundred
millisecs

about one second

a few seconds

a few microsecs

a few microsecs

several hundred

microseconds

a few seconds




Table 9  Tabulation of measuring accuracy for all measured variables Table 10  Tabulation of additionalmaterial coefficients of Sander sandstone
needed for the determination of moisture transport and storage necessary for the example of calculation.
coefficients.

- . material coefficient Sander sandstone
measured variable used measuring measuring accuracy
instrument specific heat capacity [J/kgK] 850
temperature copper constantan +0,2K thermal conductivity [W/mK] 1.6
thermocouple
moisture increase [%/m.-%] 8
to 0.3 bar + 5 mbar
pressure manometer :g ?5bgrar fg; g:: short wave adsorption coefficient \?VZt 8;;
to 100 bar + 0.5 bar
relative humidity capacitive humidity +1% RH

sensor

to 500 g +2mg

weight balance t02000g * 20 mg
dew point temperature dew point mirror +0.1K
LiCl-sensor +02K

water content

NMR-equipment

>+ 0.1 vol.-%




Table 11  Mean surface transfer coefficents for calculation of heat and
moisture exchange between ambient air and outdoor and indoor
building component surfaces respectively [87].
transfer coefficients
building component heat transfer water vapour transfer
surface o [W/m2K] Bp, [kg/m2sPa]
outdoors 17 75 - 10-9
indoors 8 25 . 10-9

Table 12  Tabulation of the spread in the water absorption coefficients of
the sandstone specimens used for the sample calculation. From
these water absorption coefficients the spread in the exponential
approximations of the liquid transport coefficients was calculated.

variety of water absorption liquid transport coefficient
sandstone coefficient

/s i m
Baumberger 0.040 - 0.048 6.0-7.2- 10-10 1.05 - 1.30- 107
Obernkirchner 0.042 - 0.050 1.8-2.2.109 58-7.0-107
Rathener 0.28 - 0.35 54-6.2- 10-10 1.5-2.3-10-5

Dyo: liquid transport coefficient for dry material
D, liquid transport coefficient at capillary saturation




Scanning electron microscop photographs [41] of Baumberger sandstone with 850 x magnification (left)
and Sander sandstone with 450 x magnification (right). Despite their very similar genesis the two
sandstones show marked differences in their pore space structure.
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Fig. 3 Schematic representation of a typical sorption isotherm for

hygroscopic porous building materials [56].

Above: Areas of moisture absorption with indication of
approximate pore radii (using cylindrical pore model).

Below: Temperature influence and hysteresis effect between
moisture absorption and desorption
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Fig. 4 Ratio of saturation vapour pressure over a curved water surface

(meniscus) to that over a flat water surface as a function of capillary
radius. Wetting angle 8 = 0 assumed [56].

P« vapour pressure over a meniscus having a radius of curvature py
px: vapour pressure over a water surface having a radius of
curvature py—x
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Superhygroscopic equilibrium moisture content to two building
materials in capillary contact (coarse and fine pored sandstones
having large (left) and small (right) differences in porosity (from
[87]).

The initial water contents of the specimens were chosen in such
a way that in each case one half of the coarse-pored reference
specimen reached equilibrium water content through absorption
of moisture and the other half through release of moisture. The
narrow areas (shaded) showing location of the states of
equilibrium, independent of the initial moisture situation, suggest
an insignificant hysteresis in capillary moisture exchance in
natural sandstones. The shaded area indicates the spread
recorded in the measurements.




1. vapour diffusion or effusion 2. vapour diffusion
adsorption surface diffusion

mono and multimolecular layer sorption film

3. vapour diffusion, surface diff. 4. capillary conduction
capillary conduction

capillary condensation superhygroscopic moisture up to capillary
saturation

Fig. 8 Transport phenomena occurring at various moisture contents, shown for the model of a cylindrical
capillary of varying diameter, modified after [118].
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difference in the water vapour diffusion

Fig. 9

25 T T

- 1: Saaler
2: Baumberger A
| 3: Sander
- 20 4: Rathener /
$ 5: Obernkirchner
= 6: sand-lime brick
! 7: aerated concrete -
> 15} 2: !
3 8: clay brick //
(2}
= 6
o 0
g 10 e/
S
[¢]
o
o
©
7
‘@
e
OO 5 10 15 20 25

degree of saturation at 65 % RH [%]

Differences in the water vapour diffusion resistance factors of
various natural sandstones and building materials as a function
of sorption-related degree of saturation at 65% RH determined
under DIN 52 615 [26] in the dry region (u4y) and in the moist
region (pwe:) respectively.

Fig. 10

\\ \) N

vapour diffusion

‘(

“water-
island”

AN

island theory

vapour diffusion

W

surface diffusion —

vapour diffusion ——=

, surface diffusion  —e

surface diffusion

Model explaining the rise in water vapour permeability observed in
hygroscopic buiiding materials with increasing moisture content.

