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PREFACE

Moisture research has been performed at the Division of Build­

ing Materials, Lund Institute of Technology (LTH) since its

start in 1964. Both theoretical and experimental research have

been carried out. This thesis is mainly an experimental study.

The Moisture Research Group at the Lund Institute of Technology

(LTH) was established in 1981 to augment the moisture research.

The group consists of researchers from the divisions of

Building Physics, Building Materials and Building Science, all

at LTH. The members of the Moisture Research Group have

provided many valuable suggestions for this work.

I would like to express my sincere gratitude to all those who

have assisted me in this study.

First of all I would like to thank Professor Arne Hillerborg,

who initiated this project about 1985. At that time he was head

of the Division of Building Materials at the Lund Institute of

Technology. His patience and constructive advice have been of

great help to me. I also thank Professor Göran Fagerlund, head

of the Division since 1989, for his advice and for giving me

the opportunity to finish the thesis.

The manufacturing of the specimens and the experimental equip­

ment has been carried out by Bo Johansson, Ingemar Larsson and

Sture Sahlen. They have also had ideas about solving many

practical problems.

The experimental work has been carried out with extreme exacti­

tude by Agneta Ohlsson. I express my sincerest thanks to her.

Constructive discussions have been held with Dr. Johan Claesson

and Jesper Arfvidsson who has furnished me with computer

programs for moisture transport.

I am grateful to Britt Andersson who has drawn the figures, and

to Anni-Britt Nilsson who has polished the typescript.
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The project have been financed by the Swedish Council for Buil­

ding Research, as a part of a grant to the Moisture Research

Group at the Lund Institute of Technology.

SUMMARY

The purpose of the investigation was to find moisture transport

coefficients for mature concrete which are applicable in

realistic situations, and also to analyse the mechanisms of

moisture transport.

The main test series comprised specimens of eonerete, cement

mortar and cement paste. The results are given in Chapters 7, 8

and 9. All specimens had exposed areas of about 0.2*0.2 m. The

depths varied from 0.063 to 0.150 m. The influence of varying

amounts of aggregate and of air was also studied.

The specimens had their bottom side in water or in moist air

and their upper side in 33 % relative humidity (RH). The dis­

tribution, at equlibrium, of the relative humidity within the

specimens was measured, as weIl as the amount of transported

water. Great emphasis was placed on the avoidance of errors and

on making corrections for possible causes of errors.

Theoretical models were applied in connection with the evalua­

tion and analysis of the test results. The model by Gilliland

et al (1958) proved very useful for the analysis of moisture

transport at very high humidities, where the measurement of the

relative humidity gives uncertain results. A composite model

may explain the influence of aggregate and of air on the mois­

ture permeability of concrete.

The evaluated moisture permeabilities of concrete are given in

TABLE 7.1 and TABLE 7.2 and are summarized in TABLE 16.1. The

moisture permeability for cement paste, cement mortar and conc­

rete is nearly constant between about 33 to 70 % RH. Between

about 70 to 90 % RH the moisture permeability increases with

increasing RH. Above about 90 % RH the moisture permeability
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increases strongly with RH. All the test results are given in

APPENDIXES.

NOTATIONS

vector density of moisture

flow rate kg/(m2 s)

density of moisture flow rate

which depends on pure liquid

transport kg/(m2 s)

density of moisture flow rate

which depends on pure diffusion kg/(m2s)

height of specimen m

nurnber 1

a constant in Eq. (13.7)

Symbol

A

A

B

b

C

D

f

g

h

i

Definition

area

water sorption coefficient

water penetration coefficient

width of the masked edge

cement content

water vapour diffusion

coefficient in the air

moisture diffusivity

thickness

nurnber of ions per salt

molecule

fraction of molecules, which

have diffuse reflections

flow rate

adsorbed layer flow rate

density of moisture flow rate

length

molar weight

molar weight of water

m = 1/B
2

VII

Dimension

m
3

kg/m

m

1

1

kg/s

m

kg/mole

0.018 kg/mole

s/m
2



(kg)

kg/m3

kg/kg

kg/m3

3
kg/m

kg/m3

pressure in liquid Pa

gas-phase pressure Pa

partiaI water vapour pressure Pa

partiaI water vapour pressure

at saturation Pa

partiaI water vapour pressure

over pure water Pa

partiaI water vapour pressure

over salt solution Pa

general gas constant 8.134 j/(mol k)

radius m

relative humidity %; 1

variable in Eq. (4.3)

pressure difference between the

pore water pressure and ambient

total pressure Pa

absolute temperature K

time s

moisture content mass by mass

mass divided by area of sorbed

water from a water surface

number

number of mole of salt ions

number of mole of water

porosity %; 1

humidity by volume

humidity by volume at a

reference level kg/m3

humidity by volume at saturation kg/m3

moisture content mass by volume kg/m3

evaporable moisture content mass

by volume

non-evaporable moisture content

mass by volume

mixing water

eqilibrium moisture content mass

by volume

evaporable moisture content at

saturation

n

s

r

T

t

RH

S

R

v

u

we

w
n
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a

{) mean,l
v

{) mean,2
v

n
v

water-cement ratio

surface concentration

(in principle w or u counted

from a reference level)

coordinate

moisture resistance with

regard to humidity by volume

degree of hydration

variable in Eq. (4.4)

moisture permeability with

regard to partial vapour

pressure

moisture permeability with

regard to humidity by volume

transport coefficient for pure

diffusion in a material
moisture permeability dependent

on suface flow

mean moisture permeability

between water and 33 % RH

mean moisture permeability

between moist air and 33 % RH

dynamie viscosity

mean velocity

mean free path

moisture conductivity

transport coefficient for

pure capillary suction

density of air

mean density of the adsorbate

density of the liquid

density of water

standard deviation

relative humidity (RH)

fundamental flow potential

IX

kg/kg

m

s/m
1

kg/(msPa)

m2/si g/(mhmmHg)

m2/s
Ns/m2

m/s
m

kg/(msPa)

kg/(msPa)
3kg/m

kg/m3

kg/m3

3kg/m

%i 1

kg/(ms)





1 INTRODUCTION

1.1 Moisture in concrete, cement mortar and cement paste

Moisture in cement-based materials is one condition for the

cement to hydrate. In concrete the cement is mixed with water

and aggregate (sand and gravel). Some of the mixing water is

chemically bound to the cement. The amount (wn ) which is bound

to the cement is approximately

w O.25aC ( 1.1 )n

w chemically bound water (kg/m3 )n
a degree of hydration ( 1 )

C cement content (kg/m3 )

For concrete with a water-cement ratio (Wo/C) of more than

about 0.4, a is able to reach the value 1, but it can take

several years.

In II normal II concrete much more water is used at the mixing than

can be chemically bound. Some of the water is physically bound

to the structure of the cement paste. The amount which is

fixated (Weoo ) depends on whether the material is under

rewetting (absorption) or under drying (desorption) and on the

relative humidity (RH). The connection in principle between the

moisture content, which is physically bound, and RH is given in
FIG 1.1.
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Equilibrium moisture (ontent, Weoo

Desorption

o 50

FIG 1.1 Sorption isotherms in principle.

Nilsson (1980).

The material at drying follows the desorption isotherm, whereas

at rewetting the absorption isotherm is followed. If the

material is first dried out to some extent and then rewetted, a

scanning curve is followed. In concrete, which can have

different degrees of hydration, more water is physically bound

to the structure at a higher degree of hydration within the RH

range 0-45 % but less water in the range 45 to 100 %.

If the whole material does not have the same RH, at constant

temperature, moisture is transported from one part of the

material to another. Moisture can also be transported to or

from the material. The moisture transport is described

by means of moisture transport coefficients. The transport

coefficients can have different potentials, but it is possible

to relate the moisture transport coefficients with different
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potentials to each other; see Chapter 2. The moisture transport

coefficients are not constants; they depend on the moisture

content or the relative humidity of the material; see FIG 1.2.

For the definition of öv ' see Eq. (2.1).

o 100 RH (0/0)

FIG 1.2 Moisture permeability (with the humidity by volume as

potential) as a function of the relative humidity.

In principle.

The moisture transport coefficients for cement-based materials

also depends on the degree of hydration and probably also on

whether the material is under absorption or desorption. The

temperature could also have an influence on the moisture

transport coefficients.

According to Fick's first law, which is valid for steady state

calculations, we can write

( 1.2 )

vector density of moisture flow rate

moisture diffusivity

evaporable moisture content mass by volume

3

(kg/(m
2

s»

(m2/s)
(kg/m3 )



When a material is under non-steady conditions such as drying,

Fick's second law is used. In one dimension it is written

( 1. 3 )

t time ( s

Fick's laws can be used for cement products,when there is no,

or very small, hydration going on.

1.2 Literature survey

Pihlajavaara (1965) showed the diffusivity for cement mortar

with wo/C 0.56 and with maximum particle size of the aggregate

1.4 mm. He, used prisms 4*4*16 cm which were membrane cured for

about 10 months before the drying was started. The drying was

unidimensional and occurred from the short sides of the prisms.

The drying took place in two different climates, namely 40 %

RH, 20°C and 70 % RH, 20°C. Seven prisms in each climate were

allowed to dry for different periods of time. After 68, 179,

and 293 days of drying, prisms from each climate were taken out

and the moisture distribution of the prisms was determined. The

diffusivity was determined as a function of the moisture

content of the specimens, see FIG 1.3.

C in FIG 1.3 refers to the moisture content by volume in the

cement mortar. Ccp indicates the moisture content by volume in

the cement paste (kg moisture in cement mortar by m3 cement

paste in cement mortar).
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FIG 1.3 Diffusivityas a function of the moisture content

of cement mortar. Pihlajavaara (1965).

Curves 1, 2 and 3 in FIG 1.3 represent the diffusivities after

68, 179 and 293 days of drying. In FIG 1.3 it is shown that Dw
depends both on the drying time and the drying climate. If Dw
should be shown as a function of the moisture content by volume

(C in FIG 1.3), six curves were obtained. Pihlajavaara pointed

out that at high moisture content the evaluation of the

relationship between the diffusivity and moisture content is

unreliable.

Pihlajavaara's measurements of the moisture content in the

prisms have been used in section 14.4 to compare calculated

drying, with moisture transport coefficients according to this

thesis, with measured drying.
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FIG 1.4 Variation of relative diffusivityas a function

of relative humidity.

~azant & Najjar (1972).

Bazant & Najjar (1972) mathematically analysed some measure­

ments that were reported in the literature. They arrived at the

conclusion that the diffusivity should have the general

appearance shown in FIG 1.4.
1.00

0.25

~ 0.50
(.)

0.75

H in FIG 1.4 is the relative humidity and C/C1 is the

diffusivity at a certain RH expressed as a function of the

maximal diffusivity.

At low RHs (below 60 to 70 %), the diffusivity is only 5 % of

the maximal value. At 75 % RH, C/C1 is 0.5. At about 80 to

90 %, RH the maximal value is reached. In most of the

calculated cases the curve n=16 is used, which means that the

maximal diffusivity is obtained at about 80 % RH. Bazant &

Najjar assumed that the desorption isotherms were straight

lines.

Nilsson (1980) measured the moisture permeability of three

cement mortars with different wo/C, namely 0.4, 0.6 and 0.8.

The measurements where made with the cup method, in a special

way, so that the moisture permeability was obtained as a

function of the relative humidity. The specimens had a

thickness of 5 and 10 mm, and the maximal size of aggregate was

1 mm. The specimens were cured in water for a month before they

6



were placed in the cups. The measurements lasted about half a

year. Nilsson calculated the diffusivities from the moisture

permeabilities, and Dw is shown in FIG 1.5.

-11 2
0(10 m/s)

I
I
I
I
I
I

80 100 RH (%)604020

r"' \

I \ \
I \ \
I \ \
I \ \
I \ \
I \ \

\ vet 0.8
/"

/ '\ \ 0.6
/ ,

"- 9·4O "-----'-----'-_...L----'-_L.-......L----'-_'"""----'-~__....

O

20

10

30

FIG 1.5 Diffusivities as functions of the relative humidity

for cement mortar with wo/C 0.4, 0.6 and 0.8.

Nilsson (1980).

The three different cement mortars have different shapes and

not the general shape that is shown in FIG 1.4. The diffusivity

for wo/C 0.4 decreases for RH over 90 %. For wo/C 0.6, there is

a stronger increase in the diffusivity at about 90 % RH.

Sakata (1983) has made drying experiments with concrete prisms

10*10*L cm, where L was 8, 16, 24, 32 and 40 cm. The drying was

unidimensional and occurred from the 10 ~ 10 cm sides of the

prisms. Ordinary portland cement was used. The diffusivities

for concrete with wo/C 0.48 are shown as functions of the

moisture content w /w max in FIG 1.6. The diffusivity 0.1
2 e e -11 2

cm /day corresponds to 11.6 * 10 m/s.
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FIG 1.6 Diffusivities as functions of the moisture content

w /w max. Concrete with wo/C 0.48.e e
Sakata (1983).

FIG 1.6 shows that the diffusivity depends on the moisture

content of the eonerete. The diffusivities increase with

increasing moisture content. The quotient between maximal and

minimal diffusivity is about 10.

When FIG 1.3 to FIG 1.6 are compared, it is seen that,

for most of the figures, the higher the moisture content or RH,

the higher the diffusivities. When FIG 1.4 is compared with

FIG 1.5, it is seen that in FIG 1.5 there is not a general

shape of the diffusivities as shown in FIG 1.4. In FIG 1.3 the

diffusivities start to increase when the relative moisture

content is about 0.5, and in FIG 1.6 the increase starts at O %

moisture content.
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1.3 Ideas behind our experiment

Some of the ideas behind our attempt to determine the moisture

transport coefficients are listed below:

* The dimensions of the specimens (in the flow direction)

should be in the same range as those used in ordinary

buildings.

* Some of the compositions of the concrete qualities to be used

in the study should closely correspond to compositions of

concrete qualities commonly used in Sweden.

* Simulation of the customary conditions, e.g. slab on the
ground, seal curing and drying from one side with normal

relative humidity on that side, should be carried out.

* A check should be conducted to see if there is a big increase

in the moisture flow from the specimens in direct contact

with water (capillary suction), as compared to specimens in

contact with moist air.

9



2 CHARACTERISATIOR OF THE MOlSTURE FLON

2.1 Moisture flow coefficients

The density of the moisture flow rate in a material, under

isothermal conditions, is normally given by one of the

following equations;

+
g -6 grad v 2.1v

+
g -6 grad Pv 2.2

P

+
g -D grad w 2.3w

+
g A grad s ( 2.4 )m

+ 2g the vector density of moisture flow rate (kg/(m s»

v the humidity by volume in the pores (kg/m
3

)

öv the moisture permeability with regard to

humidity by volume (m2/s)

Pv the partial vapour pressure in the pores (Pa)

the moisture permeability with regard to

partial vapour pressure (kg/(msPa»

w

s

Am

the moisture content mass by volume (kg/m3 )

the moisture diffusivity (m2/s)

the suction in the pore water, the (Pa)

pressure between the pore water and

the ambient total pressure

the moisture conductivity (kg/(msPa»

10



Equations (2.1) and (2.2) are normally used when the relative

humidity (RH) in the pores of the material is below about 97 to

98 % (in the hygroscopic range).

Equation (2.3) can be used in the whole range from dry material

up to material which is saturated with water. One disadvantage

of grad w as the driving force for the moisture flow is that w

in the border line of two different materials that are in

connection with each other is not the same. With grad w as the

driving force, it is impossible to calculate even the

stationary case if you does not know the sorption isotherms for

the materials.

Equation (2.4) is seldom used, as the suction in the pore water

is normally not measured (in Sweden).

The moisture transport coefficients (6 , 6 , D and A ) forv p w m
many materials are not constants, but vary with the moisture

content in the material and probably with the temperature. They

may also be different depending on whether the material is

under desorption or absorption.

In a real material there is not one single potential even if

Eq.(2.1) to Eq.(2.4) treat the moisture transport as dependent

on one potential only. The transport coefficients in Eq. (2.1)

to Eq.(2.4) describe the total transport of moisture in the

material. Theoretically, you can divide the moisture flow into

two parts, one which depends on pure diffusion and one which

depends on the capillary suction which acts on t~e moisture in

the liquid phase. FIG 2.1 describes the flow in a material.

11



Air+water vapour

FIG 2.1 Cornbined moisture transport in a material.

Andersson (1985).

( 2.5

gv = the moisture flow which depends on pure diffusion

gl the moisture flow which depends on pure liquid transport

0V1 the transport coefficient for pure diffusion

Am1 = the transport coefficient for pure capillary suction

There is a relationship between vand Si see below.

In FIG 2.2, Andersson (1985), the principal variation of the

moisture transport coefficients 0V1 and Am1 is drawn as a

function of the moisture content.

Moisture (ontent

FIG 2.2 Principal variation of the moisture transport

coefficients 0V1 and Am1 with the moisture content

of the material.

Andersson (1985).
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2.1.1 Relations between different moisture flow coefficients

The moisture flow under isothermal conditions is given by Eq.

(2.1) to Eq.(2.4). The equality of the chemical potentials of

the liquid and its vapour at equilibrium gives the relation

between the partiaI vapour pressure and the pressure in the

liquid, the Kelvin equationi see Andersson (1985).

2.6 )

Pvs is normally very small compared to p and the equation (2.6)

is written

p

p the pressure in the liquid

the partiaI vapour pressure at saturation

( 2.7

(Pa)

(Pa)

R

T

general gas constant

temperature

the density of the liquid water

the molar weight of water

(8.314 J/mol K)

( K)

(0.018 kg/mol)

Derivation in one dimension gives

2.8 )

The gas law gives the relation between the partiaI vapour

pressure and the humidity by volume (v)

( 2.9 )

Derivation gives

13



c5p /c5x = (RT/M ) * c5v/ c5xv w ( 2.10 )

The moisture content in the material is a function of the

relative humidity in the pores

w = w(~) = W(p/pvs)

Derivation gives

Eq.(2.1), (2.2) and (2.10) give

c5 = (RT/M )*c5v wp

Eq. (2.2), (2. 3) and (2. 11) give

Eq. (2 .2), (2.4) and (2. 8) give

( 2.12 )

( 2.13 )

( 2.14 )

with Eq. (2.12), (2.13) and (2.14) it is possible to relate all

four moisture flow coefficients to each other.

2.2 The fundamental flow potential

Arvidsson and Claesson (1989) said "the use of transport

coefficients is an unnecessary complication. In the

measurements of the moisture flowas function of RH for a

material, we actually measure the fundamental flow potential

(~), while the moisture flow coefficients are obtained from a

numerical derivation of the ~-curves that are given at discreet

points. In the numerical simulation, we have to integrate the

moisture flow coefficients, i.e. return to ~, in order to

obtain the flow."

14



2.2.1 The definition of the fundamental flow potential

FIG 2.3 shows the principal character of the curve öv=öv(V) for

the moisture permeability. The moisture flow density (g) is

according to Eq. (2.1)

-+
g - 6v (v) * grad (v)

The humidity by volume is 'a function of position: v=v(x,y,z).

Consider the following integral of Öv(V):

ljJ(v)

v

ljJref +J6v (v' )dv'
vref

( 2.15 )

The integral is equal to the shaded area in FIG 2.3. The func­

tionljJ (v) is, in the same way as 6v (v), different for different

materials.

'P(v)

vref v

FIG 2.3 Definition of the fundamental flow potential.

The function ljJ depends on the moisture state v. Its value is

ljJref for v=vref · The derivative of ljJ with respect to v gives

6v (v) •

15



~
dv

Now we have from Eq. (2.15) and Eq. (2.16)

( 2.16 )

g ~~ * grad (v) - grad (1JJ (v» ( 2.17 )

Here we have used the derivation rule

l (1JJ(v» = <!:t
dX dv

dV
* ­dX

( 2.18 )

The moisture flow density is according to Eq. (2.17) given by

the gradient of 1JJ

g - grad 1JJ 1JJ = 1JJ (v) 2.19

The reason to introduce this new function 1JJ is that the mois­

ture transport coefficient becomes +1. The problem with a vari­

able moisture flow coefficient disappears.

2.2.2 .Advantages wi th the ·fundamental flovv potential

Consider a steady-state measurement of the moisture permeabili­

ty of the type used in this thesis. A one-dimensional, steady­

state flow is established through the specimen.

16



o v-

X1 • V1

X2 • v2 -9 1
X3 • v3
h

v+

X

o

h

-+--.....---------------.... v

x

FIG. 2.4 "Measured properties" in a specimen.

The value of v is v+ one side and v_ on the other. The steady­

state moisture flow density is g. The steady-state relative

humidityar v=vs *<1> i.s measured at different levels • Thus we measure

g, v = v (O), v 1 = v (Xl)' •••••• , V+ = V(h)

From this we shall determine the function o (v). The classicalv
procedure is to use the differences in v to obtain approxima-

tive values of 0v(V)

(-g) * ( 2.20 )

with the fundamental flow potential we proceed as follo~s;

-g

Xb xb

d1P + ~-9)dx =J9JJL * dxdx )( dx
x xa a

( 2.21 )

We have since g is a constant the important relation

( 2.22 )
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The product of (-g) and thickness (Xb-Xa ) gives the difference

in llJ ·

We now choose

vref v_ = v(O)-+ llJ(O)

Then we have with xa
llJ i llJref = llJ (Xi)

o and xb = xi

(-g) * xi ( 2.23 )

(In this study we will use ~ 33 %)

The value of v at x. is v. = v(xJ.'). We have obtained the rela-J. J.
tion between llJ and v at the points v ..J.

\II = (-g). x
kg I(m-s)

---......-----.-----,...---.,--.......-1..... V(kg 1m3 )

w- Wret V

W+ =(-g) .h v+

W3 = (-g). x 3 V3

W2 = (- g) - x2 V2

tV1 =(-g).x1 V1

tV_ = (-g). O= O V_ = Vret

FIG 2.5 Relation between the fundamental flow potential and

the humidity by volume in the pores of the specimen.

The moisture permeability is obtained by derivation

<5 v
~
dv

2.24

It is important to note that the relation between ~ and v is

obtained directly from the measurements, while <5 (v) involves av
numerical or graphical derivation.

18



Consider next a numerical simulation. The following is mainly

from Claesson (198?). The balance equation for moisture in one

dimension is

aw/at =-a(g)/ax ( 2.25 )

where g is given by Eq. (2.1) to Eq. (2.4) and Eq. (2.19).

In a numerical calculation of Eq. (2.25), the material is

divided into nodes; see FIG 2.6.

moisture (ontent w·I
humidity by volume Vi

6.x 6.x 6.x
~1x. x· 1I .... i-11 .... i I .... i+ 11

node -.....
i -1 i i+1

x x x x x x x x x x x--- ---
... u:::l \C

I +
~ ~

....... --N tv

flow ---------.....

FIG 2.6 Nodes and definitions for numerical simulation.

The following calculations are made for every timestep.

1) gi-O.5 and gi+O.5 are calculated

2) ~wi * ~xi = (gi-O.5 - gi+O.5) *
time t+~t

~t which gives w. at
l

3) w. at time t+~t and the sorption isotherm w(~) and the
l

humidity by volume at saturation (Vs) yield vi at time t+~t.

In the calculation of the moisture flow, eq. 9i-O.5' with a

conventionaI potential we have

19



( 2.26 )

öv the mean value of öv in the interval vi - 1 to vi

If öv varies strongly, as it may with concrete, one must inter­

polate or, what is better, solve Eq. (2.1) between the nodes,

Arfvidsson and Claesson (1989).

with the approach using the fundamental flow potential we have;

see Eq. (2.22)

lJ; i - lJ; i-l ( 2.27 )

The differences in lJ; and x give the moisture flux. with lJ; it is

unnecessary to interpolate, when öv varies strongly, to get the

correct moisture flow.

2.2.3 The relation between the fundamental flow potential and

the moisture flow coefficients

Eq. (2.16) gives

~
dv

In one dimension we have

( 2.16 )

g -öp

20
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öv(V)
dljJ -+ Ö S!JIL.. ( 2.28 )dv P dpv

-D * dw =-D *
dw * dv -+ D * dw = ÖV(V)

dljJ
g= w dx w dv dx w dv dv -+

D .9:t ( 2.29 )w dw

=A ds
\n*

ds * dv -+ \n*
ds ÖV(V)

_ d ljJ
g * - = dv dv - dvIn dx dx

-+A = ~
ro ds

21
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3 EXPERIMENTS

3.1 Experimental arrangement

By using a method which relies on the measurement of the water

vapour flow from a specimen and the distribution of the

relative humidity in the specimen, under stationary conditions,

the moisture permeability can be calculated, and its dependence

on RH can be determined. The flow of water is unidimensional

and goes from the bottom to the top of the specimen. The

experimental arrangement is shown in principle in FIG 3.1. FIG

3.2 shows a photo of one specimen, and FIG 3.3 shows a photo of

the climate room where the specimens were kept for many years.

There were about 150 specimens in all.

fan impermeable box

cup with a saturated salt
solution, e.g. Mg Cl 2

~ 9 mm tube in which RH is
~~//~~ measured

specimen

vessel in which the specimen
stands in water or in high RH

FIG 3.1 The experimental arrangement in principle.
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FIG 3.2 Photo of the experimental arrangement.

FIG 3.3 Photo of the climate room where the specimens were

stored.
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The upper part of the experimental arrangement consists of a

practically impermeable box in which RH is held constant by

means of a saturated salt solution in a cup, in our case

magnesium chIoride, MgC1 2 , for which RH is about 33 %. The cup

is weighed regularly, every week, to obtain the flow from the

specimen. When the magnesium chIoride in the cup, about 0.2 kg,

has increased in weight by about 0.01 kg, it is replaced by

new salt. Thewet salt is regenerated in an oven at 40°C and

used again. The top surface of the specimen is exposed to the

air inside the box. A small fan circulates the air inside the

box.

The cross section of the specimen is 0.2*0.2 m. The heights of

the specimens are 0.063, 0.100 and 0.150 m.

The surfaces of the specimen exposed to the surrounding air in

the room are sealed with 2 mm almost impermeable epoxy resin.

The bottom surface of the specimen stands in water or in air

with high RH, which is effected by a water surface about 2 to 3

centimetres below the specimen.

