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ABSTRACT

RESUME

This paper presents measured moisture diffusivities for
sedimentary calcareous sandstone, lime silica bricks,
bricks, and autoclaved, aerated concrete. The moisture
diftusivities were calculated from the relation between the
water sorption coefficients and the initial water content in
the specimen before testing. The method used is based on
Boltzmann transformation. The relation between the
water sorption coefficients and the initial water content is
measured by letting specimens, preconditioned to differ-
ent initial water contents, suck de-ionized water while the
water uptake is measured.

Ce document présente les diffusivités d’humidité mesurées
pour des gres calcaires sédimentaires, des briques silico-cal-
ciques, des briques et du béton cellulaire autoclavé. Les diffu-
sivités d’humidité ont été calculées sur la base du rapport entre
les coefficients de sorption d’eau et la teneur en eau initiale de
Péchantillon avant les essais. La méthode utilisée repose sur
la transformation de Boltzmann. Le rapport entre les coeffi-
cients de sorption d’eau et la teneur en eau initiale est mesuré
en laissant les échantillons, préconditionnés selon différentes
teneurs en eau initiales, s’imbiber d’eau déminéralisée pen-
dant que Uabsorption d’eau est mesurée.

1. INTRODUCTION

Durability problems such as frost attack, steel corro-
sion, timber rot, and mold are associated with high
moisture content in materials. These durability problems
cost society considerable sums each year. It is therefore
important to be able to accurately predict the service life
of materials, which necessitates calculating moisture
movement in the materials. In order to calculate the
moisture transport, the moisture diffusivity D,, [m?/s] at
high moisture levels must be known.

Moisture diffusivity can be calculated from transient
moisture distributions. Various techniques can be used
to measure these distributions, including nuclear mag-
netic resonance (NMR), gamma-ray attenuation, and
thermal imaging. Measurements and laboratory arrange-
ments for NMR are shown in [1-4]; for gamma-ray
attenuation in [5-7] and for thermal imaging in [8-10].
All of these methods of measuring transient moisture
profiles require major technical effort. There is a need
for a method of determining transport coefficients more
simply and easily.

Such a method is presented and used in this paper.
Moisture diffusivities are calculated using the measured
relation between the water sorption coefficients
A [kg/(m?s!/2)], and the initial water content in the speci-
men before testing, w,, [kg/m3]. Sorption coefficients are
obtained by weighing the specimen in a number of capil-
lary absorption tests. In principle, the only equipment
needed to perform the capillary absorption test is a balance.

2. METHOD OF CALCULATING MOISTURE
DIFFUSIVITY

The moisture diffusivity, D, [m?[s] is calculated
using a measured relation between the sorption coeffi-
cient and the initial water content, A(w,,), and the water
content at capillary saturation, w,, [kg/m3]. The sorp-
tion coefficient A [kg/(m*s!/?)] is defined by:

W= AVt (1)
where W is the amount of absorbed water [kg/m?] and ¢
is the absorption time [s].
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The method assumes that Fick’s law describes the
moisture flux, g [kg/(m?s)]:

ow
g--0,% @
ox
It is also assumed that moisture diffusivity is a step-
wise constant within a certain range of water contents:

D:w,,>w>w

D, (w)= D:w1>w>w2 3)

Dy:wy  >w>wy

The method used to evaluate moisture diffusivity is
based on Boltzmann transformation. The moisture dif-
fusivity is calculated using the relation between the sorp-
tion coefficient, A, and the initial water content, w,,.
The Boltzmann transformation gives an analytical solu-
tion for a step response in semi-infinite volume. This
method of evaluation was first presented in [11].

