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PREFACE

The work presented in this report is part of a major research project at the
Building Materials Laboratory, Technical University of Denmark, on quantification
of the pore structure in porous building materials, and the influence of pores on
the mechanical and physical properties of such materials.

Moisture induced deformation of porous materials is a phenomenon of special
interest in this project. A residual load is formed by a pore geometry which at the
same time forms the materials stiffness. Aspects of this direct coupling between
geometry, load, and response are considered in this report:

A method is developed by which pore size distributions and distributions of
moisture and induced stresses in a porous material can be predicted from its
(experimentally measured) capacity to attract moisture. The stress results obtained
are combined with composite theory to predict deformations caused by moisture
attraction (shrinkage/swelling) of the porous material considered. The practical
applicability of the metods developed are demonstrated on pulp and cellular
concrete materials.

The methods presented have been computerized. Software is available on special
request.







ABSTRACT

Moisture is attracted by the pore system in porous materials. Attraction is
associated with internal forces on the solid structure which responds by defor-
mation according to its stiffness and geometrical complexity. The paper deals with
this phenomenon such that shrinkage/swelling of porous materials can be predicted
from a relatively few number of sorption experiments. Two auxiliary "tools" have
been developed to obtain this result: A very efficient sorption fit method is
presented by which the basic thermodynamical pore parameters (BET-parameters)
can easily be deduced. A consistent pore size analysis is presented where
distributions of pore volume; pore surface, and moisture content are considered
simultaneously. Realiability of the methods developed are studied in a special
section. Examples are given on pulp and cellular concrete in damp atmosphere.

The methods presented have been computerized. Software is available on special
request.
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to apply very well as a sorption description at vapour pressures less than approxi-
mately 10 %.

Unfortunately a sorption description can not be "tied up" physically at the other
end of the vapour pressure scale where a relative vapour pressure of 100 % is
approached. Today no relation exists between amount of capillary liquid and
vapour pressure. Thus, as pressure increases we must presently accept that a
description of total sqrption in porous materials becomes more and more a
question of mathematical fitting at higher vapour pressures. The process of fitting,
however, may reveal information needed in future research on pore structures’

total moisture condensing capacity. Fit parameters might be given a geometri-
cal/physical meaning.

1.2 Steps of analysis

Three aspects of sorption in porous materials are considered. They are:

- A generalized BET-relation is presented by which data from total sorption
tests on porous materials can be fitted very accurately. A modified BET-relation
is included as a special plane surface version of the generalized BET-expression
which considers adsorption at any vapour pressure (T-graph).

- A method is presented by which the generalized BET-description is utilized
to predict pore volume distribution, pore surface distribution as well as distribution
of moisture content in porous materials. Appropriate physical relations on moisture
condensation are presented and adapted for this purpose.

- Moisture attraction is associated with _internal forces on the solid structure:in

a porous material which responds by deformation (shrinkage or swelling)
according to its stiffness and geometrical complexity. A method is presented which
quantifies this phenomenon from the pore size analysis just explained such that
moisture induced deformation of porous materials practically can be predicted
directly from sorption data of the material.

- Moisture induced deformation may disturb the immidiate interpretation of a

pore size analysis of soft matefials. Pore expansion may produce volume enough~
to contain moisture not directly accounted for by the method of analysis. This
phenomenon is considered in a special section at the end of the paper where the
influence of materials stiffness on prediction of pore size distribution and
shrinkage is discussed in more details.
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1. INTRODUCTION

Information on pore size distribution is very important for any study of the
mechanical and physical behavior of porous materials. Unfortunately pores are not
very accessible for direct measurements. Indirect methods have to be used which
involve impregnation experiments from which pressure and weight data are "trans-
lated" to pore dimensions by known physical relationships.

One important experiment of this kind is a so-called sorption test which considers
the ability of a porous material to-impregnate itself by liquefying an ambient gas
atmosphere. The results of a sorption test are frequently presented in a sorption
graph where weight at equilibrium of condensed gas (u [kg/kg solid]) is plotted
against relative vapour pressure (@).

The scopes of this paper are implicitly indicated by these introductory remarks: A
method is developed by which pore size distributions and distribution of moisture
‘induced stresses .in a porous material can be predicted from its (experimentally
measured) capacity to attract moisture. The stress results obtained are then
combined with composite theory to predict deformations caused by moisture
-attraction (shrinkage/swelling) of the porous material considered. Pores considered
are those accessible for molecules of the gas used in experiments.

Some general remarks and further background information on the analysis made
are presented below.

1.1 Background

Two mechanisms-are responsible for sorption.and moisture induced deformations

in porous materials: The adsorption mechanism where gas molecules liquefy on
a solid surface as a result of surface force attraction - and the mechanism of

capillary condensation where liquefaction is made possible by surface tension in
curved vapour-liquid interfaces.

The adsorption mechanism acts at any vapour pressure. The capillary mechanism
acts only as long as the tensile stress produced does not approach the strength of
~~the-liquid.-Practically -this-means that no-capillary -condensation appears-at low -
vapour pressures. (The hydraulic tensile strength of water (~ 120 MPa) is violated
at a relative vapour pressure of approximately 40 %).