Plastic tubes of about 14 mm external and about 9 mm internaI

diameters are embedded in the sides of the specimen. The length

of the tubes is about 80 mm. The external surface of the tubes

is grooved to assure good adherence to the cement paste in the

specimen. The internaI end surface of the tubes is open towards

the specimen, and RH in the tubes is in equilibrium with RH in

the specimen. Starting with the uppermost tube, with the lowest

RH, the relative humidity is measured gradually downwards by

means of a small capacitive RH-sensor.

The RH-sensor was made by Vaisala in Finland but rebuilt by our

technicians, so the external diameter of the RH-sensor is about

8.5 mm. There is a packing ring, about 30 mm from the end of

the RH-sensor, which makes a water vapour tight sealing to the

tube. An RH-sensor is shown in FIG 3.4.
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FIG 3.4 Photo of an RH-sensor.

Before the tests were started, the specimens were seal cured

for at least one month and then allowed to suck water for some

weeks, so that they would definitely be on their desorption

isotherm during the tests.

3.2 Tested materials

The tested materials comprise concrete, cement mortar and

cement paste. There are normally 6 specimens of each tested

quality.

3.2.1 Concrete

The following test program concerning different compositions of

concrete was carried out.
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Concrete with wo/C 0.4, 0.5, 0.6, 0.7 and 0.8, all with the

same amount of aggregatei see TABLE 3.1.

Concrete with wo/C 0.7 with different amounts of aggregatei see

TABLE 3.2.

Concrete with wo/C 0.7 with different amounts of air; see TABLE

3.3.

TABLE 3.1 Composition of concrete with different wo/C.

wo/C cemen'3' C I wate3, Wo I sand/Gr~vel

I
Crushed stone3kg/m kg/m kg/m 8-18 mm, kg/m

0.4 418 167.2 990 810
0.5 368 184.0 990 810
0.6 328 196.8 990 810
0.7 296 207.2 990 810
0.8 270 216.0 990 810

TABLE 3.2 Composition of concrete with wo/C 0.7 with different
amounts of aggregate.

Tot amount

I
Cement

I

Water

I
Sand/Gravel I Crushed stone3

aggreg~te C 3 w 3
kg/m3 8-18 mm, kg/m

kg/m kg/m kg~m

1692 334 233.8 931 761
1730 320 224.1 952 778
1765 307 215.1 971 794
1800 296 207.2 990 810
1827 285 199.2 1005 822
1854 274 192.1 1020 834
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TABLE 3.3 Composition of concrete with wo/C 0.7 with different
amounts of air.

Nominal Measured Cement Water Total
air content air content C 3 w amount of

% in fresh kg/m kg/h13 aggregjte
concrete kg/m

%

4 4.4 275 192.2 1800
6 6.1 255 178.5 1800
8 8.0 235 164.8 1800

10 9.2 216 151.1 1800

The gradation curve for sand/gravel is shown in FIG 3.5.

Percentnge material passing each sieve
100

80

60

40

20

o
0.125 0.25 0.5 1 2 4 8

Sieve size (mm)

FIG 3.5 Gradation curve for sand/gravel to concrete.

The crushed stone, 8-18 mm, consists of quartzite.

The slump for the different types of concrete was measured,
although not at the same time as the specimens were cast. The
results are shown in TABLE 3.4.

TABLE 3.4 Measured slump.

Different w /C
I

w /C 0.7 with different amounts ofo
a~gregate

wo/C I Slump
I

Aggrjgate
I

Slump mm
I mm kg/m

0.4 5 1692 230
0.5 23 1730 200
0.6 70 1765 155
0.7 135 1800 135
0.8 210 1827 105

1854 75
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3.2.2 Cement mortar

Compositions of the cement mortars with different wo/C are
shown in TABLE 3.5.

TABLE 3.5 Composition of cement mortar.

wo/C Cement'3C Water, 3w sand/G3'avel
kg/m kg/m o kg/m

0.4 479 191.7 1600
0.5 421 210.5 1600
0.6 375 225.2 1600
0.7 339 237.0 1600
0.8 308 246.7 1600

The gradation curve for sand/gravel is shown in FIG 3.6.

I
/

If
J

/
I

/
/

./
20

Percentage material passing each sieve
100

40

60

80

o
0.125 0.25 0.5 1 2 4 8 16

Sieve size (mm)

FIG 3.6 Gradation curve for sand/gravel to cement mortar.

3.2.3 Cement paste

For cement paste only 3 different w /c were tested, namely 0.4,
0.5 and 0.6. Only 4 specimens were ~ested for w /C 0.4.o

There could be some separation in the specimens as no steps
were taken to prevent this.
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4 ERRORS IN THE MEASURED MOlSTURE FLOW

The measured moisture flow is the uptake of the salt per time

unit. The moisture flow through a specimen is not completely

unidimensional, so the measured moisture flow for a specimen is

not the real unidimensional flow at the vertical section were

RH is measured. The measured moisture flow had to be corrected

for

* the flow through the epoxy resin on the sides of the specimen

* the influence of the masked edge at the upper surface of the

specimen

* the influence of the RH-measurement tubes in the specimen

* the flow through the sealant on the outside of the specimen

* the flow between the upper box and the climate room.

4.1 Moisture flow through the epoxy resin

The influence of the moisture flow through the epoxy resin is

not the same for all the specimens. It depends on the height of

the specimen, on the distribution of the RH in the specimen and

on the moisture permeability of the epoxy resin.

4.1.1 Measurements of the moisture resistance of the epoxy

resin

The moisture resistance of 4 different epoxy resins has been

tested with the cup method. The tightest was selected. The cups

were made of glass and had a diameter of 185 mm and a height of

95 mm. The epoxy resins were placed on disks of cellulose fibre

reinforced cement. The disks were placed as lids on the cups;

see FIG 4.1. The gap between the cup and the disk was sealed

with a mixture of beeswax and paraffin. In the cups there was a

saturated salt solution of K2S04 , which gives 97.6 % RH. The

cups were placed in a climate room with +20 °C and 50 % RH.
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Sealing of beeswax
and paraffinwax
+ v2

Saturated salt solution

FIG 4.1 Principle of the measurement of the moisture

resistance with the cup method.

When the moisture flow rate for the different cups was

constant, the moisture resistance was calculated. The epoxy

resin named EP 91 had the highest moisture resistance

(Z =2200 * 10 3 s/m) and had a thickness of 2 mm. In thev
calculation of the moisture resistance of the epoxy resins, the

moisture resistance of the cellulose fibre reinforced cement

has been taken into account.

IJ.v
g

IJ.v difference in humidity by volume at the different sides of

the epoxy resin

4.1.2 Influence of the flow through the epoxy resin

with a moisture resistance of 2200 * 10 3 s/m and a thickness of

2 mm for the epoxy resin, a constant moisture permeability is

calculated to 900 * 10-12 m2/s.

For a moisture barrier based on epoxy resin, Nilsson (1977) has

shown that the moisture permeability depends on RH; see FIG

4.2.
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O
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FIG 4.2 "The moisture permeability" of a moisture barrier

as a function of RH.

Nilsson (1977).

k/d in FIG 4.2 is defined by the relation g=- ~ * ~Pv

FIG 4.2 shows that the moisture permeability increases strongly

above about 85 % RH.

The moisture permeability of our epoxy resin, EP 91, is assumed

to have the same dependence on RH as shown in FIG 4.2.

The constant moisture permeability, 900 * 10-12 m2/s, is

assumed to be proportional to k/d in FIG 4.2. It is then easy

to calculate the moisture permeability as a function of RH.

The influence of the epoxy resin is calculated with a

two-dimensional computer program, JAM-2. The model in FIG 4.3

is used. The moisture permeability of the concrete is almost

the same as that in Chapter 7.
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MF=O 33 O/o RH
I

I Moister flow
(MF) =O

33 O/o
RH

specimen h= 0.063,0.100
and 0.150

T
LEpoxy Water or high RH

,r 2 Å' 1Ok 1o At 10 "le 1O "le 10 A 10" 1O "le 1O "le 1o 'II< 1O le mm

~ 2 k 100 le mm

FIG 4.3 Two-dimensional computer model for calculating the

influence of the moisture flow through the epoxy

resin.

The moisture flows at the bottom and the top of the specimen

are calculated for every 10th mm. The moisture flows at the

bottom and the top of the specimen have the distribution shown

in FIG 4.4. The distribution in FIG 4.4 has been magnified

considerably, the real distribution being much more even.

9 10
1-10

gout

I
I

I
I

I
Il

2 3 4 5 6 7 8 9 10
1-10

gin

FIG 4.4 Moisture flows at the bottom and the top

of a specimen.
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The moisture flow near the epoxy resin at the bottom is bigger

than the moisture flow at the central part of the specimen.

This is because there is a moisture flow through the epoxy
10 10 ·resin. In the central part, gin and gout' the mOlsture flow is

almost unidimensional, and gin almost equals gout

One approximation of the calculated unidimensional flow is

g lO = (glO + glO )/2
in out

The calculated mean value of the moisture flow that goes from

the specimen is

mean,l = ( 1 +.... + 10 )/10
g out g out gout

If the calculated unidimensional flow is referred to g~~:n,l we

have the correction-factor, corr.

corr = [(.. ~O + 10 )/2J /gmean, 1gln gout out

The measured moisture flow for a specimen is a mean value for

the whole top surface. An approximation of the unidimensional

moisture flow is then

g = g(rneasured) * r(g~O + glO )/2 J/gmean, 1
L lnt out out

( 4.1 )

The unidimensional moisture flow calculated above was for a

two-dimensional model.

If it is assumed that the moisture flow from the top surface of

the specimen has the distribution shown in FIG 4.5, we probably

have a more realistic model.
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gout

2gout
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g~ut 0.1
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g~ut

9gout
g'O
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fi-
l<

"
1

0.1

FIG 4.5 Assumed moisture flow from one-fourth of the top

surface of a specimen. "Three"-dimensional model.

The calculated mean value of the moisture flow from the

specimen is

gmean,2 _ (4g10 +12g9 +20g8 + .... +76g1 )/400
out - out out out out:

An approximation of the unidimensional flow is then

g = g(measured) * ~g~O + glO )/2 J/gmean,2
~ ln out out

4.2 )

In TABLE 4.1 the corrections of the measured moisture flow

according to Eq. (4.1) and (4.2) are shown.
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TABLE 4.1 Correction factor to the measured moisture flow,

depending on moisture flow through the epoxy resin.

Concrete Height of Accord. to Accord. to

quality specimen Eq.(4.1) Eq.(4.2)

w IC 0.7 0.063 1.005 1.007o
0.100 1.012 1.017

0.150 1.029 1.035

w IC 0.4 0.063 1.006 1.010o
0.100 1.016 1.022

0.150 1.035 1.042

In TABLE 4.1 it is shown that Eq. (4.1) and (4.2) give

virtually the same result for the same height of the specimen.

There is only a small difference in the results for wo/C 0.7

and 0.4, so there is only a small influence of the concrete

quality, which shows that the epoxy resin is very dense.

4.2 Influence of masked edge at the upper surface of the

specimen

In all the specimens the sealing between the specimen and the

upper box is by and large the same. The sealing is shown in

FIG 4.6.

35



Plexiglass of
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hit ;.Ie "I< "If
the u~Rer box Sealant
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Sealant A- J)..
ö . I SRecimenb-

~RO~ resin
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~Å~
t>
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FIG 4.6 The sealing between the specimen and the upper box.

The dimensions of the sealants may vary somewhat as they are

made by hand, and for many specimens the sealants were im­

proved during the measuring period.

4.2.1 Corrections according to a method by Joy and Wilson

Joy and Wilson (1965) have given a formula for the effects of

the masked edge in the cup method. In FIG 4.7 a cup with a

masked edge is shown.

total area (Atat)
k ~

test area (A rest) b

FIG 4.7 Masked edge and the moisture flow path in the cup

method.
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The given formula is

~
g

4 * d 2n-;-s * ln( -2nb )
l+exp(--d--)

( 4.3 )

g = moisture flow with no masked edge (kg/(m2s»

~g= increased moisture flow caused by the masked edge

(kg/(m2 s»

d specimen thickness (m)

b width of the masked edge (m)

S four times the test area divided by the perimeter (the

diameter of a circle or the side of a square).

The external width of our specimens, including the masked edge,

is 200 mm. The bottom sides of the specimens have no masked

edge. This can be taken in to account if into Equation (4.3)

d is taken to be 2 times the height of the specimen; see the

moisture flow path in FIG 4.7.

The moisture flow is proportional to the specimen area if there

is no masked edge. The reduction in the flow based on the total

area can be calculated as

Atest * (1 + ~)/Atot

In FIG 4.8 the reduction of the moisture flow is given as a

function of the width of the masked edge. The reduction is

based on the total area, 0.2 * 0.2 m.
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Reduction of the moisture flo'" (%)

12 h=0.063 m

10
h =0.100 m

8
h=0.150m

6

4

2

5 10 15 20 mm
Width of the masked edge

FIG 4.8 Reduction of the moisture flowas a function of

the masked edge. Reduction based on the total area,

0.2 * 0.2 m.

In the calculated reduction in FIG 4.8 it is assumed that the

notch on the top of the specimen has no influence and that the

masked edge is impermeable. In Equation (4.3) diffusion is

assumed, which probably means that the moisture transport

coefficient is constant and does not depend on the moisture

content of the specimen.

4.2.2 Computer calculations

with a two-dimensional computer program, Wallenten (1989) has

calculated the influence of the notch on top of the specimen

compared to a masked edge without a notch. The notch and the

masked edge are assumed to be impermeable. The calculated

results for our specimens are shown in FIG 4.9.
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4

The width in the two-dimensional calculations was 0.2 m. the

reduction of the moisture flow is (l-flow with masked edgejflow

without masked edge) * 100.

Reduction of the moisture flow (%)

~sin
~---i

with notch

without notch

3
b = 15mm x

2

b = 10mm

O-+------r------r------...----..
o 0.050 0.100 0.0150

Height of the specimen (m)

FIG 4.9 The influence of the notch on top of the specimen.

Calculated with a two-dimensional comp~ter program.

In FIG 4.9 it is shown that the influence of the notch compared

to the width of the masked edge is negligible.

The calculations which Wallenten made have been checked with

calculations made with the computer program Jam-2. With Jam-2

the case of a masked edge without notch was calculated. In

Jam-2 the calculations were made with variable moisture

permeability for the specimen and with measured moisture
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resistance for the plexiglass and the building sealant at the

top of the specimen. In TABLE 4.2 the calculated reduction of

the moisture flow is shown for two concrete qualities.

TABLE 4.2 Calculated reduction of the moisture flow depending

on the masked edge on top of the specimen.

Specimens made of concrete and with the bottom

surface in water. Two-dimensional calculations made

with Jam-2.

width of wo/C Reduction of the moisture flow. %
the masked
edge. mm tHeight 63 mm Height 100 mm Height 150 mm

10 0.8 1.37 0.82 0.53
0.5 1.19 0.73 -

- 1.231 ) 0.781 ) 0.531 )

15 0.8 2.91 1.78 1.13
0.5 2.37 1.45 -

2.741 ) 1.751 ) 1.181 )

l) Calculated by Wallenten; see FIG 4.9

The results in TABLE 4.2 show that the reduction of the

moisture flows is nearly the same, with the same masked edge,

when calculated with different computer programs and under

different conditions for the materials.

Hagentoft (1989) has given a theoretical derivation of how the

results from two-dimensional calculations of the influence of

the masked edge can be transformed into three-dimensions. The

basic figure Hagentoft used is shown in FIG 4.10.
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Area A1

FIG 4.10 Basic figure for the calculation of the influence

of the masked edge on the specimen.

The formula Hagentoft arrived at is

~
A2

* (E 2 + E 4 ) ( 4.4 )
g A1+A2

g moisture flow with no masked area (kg/(m
2

s»

~g the decrease in the moisture flow caused

by the masked part of the surface area (kg/(m2s»

Al the unmasked part of the surface area

A2 the masked part of the surface area

€2 parameter describing the influence of the masked edge

of the upper surface on the moisture flow

€4 Dito for a masked edge of the bottom surface,

zero in our case

First the reduction of the moisture flow, g/g, in the

two-dimensional case is calculated by the program Jam-2. Areas

Al and A2 are known. Then €2 is calculated. In the corners of

the masked area the calculated €2 is not the true value, as it

is the value for a two-dimensional calculation. A calculation

that Hagentoft made with a three-dimensional program showed

that €2 in the corners of the masked area, for our specimens,

is nearly two times the value of the two-dimensional

calculation if the width of the masked area is 10 mm. If the
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corners of the masked area are regarded as a square with the

same sides as the width of the masked area and the rest of the

masked area is treated as the flow is two-dimensional the

results that are shown in TABLE 4.3 are obtained for specimens

where the width of the masked area is 10 and 15 mm.

TABLE 4.3 Calculated reduction of the moisture flow which

depends on the masked area at the top of the

specimen. Three-dimensional results derived from

two-dimensional calculations.

width of the /calCulated reduction of the moisture flow. %
masked area ""-

mm Height 63 mm Height 100 mm Height 150 mm

10 2.5 1.6 1.1
15 5.5 3.5 2.4

If the results in TABLE 4.3 are compared with the

two-dimensional results in TABLE 4.2, it is seen that the

calculated re9uctions in TABLE 4.3 are about twice the

reduction in TABLE 4.2.

When the results in TABLE 4.3 are compared with the three­

dimensional results in FIG 4.8, it is seen that the results in

TABLE 4.3 are lower. The higher the specimens, the bigger the

quotient between the results in FIG 4.8 and TABLE 4.3. For the

height 63 mm the quotient is about 1.3, and for the height 150

mm the quotient is about 1.8.

The results in TABLE 4.3 are probably lower than the real

reduction of the moisture flowas E 2 is regarded to be the same

along the sides of the specimen, but in reality it varies along

the sides from the two-dimensional value to the

three-dimensional value in the corners of the masked area.
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Finally the results in FIG 4.8 and TABLE 4.3 are of the same

magnitude. For the normal width of the sealing between the

upper box and the specimen, 10 - 12 mm, the reduction of the

moisture flows is small, about 2 to 3 %. The coefficients of

correction to the measured floware shown in APPENDIX A at

comments.

4.3 Influence of the RH-measurement tubes in the specimen

Two opposite sides of the specimen contain tubes in which RH is

measured. The tubes have an internal diameter of about 9 mm and

an external diameter of about 15 mm. The length of the tubes

is about 80 mm. The tubes are made of polypropylene, which is

regarded as impermeable compared to the permeability of the

specimen. These RH-measurement tubes reduce the moisture flow

in the specimens. According to Claesson (1990), the circular

tubes can be replaced by square tubes in the computer

calculations if the perimeter of the tubes is the same. A

section of a specimen which is used in the calculations is

shown in FIG 4.11. The height of the specimen is 63 mm.

D

D
D

D

-f O_.20_0m t
FIG 4.11 One of the configurations used in the

computer calculations of the influence of the

RH-measurement tubes on the moisture flow.
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For a specimen with a height of 100 mm, calculations have been

made both with constant and with variable moisture permeability

of the specimen, and the reduction of the moisture flow is the

same in the both cases.

The results obtained with the two-dimensional Jam-2 are shown

in TABLE 4.4. For each height, calculations have been made for

both of the sides with RH-measurement tubes, as the sides are

not identical.

TABLE 4.4 Calculated influence of the RH-measurement tubes on

the moisture flow. Two-dimensional calculations.

Height of the I Reduct. of the moisture flow
%1

Coefficient of
specimen Correction

mm Side 1 I Side 2 I Total Total

63

I

11.4

I

13.7

I

10.0

I

1.1111
100 11.9 12.4 9.7 1.1074
150 7.7 8.8 6.6 1.0706

The specimens are considered as though they consist of three

parts, the two sides with RH-measurement tubes and the part in

the middle where there is a homogeneous material. The side

parts have a width of 80 mm (the length of the tubes), and the

middle part has a width of 40 mm. The total reduction of the

moisture flow is calculated with the parallel composite

material model. The total reduction is shown in TABLE 4.4. The

coefficients of correction, depending on the RH-tubes, to the

measured floware also shown in TABLE 4.4.

4.4 The moisture flow through the sealant between the outside

of the specimen and the upper box

Between the upper box and the epoxy resin on the outside of the

specimen there is a building sealant according to FIG 4.6. The

widths along the plexiglass and the epoxy resin are normally 6

mm. There is a small slit between the specimen and the
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plexiglass of the upper box in which the moisture can reach the

building sealant on the outside of the specimen. The slit is

assumed to be 0.5 mm, and the moisture flow through the sealant

is calculated with Jam-2. The moisture flows as functions of RH

in the slit are shown in TABLE 4.5. RH in the climate room is

35 %. The moisture permeability of the building sealant is

measured at 14 * 10-9 m2/s.

TABLE 4.5 Calculated moisture flow through the building

sealant between the outside of the specimen and the

upper box.

RH in the slit Moisture flow
% g/day

50 0.0012
60 0.0020
70 0.0029
80 0.0037
90 0.0045
95 0.0049

RH in the slit is assumed to be the same as the calculated RH

in the specimen. RH in the specimen was calculated in 4.1.2

although not related there. For concrete with wo/C 0.8 and the

bottom side in water RH is about 90 %. For concrete with wo/C

0.5 and the bottom side in water RH is about 60 %. For

specimens with high measured moisture flow, the flow through

the building sealant is negligible, but for specimens with low

flow the leakage through the sealant is about 2 to 4 % of the

measured moisture flow.

4.5 Moisture flow between the upper box and the climate room

The plexiglass which the upper box is made of is not

impermeable, so there could be a moisture flow through it. To

avoid this, RH in the climate room is nearly the same (about 35

%) as RH in the upper box (about 33 %).
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To control the total moisture flow between the upper box and

the climate room, a box which had an impermeable steel plate

instead of the specimen was placed in the climate room. The

salt in this box was weighed at the same time as the salt for

the ordinary specimens. The weight changes of this "dummy" were

less than 1 gjyear and this flow is quite negligible.

4.6 Summary of corrections of the measured moisture flow

The measured moisture flow for all the specimens is corrected

with

a) the moisture flow through the epoxy resin having variable

permeability; see TABLE 4.1, column 4 (Eq.4.2)

b) the influence of the sealing between the upper box and the

specimen; see FIG 4.8. The sealing is assumed to

have a width of 11 mm

c) the influence of the RH-measurement tubes in the specimen;

see TABLE 4.4, the column for total correction

d) the moisture flow through the building sealant on the

outside of the specimen; see TABLE 4.5.

The corrections used are shown in APPENDIX A.
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5 MEASUREMENTS OF THE RELATIVE HUMIDITY

5.1 Calibration of the RH-sensor

It is important to calibrate the RH-sensors very often, because

there could be large drift of the RH-sensors. During the first

year or so of measurement, the drift of the RH-sensors between

two calibrations (about two weeks) could be up to 6 % RH. This

large drift caused great difficulties in evaluating the correct

RH-gradient, since the real difference in RH between two adja­

cent measurement tubes in a specimen could be only a few tenths

of a percent RH. This considerable drift is one of the reasons

why we made calibrations before and after each measurement.

Another reason is that the RH-sensor is unprotected and could

collect dust or other impurities on the polymer sheet during

the measuring period. This would probably add another

characteristic to the RH-sensor. The calibration period for an

RH-sensor normally had a duration of 9 days and was followed by

a measuring period of about 10 days. Then a new calibration

period followedi see FIG 5.1. with a calibration made before

and after a measurement, the magnitude of the drift is known.

eali bratian

9 days

measuring

~10 days

ealibration

9 days

measuring

~10 days

FIG 5.1 Measuring and calibration periods for an RH~sensor.
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eone rete block

Initially the calibrations were made in the climate room where

the specimens were stored. The calibrations were made by means

of satur~ted salt solutions. After a check of the influence of

the temperature changes of the climate room on the readings

from the RH-sensor had been made, a temperature-stable

calibration box was built and placed in a separate room. The

calibration box is made of expanded polystyrene with the

external dimensions 1.0 x 0.8 x 0.7 m. The thickness of the

wall is 0.1 m. The box is cooled continuously with a Peltier

cooler. To make the box temperature-stable, it is heated with

two electric heating conductors. The temperature of the

calibration box is measured with a thermocouple. The difference

between the rneasured temperature and the set-point temperature

controls the input power of the electric heating conductors. In

the first version of the box the variations of the temperature

in the box,were about ± 0.5°C(3 x standard deviation, 3 a), and

in the calibration vessels, which were placed in the

calibration box, about ± 0.05°C (3 a).

The calibration vessels were placed in a concrete block which

diminishes the temperature variations inside the calibration

vessels. The calibration box and the concrete block are shown

in FIG 5.2.

~--------

/ I ~ I
I

RH / I

?~=p=e=lt=ie=r=eO=O=le=r=::;1?J
v 0° 00 0° 00 /

/

FIG 5.2 The calibration box with its front panel removed.
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A calibration vessel consists of a small transparent plastic

bottle, which contains a saturated salt solution. In the

central part of the bottle, there is a water-impermeable but

water-vapour permeable tube in which the RH-sensor is inserted.

The water-vapour permeable wall of the tube prevents liquid

from entering the inside of the tube. A calibration vessel with

an RH-sensor is shown in FIG 5.3.

RH sensor

Rubber stopper

Water vapour
permeable tube

Plastic bottle

Saturated salt
solution

Salt

FIG 5.3 Calibration vessel with RH-sensor.

In a second version of the calibration box a better temperature

control unit was used. The variations of the temperature in the

box were reduced to about ± O.3°C (30), and in the calibration

vessels the variations of the temperature were about ± O.OSOC

(30) .

5.1.1 Calibration procedure

The RH-sensors were calibrated with saturated salt solutions.

The saturated salt solutions used and their relative humidity
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at 20°C are listed in TABLE 5.1. All the figures in TABLE 5.1,

except for sodium bromide, are taken from ASTM E104-85.

TABLE 5.1 Calibration salts and their RH at 20°C.