N values of initial water contents, w;, = wy, w,,..., Wy
with the N corresponding values of sorption coeffi-
cients, A = Ay, A,,..., Ay, are selected from a measured
relation A(w,,). Using these values, and knowing the
water content at capillary saturation, w,,, it is possible to
determine the moisture diffusivity, D,, = Dy, D,,..., Dy

D; is calculated from the first interval w, to w,

ap*
_ma,
cap 2 \/_ (4)

D, is calculated in the second interval w, to w;. Here
M,y 18 defined by step 1 and the moisture diffusivity, D,,
is defined by step 2:

1,1 shows the penetration depth, x, of the level w = w;
at the time, ¢ [11, 12]:

w=w, at x=2m,1 6)

Dy is calculated in three steps with A3, w3, D, and D,.
This procedure is repeated until Dy is calculated in N
steps. Step 1 to step N~1 gives ny;; 10 My .1 (each calcula-
tion gives new values My ; these values do not show the
penetration depth asm, | does) and step N gives Dy

(72)

N-1
Wy =Wy, = Vndy [l gl D,\l,l))
#O (IN-1)
Ny n- 1\ (nNN 2\\
(ot

2.1 Numerical solution

A computer program developed by [13] can be used
to solve Equations (4) to (7). The program uses the
numerical solution presented by [11] and [13]. D; is cal-
culated using Equation (4):

mA;
4(wmp -w, )2 (8)
As shown in Equation (5), D, is calculated in two

steps. In the first step, m, ; is calculated by the inverse
function of erf(x). Equation (5a) gives:

¥ =J51-erf‘1(2r((A2_wl)J )

In the second step D,, is calculated from Equation (5b).
This equation can be written so that all coefficients on the
left-hand side of the equality are known and equal to K:

D, -

o —w,) T

T ()
LD opfe)
D, \Vo.)

In order to solve this equation, a function e;(x) is
introduced. By using this function in Equation (10), D,
can be solved:

(10)

( Nz ) _( Mz, \
wo{B)>- (e

e7X(y) is the inverse of the introduced function ¢, (x).
e,(x) is defined by (see Fig. 1):

e, (x) —Jnxe” -erfc(x) (12)

(11)
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Fig. 1 - The function ¢ (x).

In the general case, with n = 2, 3, ..., N, Dy is calcu-
lated using Equation (7). As in the case with two levels,
Equation (7) is written so that all coefficients on the left-
hand side of the equality are known and equal to K:

2 (11 2 1
_ 2(WN—1 - WN) .e(TIN,l(Dl D2)+---+7]N,N—1 DN—l) )

Av (13)

(nN,N-l

\
Nyy-a = elL @ }

Given the inverse function of ¢;(x), Dy, is calculated:

2
( Ny,v-1 )

k) ®

2.2 Reliability of the numerical method of
evaluating moisture diffusivity

In order to check the reliability of the method
described above, the water absorption and consequently
also the sorption coefficients (A) for three different ficti-
tious materials were calculated from a relation between
the moisture diffusivity and the water content. Water
absorption was calculated using a version of the well-
documented computer program JAM-1 [14]. The rela-
tion between the moisture diffusivity and the water con-
tent of the fictitious materials, and the calculated
sorption coefficients, are shown in Table 1.

Thereafter, “new” moisture diffusivities were calcu-
lated from the calculated sorption coefficients using the
numerical solution described above. These results are
shown in Table 2. The difference between the moisture
diffusivity used for input and the output is, as would be
expected, very small (less than 1% for Material 1 and
Material 2). This error is probably negligible in compari-
son with the errors in experimental measurement of
sorption coefficients. Material 3 has very non-linear
moisture diffusivity, which probably accounts for the
slightly larger deviation of the moisture diffusivities cal-
culated for it.

3. MATERIALS

The materials tested were Gotland sandstone, auto-
claved aerated concrete, lime silica brick and brick.
Gotland sandstone is a sedimentary calcareous sandstone