The phenomenon of adsorption has been studied by Brunauer, Emmett and Teller
(1) who developed an expression - the so-called BET-equation - which relates
amount of adsorbed liquid on a plane surface to vapour pressures less than
approximately 50%. For porous materials the BET-equation is generally accepted
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1.3 Systems considered - non-broken or granular

Coherent porous materials are considered with structure defined in a dry
(reference) state. Van der Waals forces attraction between opposite faces in small
pores are counterbalanced by

compressive solid stresses with no

— | GBANULE harm done to the structure. The van

ASPECT RATIO:A=1/D der Waals stress-strain state of the

) GRAN:JZLA? p?ROS'TY: material is considered as a "residual
er part" of the dry material (with influ-

' ence on stiffness, strength, poros-

P ity ao.). Van der Waals forces are so

—= strong between surfaces of distances

< 2 nm that it is realistic to assume
'Figure 1. Aspect ratio of granule and  that pores cannot open up signifi-
porosity in granular system. cantly by moisture intrusion. On the
‘other hand it is also realistic to think that porous materials created in wet

conditions will change (narrow) its pore structure by van der Waals forces during
drying to the reference state. ‘

In the analysis systems considered are the systems exactly as they have been used
experimentally to obtain sorption data. If a complete piece of the porous material
considered is tested, then the results apply directly to this system. If granulation
has been used to speed up sorption tests, then the results obtained refer to the
granular made-of the orlgmal porous ‘material. Volume distribution, for example,

ular-which is the sum of pores in granules

(of orlgmal materlal) and pores between granules.

Thus, unless otherwise indicated porosity ¢ means total porosity as expressed by
Equation 1,

=1-(0-¢e -c) (1)

where ¢, for a moment means porosity of the original non-broken porous material.——

Porosity of granular system is denoted by e which can be estimated as indicated
in Figure 1 which is based on information presented by the author in (2,eq.8).

Remark: Subscript "o" in Equation 1 is used only temporarily to distinguish one
porosity from the other. In other sections, except Section 7.1.1, we do not use this
subscript as the specific meaning of porosity is evident from the associated text.
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In Section 7.1.1 ¢, is temporarily introduced to deduce shrinkage of the "non-bro-
ken" (original) material from shrinkage of a granular test material.

1.4 Notations - readers guidance

A number of symbols are used in the analysis. They are summarized and briefly
-explained in the list of notations presented in Section 10. The terms "radius" and
"vapour pressure" are used in the meaning "hydraulic radius" and "relative vapour
pressure" respectively unless otherwise indicated.

Non-dimensional quantities are widely used in the analysis. As an example pore
radius most often appears as radius divided by diameter of moisture molecule.
Usually symbols are only explained at their first appearance in the text. Frequent
consultations with the list of symbols are therefor recommended. This would also
make reading easier of sections which have been written for fellow-workers mainly
in the major research project previously referred (Preface Section).

The terms "shrinkage" and "swelling" are used at random. They cover similar
physical phenomenons. Shrinkage is strain caused by drying. Swelling is strain
caused by wetting. Whenever the terms appear the specific meaning is obvious
from text and figures.

12




2. ADSORBED MOISTURE

2.1 Moisture content

- The amount of liquid u being adsorbed on a plane surface exposed to gas at a
- relative vapour pressure, ¢, is given by the BET-equation (1) reproduced in

Equation 2 where uyy and C are physical constants applying to the solid/gas
system considered.

Ups = Cotint adsorbed moisture
1 -a +[C-11¢) Q)
N = Pans Co number of molecule layers
Uy @ -0)1 + [C - 1]9)

~.. The symbol uyy, denotes weight of liquid when the surface is covered with a com-

plete uni-molecular layer. The so-called BET-surface Sy is related to this quantity
as presented in Equation 3 where d, is specific density of liquefied gas and D is
molecule diameter. Heat properties of the system are considered by the energy
~ factor C also presented in Equation 3 where adsorption heat of the first layer and
" of the next layers are denoted by W, and W, [J/Mol] respectively. T is absolute
temperature and R is gas constant.

u
Sper B with Dd, ~ 3 %107 kg/m? (water)
3)

[ hy r4 TAL ]
144

Czexpl"A L

Graphical representations of the BET-relation are shown in Figures 2 and 3. The
following special features apply. The vapour pressure at which a complete
monolyer is created is denoted by ¢,,.

N=1 a ¢ =4, = ! ; (mono layer)

1+C )
N->2 a ¢=_;_ when C - o ; (N = 1.96 already at C = 50)

13
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Nw‘/a_2+2(1+‘/6)¢ |
yC VC

1 N -1
b~ 1+ 22— ~/C
1+J5[ 5 ]

around ¢ = ¢,, ®)

Remarks: The BET-equation is, as previously indicated, developed considering
a plane surface of a homogeneous solid. Forces of gravity are ignored and it is

assumed that heat of condensation does not vary from the second to higher
molecule layers. :

It is important to recognize these assumptions when BET-parameters (C, uyy =
Spep) are interpreted as they are deduced from tests on porous materials. Such
. materials are very often composites with several components - and they have pores
which are not accessible for molecules of gas used in test method. Thus, in most -
practice experimentally obtained BET-parameters must be considered as fit-
parameters quantifying some average behaviour of the pore system considered. For
example, the BET-surface obtained is a geometrical quantity which depends on
how it is measured, and also to some unknown degree on materials composition.

These remarks are made only to emphasize that BET-parameters deduced from
tests on porous materials should not be explained too rigorously. One should not
be surprised (as shown in Section 5.3.1) that the BET-surface of wood increases
with decreasing temperature. This observation does not necessarily tell that real
pore surface in wood vary in this way. Future studies on the "mixture rules" of

BET-parameters of porous composite materials must give the right answer tothis

problem. (A hypothesis on a composite C-quantity is suggested in Appendix Al
at the end of the paper which might be worthwhile testing).