Namne RH %

Lithium chloride LiCl 11.3 ± 0.3

Magnesium chloride MgCl 2 33.1 ± 0.2

Sodium bromide NaBr 59.1 ± 0.4

Sodium chloride NaCl 75.5 ± 0.1

Potassium chloride KCl 85.1 ± 0.3

Potassium nitrate KN03 94.6 ± 0.7

Potassium sulfate K2S04 97.6 ± 0.5

The uncertainty figures in TABLE 5.1 are the bias (systematic

error) of the saturated salt solutions under ideal conditions.

Definitions of the accuracy terms are given in section 5.1.2.

The equilibrium relative humidity values in ASTM E104-85 are

taken from Greenspan(1977), which contains the results for 28

saturated salt solutions at different temperatures. The values

for sodium bromide are taken directly from Greenspan(1977).

The RH-sensors are calibrated before and after each

measurement. The measuring periods are about 10 days. For every

calibration point, the calibration time is normally 24 ± 2

hours. A typical reading in mV as function of time is shown in

FIG 5.4. The time, on the X-axis, is in logarithmic scale. As

seen in FIG 5.4, the changes in the measured value are small

after 24 h.
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1

FIG 5.4 Reading from RH-sensor as function of time. The

calibration climate used was 97.6%RH.

The calibration starts with LiCl (11.3 % RH) which has the

lowest RH. After that follow the different salt solutions with

increasing RH. After K2S04 (97.6 % RH) the RH-sensors are

returned to LiCl and MgC12 (33.1 % RH), so that the RH-sensors

are on their absorption isotherm both during the calibration

and before the measuring starts. Between two calibration

periods the whole calibration curve may have changed somewhat.

FIG 5.5 shows the upper part of a typical calibration curve.

Curve 1 is from the calibration before measurement, and curve 2

is from calibration after measurement. The middle curve in FIG

5.5 is the curve used on which the RH-readings are based.
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FIG 5.5 The upper part of a typical calibration curve.

FIG 5.5 also contains calibration points at 97.0, 98.2, 98.8 %

RH, marked by + • These calibration points are made with

unsaturated salt solutions of potassium chIoride (KCL). The

lowest point, 97.0 % RH, is made with a molaIity (moles of

solute per kg solvent) of 1.0. This point is read on the

calibration curves for the saturated salt solutions. The mean

value (96.9) for several readings with different RH-sensors is

adjusted to 97.0 % RH. The adjustment is made because the

molalities for the KCL solutions used are 1.0, 0.8, 0.6, 0.4

and 0.2 and with these low concentrations, (IDO-RH) is

proportional to the molaIity. with 97.0 % RH for the 1.0

molaIity KCL and 100% RH for pure water, RH for the other

molalities will get one figure after the decimal point. This

small adjustment of 0.1 % RH is probably lower than the

uncertainty of the calibration curves for the saturated salt

solutions. Robinson and Stokes (1955) have given a formula

which gives the theoretical RH as 96.8 % at 25°C for the 1.0
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molaIity KCL-solution. In Hägg (1963) there is an approximative

formula which gives 96.6 % RH for 1.0 molaIity KCL-solution.

The influence of unsaturated salt solutions is described

in greater detail in Hedenblad (1988).

5.1.2 Errors in the calibration process

In the ASTM standard E 177 the terms precision, bias and

accuracy are defined. The following is taken directly from ASTM

E 177. The precision of a measurement process refers to the

degree of mutual agreement between the individual measurements

from the process. The usual basis of indexes of precision is

the standard deviation, 0, of the statistical distribution of

the measurements involved. Bias, or systematic error, is a

consistent deviation from the accepted reference level.

Accuracy refers to the degree of agreement of measurements with

an accepted reference level. Accuracy is therefore used as a

term that includes precision and bias. The terms bias and

precision are shown in FIG 5.6. Accepted reference level refers

to an authorized and accepted value of the property concerned,

a standard.

Expected value or the
average of many observations

--QJ
>
~
QJ
u
C
QJ
c...
QJ

\f­
QJ
c...

FIG 5.6 Frequency distribution of a measurernent. The figure

is based on the normal distribution. ASTM E 177.

53



According to ASTM E104-85, lack of temperature equilibrium (±

0.5°C) during the calibration can increase the bias statement

to ± 2.5% RH. A theoretical calculation at 20°C and 95 % RH

reveals that the RH can change ± 2.8 % for a rapid temperature

change of 0.5 °C. In the calculation it is assumed that the

water vapour concentration in the calibration vessel is the

same all the time. According to ASTM E 104-85, the precision of

the saturated salt solutions is ± 0.5 % RH, when the

temperature instability of the salt solutions is ± 0.1 °C.

Greaves (1986) claims that the repeatability of the saturated

salt solutions that a certain manufacturer of RH-measuring

devices, uses (e.g.LiCl, MgCl2 , NaCl, KN03 ) is better than 0.1

% RH when the temperature stability is better than ± 0.05°C.

Repeatability normally refers to the precision achieved in one

laboratorY,with the same operator making the measurements.

Lafarie (1988) has classified the errors that can arise in a

measurement of the relative humidity. As examples of bias, or

systematic errors, he mentions nonlinearity of the instrument

and temperature effects (when measuring is carried out at a

temperature different from the calibration temperature). As

examples of random errors he mentions sensor hysteresis and

calibration errors. One error that Lafarie did not mention is

drift of the sensors, which is a systematic error.

In the following an analysis is made of errors in our tests.

Systematic errors: There are no corrections made by the elec­

tronic circuits to make the readings from the sensor linear.

The sensors are calibrated at 7 points with saturated salt

solutions. The sensors are almost linear between 33.1 and 94.6

% RH, and the calibration curves are drawn as straight lines

from one calibration point to the next. As seen in FIG 5.5,

there is a breaking-point at 94.6 % RH. It cannot be determined

if this breaking-point is exactly at 94.6 % RH or at a higher

value, as there is no saturated salt solution with a relative

humidity between 94.6 and 97.6 % RH. But if the breaking-point
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is higher than 94.6 % RH, the RH read will be too low in this

region. The measurements are made at almost the same tempera­

ture as the calibration. In conclusion, there will be no

systematic errors or very small errors between 33.1 and 94.6 %

RH caused by nonlinearity of the instrument and temperature

effects.

The drift of the RH-sensors varies from time to time. But if

the drift is greater than about 1 % RH between two calibra­

tions, the measured values are not used and a new measurement

with a newly calibrated RH-sensor is made. The mean value of

the calibration curves for the two calibrations (before and

after measurement) is used when defining the real RH-value. For

most of the calibrations, the calibration curves are nearly

parallelover about 75 % RH. That means that all three curves

give about the same ÖRH/öx for a specimen, but not exactly the

same absolute value of RH. The bias for the drift of the

RH-sensor is the distance from the mean value calibration curve

and the two calibration curves (before and after measurement).

The bias figures in TABLE 5.1 could be interpreted to mean that

the correct RH for a given salt is not known, but lies between

the given value and ± the bias. The bias for the drift of the

RH-sensor and the bias for the correct RH-value should be

combined.

Eisenhart (1963) has provided some ways to combine allowances

for systematic errors. The following is directly from

Eisenhart. When

1) the numbers of systematic errors that shall be combined

are small

2) the systematic errors are approximately in the same range

3) one is nearly sure that the individual systematic errors do

not exceed their range

it is then probably safe to use the approch of a uniform

distribution of error and take the bias for each individual

range as the average of the individual ranges.
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In TABLE 5.2 the limits of error of a sum of n items are listed

for a bias of ± 0.5 for each individual range and with uniform

distribution.

TABLE 5.2 Limits of error of a sum of n items with the same

bias of ± 0.5 with uniform distribution.

Eisenhart (1963).

n probability

0.95 0.99

1 ±0.48 ±0.50

2 ±0.78 ±0.90

3 ±0.97 ±1.19

Greenspan (1977) claims that the bias figures in TABLE 5.1 are

3 times the standard deviation for the predicted value, which

means that the probability is 0.99 that the correct value lies

between the bias limits.

If we assume that the probability is 0.99 that the correct

RH-value lies between the calibration curves before and after

measurement, then it is easy to calculate the total bias for

n=2.

Total bias 0.9 x the average of the indivual ranges / 0.5

or

Total bias = 0.9 x the sum of the individual ranges

0.9 comes from TABLE 5.2 column 3 and 0.5 results from the fact

that the figures in TABLE 5.2 are for a bias of ±0.5.

Random errors: A small investigation on two RH-sensors gave the

result that hysteresis between absorption and desorption is

about 1% RH. As the measurements are made from the top of the

specimen and downwards, RH should normally increase between two
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adjacent measurement tubes and the RH-sensor should "always" be

on its absorption isotherm. If there is a measurement tube

which has a lower measured RH-value than the measurement tube

above it, its RH-value is not used.

If the RH-sensor is on its absorption isotherm and is then

placed in a lower RH and after that is placed in the original

RH, the sensor returns to its absorption isotherm on nearly the

same reading (mV); see FIG 5.7.

RH (%)

100

95

90

85 2,4 +
6

80

75 1+
3

700 800 900

~ 10

5.7+~
9

1000 1100
Reading (mV)

FIG 5.7 Scanning curves for an RH-sensor.

If Greaves' statement is correct, namely that the sensor

repeatability is 0.1 % RH when the temperature stability is

better than ± 0.05 °C, the precision of the saturated salt

solutions should be in the same range in our calibrations.
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A small investigation (30 calibrations) of the calibration

error for RH-sensors that had been calibrated from 11.3 % up to

97.6 % RH and then returned to 11.3 % and then 33.1 % RH gave

the result that the precision was about 0.18 % RH (la) at 33.1

% RH.

Accuracy: According to Eisenhart (1963 and 1969) the bias and

the precision should both be mentioned in an accuracy

statement. An overall uncertainty can be calculated and should

include the total systematic error and at least 3 times the

standard error. This approach has been used in section 5.3

5.2 Measurements of RH in the specimen

After calibration, the RH-sensor is protected against dust and

water vapour with a plastic cap during the transport to the

climate room where the specimens are stored. After removal of

the plastic cap the RH-sensor is immediately inserted in the

uppermost measurement tube in the specimen, which has the

lowest RH. The RH-sensor is placed in the same measurement tube
for about 24 h before the reading of the RH-sensor is made.

After that the RH-sensor is removed and placed in the adjacent

measurement tube. The measurement period is 9 to 11 days,

depending on the numbers of measurement tubes (9,10 or 11) in

the specimen.

5.2.1 Error in the measurement of RH in the specimen

The greatest error in the RH-measurement is when there has been

a leakage between the measurement tube and the rubber stopper,

but the measured RH is then normally much lower than it should

be. This error is normally revealed when the RH-profile in the

specimen is drawn during the analysis of the moisture flow

coefficient.
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Another error in the RH-measurement is the temperature

instability in the specimen during the measurement. The

temperature instability in the measurement tubes in a specimen

has been recorded during 24 h. For the recorded period the

temperature instability was about ± 0.2 °c (3 x o). At the same

time were the temperature changes in the climate-room about ±

0.4 CC.

If the water vapour concentration in the air in the measurement

tube is assumed to be the same all the time, it is possible to

calculate a upper limit to the change in the RH. When RH is

about 100 % the change in RH will be ± 1.2 % for a change of

the temperature of ± 0.2 °C at + 20°C. Nilsson (1987) has

measured effects on RH in concrete, of a certain change in

temperature. FIG 5.8 shows the preliminary results for

different concrete qualities.

(o RHI 09 )w [RH% loe ]
e

0.5

0.4

0.3

0.2

0.1

O
60 70 80

(±) wo /C=0.4
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@ Wo le =0.7 &silicQ

90

FIG 5.8 The temperature effect on the equilibrium RH in

concrete. Mean temperature +20 0 C.

Nilsson (1987).

In FIG 5.8 it is shown that the maximum change in the RH is for

RH about 75 to 80 %. The change is about 0.35 % RH per cC. With

a temperature change of ± 0.2 cC, the change in RH will be 0.07
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%. The changes in FIG 5.8 are changes in RH when the moisture

content in the concrete is constant.

An analysis of the measured RH as function of time and of the

temperature changes in the climate room for some specimens

gives the result that the maximum change in RH due to changes

in temperature is about ± 0.1 %, and this value is close to the

values of Nilsson, when the temperature change is ±0.2 °c.

5.3 The total error in the RH-measurement

The drift of the RH-sensors is determined for each measurement

and 0.9 times the drift is added to the total uncertainty of

the RH-measurement. The maximum change in RH (± 0.1 %) due to

changes in temperature during the measurement is supposed to be

3 times the standard error, and regarded as arandom error. The

random errors in the calibration process and the measurement

are cornbined into one figure ( 0=/(0 2 + 0 2 ) ). The total random

error is then 0.55 % RH (30). The total uncertainty for the

different RH-levels determined by the different saturated salt

solutions is listed in TABLE 5.3.

TABLE 5.3 The overall uncertainty in RH at different RH-levels.

Drift of the sensors is excluded.

RH Tot uncertainty

% %

33.1 0.71

59.1 0.95

75.5 0.68

85.1 0.81

94.6 1.14

97.6 1.03

Linear interpolation between these points is used.
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6 EVALUATIOR OF THE MOlSTURE PERMEABILITY

The moisture permeability, öv ' is not evaluated for every

specimen. Instead the fundamental flow potential, ~, (see

section 2.2) is evaluated. The mean, maximum and minimum ~

specimens of the same quaIity are calculated and then Öv is

calculated for these three ~:s. In our stationary case it is

simple to calculate ~ as function of RH, see FIG 6.1. with

~ref=O at the top of the specimen, we have ~(Xi)=(-g) * xi;

se Eq. ( 2 .23 ) .

30 40 50 60 70 80 90

,.--~---------------r----------.- O

x

RH - distribution curve

Moisture flow (-g~ kg 11m2 sIl
I.-- ~---'-h

FIG 6.1 Evaluation of the fundamental flow potential (~).

The moisture flow, g, is measured and given in APPENDIX A for

the different specimens. The moisture flow is corrected for the

influence of the boundary conditions, see Chapter 4 and

APPENDIX A.

The distance from the top of the specimen to the RH-distribu­

tion curve at a given RH is x. Then we have from Eq. (2.15)

when ~ref=O
v

l/J=-g * x = J 6v (v') * dv'

Vref
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Eq. (6 . l) says that for different RH: s in the specimen, 1IJ is

calculated as g * x. For increasing RH in the specimen, 1IJ

increases as x increases. At the top of the specimen 1IJ is O

because x is o.

The distances from the top of a specimen to the minimum, mean

and maximum RH-curve are given for different RH in APPENDIX B,

see also APPENDIX C. The mean lIJs are calculated for different

RHs in APPENDIX C and graphically shown in APPENDIX D, where

also the minimum and maximum lIJs are shown.

In the evaluation of the mean 1IJ for a given quaIity of

material, considerations have been accorded to the measured

mean RH-curves for the specimens of that quaIity. Take for

instance concrete with w IC 0.7. Between 33 % and 84 % RHo
account has only been made of the specimens that stand with

their bottom side in moist air (C7A2, C7B2 and C7C2), as these

specimens have measured RH between these two RH. Between 86 %

and 89 % RH account has also been made of a specimen with its

bottom side in water (C7Bl). The first RH measured in C7Bl is

85.3 %. Between 90 % and 94 % RH considerations have been given

to 5 specimens (the four above plus C7A1), see APPENDIX B. The

first RH measured in C7A1 is 90.5 %.

From Chapter 2 Eq. (2.16) we have

( 2.21 )

Which is the same as

( 6.2 )

Then ö is the slope of the 1IJ -curves in APPENDIX D divided byv
the humidity by volume at saturation. The slopes of the

lIJ-curves have been evaluated graphically.
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7 RESULTS FOR CONCRETE

The results presented in this chapter show the moisture

permeability with regard to humidity by volume in the pores of

the specimens (Öv ) as function of RH or as the mean moisture

permeability for specimens with defined moisture conditions at

the boundaries.

7.1 Effect of the water-cement ratio

The concrete qualities shown in FIG 7.1 to FIG 7.4 have water­

cement ratio 0.5, 0.6, 0.7 and 0.8. The amount of aggregate is

the same in the different concrete qualities. The mean measured

Öv for up to 6 specimens of each concrete quaIity is shown in

FIG 7.1 to FIG 7.4. The measured maximum and minimum Öv are

also shown in the same figures. The maximum and minimum

ö -curves are from the specimens, with the same w je, with thev o
highest and lowest fundamental potential, when allowance

has been made for the total uncertainty in the RH-measurernent;

see section 5.3. For the definition of the fundamental flow

potential see section 2.2.1.
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In FIG 7.1 to FIG 7.4 it is shown.that the moisture

permeability depends on RH. For lower RH, up to about 70 %, Öv
is nearly constant. Between about 70 % and 90 % RH there is an

increase in Öv with RH. Above about 90 % RH, Öv increases

strongly with increasing RH. Öv is not determined the whole way

up to the moisture saturation point. The saturation point

probably lies around 100 % RH; see section 11.1.1.

The measured maximum and mimimum öv-curves have the same shape

as the mean öv-curves.

The results for different wo/C and RH are shown in TABLE 7.1.

The averages of the mean moisture permeability for wo/C 0.6 to

0.8 at the different RH-levels are shown in the seventh column.

The eighth column shows the coefficients of variation for wo/C
0.6-0.8.

TABLE 7.1 Moisture permeability for concrete with

different wo/C.

RH ö * 10 6
(m2 / s ) Average Coef.v

% w IC .4 wo/C .5 w IC .6 w IC .7 w IC .8 .6 -.8 of varo o o o

33-65 0.13 0.14 0.15 0.18 0.18 0.17 0.11
70 0.19 0.20 0.19 0.19 0.18 0.19 0.02
75 0.22 0.25 0.26 0.26 0.30 0.27 0.08
80 0.28 0.33 0.38 0.40 0.37 0.38 0.04
84 0.35 0.45 0.64 0.58 0.48 0.57 0.14
86 0.39 0.59 0.83 0.77 0.60 0.73 0.16
88 0.46 0.82 1.18 0.99 0.76 0.98 0.21
90 (0.53) 1.02 1.74 1.44 1.34 1.51 0.14
91 1.20 2.2 1.90 1.67 1.91 0.13
92 (0.57) 1.48 2.6 2.3 2.4 2.4 0.07
93 1.68 3.5 2.7 3.3 3.2 0.14
94 2.2 4.3 3.4 6.8 4.8 0.36
95 (0.70) 2.8 5.4 4.4 12.7 7.5 0.61
96 4.3 7.8 6.4 19 11.1 0.62
97 9.0 11.7 10.0 28 16.7 0.61
98 53

1 4 5 5 6 Number of
specimens
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The moisture permeability is not evaluated for higher RH than

96 to 98 %, because it is very difficult to evaluate the steep

slopes of the RH-curves. The results in TABLE 7.1 clearly show

that w le in the range 0.6 to 0.8, has no, or little, influenceo
on öv up to about 95 % RH. This is a surprising result and one

explanation can be that the interface between the aggregates

and the cement paste is much more permeable than the cement

paste; see section 12.2 and APPENDIX E.

Ö depends strongly on w le over about 95 % RH. Maximum ö is
v -6 2 o -6 2v

about 130 * 10 m Is for wole 0.8 and about 20 * 10 m Is for

w le 0.6; see TABLE 7.2. This is probably one of the reasonso
why "watertight" concrete works.

7.1.1 Spe~imens with the bottom side in water

The mean moisture permeability (Ö~ean,l) has been calculated

for the specimens that stand in water.

ö~ean,l = g * h 1 (Vs * (1 - 0.33» ( 7. 1 )

g

h

density of moisture flow rate

height of the specimen

humidity by volume at saturation

RH at the top of the specimen

(kg/(m2s»

(m)

(kg1m 3
)

(1 )

It is questionable whether ö~ean,l is a correct measure, as

most of the differences in the moisture flow depend on what

occurs above 95 % RH. But it is used since it is comparable

with the results obtained by Nilsson (1980). For different wo/e

ömean ,l is shown in FIG 7.5.v
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• h =0.063 m
2.0

•

1.5

• +
•

1.0
•+
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0.4 0.5 0.6 0.7 0.8 wo/C

FIG 7.5 Effect of water-cement ratio on the mean moisture

permeability within the range 33 % s RH s liquid
mean,l

water, 0v •

FIG 7.5 shows that the ratio between wo/C 0.8 and 0.5 is about

4 to 5. Nilsson (1980) has found about the same ratio for the

diffusivity for cement mortars with wo/C 0.8 and 0.5. The

results in FIG 7.5 and the results obtaind by Nilsson are not

directly comparable, as Nilsson's results have the moisture

content mass by volume as potential and they are for cement

mortar, whereas the results in FIG 7.5 have the humidity by

volume in the pores of the specimen as potential and are for

concrete. But in both cases the curveshapes are nearly the

same and the ratios for o~ean,l and for the diffusivity between

wo/C 0.8 and 0.5 have the same magnitude.

In FIG 7.5 it is shown that for nearly all w Ic that the higher
. .. mean 1 o.

the speclmen, the hlgher lS 0v '. One explanatl0n can be

that carbonation has occurred at the top surface of the
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specimen, giving lower övat the surface. If the carbonation

depth for specimens with the same wo/C is the same, the

carbonation depth should have greater influence for lower

specimens. Another explanation can be that the moisture flow

has not reached equilibrium for the highest specimens. This

explanation is supported by the fact that for wo/C 0.7 and 0.8

the specimens with a height of 0.150 m. have not reached

equilibrium of the moisture flow (after 120 weeks), and ömean ,l

for the two heights 0.063 and 0.100 m are nearly the same at

wo/C 0.4, 0.5 and 0.6. A third explanation can be that the

sealing between the upper box and the specimen has been

improved for specimens with heights 63 and 100 mm. This has not

been done for the specimens with height 150 mm, which are shown

in FIG 7.5. The sealing has later been improved and the

influence on ö~ean,l is shown in FIG 7.6. In Chapter 10 there

is a fulle~ discussion of the subject mentioned above.

6mean ,1 (m2/s)v
-6

*10
• h =0.150 m

2.5 + h =0.100 m
• h =0.063m

(+)

2.0 ( ) from fig 7.5
~.)

1.5 •
(;)

lO
Å~)

0.5 .~)

~.)

O
0.4 0.5 0.6 0.7 0.8 wolC

FIG 7.6 Effect of water-cement ratio on the mean moisture

permeability within the range 33 % ~RH ~ liquid
mean 1 .water, Öv '. The seallng between the upper box and

the specimen has been improved.
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FIG 7.6 shows results for the same specimens but determined at

two instances, the second (without parenthesis) 2 years after

the first (with parenthesis). For most of the specimens with a

height of 0.150 m the results are not lower than for the other

heights, even though the specimens are much older.

7.1.2 Specimens with the bottom side in moist air

The mean moisture permeability (Ö~ean,2) has been calculated

for the specimens that stand in moist air, which is brought

about'with a water surface some centimetres below the specimen.

It is assumed that the RH at the bottom of the specimen is 95

%. This is probably somewhat low, see section 11.2.1, but the

error in ömean ,2 is small.v

ömean ,2
= g * h / (vs * ( 0.95 - 0.33» ( 7.2 )v

The effect of the water cement ratio on ömean ,2 is shown in FIGv
7.7.

6~ean,2 (m 2/s)

-6
*10

l. h =0.150 m
2.5 + h =0.100 m

• h =0.063 m
2.0

1.5

to .. ..
0.5 .. ~ t t

+... .
O

0.4 0.5 0.6 0.7 0.8 wo/C

FIG 7.7 Effect of water-cement ratio on the mean moisture

permeability within the range 33 % S RH S moist air,

Ömean ,2
v •
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In FIG 7.7 it is shown that 6~ean,2 are almost the same for

W
Wo//CC oOn·66'mv~~~,~nadndO·o8n· ThermeoJ.~sstunOre' or little, influence of

o the flow, specially for the

heights 0.063 and 0.100 m.

For wo/C 0.4 and 0.5, 6~ean,2 is nearly the same as 6~ean,l in

FIG 7.5. For these wo/C there is only a small difference in the

moisture flow if the specimens stand in water or in high RH.

The influence of the height of the specimen is the same in FIG

7.7 as in FIG 7.5. For a discussion see section 7.1.1.

The influence of the heights of the specimens on the ratio

6~ean,2/6~ean,2 where 6~ean,2 is the average value for all

concretes with the same wo/C, is shown in FIG 7.8.

Ömean ,2/Jmean,2
V V

1.5

1.0

Linear regression

o
-4..

...
=t ..........

"o

+ Wo IC 0.8
0.5 . -11- 0.7

• -11- 0.6.. -11- 0.5

0 -11- 0.4

o
0.063 0.100 0.150 h(m)

FIG 7.8 The influence of the heights of the specimens on the
ratio 6~ean,2/6~ean,2(6~ean,2is defined in the

text) .

In FIG 7.8 it is shown that there is an influence of the height

on 6~ean,2. The higher the specimen the higher is 6~ean,2. For

a discussion of these results see Chapter 10.
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7.1.3 Estimated moisture permeabilities above 95 % RH

If the concretes have not leaked alkalies to the bottom vessel,

the maximum RH in the specimens should be lower than 100 % due

to the fact that the pore water contains solved alkaliesj see

Hedenblad (1988). The maximum RH is different for different

w IC. The following values are usedi see also TABLE 11.2 columno
3.

YlQIS:.
0.8

0.7

0.6

0.5

0.4

max RH

98.5

98.0

97.6

97.0

96.0

For wolC 0.6, 0.7 and 0.8 the average values of the measured

moisture permeabilities (TABLE 7.1) are used up to 95 % RH.

Over 95 % RH the moisture permeabilities are estimated. The

estimated values and the measured values in calculations of the

stationary case should give about the same RH-distribution as

the measured RH-distribution in the specimens with their bottom

sides in water. The calculated moisture flow should also be

nearly the same as the measured moisture flow.

Many different cornbinations of the estimated moisture permea­

bilities can of course give about the same RH-distribution and

the same moisture flowas for the measured specimens. Several

different cornbinations have been investigated, before the final

cornbinations were chosen.