that was often used as a

Table 1 - The assumed moisture diffusivity D, building rpaterial_ in the
and the calculated sorption coefficients A for the three fictitious materials Baltic region during the
- - - seventeenth and eighteenth
Material 1 Material 2 Material 3 centuries.
w[kg/m3] | D, (m2/s] | Alkg/(m2-s¥/2)] | D, [m2/s] | A[kg/(m2-s1/2)] | D, [m2/s] | Alkg/(m2-s'/2)] To be able to calculate
0 9.865 19.547 31.759 the moisture content mass
1 9 1 per volume from the mois-
1 8.042 16.085 26.943 ture content mass by mass,
the dry bulk density has to
2 8 2 .
be known. The density
2 5.862 11.724 21.072 . :
was determined using
4 16 8 Archimedes’ principle: the
3 3.191 6.382 12.764 specimen was vacuum-sat-
8 32 128 urated with water and
4 0 0 0 weighed in air and in
water. The volume and
bulk density were calculated from:
Table 2 - Moisture diffusivities calculated with the evaluation m. —m
technique described (deviation from the in Table 1 assumed values V=—da v (15)
of the moisture diffusivity is shown in parentheses) P
w [kg/m3] | D,, [m2/s], Material 1 | D,,[m2/s], Material 2 | D,, [m2/s], Material 3 p= ny (16)
0-1 1.004 (0.4%) 2.010(0.5%) 1.089 (8.9%) | 4
1-2 2.000 (0%) 8.013 (0.16%) 2.123 (6.2%) where V' is the specimen volume [m?], m,, is
2-3 3.998 (0.05%) 15,992 (0.05%) |  8.054(0.68%) the vacuum saturated specimen weight in air
[kg], p,, is the density of water [kg/m?] p is the
3-4 7.997 (0.04%) 31.989 (0.03%) 127.957 (0.03%)
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density of the specimen [kg/m3] m,, is the vacuum satu-
rated specimen weight in water [kg| m is the dry weight
(kg].

The weighing in air and water also enables determina-
tion of the porosity, P [m3/m?], and the solid density, p;:

P=mair—m0 (17)
PV
P
= 18
P=1_p (18)

The capillary porosity, P,,,,, and the moisture content
at capillary saturation, w,,,, were also cvaluated from
capillary water uptake tests performed on specimens
dried at 105°C and exposed to one-side water absorp-
tion. Capillary water saturation is defined as the mois-
ture content when the capillary water uptake comes to
an almost complete halt. Capillary porosity is defined as
the water-filled porosity at that time (see Fig. 2).
However, the moisture content continues to increase
even after rapid capillary suction has stopped. This
increase is due to air in pores that are non-active during
capillary suction dissolving in the water. This process is,
however, very slow, and is not considered in this paper.

The bulk density, solid density, porosity, capillary
porosity, and the moisture content at capillary saturation
of the tested materials are shown in Table 3.

W [kg/m?
A

cap

t” P [s

Fig. 2 - Capillary water uptake test used for determination of
capillary water saturation and capillary porosity. The initial rapid
water uptake comes to an end when capillary transport stops.
The moisture content continues to increase as a consequence of
the air in non-active pores dissolving in the water. This latter
process is, however, very slow.

4. EXPERIMENTAL METHOD
4.1 General

The purpose of the experimental work is to find a
relation between the water sorption coefficient,
A [kg/(m?s!/2)] and the initial moisture content in the
specimens before testing, w,, [kg/m?]. This relation
A(w,,) is then used to calculate the moisture diffusivity
D,, [m?s]. In order to obtain the relation A(w,,), the
specimens were conditioned to different desired initial
water contents in both the hygroscopic (up to approxi-
mately 98% relative humidity) and the superhygroscopic
ranges. The water sorption coefficients were then mea-
sured by letting the preconditioned specimens suck
water. For all specimens except the autoclaved aerated
concrete, the amount of water absorbed was recorded
automatically by a computer.

4.2 Preconditioning

The conditioning procedure started with drying the
specimens until no changes in weight were observed,
whereupon the dry weight was determined. Thereafter
the specimens absorbed water to the desired water con-
tent. Once the desired moisture content had been
reached, the specimens were wrapped in plastic film and
stored for at least 14 days in a climate chamber to achieve
as homogenous moisture content as possible. A water-
filled container was placed in the climate chamber with
the specimens in order to keep the relative humidity in
the chamber as close to 100% as possible, so preventing
moisture loss from the specimens through the plastic
during the storage time.