Top: island theory - the water islands act as a short circuit for vapour
transport (from [108]).

Bottom: surface diffusion is superimposed on a vapour diifusion (from
[119]).




Fig. 11

solid matter

Pore model with sorbate film and gusset water absorbed through
sorption. In contrast to the thin sorbate film on the flat pore surfaces,
the thickness of the layer of water in the pore space gussets is large
enough to permit moisture transport

2

sorption liquid transport -‘—_—_______’ desorption
P1 e P2 <P1
P1 [diffusion | > 92 < @1
T e I = Ty
S°"F>ti0n " liquid transport T Ty, desorption

R/

72777

desorption \gaccacccccccs

——— -~a liquid trunsport L) -
P1 [diffusion | > P2> @1
2] Jp— T2< "

i oy sorption
desorption ———— - == liquid transport™ _‘P

Fig. 12 Model for superimposed liquid and

vapour transport in the pore space of

hygroscopic building materials under isothermic (top) and non-isothermic
(bottom) conditions. The dashed line represents the sorption moisture
equilibrium wich would develop without liquid transport in the sorbed
phase. The solid line shows the dynamic equilibrium established as a
result of liquid transport. Liquid mass flow is maintained by sorption on
the side of higher atmospheric humidities and desorption on the side of
lower atmospheric humidities.

p1, P2 water vapour partial pressure on both sides

1, @2 relative humidity on both sides

81, 82 air temperature on both sides




normal suction (before interruption )

Fig. 13

Capillary transport phenomena depicted for the model of cylindrical
capillaries of varying diameter in contact with one another.

Above: Due to lower flow resistance the larger capillaries draw at a higher
rate. A continuous moisture distribution develops in the direction of suction.
Below: Following interruption of the water supply there is subsequent liquid
distribution or dispersion. Smaller capillaries not yet filled suck dry the larger

capillaries because of their greater drawing power.
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Various methods of determining suction pressure.

a) centrifuge method: centrifugal forces are used to expel water from the
specimen. A water content distribution corresponding to the centrifugal forces
distribution is set up in the specimen.

b) centrifuging with compensating body: use of a very short specimen makes
it possible to ignore the water content gradient in the specimen.

c) tensiometer: the specimen draws water from the sealed waterfilled
container through the saturated ceramic until a suction pressure equilibrium
develops from the resulting vacuum.

d) sand bath: lowering of the water level creates a hydrostatic underpressure
e) pressure plate apparatus: moisture is removed from the specimen by
application of an overpressure.
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Fig. 15 Test set-up for measurement of water vapour permeability (schematic).
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Fig. 17 Capillary pressure curve of Baumberger sandstone (top left) of

Obernkirchner sandstone (bottom left), Ruthener sandstone (top right)
and Sander sandstone (bottom right). Plotted as a second abscissa is
the pore radius corresponding to the applied pressure.

gypsum aerated concrete
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Fig. 18 Suction pressure curve for gypsum board (top left), sandlime brick

(bottom left), aerated concrete (top right) and clay brick (bottom right).
Plotted as a second abscissa is the pore radius corresponding to the
applied pressure.
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Integrated pore radius distribution of freshly quarried and salt
impregnated Obernkirchner and RuUthener sandstone measured
using mercury porosimetry and the pressure plate equipment.
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brick as an example.




250

200

150

100

water content [kg/m3]

o
(=]

200

150

100

Baumberger sandstone

Rathener sandstone

250

L

e pressure plate test
o sorption test

- - capillary saturation

———————

/

200F===

-
o
o

100

.

water content [kg/m3]

a
o

ol

el

Qbernkirchner sandstone

Sander sandstone

-
o
o

?—

100

y 4

a
O

al
o

water content [kg/m3)

water content [kg/m3]

L

P4

0
101010 10 107 106 105 104 103

Fig. 21

pore radius [mj

pore radius [m]

Moisture storage function of Baumberger sandstone (top left), of
Obernkirchner sandstone (bottom left), Rithener sandstone (top
right) and Sander sandstone (bottom right), developed from the
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Fig. 25 Percentage change in the diffusion conductivity of various building
materials as a function of measuring temperature (from [90]) relative to
the test value at 20°C. When the measurements were taken there was an
atmospheric humidity gradient from 60% to 93% RH over the specimen
section.
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of average relative humidity ¢ and ambient temperature.