One idea behind the choice of moisture permeabilities, for

concrete with wolC 0.6, 0.7 and 0.8, has been that the moisture

flow in the largest pores and above all in the boundary zone

between aggregate and cement paste is dependent on the moisture

content in the concrete and not directly on RH.
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In section 13.1.3 and 13.2 a relation between the "surface

flow" and the surface concentration is given. "Surface flow ll is

the adsorbed layer flow rate. The surface concentration is in

principle the "moisture content" in the isotherm. In the

calculations the "apparent surface flow" is put at zero at 95 %

RH. This will correspond to that there is not any liquid flow

in the boundary zone between aggregate and cement paste.

There is probably liquid flow below 95 % RH, see APPENDIX

E, this is the reason why the liquid flow is given the name

apparent. Liquid flow is assumed to occur in the boundary zone

above 95 % RH. The isotherms for different w jc are shown ino
FIG 14.1. Considerations for the fact that the cement contains

alkali have been taken in FIG 14.1. The surface concentration

(in the boundary zone) is put at zero at 95 % RH.

The relation between the apparent surface flow and the

(surface concentration)2 jRH forconcrete with w jc 0.8 is showno
in FIG 7.9. The relation is derived in Chapter 13.

50

(~We / ( )
2

/ RH

0.5 1.0 1.5 2.0 2.5 3.0 * 102
(1 )

i i i i i ...
95.0 96.5 97.5 98.1 98.3 98.5 RH (%)

96.0 97.0 98.0 98.2 98.4

FIG 7.9 The relation between the "apparent surface flow ll and

h f · 2 j bt e ("sur ace concentratlon") RH a ove 95 % RH for

concrete with wojC 0.8.
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The apparent surface flow (Ö
s , m2/s) is added to the moisture

permeability at 95 % RH (7.5 * 10-6 , m2/s) to get the total

moisture permeability. The apparent surface flow at the maximum

value of the sorption isotherm has been estimated on basis of a

computer simulation in which the measured RH-profile has been

reproduced. The other apparent surface flows, at lower RH, have

been read from the curve (FIG 7.9 for wo/C 0.8).

The above method has not been applied to concrete with wo/C

0.5. Instead the measured moisture permeabilities according to

TABLE 7.1 column 3 have been used up to 95 % RH. Over 95 % RH

the moisture permeability has been estimated and adjusted until

the calculated RH-distribution and the calculated moisture flow

are nearly the measured values. The estimated öv:s are nearly

the same as the measured ö :s. The estimated moisturev
permeabilities over 95 % RH are shown in TABLE 7.2.

TABLE 7.2 Estimated moisture permeability, from 95 % RH, for

concrete with wo/C 0.4, 0.5, 0.6, 0.7 and 0.8.

RH I ö * 10
6

(m 2 /s)v

% Iw IC 0.41 w IC 0.51 w IC 0.61 w IC 0.71wo/C 0.8o . o o o

95 (O. 695)1) 2.78 7.5 7.5 7.5
95.5 - 3.3 8.0 - -
96.0 ( O• 71 )1) 4.2 8.5 9.5 11
96.2 4.7 - - -
96.4 5.4 - - -
96.5 - 10.5 13.5 17
96.6 6.3 - - -
96.8 7.5 - - -
97.0 9.0 14 17.5 26
97.2 16.5 21.5 -
97.4 19 25 -
97.5 20.5 - 40
97.6 22.5 28.5 -
97.8 32.5 -
98.0 37.5 63
98.1 72
98.2 80
98.3 90
98.4 105
98.5 128

l) One specimen only
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with the moisture permeabilities according to TABLE 7.1 column

2,3 and 7 and according to TABLE 7.2 the RH-distribution curves

have been calculated for the specimens with a height of 0.1 m.

In FIG 7.10 and FIG 7.11 the calculated and the measured

RH-distribution are shown for concrete with wo/C 0.5, 0.6, 0.7

and 0.8. FIG 7.10 shows the results for specimens with their
bottom surface in water.
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100 RH (%l
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80
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- Measured RH \-,-
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l
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O

5
0.1 (m)

98.

30

FIG 7.10 Calculated and measured RH-distribution of specimens

with a height of 0.1 m. Concrete with wo/C 0.5, 0.6,
0.7 and 0.8. The bottom surfaces are in water.
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FIG 7.11 shows the results for specimens with their bottom

surface in moist air. The calculated moisture flows are the

same as the measured moisture flows, see APPENDIX A, column 3.

0.1 (m)

908070605040

I ---t---- -------
-- - - Calculated RH - curve ---~ ..1--_.--~ ..........· Measured RH ".......

0.5
.'\

wo/C Bottom in moist air \

100 RH (0/0)
r-----~....___------,r__---.___---.___---,__---.__--___,

O

96.3

0.1 (m)
95.2

908070605040

'1----+---- r-- __._ i--______

----- Calculated RH- curve -04- -- i' .......· Measured RH -"~
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.,
\.

100 RH (%)
r---------.r--------,,...----....-----or-----or-----r------,

O

30
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95.9

908070605040
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Measured RH

,
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100 RH (0/0)
r---------,,...-------,-------,r------r-----r----.___-----,

O

30

0.1 (m)

9080706050

95.8

Calculated and measured RH-distribution of specimens

with the height 0,1 m. Concrete with wo/C 0.5, 0.6,

0,7 and 0,8. The bottom surface is in moist air.

40

-, i-----t--__• __
i-- ___ --!
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............

Measured RH
,.. "..

wo/( 0.8 Bottom in moist air
\.

\

100 RH (%)
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O

30

FIG 7.11

When comparing FIG 7.10 and FIG 7.11 it is seen that the

difference in RH at the bottom sides of the specimens with the

same wo/C is about 1 to 3 %. This discrepancy is further
discussed in Chapter 11.

75



7.2 Effect of different amounts of air

In FIG 7.12 ö~ean,1 according to Eq.(7.1) is shown as a func­

tion of the air content of the concrete. The concretes have

wo/C 0.7. The bottoms of the specimens are in water.

6~ean,1 (m 2/s)

-6
*10

+

+

+

..
••
+

• h =0.150 m
+ h =0.100 m
• h =0.063 m

2.0

2.5

1.5

lO
+.

Linear regression

Composite model

0.5

o
2 4 6 8 10

Air content of concrete (%)

FIG 7.12 Effect of the air content of concrete on mean

moisture permeability in the range 33 % ~ RH ~

l " d ömean, 1 C . h / O1qU1 water, v · oncrete W1t Wo C .7.

The concrete without additional air is supposed to have an air

content of 2 %. The scatter is great in FIG 7.12, but it seems

h h · h' · h' h ömean ,1 . .t at 19 er a1r content glves 19 er v . L1near regresslon
mean 1 .for the measured results shows that Öv ' has 1ncreased about

70 % when the air content is increased from 2 % to 9.2 %. The

calculated results of a composite model are shown in FIG 7.12.

The result of the model is adjusted so that it coincides with

the linear regression line at 2 % air content. For more

information about the composite model see APPENDIX E.
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In FIG 7.13 6~ean,2 according to Eq. (7.2) is shown as a

function of the air content of the concrete. The concrete has

wo/C 0.7. The bottoms of the specimens are in moist air.

6~ean,2 (m 2fs)

-6
*10

• h = 0.150 m
2.5 + h =0.100 m

• h =0.063 m
2.0

1.5

lO

0.5

o
2 4 6 8 10

Air content of concrete (%)

FIG 7.13 Effect of the air content of concrete on mean

moisture permeability in the range
. . .rmean, 2 . h33 % ~ RH ~ mOlst alr, Uv . Concrete wlt

wo/C 0.7.

As in FIG 7.12 the scatter is great in FIG 7.13. Linear
mean 2 .regression in FIG 7.13 shows that 6v ' has lncreased about

40 % when the air content has inceased from 2 % to 9.2 %. It is

a considerably lower value than that valid when the bottom

surface is placed in water. This difference is difficult to

explain.

7.3 Effect of aggregate content

The effect of the aggregate content on ~ean,1 is shown in FIG

14 h h / O 7 ~mean,1. d f· d·7. . T e concrete as Wo C .. -v lS e lne ln 7.1.1.
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6~ean, 1 (m 2/s)

-6
*10

2.5 + h =0.100 m
• h=0.063m

2.0

1.5

to

0.5

o
1692

0.638

+

1730

0.653

Linear regression

1765 1800 1827 1854

Aggregate (ontent (kg 1m3)

i ....

0.666 0.679 0.689 0.700

Volyme aggregate (m 3/m3 )

FIG 7.14 Effect of the aggregate content on the mean moisture

permeability in the range 33 % ~ RH ~ liquid water,

ö~ean,l. Concrete with wo/C 0.7.

· f ömean,l.The linear regress10n curve or v 1n FIG 7.14 shows that

Ö
mean ,l . h h t .. dv 1ncreases w en t e aggrega e content 1S 1ncrease .

Between aggregate content 1692 and 1854 kg/m3 , ö~ean,l for the

linear regression has increased about 60 %. In FIG 7.14 there

are results from two heights of the specimens, 0.063 and 0.100

m.

1 Ömean,l · .In FIG 7. 5 v 1S shown for the same spec1mens as in FIG

7.14 but about two years later. In FIG 7.15 there are also

results from specimens with a height of 0.150 m. The specimens

in FIG 7.15 have been kept in the same experimental set-up for

about 5 years. The sealing between the upper box and the

specimen has been improved for all the specimens in FIG 7.15.
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• h =0.150 m
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2.0

1.5
•
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+

0.5

O
1692 1730

--- All results
-- Results for
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h= 0.100 m

+ --
+ .- .---------- +

• +
Linear regression

1765 1800 1827 1854

Aggregate (ontent (kg 1m3)

, ...
0.638 0.653 0.666 0.679 0.689 0.700

Volyme aggregate (m 3/m3 )

FIG 7.15 Effect of the aggregate content on the mean moisture

permeability in the range 33 % ~ RH ~ liquid water,
6~ean/l. Concrete with wo/C 0.7. The specimens have

dried about 5 years.

For most of the specimens in FIG 7.15 ö~ean,l, is lower than in

FIG 7.14. If this is a result of the improvement of the sealing

between the upper box and the specimen or if it is a result of

the longer time of exposure is not clear. One can not exclude

that the concretes continue to hydrate. This probably means

that the moisture permeability is reduced.

. mean 1Linear regresslon shows that Öv ' probably increases with

increasing aggregate content. The full line is the linear

regression line for specimens with the heights 0.063 and 0.100

m. The broken line is linear regression for all the specimens

in FIG 7.15. In both cases the lines increase with increasing

aggregate content. The slope of the line for the specimens with

the heights 0.063 and 0.100 m is nearly the same as the slope

of the linear regression line in FIG 7.14.

79



In FIG 7.15 it is shown that o~ean,l is higher for higher

specimens of the same quaIity. In FIG 7.16 the ratio
omean,1 j6mean,1 where 6mean ,1 is the average value of omean,l

v v' v v
for concretes with the same aggregate content, is shown as

function of the heights of the specimens.

ömean ,1 jJmean,1
V V

1.5

1.0
Linear regression• •

• •
+

0.5
+ 1765 A1- (1

• 1827 A1- (1

• 1854 A1 - (1

O
0.063 0.100 0.150 h(m)

FIG 7.16 The influence of the heights of the specimens on the
ratio o~ean,lj6~ean,lj6~ean,1is defined in the

text. The specimens have dried about 5 years.

In FIG 7.16 it is shown that the higher the specimen, the

higher is the quotient, even if the spread for the heights

0.063 and 0.100 m is big.

h ff f h t ~mean,2" h "T e e ect o t e aggrega e content on Uv 1S s own 1n FIG

7 1 h h je O 7 ~mean,2" d f" d" ". 7. T e concrete as Wo .. Uv 1S e 1ne 1n sect10n

7.1.2.
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6~ean, 2 (m 2/ s)

-6

* 10 + h =O. 100 m

• h =0.063 m
2.0

1.5

lO

0.5

Linear regression

+ +~+ i +

• •
+

•

o
1692 1730 1765 1800 1827 1854

Aggregate (Ontent (kg 1m3)

i ....

0.6530.638 0.666 0.679 0.689 0.700

Volyme aggregate (m 3/m3 )

FIG 7.17 Effect of the aggregate content on the mean moisture

permeability in the range 33 % ~ RH ~ moist air,

6~ean,2. Concrete with wo/C 0.7.

The linear regession line for ö~ean,2 in FIG 7.17 shows that

ö~ean,2 is about the same for all the different aggregate

contents.

l · f h l f ömean ,2 d ömvean,l 1.·s thatOne exp anatlon or t e resu t or v an

the boundary zones between paste and aggregate increase when

the aggregate content increases. In this boundary zone the
· mean 1reS1.stance to water flow is low. In the measure Öv ' there

is more water flow, in the specimen, than in the measure
mean 2 mean 1

Öv '. Consequently Öv ' should increase more with the
mean 2aggregate content than Öv '.

In TABLE 3.4 it is shown that the slump of the concrete

decreases when the aggregate content increases. The "boundary

zone" and the air content of the concrete with low slump are

probably bigger than with high slump. This will give a more

permeable concrete, and a second explanation is given.
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8 RESULTS FOR CEMENT MORTAR

The results which are presented in this chapter show the

moisture permeability with regard to humidity by volume in the

pores of the specimens (Ov) as function of RH or as the mean
moisture permeability for the specimens with defined moisture
conditions at the boundaries.

8.1 Effect of water-cement ratio

The cement mortar qualities that are shown in FIG 8.1 have

water-cement ratio 0.4, 0.5, 0.6, 0.7 and 0.8. The composition

of the cement mortars is shown in Chapter 3.2.2. The amount of

sand/grave~ is the same for the different water-cement ratios.

The moisture permeability (Ov) as function of RH is shown in

FIG 8.1.

wo/c
-- 0.8

--- 0.7
_ .. - 0.6

-' - 0.5
- .. _- 0.4

40 50 60 70 80 90 100
RH (%)

I
I
I
I
I
I
I
I,
I
I
I
1/
/:
II

/ "
I/

V,/
/,~.

-=:--.--0-:'-::::;:-:--:'--=--'=,,-.~-.-.~=~::::T"i!!!_.=-.,-:-. _. -
O-t----r------,...-----,.----,.---,...---r---f

30

2

3

4

6

5

FIG 8.1 Measured moisture permeability for cement mortar as

function of RH. wo/C 0.4, 0.5, 0.6, 0.7 and 0.8.
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In FIG 8.1 it is shown that the moisture permeability up to

about 60 % RH depends on the water-cement ratio and hardly at

all on the RH. Between about 60 and 80 % RH there is a small

increase of Öv with RH. Over about 80 % RH there is a strong

increase of ö with RH for w /C 0.6, 0.7 and 0.8. For w /C 0.4v o o
and 0.5 the increase with RH is not so pronounced as for the

other qualities. The moisture permeability as function of RH is

also shown in TABLE 8.1. The maximum RH in the table is the

really measured value.

TABLE 8.1 Moisture permeability for cement mortar with

different wo/C.

RH I ö * 10
6

(m2/s)v

% Iwo/C 0.4I wo / C 0.5I wo / C 0.6I wo / C 0.7I wo / C 0.8

33-65 0.10 0.13 0.18 0.20 0.30
70 0.20 0.23 0.30 0.31 0.30
75 0.24 0.33 0.37 0.41 0.30
80 0.28 0.43 0.46 0.56 0.46
84 0.30 0.51 0.58 0.71 0.70
86 0.32 0.55 0.67 0.86 1.11
88 0.65 0.85 1.15 1.62
90 0.77 1.10 1.52 2.40
91 0.88 1.23 1.81 3.06
92 1.53 2.26 3.87
93 1.95 2.85 5.22
94 2.68 3.79 6.44
95 4.86
96 7.78

* * I 6 I 6 I 6 I 6 I 3

** Number of specimens.

8.1.1 Specimens with the bottom side in water

h d f · .. f ömean ,l ChFor t e e lnltlon o v see apter 7.1.1. In FIG 8.2

ö~ean,l is shown as function of wo/C. For nearly all wo/C there

are specimens with the heights 0.063, 0.100 and 0.150 m.
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*10

• h =0.150 m
2.5 + h =0.100 m

• h =0.063 m
2.0

•
1.5

lO

0.5

o

FIG 8.2 Effect of water-cement ratio on the mean moisture

permeability within the range 33 % ~ RH ~ liquid

water, ö~ean,l. Cement mortar.

FIG 8.2 shows that the ratio between w /C 0.8 and 0.5 is about
. o mean 1

4. This lS nearly the same as for concrete even though Öv '

is lower for cement mortar than for concrete with the same

wo/C. This is more pronounced for higher wo/C.

In FIG 8.2 it is seen that ö~ean,l depends on the heights of

the specimens. This is more clearly shown in FIG 8.3, which

shows the quotient ö~ean,1/6~ean,1 as function of the heights

of the specimens.
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FIG 8.3 Effect of the heights of the specimens on the

ratio 6~ean,1/6~ean,1. Cement mortar.

For wo/C 0.4, 0.6 and 0.7 there is nearly a linear dependence

with the heights of the specimens. For wo/C 0.5 there is an

irreguIar dependence.

The seaIing between the upper box and the specimen has been

improved for the specimens with wo/C 0.4 and 0.8. The resuIts

of the completion of the sealing are shown in FIG 8.4. The

resuIts for the completed specimens are about 2 years "older ll

than the results in FIG 8.3.
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ömean,1 / ~mean, 1

V V

1.5

+

~

1.0 0
•• +-t0

+ WO IC 0.4

0.5 0 -1/- 0.4 impr. sealing

• -11- 0.8

o
0.063 0.100 0.150 h(m)

FIG 8.4 Effect of the heights of the specimens on the
ratio ~ean,l/~ean,l. The sealing between the

upper box and the specimen has been improved.

Cement mortar.

It is shown in FIG 8.4 that the improvement of the sealing has
. . mean 1/~ean 1small lnfluence on the quotlent 0v ' Öv ' and that the

influence of the heights still exists after about 5 years of

drying.

8.1.2 Specimens with the bottom side in moist air

For the definition of ö~ean,2, see Chapter 7.1.2. In FIG 8.5

ömvean,2 is shown as function of w IC. For each w IC there areo o
specimens with the heights 0.063, 0.100 and 0.150 m.
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6~ean. 2 (m 2/s1

-6
*10

• h =0.150 m
2.5 + h =0.100 m

• h =0.063 m
2.0

1.5

.. ..+

lO .. •++ •
0.5 , •

t •
•

O
0.4 0.5 0.6 0.7 0.8 wo/C

FIG 8.5 Effect of the water-cement ratio on the mean

moisture permeability within the range
33 % s RH s liquid water, ö~ean,2. Cement mortar.

mean 2 .In FIG 8.5 Öv ' seems to depend on the he~ghts of the

specimens. This is more clearly shown in FIG 8.6 where the
. ömean,2/ö-mean,2. h f' f h h · hratlo v v lS s own as unctl0n o t e e~g t.
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dmean ,2/Jmean.2
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1.5

Linear regression ~

~ •
~ +

1.0
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~

•
+ Wo le 0.8

0.5 • -11- 0.7

• -11- 0.6

• -11- 0.5

ev -11- 0.4

O
0.063 0.100 0.150 h(m)

FIG 8.6 Effect of the heights of the specimens on the
. mean-2/-mean 2ratlo Öv ' Öv ., . Cement mortar.

Linear regression for the results in FIG 8.6 shows that the

coefficient of correlation is 0.91. At the height 0.063 the

linear regression line has the value 0.77 and at the height

0.150 m it has the value 1.25.

The sealing between the upper box and the specimen has been

improved for specimens with wo/C 0.5. The results of the

completion are shown in FIG 8.7. The results for the specimens

with improved sealing are after about 5 years of drying, and

the other results are after about 3 years of drying.
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Ömeon.2 / Jmean. 2
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1.5
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*+

1.0

+
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0.5

+ WO IC 0.5
* -11- O. Simpr. sealing

O
0.063 0.100 0.150 h(m)

FIG 8.7 Effect of the heights of the specimens on the
. mean 2/~ean 2 .ratlo Öv ' Öv '. The seallng between the

upper box and the specimen has been improved.

Cement mortar.

The effect of the improvement of the sealing, shown in FIG 8.7,

is small and the influence of the heights still remains after

the sealing has been improved.
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9 RESULTS FOR CEMENT PASTE

The results which are presented in this chapter show the

moisture permeability with regard to humidity by'volume in the

pores of the specimens (Öv ) as function of RH or as the mean

moisture permeability for the specimens with defined moisture

conditions at the boundaries. Three w Ic are investigated, buto
the RH-distributions have only been determined for wo/C 0.5 and
0.6.

9.1 Effect of the water-cement ratio

The cement pastes that are shown in FIG 9.1 and FIG 9.2 have

wo/C 0.5 and 0.6. The mean measured Öv for the results in FIG

9.1 is from 2 specimens. The mean measured Öv in FIG 9.2 is

from up to 6 specimens. The measured maximum and minimum ö are
v

also shown in the same figures. Note different scales.
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FIG 9.1 Measured moisture

permeability for

cement paste with

wo/C 0.5.

FIG 9.2 Measured moisture

permeability for

cement paste with

wo/C 0.6.
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0v in FIG 9.1 is only determined up to 91 % RH. The distribu­

tion of RH in the specimens are estimated over 91 %; see

specimen P5A1 and P5B1 in APPENDIX B. The estimated RH-distri­

bution curve gradually and continuously follows the measured

mean RH-distribution curve. For most specimens with the bottom

in water it ends at the maximum RH given in section 7.1.3.

In FIG 9.3 the surface moisture permeability, os, is plotted

against the quotient (~we/C)2/RH. ~we/C is the distance~from

the Itzero- level" at 65 % RH to the actual moisture content in

the isotherm; see FIG 14.1. The zero-level is set at 65 % RH as

0v is constant up to this RH.

öS
(m 2 /sl

*10-6

6

5

4

3 •

97 RH (%)

25

96

2015105o

2

o
Ii i I i i I i i i

66 75 80 84 88 90 92 94 95
70 86 91 93

FIG 9.3 The surface moisture permeability dependence on

surface flowas function of (~we/C)2/RH.

Cement paste wo/C 0.5.

As said before, the results over 91 % RH are from estimated RH­

distributions. OS over 91 % RH are marked with * in FIG 9.3.

Linear regression is used up to 93 % RH. The coefficient of

correlation is 0.99. If the linear regression line is

extrapolated to 97 % RH, then OS at 97 % RH is about 6 * 10-6

m2/s. The saturation point in the cement paste is calculated at

97 % RH; see TABLE 11.2.
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In a given material the gas-phase flow will decrease as the

pore system is filled with liquid. When the pore system is

completly filled with liquid there is no gas-phase flow at all.

In the calculations this is handled so that at the II zero-level "

all flow is said to be gas-phase flow, and at saturation the

flow is considered as surface flow. Between these two extremes

the gas-phase flow is reduced with the quotient

(/:). we/C) I (/:).weIC) tot.

The average Öv for wo/C 0.6 in FIG 9.2 is determined for 6

specimens up to 89 % RH. At higher RH the average

RH-distribution in some specimens is estimated (see for

instance specimen P6A1 or P6A2 in APPENDIX B) and in other

specimens it is measured. Between 94 and 96 % RH the

RH-distribution is measured for 2 specimens and estimated for 3

specimens. At 97 % RH is estimated for 5 specimens.

When the surface moisture permeability, ö S
, is plotted against

the quotient(/:).w IC)2/RH the points in FIG 9.4 are obtained. Fore
the surface moisture permeability, see section 13.2. For the

isotherm see FIG 14.1. At 70 % RH Ö
S is zero as ö is constantv

up to this RH.

+

10

5

+

+

i i i i i I I

70 84 88 92
80 86 90 94

+

96 97 97.6 RH(%}

FIG 9.4 The surface moisture permeability dependence on

surface flowas function of (/:).we/C)2/RH.

Cement paste w IC 0.6.o
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The points over 94 % RH are with more specimens with estimated

RH-distribution than with measured RH-distribution. The

correlation coefficient for the linear regression is 0.99. The

linear regression line is extrapolated to the calculated

saturation point of the cement paste (97.6 % RH). At this RH Ö
S

is 16.8 * 10-6 m2/s, which gives the moisture permeability, 0v'

the same value. FIG 9.4 is not a proof, it is only an

indication that the estimated RH-distributions are correct.

9.1.1 Specimens with the bottom side in water

h d f · .. f .rmean , 1 · 7 1 1 G 9 5For t e e lnltl0n o Uv see sectlon . . . In Fl .

ömean ,l is shown as function of w IC. For w IC 0.5 and 0.6v o o
there are specimens with the heights 0.063, 0.100 and 0.150 m.

For wolC 0.4 there are 2 specimens with the heights 0.063 and

0.150m.

6~ean,1 (ffi 2/ S)

-6
*10

20 • h = 0.150 m
+ h =0.100 m

• h =0.063 m

•

+

15

10

0.5

•
+

O--t--,-----,-----r-------J_...

0.4 0.5

FIG 9.5 Effect of wolC on the mean moisture permeability

within the range 33 % s RH s liquid water, ö~ean,l.

Cement paste.
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In FIG 9.5 it is shown that 6~ean/l depends on wo/C. The ratio
for 6~ean/l between wo/c 0.6 and 0.4 is about 4. It is also
seen that ö~ean,l depends on the heights of the specimens. The

lower the specimens are, the lower are ö~ean,l. This is also
shown in FIG 9.6, which shows the quotient 6~ean,1/6~ean,1 as

function of the heights of the specimens.

Ömean,1 / ~mean, 1
V V

1.5

•+
1.0 +•

i4t

FIG 9.6 Effect of the heights of the specimens on the
. mean l/::mean 1 /ratlo 6v ' Öv '. Cement paste Wo C 0.5.

In FIG 9.6 there are results from 2 different times. One of the

times is before the sealing between the upper box and the

specimen has been improved (1989) and the other time is when

the sealing has been improved (1992). In both cases we see that

there is a dependence on the heights of the specimens.

The oldest results are from specimens that have dried about 5
years.
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9.1.2 Specimens with the bottorn side in moist air

For the definition of ö~ean,2 see section 7.1.2. In FIG 9.7

c5~ean,2 is shown as function of wo/C. For Wo/C 0.5 and 0.6

there are specimens with the heights 0.063, 0.100 and 0.150 m.

For w IC 0.4 there are results from 2 specimens with theo
heights 0.063 and 0.100 m.