For the Gotland sandstone, two methods of precon-
ditioning the specimens were compared to the method
described above, namely well-defined conditioning
through absorption and desorption in the hygroscopic
range and through desorption in the superhygroscopic
range. In the hygroscopic range saturated salt solutions
were used to obtain different relative humidity. Above
the hygroscopic range, pressure plate and pressure mem-
brane extractors were used to condition the specimen.
These two methods will probably not give rise to any
moisture gradient in the specimen.

4.3 Absorption test

bl he bulk dersi id densi : 0 : All specimens except the autoclaved aerated
Table 3 - The bulk density, solid density, porosity, capillary porostty, concrete absorbed de-ionized water from a

and the moisture content at capillary saturation of the tested materials . . .
reservoir during the capillary water uptake test.
Material p Ps P Peap Weap The specimens were connected to the reservoir
[kg/m3] | [ke/m3]| %] | (%] |k&/m3]|  through the nozzle and a liquid supply system
Gotland sandstone 2059 | 2674 23 16 160 (see Fig. 3). A balance recorded the loss of
Autoclaved aerated concrete | 490 2608 81 36 365 weight of th? water reservoir and th(‘j readings
—— 22 5 were transmitted to a computer, which could
Lime silica brick 1874 | 2641 29 37 record data at one-second intervals. In order to
Brick 1976 | 2670 | 26 19 187 prevent evaporation from the water reservoir,
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Water supply

Specimen

Balance ,
Nozzle

J

Fig. 3 ~ Schematic presentation of the laboratory set-up. To pre-
vent evaporation from the water reservoir, the balance was
placed in a small chamber with approximately 100% relative
humidity.

the balance was placed in a small chamber with approxi-
mately 100% relative humidity. At the start of the capil-
lary water uptake test, air was evacuated from the water
supply system and the nozzle through a valve on the
nozzle. This resulted in wetting of the entire end of the
specimen. The nozzle was designed in such a way that
the whole specimen surface was wetted within a few sec-
onds. During the test the specimen was positioned hori-
zontally.

The autoclaved aerated concrete was tested by plac-
ing the specimen in a container with de-ionized water
and allowing it to suck water from one side. Thus in this
case the direction of absorption was vertical. The
amount of absorbed water was registered by weighing
the specimen at regular intervals.

5. RESULTS AND DISCUSSION

As described the sorption coefficient was measured
by letting a preconditioned specimen suck water while
electronically monitoring the amount of water absorbed.
The amount of absorbed water per square meter was
plotted as a function of the square root of time. Fig. 4
shows a typical result from such measurements (here
using a sample of the Gotland sandstone).

The decreasing slope at the end of the curve is caused
by gradual capillary saturation of the specimen. The
slope of the linear part of the function gives the sorption
coefficient, A(w,,) (see Fig. 5).

Fig. 6 shows sorption coefficients for Gotland sand-
stone as a function of the initial water content. Apart
from the results presented here, the effect of initial water
content on the water sorptivity is studied in [15, 16].
Each point in Fig. 6 corresponds to one capillary water
uptake test. Besides the normal preconditioning proce-
dure, the specimens were conditioned in the hygro-
scopic range in climate boxes, and in the superhygro-
scopic range by a pressure plate extractor (for pressures
up to 15 bar) and a pressure membrane extractor (for
pressures up to 100 bar). No significant differences were
found between specimens conditioned using different
methods. This finding indicates that there is no moisture
gradient over the specimen volume after the normal

3.5
3.0 1
2.5
2.0 4
1.5 4

W [kg/m?]

1.0
0.5 1

0.0 +¥—— T —r

00123 45678 91011121314151617
t* ")

Fig. 4 - The amount of absorbed water per square meter W, is
drawn as a function of the square root of time (here as measured
on Gotland sandstone).
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Fig. 5 - The slope of the curve in Fig. 4; the sorption coefficient

A, is approximately 0.22 kg/(m?s'/2).
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Fig. 6 - The sorption coefficient 4, as a function of the initial

water content expressed as mass by volume, w, , for Gotland

sandstone. Each point represents one capillary water uptake test.
The capillary saturation, w_, is approximately 160 kg/m®.

cap?

conditioning procedure. Therefore, the normal condi-
tioning procedure seems to be sufficient.