2.2 Modified BET-relation - T-graph

Keeping these remarks in mind we now proceed accepting the BET-relation to be

the best fit of adsorbed moisturé on free surfaces at lower vapour pressures (¢ <
~ 40 %). At higher vapour pressures the results become increasingly bad - and
quite impossible as ¢ -> 1 where N — o is predicted. This feature is illustrated in
Figure 2 where sorption data are shown from free surface tests on hardened
cement paste (3) with energy factor C ~ 50.

The present analysis is therefore based on the modified BET-equation suggested
in Equations 6 and 7 from which a finite number of molecule layers are predicted

14
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for ¢ - 1 as shown in Figures 2 and 3. The modified BET-relation includes the
original BET-relation as ¢ — 0. The symbols C and uyy, therefor have the
* meanings previously explained. The modified BET-relation is the plane surface
version of a more general method developed by the author in (4,5) to describe
~ total sorption in porous materials (subsequently explained in Section 5).

The h; function in Equation 7 is suggested by the author assuming, per hypothesis,
that N = N(¢,Ny.4x) With Nyx as a materials property - and that predicted results
by Equation 6 should relate to the original BET-relation with trends observed from
experiments such as in (3). (For future research another hy formulation is
suggested in Appendix A).

u Coh(9)
4
N < tas 9D N when § o1 ©
u 1 +(C -1
UNI ¢
N
1 - MAX
ng) = L= (7
1 -¢
10 10
< T—GRAPHS < T—GRAPHS
! Watx ’ N :’
M=,/ 5 M= /5 H
@8 : @ 8 f
W | poINTS: BET-RELATION i & | POINTS: BET-RELATION i
5 DASHED: AHLGREN :' / 5 DASHED: AHLGREN ','
5 6 ": l, ’ 3 6 ;:
& /) g //
- I/
(@] ! O /l// l'
=4 7 = 4 )
w / w 7 /
(@] / o
Va Ve
7
&2 B &2 = -
[an] L - o0 -
= =€ — = = -7
2 - ) L - ==
=z =z
0 0
0.0 0.5 1.0 0.0 8.5 1.0
RELATIVE VAPOR PRESSURE — ¢ RELATIVE VAPOR PRESSURE — ¢

and 10 with C = 50. Experimental data and 10 with C = 10. Dashed graph pre-
from (3). Dashed graph is Ahlgren’s dicted by Equation 8.
expression as modified in Equation 8.

Remark: The modified BET-relation is considered to represent the real adsorption

capacity of a free surface parallel to forces of gravity. A maximum number of
adsorbed molecules Nyux = 6-15 at ¢ = 1 is generally expected in adsorption the-

15
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Adsorbed moisture Lauge Fuglsang Nielsen

ory. However, the literature only show a very limited amount of complete sorption
tests on free surfaces.

Expressions, such as the modified BET-relation, which describe number of
molecules or moisture thickness adsorbed on a free surface are referred to as "T-
graphs" in the literature on pore size analysis. The expression presented in Equa-
tion 8 is a re-written version (monolayer vapour pressure ¢,, introduced from
‘Equation 4) of a T-graph suggested by Ahlgren in (6) and illustrated in Figure
2 and 3. It does not agree with the present author’s expectations, considered in
Equation 6, with respect to consistency between T-graphs and the basic sorption
properties (C,uyy) of the specific material considered. T-graph descriptions
subsequently referred to is therefor the one presented in Equation 6.

1/3 173
log(1/%,) _ | log(1 + ‘/5) o
foa(1/%) ] Toa(17%) =@ for ¢ > 1 ®)
AN N forbothd o> O0andd > 1
& 39log(1/h)

2.3 Stresses

A number of authors have studied the stress state of adsorbed moisture. The "film
pressure" and "disjoining pressure" ("micro pore pressure") results presented in this
section are based on well-known principles in the field of surface chemistry as
summarized in (7) for example.

2.3.1 Film pressure

An effective film pressure y (N/m) is developed in moisture being adsorbed on a
free surface. Its magnitude is given by the so-called "Gibbs-equation" developed
in (8) and presented in Equation 9. An example is illustrated in Figure 5.

”WRTDH;"WNM 9
Y = v(¢) = i i _5 dd  film pressure in adsorbed moisture )]

2.3.2 Disjoining pressure

Two parallel surfaces with adsorbed moisture are forced together such that the
distance between them is less than two times the thickness of adsorbed moisture

16
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Adsorbed moisture

ADSORBED SURFACE MOISTURE

Figure 4. Model of surfaces keeping
adsorbed moisture and micro pore
moisture.

on a free surface. The force needed to
keep the forced distance is determined
by the so-called "disjoining pressure
equation” developed in (9,10) and
presented in Equation 10. An example
of disjoining pressure prediction is
shown in Figure 6.

In subsequent sections of the paper
micro- pores are pores filled with
moisture under disjoining (hydrostatic)
pressure, see Figure 4. Distance beteen

opposite pore faces is too small for free surface adsorption.

| Disjoining pressure between surfaces of distance < 2N

RELATIVE VAPOR PRESSURE — ¢

Figure 5. Film pressure in adsorbed
water. N from Equation 6 with C = 10
and Ny,x = 6.