6~ean,2 (m 2/s)

-6
*10

2.5

2.0

• h =0.150 ffi

+ h =0.100 ffi

• h =0.063 m

•

+

1.5 •
+

1.0

0.5 +
•

O
0.4 0.5 0.6 wo/C

FIG 9.7 Effect of wolC on the mean moisture permeability

within the range 33 % ~ RH ~ moist air, ömean ,2
v ·

Cement paste.

In FIG 9.7 it is shown that ö~ean,2 depends on w IC. If FIG 9.7
. mean 20

is compared with FIG 9.5 lt is seen that Öv ' has the same
mean 1 /.magnitude as Öv ' for the same Wo C. ThlS means that there

is no, or little difference in the moisture flow if the

specimens stand in water or in moist air. In FIG 9.7 there is a
dependence of the heights of the specimens on ö~ean,2. This is
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also shown in FIG 9.8, which shows o~ean,2/6~ean,2 as function

of the heights of the specimens.

ömean,2 l~mean.2
V V

1.5

1.0

0.5
• Wo / C 0.5
+ 0.5 impr. sealin g

." 0.6

." 0.6 impr. se a li ng

o
0.063 0.100 0.150 h(m)

FIG 9.8 Effect of the heights of the specimens on the
. mean 2/-mean 2rat10 0v ' 0v '. Cement paste.

In FIG 9.8 there are results from wo/C 0.5 and 0.6. The results

are from before and after the sealing between the upper box and

the specimen has been improved. In FIG 9.8 it is shown that

there is a dependence on the heights of the specimens. The
· ~mean,2/~mean,2. l· d d f h lquot1ent Uv Uv 1S near y ln epen ent o t e comp e-

tion of the sealing. There are about 2 years between the

different times (before and after improvement).
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10 DISCUSSION OF THE SIZE DEPEND~NCE

When you look at the results for concrete, cement mortarand

cement paste, one of the most striking results is that there is

a dependence on the height of the specimen. The higher the
. t mean 1 mean 2speclmen the hlgher are ö v ',öv ' and the fundamental

flow potential (~) for specimens of the same quality. This is

somewhat surprising and therefore requires an exposition.

possible explanations for the result can be

* the moisture flow is not in equlibrium

* errors in the measurements

* carbonation of the top surface

* different materials or curing in the specimens of different

heights

* correct measurements, but Fick's law in its simple form is

not valid ("Non-Fickian behaviour")

10.1 possible errors in the measurements

In many cases the RH-profiles according to scale are the same

for specimens of the same quaIity and boundary conditions but

with different heights (see specimens C6A2, C6B2 and C6C2 in

APPENDIX B). This implies that the RH-profiles have no

influence on ~, when the heights of the specimens are diffe-
mean 1 mean 2 ..rent. In 0v ' and 0v ' there are no conslderatl0ns made

for the RH-profiles, but only for the moisture flow and the

boundary conditions. The boundary conditions are equal for

Ö
mean ,l d Ämean,2 f ömean ,l d ömean ,2 tt' l thv an Uv ' so or v an v 1 lS on y e

moisture flow which might be incorrectly measured or

inadequately corrected (see Chapter 4).

97



10.1.1 possible errors in the measurement of the moisture flow

If there are any errors in the measurements or in the

corrections of the moisture flow (see APPENDIX A and Chapter

4), first you can notice that even without any corrections

there is an increasing Wwith the heights of the specimens for

specimens of the same material quality (see column 5/column 3

in APPENDIX A). A possible explanation can be that the moisture

flow is not in equlibrium for the highest specimens in spite of

the experiments having lasted about 5 years. A calculation for

concrete with wo/C 0.7 shows that after one year the moisture

flow is about 8 % larger and after two years the moisture flow

is about 2 % larger than the stationary moisture flow for a

specimen with the height 0.15 m. The calculation presumes that

the material properties do not change with time or the height

of the specimen. The calculation probably shows the magnitude

of the required time and that the specimens should be fairly in

equlibrium.

One other point in the experiments which can have an influence

on the moisture flow is the sealing between the specimen and

the upper box. If there is any leakage through this sealing the

moisture flow could be affected. If a possible leakage is

supposed to be in the same magnitude for all heights of

specimens, it should have alarger influence on the higher

specimens, which should have alesser moisture flow through

out.

The sealing between the upper box and the specimen has been

improved for many specimens. In FIG 7.16, FIG 8.4 and FIG 9.8

it is shown that the influence of the heights remains in spite

of a careful sealing.
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10.2 Carbonation of the top surface of the specimen

A carbonation of the top surface of the specimens should have

occurred to the same depths, independent of the heights of the

specimens, if the specimens have been exposed to carbon dioxide

during the same time and with the same RH in the air. This

should give agreater influence for the lowest specimens if Öv
for carbonated material is different from ö for non-v .
carbonated material. At the top surface of the specimens RH is

about 30-40 %. According to FIG 11.6 and FIG 11.7, Öv for

non-carbonated material should be multiplied with about 0.8 to

get ö' for carbonated material. This is a rather smallv
influence. FIG 11.6 and FIG 11.7 are for cement mortar with

wo/C 0.5.

Another factor which can have an influence on the moisture flow

is that nearly all specimens with the height 0.150 m have been

without the upper box for a year or so. This means that these

specimens' carbonation should have occurred to agreater depth

than in the other specimens. When the specimens had the upper

box in place, it was opened once a week. Only at these

occasions could carbon dioxide get into the upper box. All in

all it does not seem probable that carbonation of the top

surface should have any special influence on the moisture flow.

10.3 Different material in specimens with different heights

The specimens with the same composition were poured and treated

at the same time. At the pouring all material came from the

same making. The treatment was with a vibrating table. During

vibration and the following solidification there is a

separation so that there is more aggregate in the lower part of

the specimens. According to FIG 7.15 and FIG 7.17 the aggregate

content has some influence on ömean ,1 and nearly no influence
v

on ömean ,2 for concrete. Besides, the size-effect is equally
v

marked for cement paste, FIG 9.5 and FIG 9.7, as for concrete.
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Another factor which can influence the results is the curing of

the specimens. According to Wierig (1965) the curing time

influences the moisture permeability. In FIG 10.1, Wierig's

reults are shown. On the x-axis is the curing time in water (in

months) and on the y-axis is the moisture permeability with

vapour pressure (kpjm2 ) as potential. The moisture permeability

is the mean moisture permeability for specimens that on one

side have 95 % RH and on the other side have about O % RH.

10··[~,!!!..]
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~ 15o
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1 3 5 7 26days 3months 12m

Curing time in water

FIG 10.1 The dependence of the curing time in water on the

moisture permeability. Cement mortar with w jC 0.6.o
Wierig (1965).

In FIG 10.1 it is shown that the longer the curing time the

lower is the moisture permeability. After 12 months of curing

time in water, the moisture permeability has not reached an

asymptotical (lowest) value.

The precuring of our specimens was membrane curing for at least

two months followed by one or more months of capillary suction
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of water. The precuring of specimens of the same quality has

not been systematically made so that the higher specimens have

had shorter curing time. Even though the conretes were fairly

old when the test started a certain hydration cannot be

excluded. This should cause agradual change in the 6v-RH-curve

and thus gradually change the RH-profile. There is, however, no

reason to believe that the effect should be different for

different specimens. Therefore, the shape of the RH-curves

should be the same after the same time irrespectively of the

specimen height.

10.4 Non-Fickian behaviour

From the above discussions it seemsas though the measurements

are correct and there is a dependence of the height of the

specimens on the moisture permeability. Of course there is a

spread in our results, but after all it seems that the higher

the specimen, the higher are the moisture permeabilities. This

it not a new finding; this was shown in 1965 by both Wierig and

Pihlajavaara.

Wierig (1965) measured the moisture permeability, at stationary

conditions, for specimens with different thicknesses. The

smallest sample was 0.01 m and the biggest sample was 0.04 m
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FIG 10.2 Influence of the specimen size on the relative

moisture permeability. The moisture permeability of

the 0.015 m thick specimen is put at 100 %.

Wierig (1965).
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In FIG 10.2 it is shown that the relative moisture permeability

increases with increasing specimen size. The moisture perme­

ability is 50 % bigger for a sample that is 3 times larger than

the reference sample. The curve in FIG 10.2 can be described by

6 16 = (xix )0.41 * 100v vo o 10.1 )

Pihlajavaara (1965) presented results from uniaxial drying of

"old" specimens made of cement mortar with w le 0.56. Theo
specimens were dried in narrow humidity ranges, about 15 % RH.

The start was with specimens stored in water followed bydrying

in 85 % RH until equlibrium was attained. After that followed

drying in 70, 55 and 40 % RH. Pihlajavaara's results are shown

in FIG 10.3. The specimens were 0.012 m thick. Some specimens

dried from two sides while other dried from one side (the other

side was sealed with glued metal sheets).

6t------------+-----+--
o 1=0.6cm

10-n m2 • 1=1.2cmst----=------...---------+------+--

41-------+------+-----........

k

21-------+-----4--

ke =0.95 '1611 m 21S -+---~I'I'L-_+_---__4
ke =0.54·1Ö11 m2/s

O-t-----+----t------+----~

C .... O 50 100 150 kglm3 200

FIG 10.3 The moisture dependence of the diffusivity of cement

mortar with wo/e 0.56. Specimens with the thickness

0.012 m dried from one (1=1.2 cm) side and two

(l=O.p ~m) sides. Pihlajavaara (1965).

k is the moisture diffusivity.

e is the moisture content mass by volume.
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In FIG 10.3 it is shown that the diffusivity depends both on

the moisture content of the sample and on the thickness of the

sample. The bigger the sample, the higher is the diffusivity.

__ (h/ii}o.41

o
A•

1.0

If Eq.(10.1) is used on the results in FIG 7.8, which is for

concrete with different wo/C, FIG 10.4 is obtained.

Ömean, 2/Jmean,2
V V

. . 1
linearregre~

0.5
+ Wo IC 0.8
• -11- 0.7
.. -11- 0.6
• -11- 0.5

G -11- 0.4

o
0.063 0.100 0.150 h(m)

FIG 10.4 Eq. (10.1) put into the results in FIG 7.8. The

influence of the heights of the specimens on the

t " ömean,2/ö-mean,2ra J.o v v

In FIG 10.4 it is shown that Eq. (10.1), in this particu­

lar case, nearly matches our experimental results.

It is important, if our measurements are correct, to have

specimens with the same dimensions as those which are used in

calculations or to be able to make allowances in the calcula­

tions for the influence of size on moisture permeability.

The results which are described in this thesis can be used for

"old" concrete and particularly for slab on the ground, which

the tests partly should imitate. The moisture permeabilities in

TABLE 7.1, TABLE 7.2 and TABLE 8.1 are for specimens with a

height about 0.1 m and drying from one side. Non-Fickian

behaviour has also been found for other materials. A literature

summary is made by Wadsö (1992). Non-Fickian behaviour is also

discussed in Crank (1975).
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11 RELATIVE HUMIDITY IN THE BOTTOM OF THE SPECIMEN

11.1 with the bottom side in water

Half of the number of the specimens stand with their bottom­

sides in water. The vessel which contains the water is common

to five specimens.

11.1.1 Effect of alkalies in the cement

11.1.1.1 Introduction

When a given material contains different kinds of salts,

e.g. sodium chloride (NaCl), or sodium hydroxide (NaOH), the

isothermal equilibrium is affected. Garrecht et al (1990) have

measured the influence of salts on the sorption isotherm of

sandstone for different salts, see FIG 11.1 and FIG 11.2.
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FIG 11.2FIG 11.1 Influence of salts

on the sorption

isotherm.

Garrecht et al (1990).

Influence of the con­

centration of NaCl on

the sorption isotherm.

Garrecht et al (1990).

Curve 1 in FIG 11.1 is the desorption isotherm without any

salt, and it is clearly noticeable that salt in the pores of

the sandstone influences the sorption isotherm. It is also

shown that the sandstone is saturated with water for a RH-value

below 100 %.
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In FIG 11.2 curve 1 is the desorption isotherm without any

salt. Curve 2 is the desorption isotherm with a concentration

of 0.4 mole NaCl and curve 3 is the desorption isotherm with a

concentration of 2.0 mole NaCl. The more salt there is in the

sandstone, the more the sorption isotherm is affected. A theo­

retical explanation for non-hygroscopic material is given in

Hedenblad (1988). The theoretical explanation gives the same

type of curves shown in FIG 11.1 and FIG 11.2.

11.1.1.2 Concrete, cement mortar and cement paste

In the case of cement products, it is above all the contents of

alkali metal compounds, chiefly as potassimum hydroxide (KOH)

and sodium hydroxide (NaOH), that can affect the humidity

equilibrium curve. Peterson (1987) has calculated, for Slite

Standard cement (Slite Std) which is used in this study, that

the content of alkali metal hydroxides is about 0.34 moles per

kg cement, mainly as KOH.

If it is assumed that no alkali metals are bound in the

hydration products, it is possible to calculate the maximum RH

at complete hydration and water saturation. Raoult's law, see

Hägg (1963) gives

RH Pl/P = n / (n + n ) *. 100 (%)w w w s ( 11.1 )

PI partiaI pressure over a salt solution (Pa)

Pw partial pressure over pure water (Pa)

n nurnber of moles of water
w

n nurnber of moles of dissolved salt ionss

The nurnber of moles of salt ions can be calculated as

f. * mole of the salt
l

f. number of ions per salt molecule
l
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The amount of evaporable water in a saturated cement product

can be calculated, see Powers (1960), as

(wolC - 0.19 a) * C

wes amount of evaporable water at saturation (kg)

a degree of hydration, assumed to be 1

C cement content, assumed to be 1 kg

( 11.3 )

The concentration of KOH and NaOH will be 0.34/w (mole/(kg ofes
water». The following TABLE 11.1 is achieved.

TABLE 11.1 Maximum RH in cement products according to

Raoult's law, Eq. (11.1). No alkalies are supposed

to be bound in the hydration products.

w Ic I w IC I ~rsle I
n

I
maximum RH

k~/kg k~'kg mBle %

1.0 0.81 45.0 0.84 98.2
0.8 0.61 33.9 1.12 96.8
0.7 0.51 28.3 1.34 95.5
0.6 0.41 22.8 1.66 93.2
0.5 0.31 17.2 2.20 88.7

Example: 1.0

(1-0.19 * 1)

2 * 0.34/0.81

0.81

0.84

18 molecular weight of water

0.81 * 1000/18 =45.0

100 * 45/(45+0.84)=98.2 %

Some more detailed calculations according to Robinson and

Stokes (1955) are made in Hedenblad (1988). One calculation is

made under the assumption that no alkali metals are bound in

the hydration products and the other calculation is made under

the assumption that about 10 to 30 % of the alkali metals are

bound. The lower the wolC the more alkali metals are bound.

Slite Std normally contains 0.28 mole K+ and 0.06 mole
+ . kNa ,Peterson (1987). TABLE 11.2 lS ta en from Hedenblad (1988).

106



TABLE 11.2 The relation between w le and max. RH ino
cement products. Degree of hydration = 1.

Wo I e

kg/kg

1.0
0.8
0.7
0.6
0.5
0.4

Max RH when no
alkali metals are
assumed to be bound
in hydr. prod.

%

98.6
98.1
97.7
97.1
96.1
93.9

Max RH when about 10
to 30 % alkali
metals are assumed
to be bound in hydr.
prod.

%

98.8
98.4
98.0
97.6
97.0
95.9

As seen in TABLE 11.1 and TABLE 11.2 there is a difference in

the maximum RH between the two tables even when no alkali

metals are assumed to be bound in the hydration products. The

purely theoretical Raoult's law, Eq. (11.1), is probably not so

precise in this case as the formula given by Robinson and

Stokes (1955).

A concrete specimen with wo/e 0.6 was allowed to suck water

until it was completely saturated. RH was then measured in the

specimen at different heights, see FIG 11.3.

50
I

60 70 80 90 100 RH (%)
I

o
96.3 + 12

96.9 + 18

96.2 + 42
98.5 + 48

63 (mm)

FIG 11.3 Measured RH in a water saturated specimen. wo/e 0.6.
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The mean value of the three uppermost RH measurements is 96.5

%. This value is somewhat lower than the values in TABLE 11.2

for wo/C 0.6. The measured value (98.5) at the bottom side of

the specimen is higher than the other measured values. This can

be a correct measurement of the RH. The bottomside of the

. h d' f b d + d+'speclmen as stoo ln water or a out 4 years an Na an K ln

the bottom part of the specimen could be emitted to the water.

Two specimens made of cement mortar with wo/C 0.6 were analysed

by Euroc Research (Cemlab) in Slite with Atom Absorption

Specrometer (AAS) to get the content of K20 and Na20. The

results are given as percent of the weight including cement,

aggregate and water. The results are shown in FIG 11.4 and FIG

11.5.

0.082
(0.48 , O.15 S)

~~~CLLLLLLJ 0.260
(1.53,0.325 )

mm K2 0 Na20
°----,------------.,..-----------
3
8

0.005 (0.03,0.009)

0.018 (0.11,0.034)

o.046 (0.27 ,0.057)

0.092 (0.54,0.115)

40
45
49
54
56
63 __--a...o;~_O._0_41_(_0_._24_,_0_.0_5_1) ~_O_.0_0_6_(0_._04_,_0_.0_1_1)__

FIG 11.4 Content of K20 and Na20 for a specimen with wo/C

0.6. The bottomside has been in water for about 4

years.
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FIG 1i.5 Content of K20 and Na20 for a specimen with wo/C

0.6. The bottom side has been in moist air for about

4 years.

The first value in the parentheses in FIG 11.4 and FIG 11.5 is

percent of the weight of K20 or Na20 per kg cement. The second

value is the content of K+ or Na+ in mole per kg cement. In FIG

11.4 and FIG 11.5 it is shown that the contents of K20 and Na20

are much higher at the top of the specimens. The density of the

cement mortar is about 2200 kg/m3 and the cement content is 375

kg/m
3

.

If the cement is supposed to contain 0.28 mole K+ and 0.06 mole

Na+ per kg cement, then the contents of K+ and Na+ at the top

of the specimens are higher. For the specimen M6A1, FIG 11.4,

the value at the bottom is much lower; this is probably because

K+ and Na+ have "leaked" to the water in the bottom vessel.

With a content of about 0.05 mole K+ and 0.01 mole Na+ maximum

RH in a water saturated specimen (M6A1) should be about 99.5 %.

The relative humidity at the exact bottom of the specimen is

probably 100, % as most of the alkalies here are released to

the water in the bottom vesse~. FIG 11.5 shows that the

alkalies have moved towards the two surfaces.
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11.1.2 Effect of carbonation at the bottom surface

Some carbonation at the bottom surface could have occurred

during the preparation of the specimens. Kropp (1983) has

measured the moisture permeability for cement mortar with

wo/C 0.5. One part of the test was not carbonated while the

other part was. Kropp·s results are shown in FIG 11.6 and FIG

11.7.
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FIG 11.6 Moisture permeability FIG 11.7

for non-carbonated

cement mortar.

Moisture permeability

for carbonated

cement mortar.

Kropp (1983). Kropp (1983).

In FIG 11.6 and FIG 11.7 it is clearly shown that the carbona­

tion of cement mortar influences the moisture permeability. At
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high RH a reduction to about 1/3 qf the value for non-carbonat­

ed cement mortar is achieved.

In TABLE 11.3 the calculated reduction of RH, just above the

carbonation zone at the bottom of a specimen, is shown. The

specimen is made of concrete with wo/C 0.6. In the calculations

it is supposed that the the ratio between cabonated and non­

carbonated concrete is the same as for the cement mortar in FIG

11.6 and FIG 11.7.

TABLE 11.3 Calculated reduction of RH just above

the carbonation zone. Concrete with

wo/C 0.6. The bottom side is in water.

Height 0.100 m.

Carbonation thickness
mm.

0.5
1.0
2.5

Reduction of RH
%

0.02
0.03
0.07

TABLE 11.3 shows that carbonation to some mm:s depth at the

bottom surface has very little influence on RH just above the

carbonated zone.

11.2 Effect of the bottom side in moist air instead of water

Half of the number of the specimens stand with their bottom­

sides in moist air. This is brought about by a water surface 2

to 3 cm below the bottom surface of the specimens. A PVC-lid is

placed about 3 cm from the water surface to get high RH at the

top of the bottom vessel. FIG 11.8 shows the arrangement.
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~ ..

FIG 11.8 ,The arrangement at the bottom of specimens

with their bottomsides in moist air.

11.2.1 Calculated RH just below the specimens

The moisture resistance for the PVC-lid to the bottom vessel

has been measured with the cup method. Two cups were used. The

cups were made of aluminium. The cup method is described in

Chapter 4.1.1. The moisture resistances of the PVC-lids were

195 * 10 3 and 540 * 10 3 s/m. This big difference in moisture

resistance could of course be explained by there probably

having been a leakage in the cup with the lowest moisture

resistance. If the lowest value is used to calculate RH just

below the PVC-lid in FIG 11.8, we get 99.4 %. with the highest

value we get 99.8 % RH. In the calculations it is assumed that

there is no leakage between the specimens and the PVC-lid.

The moisture resistance of the specimens with the height

O.100 m is about 150 * 10 3 s/m. This value gives a RH just

below the bottom surface of the specimens of about 99 %.
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If there is no leakage between the building sealant and the

specimen or the PVC-lid, this joint is as tight as the PVC-lid.

The calculated differences, in section 7.1.3, between concrete

specimens with the bottom surface in water and in moist air are

about 1 to 3 % RH. This difference is in the same magnitude as

the difference calculated in this section, 100-99=1 % RH. The

concretes in section 7.1.3 are supposed to contain alkalies

even at the bottom surface and these alkalies lower the maximal

RH to a value below 100 %. In FIG 11.5, for the specimen with

the bottom in moist air, it is shown that the alkalies have

moved towards the two surfaces of the specimen, but it is not

clear,if they had moved out to the surfaces. At the bottom

surface of the specimens water vapour may condense due to the

temperature-changes in the climate room. If the water vapour

condense and form drops, which can fall down, then alkalies

just at the bottom surface can be washed away. The relative

humidity at the bottom surface is then about 99 %.
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12 PORE STRUCTURE OF HARDENED CEMENT PASTE, CEMENT MORTAR

AND CONCRETE

12.1 Portland cement paste

This description is mainly based on Power's work as it was

developed during the years 1947 to 1962.

When the cement grains react with water, a cement gel is formed

around each cement grain. The cement gel is composed of a

systern of very thin needle-like, sheet-like and crurnbled

crystals formed by the reaction between the cement and the

mixing water. In addition a considerable nurnber of coarser

hexagonal crystals of calcium hydroxide are formed and are

intermingled with the cement gel particles. The pore space

located between the individual cement gel particles is called

the gel porosity. The diameter of the gel pores is about some

nm if they are considered as cylindrical, see Fagerlund (1982).

The gel pores are filled with water during normal conditions,

called gel water, that is physically adsorbed on the surfaces

of the gel particles.

For w je ratios larger than about 0.4 the cement gel volume iso
not large enough to fill all the space between the cement

grains. Therefore larger, so - called capillary pores are

formed in such cement pastes. The total volume of the capillary

pores is called the capillary porosity. The diameters of the

capillary pores are in the range 5 to 1000 nm.

In FIG 12.1 the principal structure of the hydrated cement

paste is shown.
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Unhydrated cement

k......---Cement gel
(hydrated cement
+ gel pares)

Capillary pare

FIG 12.1 The principal structure of hydrated cement paste.

Hillerborg (1986).

FIG 12.2 shows a scanning electron microscope (SEM) picture of

a well-cured Portland cement paste. wo/c is 0.8. The individual

gel balls are clearly shown.

I0.01 mm

FIG 12.2 Photo of a well-cured cement paste. wo/c 0.8.

Fagerlund (1982).

Photo: Inst. of Zoology, Lund University.
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12.2 The interface between aggregate and Portland cement paste

The aggregate - matrix interface is normally a weak zone in

concrete. According to Zimbelmann (1985) the interface is

composed of different layers as shown in FIG 12.3.

~~~~I~f'~I~~~ (a(OH)2~ 1/'K.~~r~~14 crystals
(SH +
ettringite

(a(OH)2
panel crystal

ettringite

(a(OH )2
crystals

FIG 12.3 The contact zone between aggregate and cement paste.

Zimbelmann (1985).

Around the aggregate there is normally a zone with higher wole
ratio than in the bulk cement paste. Ettringite needles appear

in the interface zone a few minutes after the cement is mixed

with water. Thereafter a contact layer composed of calcium

hydroxide crystals is precipitated on the aggregate surface.

After about 16 hours the growth of this layer is terminated. In

the highly porous intermediate layer located between the

contact zone and the bulk cement paste (see FIG 12.3)

panel-shaped hexagonal calcium hydroxide crystals begin to

grow. They can have an edge length from 10 to 30 ~m. Needle­

and rod-shaped hydrates from the reaction between the cement

and the water grow into the intermediate layer. The more the

hydration progresses, the denser the intermediate layer will

be. With increasing w le ratio an increase in the thickness ofo
the intermediate layer occurs.
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According to Monteiro et al (1985) the thickness of the contact

zone is larger for larger aggregates. This might depend on the

fact that the risk of water separation creating water pockets

around the aggregate increases with increasing aggregate size.

In the contact zone around the aggregates there are also

microcracks present. According to Metha (1986) such microcracks

increase the permeability of concrete.

Scrivener (1989) shows how the porosity in the interfacial

region between aggregate and bulk cement varies with the

distance from the aggregate. Scrivener shows the results for a

10-week-old specimen with wo/C 0.5 and the results for a

28-day-old specimen with wo/C 0.4; see FIG 12.4 and FIG 12.5.
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FIG 12.4 Porosity for a 10­

week-old specimen.

wo/C 0.5.

Scrivener (1989).

O-+--or-----r--..,.----r--.,..---r-----r___
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Oistance from aggr., fJm

FIG 12.5 porosity for a 28­

day-old specimen.

wo/C 0.4.

Scrivener (1989).

In FIG 12.4 and FIG 12.5 it is seen that the porosity in the

interfacial zone is bigger for wo/C 0.5 than for wo/C 0.4.