The moisture diffusivity was calculated from the rela-
tion between the moisture content and the sorption
coefficient A(w;,) using the theory and numerical model
described above. The input data were chosen from the
measured relations A(w;,) and is shown in Table 4. Fig. 6
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Table 4 - The input data, i.e. the initial moisture contents w;, and the sorption
coefficients A, used for the calculations of the moisture diffusivity
Gotland sandstone | Aerated autoclaved Lime silica brick Brick
concrete
Win A Win A Win A Win A
kg/m3 | kg/(m2-s1/2) | kg/m3 | kg/(m2-s1/2) | kg/m3 | kg/(m2-s1/2) | kg/m3 | kg/(m2-s1/2)
160 0 365 0 237 0 187 0
159 0.01201 356 0.01641 220 0.00792 | 185.8| 0.01984
158 0.01947 344 0.03078 200 0.01533 183 0.04498
156 0.02916 320 0.04916 180 0.02110 178 0.07142
154 0.03646 285 0.06802 160 0.02586 173 0.09108
150 0.04794 208 0.09881 60 0.04366 165 0.11579
140 0.06919 130 0.12391 30 0.06053 155 0.14087
80 0.14594 0 0.15909 0 0.08123 145 0.16203
40 0.18179 127 0.19444
20 0.19712 100 0.23502
0 0.25932 59.5 0.28553
0 0.34741

shows an example of the measured relation between the
sorption coefficient and initial moisture content.
Figs. 7 to 10 show the calculated moisture diffusivi-

brick, disproportionately high mois-
ture diffusivities are produced at low
moisture levels. It is possible that this
is an inaccuracy, and that a different
driving potential, such as suction,
might have shown the relations
increasing steadily. However, the
moisture diffusivities of the Gotland
sandstone and of the lime silica brick
at low moisture levels do not influ-
ence the calculated values at high
moisture levels, even if they are
incorrect. This is due to the fact that
the calculation starts at capillary satu-
ration. Consequently moisture diffu-
sivities at high moisture levels are
always the most reliable.

When calculating the moisture dif-
fusivity, erf(x) is inverted in Equation
(9) and the function e, (x) is inverted in
Equations (11) and (14). These two
inversions limit the possible choices of
input values since —1 < erf(x) < 1 and

e;(x) < 1. Therefore, the conditions that must be fulfilled
in Equation (9) are:

. . e (ZVDI.(Wcap_wl)\
ties. For both the Gotland sandstone and the lime silica -1< <1 (19)
m A,
1E-03 1E-06
1E-04 -
- 1E-07 1
“w 1E-05 | o
= E
2 1E-06 - T
a Q 1E-08 -
1E-07 -
1E-08 , , : ———— : , 1E-09 . . , -
0 20 40 60 80 100 120 140 160 180 0 50 100 150 200 250
w [kg/m’] wfkg/m®]

Fig. 7 - Moisture diffusivity obtained on the Gotland sandstone.

Fig. 9 - Moisture diffusivity obtained on the lime silica brick.

1E-05
1E-06 -
&~
n
£
3
Q 1E-07 |
1E-08 — ; .
0 100 200 300 400
w [kg/m’ ]

Fig. 8 - Moisture diffusivity obtained on the aerated autoclaved
concrete.

D, [nvs’]
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1E-04 1
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1E-07
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50 100 150
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Fig. 10 - Moisture diffusivity obtained on the brick.
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and for Equations (11) and (14):

2Aw,_ -w (Tﬁv,l 1L +<--+"%I.N—1'L\
K= ( N[; N) 'EL (D1 Dz) Dy My <1 (20)
N

As shown above, the calculation of the moisture dif-
fusivity D(w) starts at capillary saturation. Then gradu-
ally lower initial water contents are used. This means
that the first input value chosen, (w;, A;), determines
the possible choices among the rest of the input values.
The limitations on possible input entailed by Equations
(19) and (20) can, in some cases, make the evaluation
quite arduous. Very small changes in the chosen input
values can result in that limitations being met or unmet.