R 1og| 2 hen N(¢) > 1 and ¢ >
| ou = oWy = i °g¢—N when N(§) =2 1 and ¢ = ¢
0 otherwise (10)
¢, is relative vapor pressure when surface distance is just 2N
RTd, ( )

MAX(o,) = Y log\l + /C) for ¢ =1at ¢, = ¢, (mono-layer)

02 o200
~ s
£ |
Z Ly 150

> ¢

| 03]

(€]

& 0. E 100

? o

& 0)

& z

= CZ) 50 B
= 3 S

(@] \
0.0 o
0.0 0.5 1.0 [

2 3 4 5
HALF SURFACE DISTANCE — N

Figure 6. Disjoining pressures in
adsorbed water at ¢ = 1. N from Equa-
tion 6 with C = 10 and Ny,x = 6.
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3. CAPILLARY MOISTURE

3.1 Geometry and stress

The well-known Kelvin and Laplace relations (eg.11, Chap.6) describe meniscus
radius of, and moisture stress in capillary condensed moisture. For the present
purpose where pore systems are considered in general (cylindrical pores as well
as slit shaped pores, a.o.) the Kelvin—Laplacé relations can be written as shown in
Equation 11 where 6. and ¢ denote hydraulic radius of pore (cross-sectional area
divided by respective circumference) and ambient relative vapour pressure
respectively. Notice that 0, is hydraulic radius normalized with respect to molecule
diameter. A constant contact angle o (water oo = 0) between pore wall and

meniscus is normally assumed. Results of Equation 11 are illustrated in Figures 7
and 8 for water at 20°C and a = 0.

MT cosa r . di
c =~ RO 1 3 = D capillary pore radius
og o}
L C (11)
RTd, [’ cosa . .
G, = - logé ; = capillary pore tension
M D 6,
10 ; 400
. } i STRENGTH_OF WATER
= o \ i (121 MPg) IS AP-
< : o \ H PROACHED AT $=0.41
O 38 v s \ H
| ' / 300 Y
— : t S
2 f / \
: z \
N ; e \
9 : ) 200 -
= ' s \
a i i .
< 4 H L NI
Qlﬁ : 01_ N
a <C 100 \
<C O :
S = {
-7 STRENGTH_OF WATER :
- : (121 MPa) 1S AP—
- H PROACHED AT ¢=0.41 '
Ky 05 1.0 - 00 05 10
RELATIVE VAPOR PRESSURE — ¢ RELATIVE VAPOR PRESSURE — ¢

Figure 7. Meniscus radius of capillary Figure 8. Tension in capillary con-
water condensed at 20°C. 6. = 362 ~ densed water at 20°C.
107 m at ¢ = 0.995.
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3.2 Limits of capillary condensation

Obviously capillary tension cannot exceed the moisture (hydrostatic) tensile
- strength which is about 110 - 120 MPa for water (12). The meniscus radius at
failure is O, ~ 2 according to Equation 11 which is the absolute lower limit of a
surface defining radius. Unless otherwise informed about moisture strength we
keep this observation as a failure criterion

Another limit applies to capillary condensation: Capillary forces compete with
forces of gravity. In the present work it is assumed that Equation 11 cannot be
applied at ¢ > 0.995 at which pressure capillary tension becomes less than 2/3
MPa (water, 20°C, o = 0). Moisture in porous materials at higher vapour pressures
is so-called fill-up moisture considered in Section 4.

20




4. FILL-UP MOISTURE

At high vapour pressures (water, ¢ > =~ 0.995) capillary forces have to compete
seriously with forces of gravity. Moisture leaks out of the pore system meaning
~ that sorption data cannot in a reliable way be converted to geometrical quantities
such as thickness or miniscus radius in Sections 2 and 3. Moisture has to be added
"artificially" (so-called fill-up moisture) in order to replace lost capillary moisture
and get a 100% saturation of the pore system considered. The fill-up moisture
content is quantified as given by Equation 12 (4,13) where ¢ is materials
porosity. Densities of solid and liquid are denoted by dg and d respectively. ugog
= u(p = 1") is moisture content observed in a sorption experiment at a very high
vapour pressure. A complete sorption graph is the one traditionally measured - plus
a discontinuous jump of magnitude ug;; at ¢ = 1.

d

c

Upny = -c—li = Uroc (12)
s

1 -¢

Remark: It is noticed that fill-up moisture includes moisture in pores of a granular
system, see Section 1.3.

21







5. TOTAL SORPTION DESCRIPTION

5.1 Total moisture - generalized BET-relation

The amount of total condensed moisture in porous materials can be described by
the generalized BET-relation presented in Equation 13. This relation was
developed in (4,5) by the author as a rational fit expression to describe sorption
in general at any vapour pressure. The original BET-relation is approached as ¢
— 0 which means that the parameters C and uyy keep their meanings (as

previously explained) as physical constants applying to the solid/gas system
considered.

The additional parameters Q, P, and M are pore specific quantities describing the
influence of pore geometry on total amount of moisture (adsorbed + capillary)
attracted by a porous material. All parameters are easily determined from
experimental data by the regression method suggested in Equation 14.

C h
) = 0 L u(l) = k)

GERT
with | (13)
M) = 2 2E e O™ 5 WD) <0 M

-9 1 -9

Remark: The comments on C and uy, obtained from experiments on porous
materials apply strictly only when a complete mono-layer can be formed under
free surface conditions in the pore system considered. Such conditions are
implicitly assumed in-this analysis. However, the remarks made in Section 2.1

should be kept in mind.

5.2 Deduction of sorption parameters

The parameters of the generalized BET-relation are determined by linearization of
experimental data as shown in Equation 14. Best parameters are obtained
optimizing the quality of linear regression (r*) with respect to Q, P, and M keeping

£ Fay
C -~ Ul

Y =Y +a%X linearization of Equation 13 with

h 0 =10, 15,20, ... 50
X=¢ ; v=2%M9) uma |P=10 11,12 ..100 =(14)
u(@) M =10, 1.5, 2.0, ... 40.0
o 1
Colry Mmooy
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General trends of the influence of the parameters are demonstrated in Figures 9
and 10: Amount of condensed moisture at lower vapour pressures (< 0.5) and at
higher pressures (> 0.5) is "controlled" by Q an M respectively. Increasing
** amounts of moisture in these areas are described at increasing Q and M. Increasing
P "flattens" moisture description at higher vapour pressures.