Consequently the moisture transport around the aggregate is

easier for wo/C 0.5 than for 0.4.
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13 SOME THEORETICAL MODELS FOR MOlSTURE TRANSPORT

13.1 Basic flow types

The moisture flow through porous material is a complicated

process. It has been described by many scientists, eg. Flood et

al (1952), Radjy (1974) and Quenard (1989). A physical model is

shown in FIG 13.1; the figure is taken from Kohonen (1984).

FIG 13.1 A model for moisture transport in

porous material.

Kohonen (1984).

There are three different kinds of flows in FIG 13.1, namely

diffusion, capillary flow and surface flow, which interact to

the total moisture flow in a complicated manner. The descrip­

tion of the pore structure in which flow takes place is often

not realistic. Normally it is described as cylindrical pores,

and this is a too simplified model.
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13.1.1 Diffusion

The moisture flow in air at steady state conditions is governed

by Fick's first law.

g

D

-D öv/öx

Diffusion coefficient in air

( 13.1

D is not a constant but depends on the total pressure and the

temperature. Andersson (1985) has put together four different

expressions of the temperature dependence of D. In the normal

temperature range, there is only a slight difference between

these expressions. One equation is by Vos et al (1966),

Eq. (13.2).

D = (22.2+0.14(T-273.15» * 10-6 (m2/s)

T = Absolute temperature

( 13.2 )

(K)

If the temperature is raised from OOC to 30°C, D increases

19 %.

Eq.(13.1) is not valid in narrow pores of a given material as

there are collisions with the pore walls, and there are not so

many collisions between molecules. For a long cylindrical tube

this case is given a mathematical solution by Knudsen, the flow

is known as Knudsen flow; see Grove (1967). Eq. (13.3) is the

Knudsen formula.

G=-(4/3)r 3 (2ITRT/M)O.5«2-f)/f) * öv/öx ( 13.3

G the flow rate (kg/s)

r = the radius of the tube (m)

R the general gas constant (8314 J/(kmole s»

M the molar weight (kg/kmole)

f the fraction of molecules, which have diffuse reflections

at the walls. Normally f is taken to be 1.
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Eq.(13.3) is valid when the mean free path of the molecules in

the air is much bigger than the diameter of the tube. For

molecules in air the mean free path is given by Eq. (13.4); see

Grove (1967).

A = 2n/(pv)

A the mean free path

n the viscosity

p the density of air

v = the mean velocity ( 8RT/ ( rrM) ) O• 5

( 13.4

(m)

(Ns/m2 )

(kg/m3
)

(m/s)

The mean free path for molecules in air is in the order 10 to

100 nm at room temperature and pressure. The flow in pores less

than 10 nm diameter is often considered as Knudsen flow, see

Dullien (1979), so water vapour flow in gel pores and the

finest capillary pores of cement paste is of the Knudsen type.

Eq.(13.3) is also restricted to a long straight tube. When the

tube becomes shorter, Eq. (13.3) must be multiplied with a

factor given in TABLE 13.1; see Carman (1956).

TABLE 13.1 Reduction factor for Eq. (13.3)

for short tubes.

L/r factor

00 1
10 0.74

8 0.69
6 0.63
4 0.54
2 0.38

13.1.2 Capillary flow or liguid flow

Liquid flow of water in unsaturated material is normally

treated as viscous flow. For a single capillary, the flow is

given by the Poiseuille equation, Eq. (13.5).
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G 4
-(p nr j(8n» * opjox

w
( 13.5 )

p = the pressure in the liquid

The equality of the chemical potentials of the liquid

and its vapour at equilibrium, eq.(2.6), gives the relation

between the partial vapour pressure and the pressure in the

liquid. Eq.(2.7, 2.8, 2.10 and 13.5) gives

~ the relative humidity

Vs the vapour pressure at saturation

13.1.3 Surface flow

( 13.6 )

( 1 )

(Pa)

Dacey (1965) says "in the intermediate region between capillary

condensation and partial monolayer coverage the hydrodynamic

treatment of surface transport has yielded the most satisfacto­

tory agreement between theory and experiment". Gilliland et al

(1958) has given a theoretical formula for the surface flow.

When the remaining conditions are constant the formula of

Gilliland et al can be written

G =- k(X2jp ) * op joxs v v ( 13.7 )

Gs the adsorbed layer flow rate

k a constant

X the surface concentration (the sorption isotherm in

principle)

Pv = the gas-phase pressure

Gilliland et al have the difference in surface tension between

the covered surface and the bare surface as driving force when

the formula was derived. The formula also takes in account the

sorption isotherm, as X is determined from this. X is raised to

the second power.
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Flood et al (1952) proposed an equation that describes the

total flow through micropores. The equation for the case when

the fluid is considerably below its crititical temperature has

a simple appearance. The flow rate in a single circular

capillary is

( 13.8 )

Pa the actual mean density of the adsorbate

v the equilibrium vapour density of the adsorbable gas

nI the dynamic viscosity of the liquid

The actual mean density can be calculated according to

Eq. (13.9) and FIG 13.2.

r

liquid

gas

--I---4----+---I-----t- r

y

'-------,r---.....I--- Tube rad ius

FIG 13.2 The densities of a adsorbate in a capillary tube

when some condensation has occured on the tube wall.

( 13.9 )
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All the variables are defined in FIG 13.2. One condition for

Eq.(13.9) is that Pa is going to Pl. The density of moisture

flow rate (g) is g = Gj(nr2 ), which together with Eq. (13.9)

gives

( 13.10 )

The moisture content mass by volume (We) for a material with a

given pore radius is

222 2
we = Pl(nr -na r )j(nr ) ( 13.11 )

For a material with pores of equal radius, Eq. (13.10) and

Eq. (13.11) give

g~ -(r2/(8n l »*(w 2/V ) * op joxe v ( 13.12 )

It can also be shown that Eq. (13.8) becomes the Poiseuille

equation for viscous liquid flow in a capillary, see 13.1.2,

when the pore is filled with liquid.

13.2 A relation between the moisture transport (permeability)

and the sorption isotherm

Eq.(13.7) and in principle even Eq. (13.12) give the relation

between the surface flow and the surface concentration. The

surface flow is dependent on the (surface conc.)2jgas-phase

pressure , Eq. (13.7), or the (moisture content mass by

volume)2jvapour density, Eq. (13.12).

Gilliland et al (1958) have shown, for isobutane at DoC, that

the plot of the surface flow vs the (surface conc.)2 jgas

pressure gives a straight line; see FIG 13.3, FIG 13.4 and FIG

13.5.
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Gilliland et al (1958).

13.4 Sorption isotherme

for isobutene

on Vycor glass.

Gilliland et al

(1958).
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The surface flow in FIG 13.5 is evaluated, in FIG 13.3, as the

total flow minus the gas-phase flow (marked with line of short

dashes). Both adsorption and desorption are considered in FIG
13.5.

Gilliland's treatment might perhaps also be applied to water

flow in building materials. Some examples are investigated,

namely wood, cellular concrete and cement paste.

0.6 0.8 1.0
RH (1)

0.2 0.4o
o

0.30
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0.6

Thickness

0.40.2
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*1öG,-------------------......
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Bertelsen (1983) has measured the moisture permeability and the

sorption isotherm for sprucei see FIG 13.6 and FIG 13.7.

u g/g
0.35 r---------------"

FIG 13.6 Moisture permeability FIG

for spruce as a

function of RH.

Bertelsen (1983).

13.7 Sorption isotherms

for water in spruce.

Bertelsen (1983).

The moisture permeability in FIG 13.6 seems to depend somewhat

on the thickness of the samples (4.2, 8.8 and 31.2 mm). Whether

this is correct or whether it is an error in the measurements,

is not knowni see also section 10.4.
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In FIG 13.8 the moisture permeability for the sample with a

thickness of 8.8 mm is used. The moisture permeability at 20 %

RH is taken as the gas-phase flow, as below this value the

moisture permeability is nearly constant. The difference in the

measured moisture permeability and the moisture permeability at

20 % RH is taken as dependent on the surface flow. The moisture

content (u) up to 20 % RH is supposed not to influence the

surface flow. The moisture content at 20 % RH is therefore

taken as a zero-level for the surface concentration. The

desorption isotherm for the first desorption is used.
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0.80 0.85 0.90

2

0.70
j

0.20

+
O~+~-r----,-----r----r----r--.--r-tl....

O

FIG 13.8 The surface moisture permeability

dependent on surface flowas function

of (~U)2/RH. Spruce.

The correlation coefficient in FIG 13.8 for the linear

regression line is 0.994. If the line is extrapolated to 100 %

RH, the dotted line, Ö
S will be 7.87*10-6 m2/s. The total

126



moisture permeability is then (7.e7+0.108)*10-6 ~ 8.0*10-6 m2/s

at 100 % RH. At 100 % RH most of the pores are filled with

liquid water, and it is of course a simplification to add the

gas-phase permeability to the surface permeability to get the

total permeability. Spruce is a most complicated material, but

the model seems to be applicable.

Hedenblad et al (1991) have measured the moisture permeability

for cellular concrete (quality 500) under absorption at +20 cC;

see FIG 13.9. The absorption isotherm is taken from Nevander et

al (1981), FIG 13.10.

90 100
RH (Ofo)

o-t---r-----r----r---r--..,...--.,..-----r__......

30 40 50 60 70 80

6

4

2

8

FIG 13.9 Moisture permeability

for cellular concrete

as a function of RH.

Hedenblad et al (1991).

FIG 13.10 Sorption isotherms

for water in

cellular eonerete.

Nevander et al

(1981).
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The moisture permeability in FIG 13.9 up to 80 % RH is taken as

only dependent on the gas-phase flowas the moisture

permeability is constant up to this RH. The moisture content

mass by volume (w) at 80 % RH, in FIG 13.10, is taken as the

zero-level for the surface concentration. The absorption

isotherm is used.
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~Linear regression

o
O 2 3 4 5 6 7 B 9 *10 3

(~w)2/RH (1)

I I j ...
0.80 0.96 0.98 1.00 RH (1)

FIG 13.11 The surface moisture permeability dependent on

surface flowas function of (~W)2/RH. Cellular

concrete.

The correlation coefficient for the linear regression in FIG

13.12 is 0.971. If the line is extrapolated to 100 % RH, 6 s

will be 8.75*10-6 m2/s. The total moisture permeability, at 100

% RH, is then about 11.4*10-6 m2/s. As the measurements of the

moisture permeability and the absorption isotherm are not made

on the same specimens and not at the same time, the correlation

coefficient is not that bad.
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Sörensen (1980) has measured the moisture permeability and the

sorption isotherm for cement paste with w je 0.4; see FIG 13.12o
and FIG 13.13.
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FIG 13.12 Moisture permeability

for cement paste with

w je 0.4 as a functiono
of RH.

Sörensen (1980).

FIG 13.13 Sorption isotherms

for water in cement

paste with woje 0.4.

Sörensen (1980).

The moisture permeability in FIG 13.12 up to 20 % RH for cement

paste under desorption (DES) and at room temperature (RT) is

supposed to be only dependent on the gas-phase flowas the

moisture permeability is constant below this RH. The moisture

content at 20 % RH, in FIG 13.13, is taken as zero-level for

the surface concentration.
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FIG 13.14 The surface moisture permeability

dependent on surface flowas function

of (~U)2/RH. Cement paste wo/C 0.4

The correlation coefficient of the linear regression in FIG

13.14 is 0.999 if the last point is excluded. This point is

excluded because the desorption isotherm may be somewhat low at

100 % RH, see FIG 13.13.

When the linear regression line is extrapolated up to

6 s =5.9*10-3 , the u value will be 0.208 instead of 0.192.

The surface flow is of course not only asurface flow in

material with different pore sizes. When the larger pores have

a water surface of a few molecules' thickness, the smaller

pores will be filled with liquid. The larger pores will have

surface flow but in the filled pores the flow is of Poiseuille

type. As a conclusion one can say that the moisture transport
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at high relative humidities is well described by the relation

between surface flow and the amount of adsorbed water given by

Gilliland et al (1958).
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14 SOME COMPARISONS BETWEEN CALCULATIONS AND DRYING

EXPERIMENTS AND FIELD MEASUREMENTS

To see if the reported moisture permeabilities which are

measured under stationary conditions in the laboratory can be

used in the drying of concrete and cement mortar, some

comparisons with drying experiments are made. A comparison is

also made with the measured RH-distribution and the measured

moisture flow in a concrete slab on the ground.

14.1 The desorption isotherms used

Nilsson (1980) has published desorption isotherms for mature

cement paste with different wo/C. The isotherms go up to 100 %

RH. Some revisions of the isotherms have been made by Hedenblad

(1988), so that the alkalies in the cement determine the

maximum RH (lower than 100 %). FIG 14.1 shows the desorption

isotherms from Hedenblad (1988).

weoo/C(kg/kg cement)

0.7 r-----..---r----r-~___,
-- - - original curve according

to Nilsson

0.6 t----i---t-----t---+----fI

0.4 1----4---1------urrT-r---bL----l

a. =0.8

a. = 0.7

OL.---..J-_-L.----L_--L-----I

O 20 40 60 80 100
RH (%)

FIG 14.1 Desorption isotherms for mature cement paste with

different w je and degrees of hydration. Based on
o

isotherms according to Nilsson (1980).
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The desorption isotherms in FIG 14.1 must be multiplied by the

content of cement in the concrete or the cement mortar to get

the isotherm for the material. For the drying experiments in

section 14.4 the water-cement ratio is 0.56. For this case a

desorption isotherm with wo/C 0.56 has been constructed with

linear interpolation between w Ic 0.5 and 0.6 in FIG 14.1.o

14.2 The moisture permeabilities used

For the drying experiments in section 14.3, with wo/C 0.6 and

0.7 the average moisture permeabilities for wo/C 0.6 to 0.8 in

TABLE 7.1 have been used between 33 % and 95 % RH. Over 95 % RH

the estimated moisture permeabilities in TABLE 7.2 have been

used. The mosture permeabilities are for a specimen that is

about 0.1 m and drying from one side.

For the drying experiments in section 14.4 the measured Öv for

cement mortar in FIG 8.1 has been used to construct the

moisture permeabilities for wo/C 0.56. The moisture

permeabilities between 94 and 96 % RH have been estimated. The

ö -curve is shown in FIG 14.2.v

30 40 SO 60 70 80 90 100 RH (%)

FIG 14.2 The moisture permeability curve for cement mortar

with wo/C 0.56.
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For the field measurements in section 14.5, with a concrete

slab on the ground , the wo/C has been estimated at 0.7. The

average 6v-s in TABLE 7.1 have been used between 33 % and 95 %

RH. Over 95 % RH the estimated 6v-s in TABLE 7.2 for wo/C 0.7
have been used.

14.3 Drying experiments on concrete with wolC 0.6 and 0.7

Two specimens, with wo/C 0.6 and 0.7, from the main investi­

gation were allowed to dry to about 60 % RH. Then they sucked

water until they were saturated. The capillary water uptake

test is described in Chapter 15. The composition of the tested

materials is shown in section 3.2.1.

After the capillary saturation of the two specimens, they were

allowed to dry in a climate room with about 60 % RH and 18.5
cC.

The calculated distributions of RH and the measured RH are

shown in FIG 14.3 and FIG 14.4.

~)1
100 Odays

calculated
measured

63 mm

+~17days

38 days

70

80

90

60 ..-..------------

FIG 14.3 Calculated distribution of RH and measured.RH during

the drying of a 63 mm thick concrete specimen. w IC
o

0.6.

134



The relative humidity in the specimen has been measured before

the start of the drying and after 17, 38, 59, 133 and 185 days

of drying. The calculated RH-distributions are shown for the

corresponding times.

In FIG 14.3 it is shown that the RH measured before the start

of the drying was lower than 100 % although the specimen was

capillary-saturated with water.

Separate test results at the different times can deviate from

the calculated RH-distributions by some percent RH. At 133 days

of drying, two test results are about 3 % RH lower than the

calculated RH-distribution. This may depend on a leakage

between the RH-sensor and the specimen. The general impression

is that the calculated and measured RH agree fairly well.

63 mm
(~Yc) l t
100 ------------­

Oda s

90

80

70

.: +

+ +

. .

calculated
+ • measured

60 .........------------....

FIG 14.4 Calculated distribution of RH and measured RH during

the drying of a 63 mm thick concrete specimen. wo/C

0.7.
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In FIG 14.4 the calculated RH-distribution is shown after 31,

65 and 95 days of drying. RH in the specimen has been measured

at the corresponding times.

At 31 days of drying the maximum difference between calculated

RH and measured RH is about 1 % RH.

At 65 days of drying, 5 of 6 test results are higher than the

calculated RH-distribution. The maximum difference between

measured and calculated RH is about 2.5 % RH.

At 95 days of drying, 5 of 6 test results are lower than the

calculated RH-distribution. If the other RH measurement test

results are· correct, it seems there has been a leakage between

the RH-sensor and the specimen for the two points of measuring

in the middle.

At higher number of days of drying, a preliminary study shows

that the measured RH lies lower than the calculated RH.

14.4 Drying experiments made by Pihlajavaara

Pihlajavaara (1965) has made some drying tests with cement

mortar with w /C 0.56. Before the drying was started theo
specimens were stored under sealed conditions for about 10

months. The specimens have the dimensions 40 * 40 * 160 mm. The

drying occurred at the end surfaces (40 * 40) of the prisms.

3The initial moisture content mass by volume was 166 kg/m .

Half of the number of specimens dried in a climate room with

about 40 % RH and 20°C. The other half dried in a climate room

with about 70 % RH and 20°C. The equilibrium moisture content

mass by volume at 40 % RH was 57 kg/m3 and at 70 % RH it was 90

kg/m3 .
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pihlajavaara has not mentioned the cement content per m3 cement

mortar. The cement paste - aggregate ratio was 1:1.2 by volume.

The maximum particle size was 1.4 mm, and the aggregate was

quartz.

An approximative calculation shows that the cement content was

about 490 kg per m3 cement mortar.

In FIG 14.5 and 14.6 the calculated and the measured drying are

shown.
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FIG 14.5 Measured and calculated distribution of the moisture

content mass by volume. Cement mortar with wo/C

0.56. The measured results are from Pihlajavaara

(1965).
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FIG 14.6 Measured and calculated distribution of the moisture

content mass by volume. Cement mortar with wo/C

0.56. The measured results are from Pihlajavaara

(1965).

The results in FIG 14.5 and FIG 14.6 show that the calculated

moisture content mass by volume is somewhat lower than the

measured results for all the drying times. But in FIG 14.5 it

agrees fair ly weIl.
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On the y-axis in FIG 14.5 and FIG 14.6 the calculated RH is

also given. In the calculation the sorption isotherms in

section 14.1 are used. As is seen in FIG 14.5 and 14.6, the

calculated RH at the equlibrium content mass by volume (at the

end of the specimens) is not exactly the same RH as reported

for the climate rooms. In FIG 14.5 the maximum difference in

the calculated RH between the measured curve and the calculated

curve is about 1 % RH. In FIG 14.6 the maximum difference is

about 2 % RH.

14.5 Slab on the ground in a cellar

The inhabitants in a house in Lund felt that they had a moist

floor in the cellar. An inspection of the moisture conditions

was made by Sahlen (1985). He took samples from different

depths in the concrete slab and from the layers under the

concrete slab. The construction of the slab on the ground is

shown in FIG 14.7. The moisture flow through the slab on the

ground was measured with a glass shade with the area 0.2 * 0.25

m, which was placed on the slab. A bowl with a saturated salt

solution of potassium iodide, KJ, was placed in the glass

shade. The relative humidity of the saturated salt solution is

about 69 %, which was about the same as in the cellar (about 60

% RH).

o' o '.' , o' 0,' o ',' o ' 'o'
'o' ,'o o' "0,'0",
, ,o o' o' ' o, ,6: o, == 0.110
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o o o o o
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o o o
o

o o o o

o o o
o o o

o
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o o o

== 0.160

=\\\ :::=\\\ - \ \\::=.\\\=-\\\=-\\\::::

FIG 14.7 Section of the concrete slab on the ground.
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The concrete slab is about 0.11 m thick. Under it there is

about 0.16 m maeadam, which is placed on fine sand. The layer

of maeadam consists of relatively small maeadam, which is

mingled with very fine material. This very fine material is on

every piece of maeadam in such quantity that the judgement was

made that the layer of maeadam is not capillary breaking.

The measured RH:s are shown in FIG 14.8. Samples were taken at

different depths, 0-20, 20-45, 40-60 and 40-90 mm. The relative

humidity of the samples was measured in our laboratory.

60 65 70 75 80 85 90 95 100 RH (%)
---,1.....--...,..1---,-1----,1....-----1....-----,-1--~I---.I---,I

r--======::::====------r===::::J - O

Calculated

Measured

I-- ....a..--""-- 0.11 ffi

FIG 14.8 Measured and calculated RH in a slab on the ground.

If it is supposed that the maeadam does not function as a

capillarity breaking layer, and it is supposed that the bottom

side of the concrete slab stands in water, then the RH-distri­

bution shown in FIG 14.8 is obtained. w le is assumed to beo
0.7. RH on the uppermost side is 60 %. With the above data the

calculated moisture flow is 11.5 gram1m2 day. The measured

moisture flow was 10.3 gram1m2 day, when the RH of the saturat­

ed salt solution was 69 %. If RH on the uppermost side in the

calculation is changed to 69 % the calculated moisture flow is

11.3 gram1m2 day. The measured and the calculated moisture flow

are in the same magnitude.
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Harderup (1991) also had made field measurements of RH in a

slab on the ground. The measurements show the same distribution

of the relative humidity in the concrete slab as shown in FIG

14.8.
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15 CAPILLARY SORPTION OF WATER IN CONCRETE

15.1 Introduction

The water sorption coefficient (A) and the water penetration

coefficient (B) for a given material are normally determined by

letting a dry specimen suck water from a water surface. An ex­

perimental arrangement in principle is shown in FIG 15.1. The

methodology for the evaluation of A and B is shown in FIG 15.2.

Tight cover Specimen

Water

FIG 15.1 Experimental arrangement in principle during

capillary sorption experiment.

Fagerlund (1982).
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FIG 15.2 Methodology for the evaluation of the water sorption

and water penetration coefficients.

Fagerlund (1982).

In FIG 15.2 the amount of sucked water has been drawn as

function of the square root of the time. When the water surface

in the specimen has reached the top surface of the specimen,

there is a strong decrease of the water sorption rate. The time

t k is defined as the point of intersection between phase 1 and

phase 2. In phase 1 the water surface has not reached the top

surface of the specimen. In phase 2 the water surface has

reached the top surface of the specimen. At phase 2 there is a

little increase in the weight of the sorbed water. This

depends, according to Fagerlund (1976), on water filling of

coarse pores.

According to iso 9346 the following relations are given

ms A * vt
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x B * vt 15.2 )

t the time

x the penetration dept of the water front

from a water surface

A the water sorption coefficient

B the water penetration coefficient

ms the mass divided by area of sorbed water from a

water surface ( kg/ m2 )

( s )

during sorption

( m )

( kg/(m
2
vs»

( m/vs )

In Sweden, Eq. (15.2) is normally not usedi Eq. (15.3) is used

instead.

t ( 15.3

The quantity that is given in Swedish handbooks is m. It is

possible to relate B to m and the relationship is B= l/vm.

According to Fagerlund (1982), see FIG 15.2, m is evaluated

according to

and

( 15.4 )

A ( 15.5 )

h the height of the specimen

15.2 Same results

The results presented in this section are for concrete that is

about 5 years old. The specimens have first been used in the

experiments which are described in Chapter 3. Thereafter they

have dried out and got about the s~me moisture distribution in

the specimen. After the capillary suction tests the specimens

are used the drying tests described in Chapter 14. So one can
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say that the tests described in this section are a by-product

of the drying experiments in ehapter 14.

Specimens made of concrete with w le 0.7 and 0.6 and dried outo
to about 60 % RH were allowed to suck water. The bottom sur-

faces of the specimens are 0.2 x 0.2 m. The height of the

specimens is 0.063 m. In the sides of the specimens there are 7

tubes that are cast in the specimen. Those tubes reduce the

volume by about 5 %. This means that the mass of the sorbed

water is reduced by the same percent.

In FIG 15.3 the mass of the sorbed water is shown as function

of the square root of the time.

Weight increase (gram)

250

200

150

100

50

o
o 1 9 25 49 81 121 169 225 289 361 441 529 625 729

Time(h)

FIG 15.3 The mass of the sorbed water as function

of the square root of the time.
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For the concrete with wo/C 0.7, t k is 130 h. and the amount of

the sorbed water, after correction for the dimensions of the

bottom surface and the tubes, m , is 1.05(0.212/(0.2*0.2»
2 s 7 2

5.565 kg/m. This means that m = 11.7*10 s/m and A =
0.0081 kg/(m2ys).

For the concrete with w /C 0.6 t k is 324 h. and the amount of
o 2

the sorbed water, m , is 1.05(0.168/(0.2*0.2» = 4.410 kg/m.
s 722

This means that m 29,4*10 s/m and A = 0.0041 kg/(m Ys). For

w /C 0.6, the curve in FIG 15.3 is not a straight line up too
t k , but consists of two straight lines. The first part of the

line has the same slope as the curve for concrete with wo/C

0.7. One explanation why the curve, for the specimen with wo/C

0.6, is not a straight line can be that the outer parts of the

specimen were somewhat drier than the rest of the specimen.

The water sorption coefficient, A, is somewhat lower than what

is given in Swedish handbooks.

The coefficient m is about 10 times higher than what is given

in Swedish handbooks.

On explanation why A and m are different from the handbook

values can be that the concretes are about 5 years old and have

a high degree of hydration. The bottom surfaces of these two

specimens have been in water for several years.

Another explanation is that some carbonation of the bottom

surface has occurred and slows down the water transport.

A third explanation is that the specimens are considerably

higher than those usually used in capillary sorption tests.

Therefore the nick-point is less well-definied than in a normal

test.

The moisture permeabilities according to TABLE 7.1 and TABLE

7.2 and the sorption isotherm according to section 14.1 do not
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describe the capillary sorption of water. The maximum moisture
permeability measured in the steady state test described in

this thesis must be multiplied with a factor about 10-20 to

describe the capillary water uptake in the concrete in a fair
way.
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16 CONCLUSIONS

This study provides the following conclusions.

l. Coefficients for moisture transport through mature

concrete, cement mortar and cemement paste, under realistic

conditions, have been established (see Chapters 7, 8 and 9).