5.1 Reliability of the method

The best way to check the reliability of the method
used is to compare measured moisture distributions dur-
ing a water absorption experiment with calculated distri-
butions. Of the materials tested, moisture distributions
were only measured on the brick [17]. The measure-
ments were performed using thermal imaging. Fig. 11
shows both the calculated and measured distributions.
The distributions were calculated using a combination of
Fick’s law (Equation (2)) and conservation of mass:

W i(DW 6—W) 1)
ot 0x ox

The calculations are performed with the computer
program JAM-1 [14] using the moisture diffusivities
shown in Fig. 10. It should be pointed out that the mea-
sured distributions were measured on only three individ-
ual specimens after 0.5, 1 and 2 hour’s capillary absorp-
tion using dry specimens. Thus the spread between the
measured results is probably high. However, the agree-
ment between measured and calculated moisture distrib-
utions is good, especially after 0.5 and 1 hours.

As said, moisture distributions were only measured
on the brick. However, moisture diffusivities of lime sil-
ica brick, obtained by three different laboratories from
measurement of transient moisture distributions using
gamma-ray attenuation and NMR are reported in [18].
The material used was not identical to the lime silica
brick tested here, but both the density and the porosity
were similar. Therefore, the magnitude of the calculated
moisture diffusivities should also be similar. As is clear
from Fig. 12, this is in fact the case from w;,/w,,, = 0.2 up
to capillary saturation. This establishes that the reliability
of the proposed method of evaluating moisture diffusivi-
ties appears to be high.

6. CONCLUSIONS

Existing methods of measuring moisture diffusivities
from measured transient moisture distributions with
NMR or gamma ray attenuation are cost-intensive. There

12 Measured moisture distributions

§F 1

3 i / \

o 08 4 Vosn

] Calculated moisture \

€ 0.6 { distributions \

9 \

Q

[ i

.‘5.. 0.4

2

] ]

P 0.2

0 ‘ M
0 0.05 0.1 0.2

Depth [m]

Fig. 11 - Measured and calculated moisture distributions [17].
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Fig. 12 - Moisture diffusivity obtained on the lime silica brick.
Moisture diffusivities of a similar lime silica brick evaluated from
transient moisture distributions measured by three different lab-
oratories with gamma-ray attenuation and NMR in [18].

is an obvious need for a simple complementary method.
The method presented here is such a method. The only
more costly equipment needed is a balance used for the
measurements and a computer for the evaluation process.

This new technique for measuring and evaluating the
relation between moisture diffusivity and moisture con-
tent, D(w) is accurate provided that the moisture diffu-
sivity is a stepwise constant within a certain range of
water contents and that Fick’s law describes the moisture
flux. It has been shown that the error introduced with
the numerical solution used is minor. The largest source
of error is the experimental determination of sorption
coefficients. These experiments are, however, relatively
easy to perform.

However, because evaluation starts at capillary satura-
tion and the result of the previous calculation is used as
input in the next calculation at a slightly lower moisture
level, possible errors introduced in previous calculations
will be transmitted. Thus, the higher the moisture level,
the more reliable the moisture diffusivities evaluated on
the Gotland sandstone, autoclaved aerated concrete, lime
silica brick, and brick. At low moisture contents there
are well-established test methods, such as the cup
method, that can complement the moisture diffusivities
evaluated at high moisture levels. Hence, the method
presented here and the cup method might form a power-
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ful combination for determining moisture diffusivities in
the whole moisture range up to capillary saturation.

Moisture distributions calculated with measured
moisture diffusivities and distributions measured with
thermal imaging on the brick show good agreement.
Furthermore it has been shown that moisture diffusivi-
ties obtained for the lime silica brick at high moisture
levels are of the same magnitude as moisture diffusivities
evaluated from measured transient moisture distribu-
tions for a similar lime silica brick. Thus, the reliability
of the method seems to be high.
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