If mass flow is related to vapour pressure difference Ap (top), it declines
with increasing temperature contrary to the laws of gas diffusion. If the
moisture-dependent increase in mass flows (moisture flow M minus
moisture flow under dry conditions Mg) is related to relative humidity
(bottom), temperature-dependence is in conformity with the laws of
physics.
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Fig. 28 Function of the transport coefficient for liquid water redistribution determined from moisture profile
recordings using the NMR unit. Also shown are values for the coefficients in the hygroscopic moisture
region calculated from moisture-dependent diffusion measurements.
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Fig. 29 Orientation of the magnetic dipole moments.

Top: In the absence of an external magnetic field the magnetic dipoles point in any
given direction.

Bottom: When an external magnetic field B, is applied, the dipoles align
themselves; they precess in a cone-shaped envelope about the B, fields lines.

Fig. 30 Two possible orientations of a proton in a magnetic field.

Left: When the nucleii precess in a cone-shaped envelope about the magnetic B0
axis, orientations more parallel or more anti-parallel to the external field are
possible.

Bottom: A nucleus dipole moment parallel to the field B, means a lower energy
content relative to the dipole moment anti-parallel to the applied field. The energy
difference AE is dependent on the strength of the magnetic field.
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Fig. 33

Photographic view of the little* NMR unit (above) and the ,big* NMR unit
(below). Using the two units measurements of liquid distributions can be
made in specimens measuring up to 2x2 cm? or 5x5 cm? in sectional area
respectively.
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Relationship between the NMR signal and moisture content. Because
NMR ist a direct method of measuring moisture content, the same
calibration curve may even be used for widley differing materials (in this
case a coarse-pored, less absorbent sandstone and a fine-pored, more
absorbent one).
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Comparision of gravimetrically determined water contents and test
signals recorded on the same specimens with the NMR unit for different
varieties of sandstone in the hygroscopic moisture region. By increasing
the number of individual measurements to average, the signal-to-noise
ratio can be increased to the point that water content can be determined
with an accuracy of better than 0.2% by volume.
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Comparison of measuring water content distribution using gamma testing
and magnetic nuclear resonance. The measurements were carried out on
the same specimen after an absorption time of several hours, one
immediately after the other. Although the gamma testing unit used
achieves a significantly higher local resolution of only one millimeter, the
two measuring methods reproduce the water content gradients
approximately the same.
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Comparison of water contents determined gravimetrically and using the
NMR test unit on specimens of concrete and cement screed. In the
extremely small gel pores relaxation time is so low that it falls within the
dead time of the measuring coil. As a result the water content of these
gel pores ist not recorded or only recorded to some degree, which is why
the calibration curve for materials of this kind does not pass through the
starting point of the coordinate system.
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Fig. 43 Transport coefficients calculated from the measured water content
distributions (Fig. 39) for capillary absorption as a function of relative
water content. The solid lines represent exponential approximations for

the transport coefficients.
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Fig. 48 Comparison of measured values and the water content distributions over

specimen depth calculated using the transport coefficients determined
from distributions (Fig. 47). Due to inaccuracies in computation, the
calculated coefficients are too high in the low moisture region. This
results in the discrepancies shown in the moisture region below about
20% of natural saturation.
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Fig. 49 Distributions of water content over the depth of specimens of building
materials at various points in time.
The distributions shown with solid lines were calculated using the
transport coefficients corrected in the hygroscopic moisture region per
Fig. 47. In the low moisture region they show a much better correlation
with the measurements distributions.
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Fig. 50 Comparison of measured results and the water content distributions over
specimen depth calculated using the transport coefficients determined
from distributions (Fig. 45 and 46). These calculated profiles coincide
better with the measured ones than those calculated using an
exponential approximation (Fig. 41 and 42). Additional correction of the
transport coefficients in the sorption region is not necessary here.
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Fig. 51 Measured profile of outside air temperature and west sunlight (top) as

well as relative humidity and rainfall (middle) for better depiction in the
form of daily average values or totals over an 80 day period of
observation [87]. The moisture profile calculated using these climatic
parameters (in the form of hourly average values) of a wall of natural
stone, 25 cm thick and initially dry is shown in comparison with
measurements on 3 natural stone facade specimens (bottom).
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Fig. 52 Comparison of calculated and measured moisture profiles for Sander

sandstone (Fig. 51, specimen 2) in four distinct weather periods:
following the first major rain fall after start of the experiment, following a
week-long period of fair weather, in dry blustery weather following rain
and in a lengthy period of cold, wet weather at the end of the
observation period (from [87]).
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Chronological course (root scale) of water absorption across the boundry layer of two specimens from
Ruthener and Baumberger sandstone in hygric contact with one another. Whereas the course of the water
absorption for the Baumberger sandstone is not influenced by the Ruthener sandstone (left), water
absorption in the Ruthener sandstone is greatly retarded by the Baumberger sandstone (right).
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Schematic representation of the test set-up for determining water

. 53

Fi

absorption across the boundary layer of two different materials. The
china clay provides a good hygric contact between the two specimens.
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