2. The size dependence of these coefficients, reported from

earlier investigations, has been confirmed but not

explained.

3. The moisture transport coefficients of concrete at low rela­

tive humidities are nearly independent of the water-cement

ratio (w jC). At high relative humidities they are strongly,o
dependent on w je.o

4. Most of the moisture transport in concrete at high relative

humidities takes place along the boundary zone between

cement paste and aggregate.

6. The moisture transport at high relative humidities is weIl

described by the relation between surface flow and the

amount of absorbed water given by Gilliland et al (1958).

The moisture permeabilities for mature concrete are summarized

in TABLE 16.1.

148



TABLE 16.1 Moisture permeability.for mature concrete with different
wo/C.

RH 8 * 10 6 (m2 /s)v

% wo/C 0.4 wo/C 0.5 wo/c 0.6 wo/C 0.7 wo/C 0.8

33-65 0.13 0.14 0.17 0.17 0.17

80 0.28 0.33 0.38 0.3.8 0.38

86 0.39 0.59 0.73 0.73 0.73

90 =0.53 1.0 1.5 1.5 1.5

93 =0.6 1.7 3.2 3.2 3.2

95 =0.7 2.8 7.5 7.5 7.5

96 =0.7 4.2 8.5 9.5 11

97 - 9 14 17 26

97.6 - - 22 28 42

98 - - - 38 63

98.5 - - - - 130
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APPENDIX A

Moisture flow through the specimens
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Comments

The measured moisture flow had to be corrected for
a) the flow through the epoxy resin on the sides of the

specimen
b) the influence of the sealing between the specimen and

the upper box
c) the influence of the RH-measurement tubes in the specimen
d) the flow through the building sealant on the outside of the

specimen.

a), b) and c) are corrected with coefficients of correction and
a total correction is obtained; see below.

The flow through the building sealant on the outside of the
specimen is so small that it only had influence on specimens
with small moisture flows (concrete and cement mortar with wo/C
0.4) .

Coefficients of correction

IHeight of specimens (m)

I 0.063 I 0.100 I 0.150

a) 1.01 1.02 1.04
b) 1.04 1.03 1.025
c) 1.111 1.107 1.071

Total 1.17 1.16 1.15

The measurement of the moisture flows had been going on for
about 5 years. The moisture flows in this APPENDIX are from
two different times. The first is at about the same time as the
distribution of the relative humidity had been measured,
about 3 years after the test started. The second is about 5
years after the test started.

The bottom surface of the specimens is 0.2*0.2 m.
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APPENDIX A(l)
Concrete with different wo/C

IAfter about 3 years IAfter about 5 years

Speci 'I Meas IFloW thrlcorrl (1+2)*1 'l' IMeas IFlow Icorr/(6+7)
nurnber f low sealant coef 3 flow seal koef *8

I 1 I 2 I 3 I 4 I 5 I 6 I 7 I 8 I 9

I gram/day I - I g/day I g/(md) I gram/day I - Ig/day

C8 Al 1.00 Neglect 1.17 1.170 1.834 -
Bl 0.81 1.16 0.940 2.350 -
C1 0.58 1.15 0.667 2.501 0.425 1.15 0.489

C7 Al 0.60 1.17 0.702 1.106 -
Bl 0.42 1.16 0.487 1.218 -
C1 - 0.339 1.15 0.390

C6 Al 0.46 1.17 0.538 0.847 -
Bl 0.27 1.16 0.313 0.783 -
C1 0.27 1.15 0.311 1.166 0.176 1.15 0.202

C5 Al 0.24 1.17 0.281 0.443 -
Bl 0.15 1.16 0.174 0.435 -
C1 0.13 1.15 0.150 0.563 0.111 1.15 0.128

C4 Al 0.10 0.002 1.17 0.119 0.187 -
Bl 0.06 0.002 1.16 0.072 0.180 0.058 0.002 1.16 0.070
C1 0.06 0.002 1.15 0.071 0.266 0.048 0.002 1.15 0.058

C8 A2 0.28 1.17 0.328 0.517 -
B2 0.21 1.16 0.244 0.610 -
C2 0.18 1.15 0.207 0.776 0.148 1.15 0.170

C7 A2 0.30 1.17 0.351 0.553 -
B2 0.21 1.16 0.244 0 ..610 -
C2 0.21 1.15 0.242 0.908 0.165 1.15 0.190

C6 A2 0.21 1.17 0.246 0.387 -
B2 0.18 1.16 0.209 0.523 -
C2 0.13 1.15 0.150 0.563 0.121 1.15 0.139

C5 A2 0.16 1.17 0.187 0.295 0.135 1.17 0.158
B2 0.14 1.16 0.162 0.405 -
C2 0.12 1.15 0.138 0.518 0.097 1.15 0.112

C4 A2 0.10 0.002 1.17 0.119 0.187 0.078 0.002 1.17 0.094
B2 0.07 0.002 1.16 0.084 0.210 0.067 0.002 1.16 0.080
C2 0.05 0.002 1.15 0.060 0.225 0.045 0.002 1.15 0.054

Specimen nurnber
C = Concrete
8, 7, 6, 5, 4 = 10 * w /C
A, B, C = Height of spgcimen (0,063, 0.100 and 0.150 m)
1 = Specimen bottom in water; 2 = Specimen bottom in moist air
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APPENDIX A(2)

Concrete with different amounts of air (Nominal)

IAfter about 3 years IAfter about·5 years

Speci 01 Meas Icorrll * 2
I \lf IMeas Icorrl5 * 61

number flow coef flow coef \lf

I 1 I 2 I 3 I 4 I 5 I 6 I 7 I 8

Ig/day I - I g/daylg/(md) Ig/day I - Ig/day Ig/(md)

4 Al 1.00 1.17 1.170 1.843
Bl 0.60 1.16 0.696 1.740
C1 0.43 1.15 0.495 1.856 0.301 1.15 0.346 1.298

6 Al 0.73 1.17 0.854 1.345
Bl 0.53 1.16 0.615 1.538
C1 0.47 1.15 0.541 2.029 0.349 1.15 0.401 1.504

8 Al 0.95 1.17 1.112 1.751
Bl 0.65 1.16 0.754 1.885
C1 0.55 1.15 0.633 2.374

10 Al 1.50 1.17 1.755 2.764
Bl 0.55 1.16 0.638 1.595 0.399 1.16 0.463 1.148
C1 0.53 1.15 0.610 2.286

4 A2 0.27 1.17 0.316 0.498 0.236 1.17 0.276 0.435
B2 0.22 1.16 0.255 0.638 0.170 1.16 0.197 0.493
C2 0.17 1.15 0.196 0.735 0.137 1.15 0.158 0.593

6 A2 0.27 1.17 0.316 0.498 0.237 1.17 0.277 0.436
B2 0.28 1.16 0.325 0.813 0.222 1.16 0.258 0.645
C2 0.18 1.15 0.207 0.776 0.151 1.15 0.174 0.653

8 A2 0.38 1.17 0.445 0.701
B2 0.40 1.16 0.464 1.160 0.291 1.16 0.338 0.845
C2 0.24 1.15 0.276 1.035

10 A2 -
B2 0.23 1.16 0.267 0.668
C2 0.23 1.17 0.265 0.994

Specimen number
4, 6, 8, 10 = Nominal air content (%)
A, B, C = Height of specimen (0.063, 0.100 and 0.150 ro)
1 Specimen bottom in water
2 = Specimen bottom in moist air
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APPENDIX A(3)
Concrete with different amounts of aggregate

IAfter about 3 years IAfter about 5 years

Speci _, Meas Icorrll * 2
I

\}! IMeas Icorrl5 * 61 \}!

number flow coef flow coef

I 1 I 2 I 3 I 4 I 5 I 6 I 7 I 8

Ig/day I - I g/daylg/(md) Ig/day I - Ig/day Ig/(md)

1692A1 -
Bl 0.32 1.16 0.371 0.928 0.236 1.16 0.274 0.684
C1 - 0.304 1.15 0.350 1.313

1730A1 - 0.357 1.17 0.418 0.658
Bl 0.26 1.16 0.302 0.755 0.221 1.16 0.256 0.641
C1 0.28 1.15 0.322 1.208

1765A1 - 0.410 1.17 0.480 0.756
Bl 0.47 1.16 0.545 1.363 0.384 1.16 0.445 1.114
C1 - 0.349 1.15 0.401 1.505

1827A1 0.65 1.17 0.761 1.199 0.473 1.17 0.553 0.871
Bl 0.49 1.16 0.568 1.420 0.348 1.16 0.404 1.009
C1 - 0.339 1.15 0.390 1.462

1854A1 0.81 1.17 0.948 1.493 0.618 1.17 0.723 1.139
Bl 0.45 1.16 0.522 1.305 0.319 1.16 0.370 0.925
C1 - 0.385 1.15 0.443 1.660

. 1692A2 -
B2 0.18 1.16 0.209 0.523
C2 0.22 1.15 0.253 0.949

1730A2 0.21 1.17 0.246 0.387
B2 0.19 1.16 0.220 0.550 0.153 1.16 0.177 0.444
C2 0.18 1.15 0.207 0.776 0.225 1.15 0.259 0.970

1765A2 - 0.255 1.17 0.298 0.470
B2 0.19 1.16 0.220 0.550
C2 0.22 1.15 0.253 0.949

1827A2 0.21 1.17 0.246 0.387
B2 0.24 1.16 . 0.278 0.695
C2 -

1854A2 0.21 1.17 0.246 0.387
B2 0.20 1.16 0.232 0.580
C2 -

Specimen number 3
1692 and so on = Aggregate content (kg/m )
A, B, C = Height of specimen (0.063, 0.100 and 0.150 m)
1 Specimen bottom in water
2 = Specimen bottom in moist air
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APPENDIX A(4)
Cement mortar with different wo/C

IAfter about 3 years IAfter about 5 years

Speci _I Meas IF10W thrlcorrl<1+2)! 'f IMeas IFlow Icorrl<6+7)
number flow sealant coef *3 flow seal coef *8

I 1 I 2 I 3 I 4 I 5 I 6 I 7 I 8 I 9

I g/day I - Ig/day Ig!(md) I g/day I - I g/day

M8 Al - Neglect 0.560 1.17 0.655
Bl - 0.388 1.16 0.450
C1 0.41 1.15 0.472 1.770 0.319 1.15 0.367

M7 Al 0.39 1.17 0.456 0.718
Bl 0.32 1.16 0.371 0.928
C1 0.30 1.15 0.345 1.294 0.226 1.15 0.260

M6 Al 0.28 1.17 0.328 0.517
Bl 0.21 1.16 0.244 0.610 0.148 1.16 0.172
C1 0.21 1.15 0.242 0.908 0.172 1.15 0.198

MS Al 0.14 1.17 0.164 0.258
Bl 0.14 1.16 0.162 0.405
C1 0.10 1.15 0.115 0.431 0.083 1.15 0.095

M4 Al 0.070 0.002 1.17 0.084 0.132 0.055 0.002 1.17 0.067
Bl 0.047 0.002 1.16 0.057 0.143 0.043 0.002 1.16 0.052
C1 0.050 0.002 1.15 0.060 0.225 0.035 0.002 1.15 0.043

M8 A2 0.42 1.17 0.491 0.773
B2 0.37 1.16 0.429 1.073
C2 0.25 1.15 0.288 1.080 0.225 1.15 0.259

M7 A2 0.35 1.17 0.410 0.646
B2 0.24 1.16 0.278 0.695
C2 0.24 1.15 0.276 1.035 0.189 1.15 0.217

M6 A2 0.21 1.17 0.246 0.387
B2 0.22 1.16 0.255 0.638
C2 0.165 1.15 0.190 0.713 0.141 1.15 0.162

MS A2 0.13 1.17 0.152 0.239 0.095 1.17 0.111
B2 0.12 1.16 0.139 0.348 0.104 1.16 0.121
C2 0.09 1.15 0.101 0.379 0.076 1.15 0.087

M4 A2 0.065 0.002 1.17 0.078 0.123
B2 0.050 0.002 1.16 0.060 0.150 0.039 0.002 1.16 0.048
C2 0.050 0.002 1.15 0.060 0.225 0.033 0.002 1.15 0.040

Specimen number
M = Cement Mortar
8, 7, 6, 5, 4 = 10 * w /C
A, B, C = Height of spgcimen (0.063, 0.100, 0.150 m)
1 = Specimen bottom in wateri 2 = Specimen bottom in moist air
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APPENDIX A(5)

Cement paste with different wo/C

IAfter about 3 years IAfter about 5 years

Speci 01 Meas Icorr/l * 21 'tf IMeas Icorr 15 * 61 'tf
number flow coef flow coef

I 1 I 2 I 3 I 4 I 5 I 6 I 7 I 8

Ig/day I - Ig/day Ig/(md) Ig/day I - Ig/daylg/(md)

P6 Al 0.84 1.17 0.983 1.548
Bl 0.61 1.16 0.708 1.770 0.507 1.16 0.588 1.470
C1 0.50 1.15 0.575 2.156 0.501 1.15 0.576 2.160

P5 Al 0.55 1.17 0.644 1.014 0.480 1.17 0.562 0.885
Bl 0.39 1.16 0.452 1.130 0.355 1.16 0.412 1.030
C1 0.34 1.15 0.391 1.466 0.278 1.15 0.320 1.200

P4 Al 0.17 1.17 0.199 0.313 0.135 1.17 0.158 0.249
Bl -
C1 0.17 1.15 0.196 0.735 0.101 1.15 0.116 0.435

P6 A2 0.82 1.17 0.959 1.510 0.766 1.17 0.896 1.411
B2 0.78 1.16 0.905 2.263 0.736 1.16 0.854 2.135
C2 0.60 1.15 0.690 2.588 0.550 1.15 0.633 2.374

P5 A2 0.42 1.17 0.491 0.773 0.367 1.17 0.429 0.676
B2 0.42 1.16 0.487 1.218 0.363 1.16 0.421 1.053
C2 0.32 1.15 0.368 1.380 0.263 1.15 0.302 1.133

P4 A2 0.17 1.17 0.199 0.313 0.144 1.17 0.168 0.265
B2 0.17 1.16 0.197 0.493 0.157 1.16 0.182 0.455
C2 -

Specimen number
P = Cement Paste
6, 5, 4 = 10 * w /C
A, B, C = HeightOof specimen (0.063, 0.100, 0.150 m)
1 Specimen bottom in water
2 = Specimen bottom in moist air
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APPENDIX B

Measured moisture distributions in the specimens
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Comments

In this APPENDIX the RH-profiles are shown for different specimens.

The maximum, mean and minimum RH-profiles are shown. The maximum and

minimum curves are obtained when the total error in the RH-measure­

ment is taken in consideration; see Section 5.3. For the specimen

number see APPENDIX A.

The dashed curves between the lowest level of the RH-measurement and

the specimen bottom are obtained by letting the mean RH-distribution

curve continue gradually and continuously the measured mean RH­

distribution curve. For most specimens with the bottom in water it

ens at the maximum RH given in section 7.1.3.
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APPENDIX C

Measured mois~ure dis~ribu~ions and ~he fundamen~al flow

po~en~ial
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Comments

In this APPENDIX the distance from the top of the specimen to

the mean RH-distribution is shown Itdimensionless lt
• At the top

of the specimen it is O and at the bottom of the specimen it is

1. The value x in this APPENDIX should be multiplied by the

height of the specimen to get the distance to the RH-distri­

bution curve in meters.

The fundamental flow potential (~) is the distance from the top

of the specimen to the mean RH-distribution curve times the

moisture flow; see also Chapter 6. ~ is in gj (m*day) .
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APPENDIX C(l)
Concrete wo/C 0.5

RH I C5A1 I C5B1 I C5C1

% I X I 1lJ I X I 1lJ I X I lJJ

50 0.080 0.035 0.093 0.041 0.080 0.045
60 0.127 0.056 0.147 0.064 0.127 0.071
65 0.147 0.065 0.173 0.076 0.153 0.086
70 0.173 0.076 0.200 0.087 0.180 0.101
75 0.193 0.086 0.233 0.102 0.227 0.127
80 0.220 0.098 0.273 0.119 0.287 0.161
84 0.267 0.118 0.327 0.142 0.347 0.195
86 0.293 0.130 0.353 0.153 0.387 0.218
88 0.333 0.147 0.400 0.174 0.427 0.240
90 0.393 0.174 0.453 0.197 0.473 0.266
91 0.433 0.192 0.493 0.215 0.500 0.281
92 0.480 0.212 0.533 0.232 0.533 0.300
93 0.540 0.239 0.593 0.258 0.567 0.318
94 0.613 0.272 0.660 0.287 0.607 0.341
95 0.700 0.310 0.747 0.325 0.653 0.368
96 (0.800) (0.354) (0.860) (0.374) (0.733) (0.412)
97 (1.000) (0.443) (1.000) (0.435) (1.000) (0.563)

RH C5A2 C5B2 C5C2

% X 1/J X 1/J X 1lJ

50 0.080 0.033
60 0.127 0.051
65 0.147 0.059
70 0.173 0.070
75 0.193 0.078
80 0.233 0.094
84 0.273 0.111
86 0.307 0.124
88 0.353 0.143
90 0.413 0.167
91 0.460 0.187
92 0.520 0.210
93 0.593 0.240
94 0.693 0.281
95 0.833 0.337
96
97

Mean

0.039
0.061
0.072
0.084
0.098
0.118
0.142
0.156
0.176
0.201
0.219
0.239
0.264
0.295
0.335

(0.380)
(0.480)

A, B, C in C5A1, C5B1 and C5C1 are the height of the specimens
(63, 100 and 150 mm).

1 in C5A1 is for specimens with the bottom side in water.
2 in C5A2 is for specimens with the bottom side in moist air.
X is the distance from the top surface to the middle

RH-distribution curve.
is the fundamental potential.

) is for estimated values, see APPENDIX B
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APPENDIX C(2)
Concrete wO/C 0.6

RH I C6A1 I C6B1 I C6C1

% I x I l/J I x I l/J I x I l/J

50 0.047 0.037 0.040 0.046
60 0.073 0.057 0.060 0.070
65 0.080 0.063 0.073 0.086
70 0.093 0.073 0.087 0.101
75 0.107 0.083 0.100 0.117
80 0.120 0.094 0.120 0.139
84 0.140 0.110 0.153 0.179
86 0.160 0.126 0.180 0.210
88 0.187 0.146 0.220 0.256
90 0.227 0.177 0.267 0.311
91 0.253 0.198 0.307 0.358
92 0.280 0.219 0.353 0.412
93 0.320 0.250 0.407 0.474
94 0.387 0.303 0.487 0.567
95 0.527 0.412 0.600 0.700
96 (0.700) (0.547) (0.700) (0.817)
97 (0.893) (0.699) (0.873) (1.018)

97.6 (1.000) (0.783) (1.000) (1.167)

RH I C6A2 I C6B2 I C6C2 I Mean

% I x I l/J I x I l/J I x I l/J l l/J

50 0.087 0.034 0.087 0.045 0.060 0.034 0.039
60 0.133 0.052 0.133 0.069 0.100 0.056 0.061
65 0.160 0.062 0.153 0.080 0.127 0.071 0.072
70 0.187 0.073 0.187 0.097 0.167 0.094 0.088
75 0.213 0.083 0.220 0.115 0.213 0.120 0.104
80 0.233 0.091 0.267 0.140 0.280 0.158 0.124
84 0.280 0.108 0.320 0.168 0.340 0.191 0.151
86 0.313 0.122 0.367 0.192 0.380 0.214 0.173
88 0.367 0.142 0.420 0.220 0.433 0.244 0.202
90 0.453 0.175 0.507 0.265 0.507 0.285 0.243
91 0.513 0.199 0.553 0.289 0.560 0.315 0.272
92 0.593 0.230 0.607 0.317 0.620 0.349 0.305
93 0.673 0.352 0.687 0.386 0.366
94 0.740 0.387 0.773 0.435 0.423
95 0.813 0.425 0.867 0.488 0.506
96 (0.893) (0.467) (0.980) (0.551) (0.596)
97 (0.987) (0.515) (0.744)

97.6 (0.975)
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APPENDIX C(3)
Concrete WO/C 0.7

RH I C7A1 I C7B1 I C7C1

% I x I l/J I x I l/J I x I l/J

50 (0.053) (0.040)
60 (0.080) (0.067)
65 (0.093) (0.080)
70 (0.107) (0.093)
75 (0.120) (0.100)
80 (0.133) (0.113)
84 (0.147) (0.120)
86 (0.153) 0.127 0.154
88 (0.160) 0.147 0.178
90 0.187 0.207 0.180 0.219
91 0.207 0.228 0.213 0.259
92 0.233 0.258 0.240 0.292
93 0.273 0.302 0.287 0.348
94 0.313 0.346 0.340 0.414
95 0.373 0.413 0.407 0.495
96 0.460 0.509 0.500 0.609
97 0.600 0.663 (0.713) (0.868)
98 (1.000) (1.106) (1.000) (1.217)

RH I C7A2 I C7B2 I C7C2 I Mean

% I x I l/J I x I l/J I x I l/J ( l/J

50 0.080 0.044 0.047 0.028 0.040 0.036 0.036
60 0.133 0.074 0.080 0.048 0.073 0.067 0.063
65 0.153 0.085 0.093 0.057 0.087 0.078 0.073
70 0.180 0.099 0.113 0.069 0.107 0.097 0.088
75 0.200 0.111 0.127 0.078 0.133 0.122 0.104
80 0.240 0.133 0.153 0.093 0.173 0.158 0.128
84 0.280 0.155 0.193 0.118 0.227 0.206 0.160
86 0.313 0.173 0.220 0.134 0.260 0.236 0.174
88 0.347 0.191 0.253 0.154 0.307 0.278 0.200
90 0.413 0.229 0.300 0.183 0.373 0.339 0.235
91 0.447 0.247 0.333 0.204 0.420 0.382 0.264
92 0.487 0.269 0.367 0.224 0.473 0.'429 0.294
93 0.540 0.298 0.407 0.248 0.533 0.484 0.336
94 0.607 0.336 0.467 0.285 0.593 0.539 0.384
95 0.700 0.387 0.547 0.334 0.407
96 (0.800) (0.443) 0.660 0.403 0.491
97 (0.960) (0.531) 0.880 0.537 (0.650)
98 (1.162)
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APPENDIX C(4)
Concrete wO/C 0.8

RH I C8A1 I C8B1 I C8C1

% I x I 1lJ I x I 1lJ I x I 1lJ

50
60
65
70
75
80
84
86
88
90
91
92 (0.133) (0.334)
93 (0.167) (0.417)
94 (0.213) (0.534)
95 0.213 0.393 0.133 0.313 0.300 0.751
96 0.427 0.787 0.233 0.549 0.453 1.134
97 0.647 1.192 0.367 0.862 0.633 1.585
98 (0.873) (1.610) 0.540 1.269 (0.847) (2.118)
98.5 0.813 1.952 (1.000) (2.501)

RH I C8A2 I C8B2 I C8C2

I
Mean

% I x I 1lJ I x I 1lJ I x I 1lJ 1lJ

50 0.087 0.045 0.067 0.041 0.067 0.052 0.046
60 0.133 0.069 0.100 0.061 0.107 0.082 0.071
65 0.160 0.082 0.120 0.073 0.120 0.093 0.083
70 0.187 0.097 0.140 0.086 0.147 0.114 0.099
75 0.207 0.107 0.167 0.102 0.173 0.135 0.115
80 0.233 0.120 0.207 0.126 0.220 0.170 0.139
84 0.253 0.131 0.260 0.158 0.267 0.207 0.165
86 0.267 0.138 0.287 0.175 0.300 0.233 0.182
88 0.287 0.148 0.333 0.203 0.333 0.259 0.203
90 0.313 0.162 0.387 0.236 0.380 0.295 0.231
91 0.340 0.176 0.420 0.256 0.407 0.316 0.249
92 0.360 0.185 0.460 0.280 0.453 0.352 0.288
93 0.393 0.203 0.507 0.309 0.500 0.388 0.329
94 0.453 0.234 0.573 0.349 0.567 0.440 0.389
95 0.587 0.303 0.667 0.407 0.673 0.523 0.448
96 (1.000) (0.777) 0.812
97 1.213
98 (1.666)
98.5 (2.227)
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APPENDIX C(5)
cement mortar w jc 0.4o

RH I M4A1 I M4B1 I M4C1

% I x I 1JJ I x I 1JJ I x I 1JJ

50 0.140 0.018 0.133 0.018 0.107 0.023
60 0.260 0.034 0.247 0.034 0.207 0.045
65 0.360 0.046 0.313 0.043 0.260 0.057
70 0.460 0.059 0.400 0.055 0.320 0.070
75 0.560 0.072 0.507 0.070 0.447 0.097
80 0.653 0.084 0.620 0.086 0.573 0.125
84 0.733 0.095 0.720 0.099 0.673 0.147
86 0.773 0.107 0.727 0.158
88 (0.827) (0.114) (0.773) (0.169)
90 (0.880) (0.121) (0.827) (0.180)
91 (0.900) (0.124) (0.853) (0.186)
92 (0.927) (0.128) (0.880) (0.192)
93 (0.953) (0.132) (0.913) (0.199)
94 (0.980) (0.135) (0.940) (0.205)
95 (0.973) (0.212)
96
97

RH I M4A2 I M4B2 I M4C2 I Mean

% I x I 1JJ I x I 1JJ I x I 1JJ I 1JJ

50 0.180 0.022 0.180 0.026 0.133 0.029 0.023
60 0.307 0.037 0.293 0.043 0.207 0.045 0.040
65 0.367 0.044 0.347 0.050 0.273 0.060 0.050
70 0.433 0.052 0.433 0.063 0.373 0.081 0.063
75 0.540 0.065 0.540 0.078 0.487 0.106 0.081
80 0.660 0.079 0.647 0.094 0.620 0.135 0.101
84 0.760 0.091 0.727 0.105 0.740 0.161 0.116
86 (0.800) (0.096) 0.767 0.111 0.800 0.174 0.129
88 (0.847) (0.102) 0.813 0.118 (0.860) (0.187) (0.138)
90 (0.900) (0.108) 0.853 0.124 (0.920) (0.201) (0.147)
91 (0.920) (0.110) (0.873) (0.127) (0.947) (0.206) (0.151)
92 (0.947) (0.114) (0.893) (0.130) (0.980) (0.~14) (0.156)
93 (0.973) (0.117) (0.920) (0.133) (0.145)
94 (1.000) (0.120) (0.933) (0.135) (0.149)
95 (0.960) (0.139) (0.176)
96 (0.980) (0.142)
97 (1.000) (0.145)
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APPENDIX C(6)
Cement mortar wo/C 0.5