8 7 8 [
! I
4 i = o
=4 = 5 &,
3 ! = !
6 T S6 T
. p : !
) w
o r° o 1
= 0o = ‘
i~ IS
ey / E /
o4 ’ o4 .
= = ’
o ) ’
o o s
m , [¢Y
o o P
U'Jz @ 2 £
0 a
<C <C Q= 2
0 0
0.0 0.5 1.0 0.0 0.5 1.0

RELATIVE VAPOR PRESSURE — ¢ RELATIVE VAPOR PRESSURE — ¢

Figure 9. Sorption in porous material:
Generalized BET-relation. C = 100,
CFuyax/ugp = (2,7) and Q as shown.

Figure 10. Sorption in porous material:
Generalized BET-relation. C = 100,
(Puyax/ugyy) = (6,7) and Q as shown.

SORP. ADSORPTION DESORPTION
MATERIAL PULP CELL-CONCR PULP CELL-CONCR
Figure 11 12 11 17
Q 3.0 1.5 35 1.5
M 7.0 18.0 2.0 27.0
P 4.8 438 2.0 14
C 4532 2314 9.934 153.2
Uy [kerkg] 0.04766 0.01802 0.05381 0.02069
FIT [*] 0.992 0.992 0.999 0.998
S [m%*kg] 154231 58174 174128 66809

TABLE 1. BET-parameters and pore surfaces deduced by Equation 14.

5.3 Examples

Examples are considered in this section which illustrate the capacity of the method
explained in Section 5.1 to describe moisture sorption in porous materials.
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Experimental water sorption data for the examples in this section are from (14,
files ENZYADS and ENZYDES) for fir-pulps produced with enzymes, and from
(15,files CELCON20.501: ads and des) for crushed cellular concrete (500

= kg/m®). Sorption data are shown in Figures 11 and 12 together with descriptions

~ obtained by Equation 13. Parameters obtained from data regression by Equation
14 are summarized in Table 1.
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5 e ADSORPTION £ o ADSORPTION
s O DESORPTION > O DESORPTION
X X
E N
Fo.3 o
i |
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= =
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& &
0.1
S S
z L 2
O O
= s
0.0 0.0
0.0 0.5 1.0 0.0 0.5 1.0
RELATIVE VAPOR PRESSURE — ¢ RELATIVE VAPOR PRESSURE — ¢

Figure 11. Pulp: Sorption isotherms. Figure 12. Cell-concrete:  Sorption
isotherms.

Equation 13 has also been used by the author in an analysis (4) of water sorption
in wood at different temperatures. The experimental data used are from Luikov
(16,17: T_ = -20; 20, 60, 100°C). Any regression of data was made with a fit

quality better than 1> = 0.998. For T > 0°C the results of the analysis canbe
summarized by the approximations shown in Equation 15.

It is noticed that the BET-surface of the wood considered increases with decreasing
temperature. For reasons discussed in Section 2.1 this does not necessarily mean
that the real pore surface varies in this way. A more plausible explanation might
be that varying parts of the composite pore surface of wood are sorption active at
different temperatures.

Q=2 ; M~ P~max(2, 0.040T [°C]) ; C ~ 7.1 - 0.040T [°C] (15)

u lkglkgl ~ 0.073 - 0.00025T1°C] = S[m%kg] ~ 243300 - 8307[°C]
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6. PORE SIZE AND MOISTURE DISTRIBUTION

It is shown in this section how a consistent pore size analysis can be performed
~on a porous material for which sorption data are known from experiments.
Consistency means that both pore volume and associated pore surface are
described at the same pore radius - and that total porosity is described together
with total pore surface at maximum pore radius.

The analysis combines the mathematical description of distributions shown in
Equation 16 with a model of how a porous material impregnates itself by moisture
at increasing vapour pressure respecting the information previously presented on
the physics of adsorbed moisture and capillary condensed moisture. The
distributions in Equation 16 are with respect to normalized pore radius 0 (radius
r divided by diameter D of moisture molecule).

0
G6) = lg(x)dx ;  accumulated pore surface distribution
e .
H®) = 1h(x)dx ;  accumulated pore volume distribution (16)
dG
80 =5
dH respective density functions
O =&

6.1 Model of pore filling

A pore is modelled by its surface (S) and its hydraulic radius (r) which is pore
volume (V) divided by pore surface. In other words, volume of a certain pore is
its surface times its hydraulic radius. This quantification of pore geometry has the

advantage that more general pore shapes (ex slits or cylindres) are considered in
one approach.

The state of moisture in a porous materials is modelled as follows going from

vapour pressure 0 to 1:

- Adsorbed moisture is first added to the system. Adsorbed moisture is
subdivided in pore filling moisture (micro pore moisture) and surface moisture on
pore surface not associated with micro pores.

- Capillary condensed moisture is then added on top of the adsorbed moisture.
Capillary condensed moisture is not added at relative vapour pressures greater than
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a critical vapour pressure ¢ Where gravity forces dominate and capillary tension
predicted by Equation 11 is less than approximately 2/3 MPa. (¢ = 0.995 when
water is considered at 20 °C). The capillary meniscus is maintained constant for

- vapour pressures between ¢ = ¢ and ¢ = 1° (state of fog). Condensation in this
area is due to adsorption forces alone.