RH I M5A1 I M5B1 I M5C1

% I x I 1JJ I x I 1JJ I x I 1JJ

50 0.100 0.026 0.060 0.024 0.087 0.037
60 0.160 0.041 0.093 0.038 0.147 0.063
65 0.187 0.048 0.107 0.043 0.180 0.078
70 0.233 0.060 0.153 0.062 0.213 0.092
75 0.287 0.074 0.220 0.089 0.253 0.109
80 0.353 0.091 0.287 0.116 0.313 0.135
84 0.420 0.108 0.367 0.149 0.393 0.169
86 0.460 0.119 0.413 0.167 0.447 0.193
88 0.507 0.131 0.467 0.189 0.493 0.212
90 0.567 0.146 0.527 0.213
91 (0.157) 0.553 0.224
92 (0.168) 0.587 0.238
93 (0.182) 0.620 0.251
94 ·(0.198) 0.653 0.264
95 (0.213)
96 (0.234)
97 (0.258)

RH I M5A2 I M5B2 I M5C2 I Mean

% I x I 1JJ I x I 1JJ I x I 1JJ f 1JJ

50 0.140 0.033 0.067 0.023 0.087 0.033 0.029
60 0.220 0.053 0.107 0.037 0.167 0.063 0.049

I65 0.260 0.062 0.147 0.051 0.207 0.078 0.060
70 0.307 0.073 0.213 0.074 0.247 0.094 0.076
75 0.373 0.089 0.280 0.097 0.307 0.116 0.096

I
80 0.480 0.115 0.360 0.125 0.413 0.157 0.123
84 0.580 0.139 0.447 0.156 0.513 0.194 0.153
86 0.640 0.153 0.507 0.176 0.573 0.217 0.171 I
88 0.713 0.170 0.580 0.202 0.633 0.240 0.191 ,
90 0.693 0.263 0.207

I
91 0.727 0.276 0.219
92 0.767 0.291 0.233
93 (0.217)
94 (0.231)
95 (0.213)
96 (0.234)
97 (0.258)
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APPENDIX C(7)
Cement mortar wo/C 0.6

RH I M6A1 I M6B1 I M6C1

% I x I l/J I x I l/J I x I l/J

50 (0.060) 0.040 0.036
60 (0.093) 0.067 0.061
65 (0.113) 0.080 0.073
70 (0.127) 0.107 0.097
75 (0.147) 0.140 0.1'27
80 (0.167) 0.187 0.170
84 (0.180) 0.240 0.218
86 (0.187) 0.147 0.090 0.280 0.254
88 (0.193) 0.180 0.110 0.333 0.302
90 ' 0.220 0.114 0.227 0.138 0.400 0.363
92 0.240 0.124 0.253 0.154 0.433 0.393
93 0.273 0.141 0.287 0.175 0.473 0.429
94 0.320 0.165 0.333 0.203 0.520 0.472
95 0.373 0.193 0.393 0.240 0.567 0.515
96 0.453 0.234 0.467 0.285 0.647 0.587
97 0.593 0.307 0.587 0.358
97.6 (0.800) (0.414) 0.767 0.468

(1.000) (0.517)

RH I M6A2 I M6B2 I M6C2

I
Mean

% I x I l/J I x I l/J I x I l/J l/J

50 0.087 0.034 0.060 0.038 0.073 0.052 0.040
60 0.140 0.054 0.093 0.059 0.140 0.100 0.069
65 0.167 0.065 0.107 0.068 0.180 0.128 0.084
70 0.207 0.080 0.140 0.089 0.227 0.162 0.107
75 0.267 0.103 0.187 0.119 0.273 0.195 0.136
80 0.340 0.132 0.260 0.166 0.340 0.242 0.178
84 0.407 0.158 0.333 0.212 0.400 0.285 0.218
86 0.440 0.170 0.380 0.242 0.433 0.309 0.213
88 0.487 0.188 0.447 0.285 0.473 0.337 0.244
90 0.533 0.206 0.533 0.340 0.520 0.371 0.255
91 0.560 0.217 0.587 0.375 0.547 0.390 0.276
92 0.593 0.229 0.647 0.413 0.580 0.414 0.300
93 0.633 0.245 0.707 0.451 0.620 0.442 0.330
94 0.673 0.260 0.773 0.493 0.680 0.485 0.364
95 0.853 0.544 0.767 0.547 0.413
96
97
97.6
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APPENDIX C(8)
Cement mortar wo/C 0.7

RH I M7A1 I M7B1 I M7C1

% I x I ljJ I x I ljJ I x I ljJ

50
60
65
70
75
80 0.147 0.190
84 0.200 0.259
86 0.233 0.302
88 0.213 0.153 0.160 0.148 0.273 0.353
90 0.260 0.187 0.187 0.174 0.327 0.423
91 0.293 0.210 0.213 0.198 0.360 0.466
92 0.333 0.239 0.240 0.223 0.393 0.509
93 0.393 0.282 0.287 0.266 0.440 0.569
94 0.480 0.345 0.333 0.309 0.493 0.638
95 0.393 0.365 0.567 0.734
96 0.487 0.452 0.687 0.889
97 0.633 0.587 (0.800) (1.035)
98 (1.000) (0.928) (1.000) (1.294)

RH I M7A2 I M7B2 I M7C2 I Mean

% I x I ljJ I x I ljJ I x I ljJ I ljJ

50 0.087 0.056 0.040 0.028 0.053 0.055 0.046
60 0.140 0.090 0.067 0.047 0.093 0.096 0.078
65 0.167 0.108 0.080 0.056 0.113 0.117 0.094
70 0.193 0.125 0.093 0.065 0.140 0.145 0.112
75 0.213 0.138 0.140 0.097 0.173 0.179 0.138
80 0.247 0.160 0.207 0.144 0.213 0.220 0.179
84 0.293 0.189 0.267 0.186 0.253 0.262 0.224
86 0.333 0.215 0.307 0.213 0.287 0.297 0.257
88 0.387 0.250 0.340 0.236 0.333 0.345 0.248
90 0.447 0.289 0.380 0.364 0.387 0.401 0.290
91 0.487 0.315 0.407 0.283 0.420 0.435 0.318
92 0.533 0.344 0.440 0.306 0.473 0.490 0.352
93 0.587 0.379 0.480 0.334 0.533 0.552 0.397
94 0.653 0.442 0.533 0.370 0.633 0.655 0.460
95 0.600 0.417 0.505
96 0.693 0.482 0.608
97 0.827 0.575 0.732
98 (1.111)
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APPENDIX C(9)
Cement mortar wo/C 0.8

RH I M8A1 I M8B1 I M8C1

% I x I 1/J I x I 1/J I x I 1/J

50 (0.040)
60 (0.060)
65 (0.073)
70 (0.080)
75 (0.093)
80 0.113 0.200
84 0.140 0.248
86 0.160 0.283
88 0.193 0.342
90 0.147 0.240 0.425
91 0.153 0.267 0.473
92 0.160 0.307 0.543
93 0.173 0.360 0.637
94 0.193 0.207 0.420 0.743
95 0.280 0.253 0.513 0.908
96 0.393 0.340 0.700 1.239
97 0.560 0.467
98 0.813 0.660
98.5 (1.000)

RH I M8A2 I M8B2 I M8C2

I

Mean

% I x I 1/J I x I 1/J I x I 1/J 1/J

50 0.087 0.067 0.080 0.086 0.077
60 0.147 0.114 0.127 0.137 0.126
65 0.173 0.134 0.147 0.159 0.147
70 0.200 0.155 0.167 0.180 0.168
75 0.227 0.175 0.193 0.208 0.192
80 0.247 0.191 0.227 0.245 0.212
84 0.280 0.216 0.260 0.281 0.248
86 0.300 0.232 0.293 0.316 0.277
88 0.327 0.253 0.333 0.360 0.318
90 0.373 0.288 0.393 0.424 0.379
91 0.413 0.319 0.433 0.468 0.420
92 0.460 0.356 0.480 0.518 0.472
93 0.527 0.407 0.540 0.583 0.542
94 0.613 0.474 0.613 0.662 0.626
95 0.747 0.577 0.707 0.764 0.750
96 0.820 0.886 1.063
97
98
98.5
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APPENDIX C(10)
Cement paste wo/C 0.5

RH I P5A1 I P5B1 I P5C1

% I x I ljJ I x I ljJ I x I lp

50 0.160 0.162 0.153 0.173 0.147 0.216
60 0.247 0.250 0.227 0.257 0.233 0.342
65 0.300 0.304 0.267 0.302 0.273 0.400
70 0.347 0.352 0.300 0.339 0.327 0.479
75 0.393 0.399 0.340 0.384 0.427 0.626
80 0.467 0.474 0.407 0.460 0.540 0.792
84 0.553 0.561 0.507 0.573 0.627 0.919
86 0.600 0.608 0.567 0.641 0.673 0.987
88 0.653 0.662 0.633 0.715
90 0.707 0.717 0.700 0.791
91 0.740 0.750 0.733 0.828
92 (0.773) (0.784) (0.773) (0.873)
93 (0.807) (0.818) (0.813) (0.919)
94 (0.847) (0.859) (0.853) (0.964)
95 (0.887) (0.899) (0.900) (1.017)
96 (0.940) (0.953) (0.953) (1.077)
97 (1.000) (1.014) (1.000) (1.130)

RH P5A2 P5B2 P5C2 I Mean

% x ljJ x ljJ x ljJ l ljJ

50 0.193 0.149 0.167 0.203 0.167 0.230 0.188
60 0.280 0.216 0.267 0.325 0.233 0.322 0.285
65 0.320 0.247 0.320 0.390 0.273 0.377 0.337
70 0.367 0.284 0.367 0.447 0.320 0.442 0.391
75 0.480 0.371 0.420 0.512 0.373 0.515 0.468
80 0.480 0.585 0.440 0.607 0.584
84 0.540 0.658 0.678
86 0.573 0.698 0.734
88 0.620 0.755 0.711
90 0.687 0.837 0.782
91 0.727 0.885 0.821
92 0.773 0.942 (0.866)
93 0.833 1.015 (0.917)
94 (0.912)
95 (0.958)
96 (1.015)
97 (1.072)
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APPENDIX C(ll)
Cementpaste wo/C 0.6

RH I P6A1 I P6B1 I P6C1

% I x I 1/J I X I 1/J I X I 1/J

50 0.133 0.206 0.140 0.248 0.113 0.244
60 0.213 0.330 0.227 0.402 0.187 0.403
65 0.247 0.382 0.273 0.483 0.220 0.474
70 0.287 0.444 0.320 0.566 0.267 0.576
75 0.347 0.537 0.380 0.673 0.313 0.675
80 0.420 0.650 0.453 0.802 0.380 0.819
84 0.493 0.763 0.533 0.943 0.447 0.964
86 0.540 0.836 0.593 1.050 0.493 1.063
88 0.593 0.918 0.660 1.168 0.540 1.164
90 . 0.660 1.022 0.733 1.297 (0.600) (1.294)
91 0.693 1.073 0.773 1.368 (0.633) (1.365)
92 (0.733) (1.135) 0.813 1.439 (0.667) (1.438)
93 (0.773) (1.197) (0.713) (1.537)
94 (0.820) (1.269) (0.767) (1.654)
95 (0.867) (1.342) (0.820) (1.768)
96 (0.913) (1.413) (0.880) (1.897)
97 (0.967) (1.497) (0.947) (2.042)
97.6 (1.000) (1.548) (1.000) (2.156)

RH I P6A2 I P6B2 I P6C2

I
Mean

% I X I 1/J I X I 1/J I X I 1/J 1/J

50 0.147 0.222 0.107 0.242 0.120 0.311 0.246
60 0.227 0.343 0.173 0.391 0.193 0.499 0.395
65 0.273 0.412 0.200 0.453 0.227 0.587 0.465
70 0.313 0.473 0.233 0.527 0.260 0.673 0.543
75 0.367 0.554 0.267 0.604 0.300 0.776 0.637
80 0.433 0.654 0.307 0.695 0.347 0.898 0.753
84 0.500 0.755 0.353 0.799 0.400 1.035 0.877
86 0.547 0.826 0.393 0.889 0.433 1.121 0.964
88 0.600 0.906 0.433 0.980 0.473 1.224 1. 0~60
90 0.667 1.007 0.480 1.086 0.520 1.346 1.175
91 0.707 1.068 0.513 1.161 0.553 1.431 1.244
92 0.747 1.128 0.553 1.251 0.587 1.519 1.318
93 0.793 1.197 0.600 1.358 0.633 1.638 1.385
94 (0.840) (1.268) 0.667 1.509 0.700 1.812 (1.502)
95 (0.887) (1.339) 0.733 1.659 0.773 2.001 (1.622)
96 (0.940) (1.419) 0.833 1.885 0.880 2.277 (1.778)
97 (1.000) (1.510) (0.927) (2.098) (1.000) (2.588) (1.947)
97.6 (1.000) (2.263) (1.989)
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APPENDIX D

The fundamental flow potential graphical
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In this APPENDIX the fundamental flow potentials are graphical­

ly shown as functions of the relative humidity. The mean, maxi­

mum and minimum fundamental flow potentials for specimens of

the same quality are shown. The mean fundamental flow potential

is the average for up to 6 specimens. The maximum fundamental
flow potential is the highest measured curve for up to 6

specimens. The minimum fundamental flow potential is the lowest

measured fundamental flow potential for up to 6 specimens.
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APPENDIX E

Composite models of moisture transport in concrete
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Hillerborg (1986) has proposed a simple composite model,

which is given by Eq. (E.1).

ö = the moisture permeability of the composite

öl the moisture permeability of component 1

ö2 = the moisture permeability of component 2

V1 = the volume content of component 1 0<V1<1

n = a constant that depends on the ratio ö1/ö2 ,

where öl is for the particle phase and

ö2 is for the continuous phase

( E.1 )

(m2/s)

(m2/s)
2(m Is)

( 1 )

In concrete the cement paste is the continuous phase and the

aggregate is the particle phase. Eq.(E.1) can also be used to

calculate the coefficient of thermal conductivity or the

modulus of elasticity of a composite material.

When a composite material consists of more than two phases you

can first calculate ö for two phases. Then you can take this ö

and combine with the third phase and so on. The procedure is

shown later on.

When n=l the model is the parallel model and with n=-l it is

the serial model. Normally n lies between -0.5 and +0.5.

Hillerborg proposes n-values and they are shown in FIG E.1 as a

function of log ö1/ö2 . Hillerborg's proposed values are marked

with +. The continuous lines are used in the calculations

later on.
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FIG E.1 The values of n as a function of log 61/62.

E.1 Moisture permeability of the aggregate including the

interface zone

The moisture permeability is measured for concrete and cement

paste with w le 0.6 as a function of the relative humidityo
(RH). With Eq. (E.1) it is possible to calculate the moisture

permeability of the "aggregaten. The moisture permeability of

the aggregate is not only of the aggregate but it also includes

the moisture permeability of the contact zone between the

aggregate and the cement paste. The volume fraction of

aggregate in our case is 0.68 (V1 ). The moisture permeability

for the cement paste is taken from FIG 9.2 and FIG 9.4. The

moisture permeability for the concrete is taken from TABLE 7.1

the seventh column (up to 95 % RH) and TABLE 7.2 the fourth

column (from 95 % RH). The calculations of the moisture

permeabilities of the naggregate n are shown in TABLE E.1.
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TABLE E.1 Calulation of the moisture permeabilities of the

Ilaggregate ll
•

RH Paste Concrete n Aggregate Aggregate

% o * 10
6 o * 10 6

o * 10
6

°v/ov (33)
v 2 v

(m
2
/s)

v 2
(m Is) (-) (m Is) (-)

1 I 2 I 3 I 4 I 5 I 6

33 1.0 0.17 0.29 0.046 1

65 1.0 0.17 0.29 0.046 1

70 1.0 0.19 0.28 0.059 1.28

75 1.41 0.27 0.27 0.086 1.87

80 1.83 0.38 0.26 0.13 2.8

84 2.44 0.57 0.25 0.23 5.0

86 2.77 0.73 0.24 0.32 7.0

88 3.42 0.98 0.22 0.47 10.2

90 4.3 1.5 0.20 0.84 18.3

91 4.7 1.9 0.18 1.17 25.4

92 5.7 2.4 0.17 1.5 33

93 6.4 3.2 0.13 2.3 50

94 7 4.8 0.09 4 87

95 8.5 7.5 0.06 7 152

96 10 8.5 0.04 8 172

97 13.5 14 -0.03 14 309

97.6 16.8 22.5 -0.09 26 563

In column 4 the chosen values of n are according to FIG 5.1. In

column 5 the calculated 0v are of the "aggregatelI. When

comparing columns 2 and 5 it is seen that at low RH:s ° of thev
"aggregatelI is much lower than 0v of the cement paste (about 5

%). At saturation (97.6 % RH) o of the "aggregate" is in thev
same magnitude as 0v of the cement paste. This means that the

Il aggregate Il is as permeable as the cement paste. In column 6 is

the quotient between the actual o and o at 33 % RH of thev v
Ilaggregatell. At saturation the quotient is about 600.
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E.2 A model for the moisture permeability of concrete

The solid aggregate is considered to be impermeable and all

moisture transport in connection with the aggregate takes place

in the contact zone between the aggregate and the cement paste.

One aggregate grain with its boundary zone is shown in FIG E.2.

d =0.035 m

d

contact zone

FIG E.2 A cubical aggregate with its contact zone.

All the aggregates are assumed cubic. In FIG 12.4 the porosity

and thickness of the interfacial zone for a 10-week-old

specimen with wo/C 0.5 are shown. The same values of the

porosity and the thickness are assumed for wo/C 0.6. The

average porosity is 17 %. All the different sizes of aggregates

are supposed to have the same thickness of the interfacial zone

(d=O.035 mm.). The moisture flow in the interfacial zone is

considered as unidimensional and takes place on 4 sides of the

6 sides of the aggregate (4/6 in Eq. (E.2». There are pores in

the contact zone and only 1/3 of them are considered to be in

the flow direction. (1/3 in Eq. (E.2». The other 2/3 of the

pores in the contact zone are considered to be in the

perpendicular directions. In TABLE E.2 the calculated

properties of the "aggregaten are shown.
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TABLE E.2 Calculated properties of the "aggregate".

% Porosity Aggregate

mater. in the

Sieve pass. ~M weight flow P ° *
Volume Fractv

size each direct. 10 6 fract. nurnbe r

mm • sieve % kg/m
3 (P) - m

2
/s -

(M) -

1 I 2 I 3 I 4 I 5 I 6 I 7 I 8 I 9

4
0.125 4 0.0278

11 109 0.0238 0.595 0.0411 1
0.25 15 0.0198

17 168 0.0161 0.403 0.0634 2
0.5 32 0.0123

20 198 0.00962 0.241 0.0747 3
1 52 0.00694

20 198 0.00532 0.133 0.0747 4
2 72 0.00370

15 149 0.00281 0.0703 0.0562 5
4 87 0.00192

13 129 0.00145 0.0363 0.0487 6
8 100 0.00098

8 O 0.00098
50 405 0.00081 0.0204 0.1528 7

12 ===50 0.00065
50 405 0.00055 0.0136 0.1528 8

18 100 0.00044

The porosity in the flow direction is calculated as

p = (sieve size+2d)3_(sieve size)3

(sieve size+2d)2
4/6 * 0.17 * 1/3 ( E. 2))

The moisture permeability of the aggregate is calculated with

the paralIeI model

0v = ~P * 0v(contact zone)
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The moisture permeability in the interfacial zone at low RH is

the same as in air (25 * 10-6 ). From 70 % RH the calculated 6v
at 33 % RH is increased with the factor given in TABLE E.1

column 6. This is done because at higher RH:s there are also

other transport mechanisms than pure diffusion.

The moisture permeability of the concrete is calculated with

Eq.(E.1). First the resulting Öv of the cement pa~te and

fraction number 1 is calculated. With this Öv and Öv of

fraction 2 the resulting Öv is calculated and so on. The

results of the calculations are shown in TABLE E.3.

TABLE E.3 IITheoretical ll moisture permeability of concrete

with wo/C 0.6.

V1 Öv * 10
6

(m2/s)

Fract. in

number eq. RH (% )

(E.1 ) 65 I 80 l 86 90 93 95

C-past 1.0 1.83 2.77 4.3 6.4 8.5

1 0.109 0.946 1.811 2.895 4.737 7.374 10.40

2 0.144 0.840 1.692 2.884 5.046 8.455 12.95

3 0.145 0.711 1.492 2.683 4.949 8.899 14.93

4 0.127 0.591 1.275 2.369 4.539 8.579 15.52

5 0.087 0.509 1.113 2.106 4.109 7.975 15.03

6 0.070 0.444 0.980 1.874 3.695 7.285 14.08

7 0.180 0.301 0.675 1.319 2.662 5.423 11.07

8 0.153 0.22 0.49 0.98 2.0 4.2 8.9

The model used in the calculations is very simple, but it gives

a qualitative understanding. At low RH, below about 80 %, all

fractions of aggregate decrease the moisture permeability. When

RH is over about 80 % the smallest aggregates (the contact

zone) are more permeable than the cement paste. The higher RH

is, the more permeable the aggregates are.
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In FIG E.3 the measured moisture permeabilities of cement paste

and concrete with wo/C 0.6 are shown. The "theoretical" Öv
according to TABLE E.3 is also shown.

9080

Concrete theoretical

Cement poste

Concrete

70

5

I
I

,!
'II.
'II.
I/
I.

f!
'/I.

/~
I·
~/ .

..-/.~

- - - ra--=-.....=-::::-.-::;:..::::: :-~0-+-----..,------,----r-------,-----1......
60

10

FIG E.3 Moisture permeabilities of concrete and cement paste

as functions of the relative humidity. Measured and

theoretical curves. wo/C 0.6.

In FIG E.3 it is shown that Öv of cement paste at low RH is

about 5 times bigger than ö of concrete. About 95 % RH Ö ofv v
concrete and cement paste are the same. The theoretical ö ofv
concrete closely follows the measured curve. The theoretical öv
is not purely "theoretical" since the quotients in column 6 in

TABLE E.l are used as input data in the calculation of ö and
v

the quotients are calculated from measured Öv of concrete and

cement paste.
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E.3 Effect of different amounts 'of air in the concrete

In section E.2 it was assumed that the moisture permeability of

the aggregate is proportional to the average porosity of the

interfacial zone. In normal concrete the air content is about 2

%, which is the same as 6.25 % air content of the cement paste.

This amount of air will probably influence the interfacial zone

equally. The average porosity of the interfacial zone is 17 %.

If it is assumed that 6.25 % of this porosity depends on the

air content, there is about 11 % porosity in the contact zone

when it has no air.

In concrete with 10 % air the air content in the cement paste
is 31 %. It is assumed that this air content is equally

distributed in the cement paste including the contact zone. The

porosity of the contact zone is then 31+11=42 %. As the
moisture permeability of the aggregate is assumed to be

proportional to the porosity in the interfacial zone, the

permeability of the aggregate is multiplied by 42/17 when

comparing 10 % air with 2 % air.

The moisture permeability of the cement paste is also

calculated with Eq. (E.1). 6v of the air is 25 * 10-6 m2/s. The

water-cement ratio of the concrete is 0.7. It is supposed that

the contact zone has the same porosity when wo/c is 0.7

compared to wo/C 0.5.

First the moisture permeability of the cement paste is

calculated when it has 6.25 % air and then with no air. Öv of

the aggregate and the cement paste with different amounts of

air are then calculated. The results are shown in TABLE E.4.
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TABLE E.4 Calculated Öv in concrete with different amounts of

air.

RH I ö * 10
6

(m
2
/s) I Increase in Öv (%)v

% lair 2%lair 6%lair 8%lair 1o%lair 6%lair 8%lair 10%

33 0.17 0.25 0.30 0.35 50 75 105

65 0.17 0.25 0.30 0.35 50 75 105

70 0.19 0.28 0.33 0.39 50 76 108

75 0.27 0.40 0.48 0.56 50 77 108

80 0.38 0.57 0.68 0.79 50 77 107

84 0.57 0.85 1.00 1.16 50 77 104

86 0.73 1.10 1.29 1.49 50 76 104

88 0.98 1.47 1.72 1.99 50 76 104

90 1.51, 2.3 2.7 3.1 50 76 103

92 2.4 3.6 4.2 4.9 50 76 101

94 4.8 7.3 8.5 9.7 51 76 102

96 9.5 14.1 16.5 18.4 49 71 94

97 17.5 25.5 29 32 45 65 84

97.6 28.5 42 46 51 43 61 80

98 37.5 53 60 65 42 59 75

In TABLE E.4 it is shown that Öv increases about 25 % when the

air content of the concrete increases 2 %. At high RH (about 96

to 98 %) the increases in Öv are not so big as for lower RH.

ö~ean,l as a function of the air content in the concrete is

calculated with Öv according to TABLE E.4 and the results are

shown in FIG 7.11. The results of the calculations are adjusted

to coincide with the linear regression line at 2 % air content

of the eonerete.
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APPENDIX F

A complete set of moisture data for concrete with different
water-cement ratios
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The moisture data presented in this Appendix are for the con­
crete qualities shown in TABLE 3.1.

The moisture data are for concrete with about 0.1 m thickness
in the flow direction and drying from one side. For other
dimensions, see Chapter 10.

Note; different scales in the figures.

öv = moisture permeability with regard to humidity by volume in
the pores of the specimen

RH relative humidity

w evaporable moisture content mass by volumee

~ fundamental flow potential

moisture capacity factor; (C (~)
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