- Pore radius (r) is defined as thickness of adsorbed moisture plus hydraulic
radius of capillary condensed moisture. Normalized with respect to liquid molecule
diameter (D) this means, 8 = /D = N(¢) + 0,(¢) at ¢ < ¢z and 6 = N(¢) +
Oc(dcp) at dr < ¢ < 1. |

The definition of pore radius as the sum of thickness of adsorbed moisture and
capillary radius is quite common in pore size analysis (ex 18,19).

%

CAPILLARY MOISTURE

7

70
MICRO PORE MOISTURE

7%

22

7.

ADSORBED SURFACE MOISTURE Figure 13. Definition of pore
radius. '

- Fill-up moisture is then added. Pores which are not filled at ¢ = 1" by

' : 1 . 1 .” ] 1 . 1 1 ﬁﬂ ] 1. H 1 T
plain moisture to the system. The analysis proceeds with fictitious "capillary" radii
of 0. = 0 - Ny,.x Where pore radius 0 has to be known from other methods of pore
size analysis - or from estimates as illustrated in Section 6.2.2

- Increase of pore volume (V) at a certain hydraulic pore radius (r) is hydraulic
pore radius multiplied by increase in pore surface (S). (Look at the pore outlined
in Figure 13. Increase length of last section with constant hydraulic radius such

that surface of that pore increases by dS. Total pore surface will also increase with
dS, while total pore volume grows with rdS). This surface-volume model
(dV = rdS) couples the density functions in Equation 16 as follows,

n®) _dH _ 6 _ _ ( (17)
= " dC o = 6, H®) =0 G ‘[G(x)dx

o
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where 0, = Vio1/Sger/D is mean hydraulic pore radius of the total system
considered. Note that g and h are always positive which means that G and H are
monotonically increasing with pore radius.

6.2 Analysis

At any (relative) vapour pressure (¢) moisture content is considered as the sum of
moisture (adsorbed and capillary) in
filled pores and adsorbed moisture
(thickness N) on pore surfaces not

1

SURFACE OF PORES
NOT FILLED

0 ‘s
pd . C') . .
% o ~associated with filled pores, sece
% Figure 14. This statement is
o expressed mathematically by the first
] . expression in Equation 18 from
VOLUME OF PORES . . . - .

L §| FLLEDWITHMOBTURE which pore surface distribution (G)

0 L can be determined theoretically from
PORE RADIUS e

normalized moisture content (U =
Wuyy) as shown by the Ilatter
expression in Equation 18. This
expression can be formulated as subsequently explained in Equations 19, 20, and
21 when moisture in micro pores, capillary pores, and fill-up pores respectively
are considered.

Figure 14. Contributions to moisture
content of a porous material.

u = HOWpd, + (1 - GONS N D dy =
filled pores. + surface bound - -

U = 8,H®) + N1 - G(6)) = (18)

dU _ T dN _ =
=5 = 04O + [1 - GO = - N g0)

dU _ o _ Ay 4G o _ dN

= =@ -M =+ (1 -GO)

6.2.1 Condensed moisture

Micro pores

The latter expression and the second expression in Equation 18 reduce as shown
in Equation 19 when micro pores are considered with 6 = N. It is noticed that
micro pore systems (0 < Ny,y) are described by Equation 19 as long as the
derivative of normalized moisture content (U) with respect to adsorbed layers (N)
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is monotonically decreasing. For pore system which have nothing else than micro
pores dU/dN = 0 is approached at ¢ = 1 (indicated in subsequent Figure 20)..

Gey =1 - Y
U - C]i%l e Micro pores (19)
| H®) =
90
Capillary pores

When pore radius becomes greater than adsorbed moisture thickness we cannot use
- Equation 19. Capillary moisture is added and the general expressions in Equation
18 must be used. A little re-writing gives the expressions presented in Equation
-.20. Notice that volume distribution is expressed just as in Equation 19.

dG _ dUld® - [1 - G(8)] dNIdo

a0 0 -N . (20)
_ _ Capillary pores
H®) = U-N1-06)

0

o

6.2.2 Fill-up moisture

It is obvious from Section 6.1 that pore size analysis based on sorption data can .
only be made in details for radii less than 8 = Ny,x + 0c(dcr) (= 107 m). Pores

with greater radii are those which can only be saturated with fill-up moisture-at-¢
= 1. Pore size distributions in the fill-up area are described by Equation 21 which
comes from Equation 18 (with N = N,,5) and Equation 17.

dG _ SdH _ 1 adUu
® oM 0N, d| @1
U Nl G) Eill-up pores
0

As we do not know pore sizes in the fill-up area we may proceed introducing
some estimates on pore surface, pore volume or moisture content. The following
analytically closed form solutions are the results of using Equation 21 with a log-
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linear variation of pore surface distribution. Other solutions are presented in
Appendix A.

Log-linear pore surface distribution

log(6/0, )
G =Gy + (1 - G
10g(0)14/01n)
1-G 0 (22)
U, + M 19-0_-N, log
MIN 1 og (e WAJGMN) MIN M{Xl eMN
Subscript "MIN" indicates value corresponding to ¢ = 1"

Volume distribution is derived from Equation 21. At maximum filling of pore
system (G = Gyux = 1) we get the following expression from which maximum
pore radius can be determined.

U 0
0, = Oy T _FICL;L + N,y log[ OM] 23)
MIN MIN

6.2.3 Moisture distribution

The contents of micro pore moisture, surface moisture, and capillary moisture are
related to pore size distributions as given in Equation 24. This is a consequence
of the considerations made in Section 6.2: (Equation 18 and Figure 14).

U,, = 6,* H(N) micro pore moisture

Ug = N[1 - G(N)] surface moisture, adsorbed outside micro pores
U,=U,+ U adsorbed moisture in total (24)
U.=U-U, capillary moisture

Upyy = Uy = U0=1") fill-up moisture at ¢ =1

6.2.4 Procedure of analysis

The analysis proceeds as follows:

- Calculation runs stepwise with vapour pressure as independent variable

starting with ¢ = 0. Useful information on closed form analytical
differentation of modified and generalized BET-relations are presented
in (13).
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-  Estimate Ny,x = 10. Look at the results. Vary Ny,x according to the
- following conditions:

- First appearance of cappilary moisture must exceed ¢ =~ 0.4.

- .- Distribution G (and H) must increase monotonically towards a value of 1 at
the same pore radius ry,y.

- Calculation stops when these criteria are satisfied.

6.3 Examples

Some examples of pore size analysis are demonstrated in this section. Notice that
the results refer to total

MATERIAL PULP CELL-CONCR system including surfaces
Figures Section 6.3.1 Section 6.3.2 and volumes made by
ds [kg/m’] 1500 2650 granulation - unless othe-
¢ 0-5 08 rwise indicated.
A e 100, 0.97 1,05
Tyax [m] ~ 10° ~ 107 Water desorption data are

used all-over. Log-lin G-
distributions are assumed
in fill-up areas. The
mate-rials considered are
the pulp and cellular concrete previously referred to in Section 5.3 and Table 1.
Further material parameters are presented in Table 2.

TABLE 2. Material parameters. Same materials as in
Table 1. ry,x is estimated representative maximum
hydraulic pore radius.
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Pore size and moisture distribution

6.3.1 Pulp
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Figure 15. Pulp: Pore size
distribution. Notice that true
CONDENS-FILL-UP transition
is at Typ = 107° m. Thus, real
distributions are constants be-
tween Iyyp = 10** m and that
radius. See subsequent remark
at end of this section.

Figure 16. Pulp: Accumulated
pore volume (relative to vol-
ume of un-broken material).
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Figure 17. Pulp: Accumulated
pore volume if non-broken test
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specimens (e = 0) are assumed.
Notice that ry,y ~ 10° m is
not maintained under this as-
sumption.
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Figure 18. Pulp: T-graph (Ny,x = 14) Figure 19. Pulp: Derivatives of T-
and normalized moisture (U). graph and normalized moisture content.
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Figure 20. Pulp: U-N-graph and Figure 21. Pulp: Moisture distribution.
dU/dN. Notice, initial slope dU/dN = 1.

Remark: Obviously there is no capillary space in pulp which can be detected from

water desorption data. Fill-up moisture starts at radii of magnitudes > =~ 10" m
(see Figure 7). This means (see Figure 15) that pulp has a lack of pores of radii
between 10*° m and at least 107 m which can only be detected by other means
than by sorption data. We recall from Section 6.2.2 that the theoretical fill-up
results shown in the figures are due to estimates introduced exactly because of
lacking information from other methods.
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6.3.2 Cellular concrete
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Figure 22. Cell-concrete: Pore
size distribution.

Figure 23. Cell-concrete: Den-
sity of pore size distribution.
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and dU/dN. Notice, initial slope is 1. distribution.
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7. SHRINKAGE AND SWELLING

There are two concepts of explaining moisture induced strain, shrinkage/swelling,
of porous materials. Bangham et al. (20) suggested that the adsorption mechan-
ism is the prime mechanism causing shrinkage. Powers (12), however, argued very
convincingly that important cases cannot be explained without also considering the
effects of micro pore pressures (disjoining pressure). The model suggested by
Powers in (12) states that shrinkage of porous materials can only be explained in
general by a combination of all three sorption mechanisms previously considered
in this paper: Adsorption, disjoining pressure, and capillary tension. The
shrinkage/swelling analysis presented in this section quantifies the ideas of Powers.
The present authors porous materials stiffness theory presented in (fx 21,22)
is used to predict shrinkage/swelling as strain caused by pore pressure. Pore
pressure is determined from the amounts of condensed moisture detected in pore
size analysis - and from the stress states of these contributions.

Remark: A simple alternative generation of the stiffness properties of porous
materials is presented in Appendix B at the end of the paper.

N=PORE RADIUS MICRO PORES
DISJOINING PRESS.
HYDROST STRESS log(y =0
Mol ) oo, [EY
Ne3 Iog[é n
N($2 =¢

NOTH o
= - Figure 30. Micro pore

stresses and surface film
pressure. Constants omit-
ted.

FILtM PRESSURE

7.1 Pore pressure and tension
The surface average (<y>) of adsorbed film pressure is determined by the first

expression in Equation 25 from the film pressure solution presented in Equation
9 with surface weights introduced from the model shown in Figure 30 combined
with the pore surface distribution analysis previously made in Section 6.

The pressure effect of the adsorbed film pressure (<c,>) on pore walls is then
calculated from the second expression in Equation 25 developed by the author
from a stress analysis made by Flood (23) on particles subjected to surface
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tension. It is noted that the pressure calculated acts hydrostatically on the total
solid phase surface (pore surface and external surface).

. The volume average of micro pore pressures from ¢ = 0 to ¢ is calculated as
shown in Equation 26 from the single micro pore solution in Equation 10 with
volume weights introduced from the model shown in Figure 30 combined with the
pore volume distribution analysis previously made in Section 6.

The volume average of capillary moisture tension is calculated very easily as
shown in Equation 27 with o, from Equation 11 and moisture contents as
previously determined in the analysis of pore size distribution.

o=
<A@> = [ 100, GG + [1 - GGG film pressure =>
$x=0
| 25
<c,(9)> = 22,& pressure on solid phase surface (25)
Ts
v - V. -
rg = % = l-e wor_1-¢ DO, hydr. rad. of solid phase
Sror ¢ Spy ¢ _
RTDA, """ ’
<o, ($)> = TR 0,(0,9,) dH(N($,)) micro pore pressure
o (26)
o=by e |-
_Rmod, |, N N/ dH(N($,)) %J
M 030 b, J
< C(¢) . . 27
C> = () capillary pore tension (27)
o1

7.1.1 Reference system: Granular versus un-broken

The above calculated stresses act on the total system - including voids produced
by crushing. They can be transformed as follows to average stresses applying to
the original material. It is hereby assumed that condensation stresses are negligible
in voids produced by crushing.
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<O-Afo _<0-C>o_1~co
<o,/ <o > 1 -¢

; <G‘(>o = <o‘7> (28)

Volume stresses are considered by Equation 28 to be distributed proportionate to
solid phase volume of granular system (1 - c¢) and original system (1 - c,)
~ respectively. Pore surface added by granulation is considered to be negligible,
meaning that surface stresses transform un-changed between granular system and
un-broken system.

Remark: As in Section 1.3 subscript "o" is used only temporarily to distinguish
one porosity from the other. In subsequent sections we do not use this subscript
as the meaning of porosity is evident from the context.

7.2 Analysis

The shrinkage analysis presented in Equation 29, based on results developed in
~ (22), is straight forward. Strains ¢ are linear quantities. K5 and K are bulk stiffness
of solid phase and porous material respectively. The simple result of strain caused
by adsorbed moisture is due to the fact previously indicated that the equivalent
surface pressure (<o,>) acts on the total solid phase surface producing a
hydrostatic stress state which implies strain in composite and solid phase to be
equal.

<0,7”> [ 1 1 ]
€y = 3 l? - fg micro pores
€. = <(;C> % - —I%; capillary pores 29)
- <G'Y>
g = 3K pore surface
€ = €y —E. T E total

The bulk stiffness K of the porous material can be related to bulk stiffness Kg of
the solid phase and pore geometry by the following expression developed by the

author in (24,21) for isotropic and plane isotropic porous materials, (see also
Appendix B)
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KL -9 L shape factors
K, c+

1 spherical pores mainly (30)
w= | 2/3  cylindrical pores mainly

< 1/3 flat pores mainly

The shape factor p varies with porosity if pore shape varies with porosity. Each
pore geometry has its specific shape factor.

Now, shrinkage can be calculated as shown in Equation 31 combining Equations
29 and 30. Bulk moduli can (if not known) be estimated from Young’s moduli-as
indicated in Equation 31. The influence of moisture on stiffness in general (any

bulk moduli) can be considered by a moisture factor B as explained in Equa-
tion 32.

SOl v SOl v
MOBK ewp T ¢ 3K cvp 31)
_ %7 pd -9

’ 3K o = &gy =&, - & +te 5 (K= 0.6F)

stiffness(u) ~1-B u (32)
stiffness(0) Upoc

The shrinkage analysis just explained has been applied to the pulp and cellular
concrete materials previ-
MATERIAL PULP CELL-CONCR ously considered in this
paper subjected to water
desorption. The results of
the analysis are presented

Figures Section 7.3.1 Section 7.3.2
E [MPa}, p, 8 500 (1), 0.7, 0.7 2000, 1, 0.2

in the following figures.
TABLE 3. Material parameters. Any Poisson’s ratio m the Iollowing ng

is given a value of 0.2. Same materials as in Tables Stiffness ‘quantmes (E)
1 and 2. are estimated from

(25). Moisture factors

(B) on stiffness are estimated from (11, Chap. 11) using the model presented in
Equation 32.
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7.3.1 Pulp
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Figure 32. Pulp: Shrinkage perpendicu-
lar to fibre direction.
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8. RELIABILITY OF ANALYSIS

- An analysis made in Appendix B reveals the following stress and strain results for

a porous material exposed to pore pressure. The symbols used are explained in
Figure 35.

& o % l+tc . <o 2 (33)
<> <eE; 2c = <e>E; 3
T ..

composite
<€e>

Figure 35. Stress, oy is tangential
solid stress at void edge. Average
solid stress is <og>. Strain from top
to bottom of void is &,. Average
strain of porous material is <¢>.

Y

Equation 33 can be used to evaluate the reliability of the pore size analysis and
shrinkage analysis suggested in Sections 6 and 7:

- Mean strain <g¢> is shrinkage strain &g .
- Pore strain g, is strain of hydraulic radius © which should not exceed 1/N

where N, is greatest micro pore radius at vapor pressure considered. It g, >
1/N, another layer can squeeze in such that actual pore radius becomes one
molecule diameter greater than predicted. This will desturb the very important
basis of analysis. (If Ng = Nyax then N¢ = Nyax - 1).

Thus, the most reliable analysis is obtained in vapour pressure areas where the
following condition applies.

2c

(34)
1 +¢

Negg, <

At higher vapour presures, experimental sorption data do not reveal true pore
structure information for immediate application in the analysis presented in this
paper. Modifications have to be introduced which neutralize the tendency of the
experimental technique used to alter the object studied.
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Remark: It is mmplicitly understood that the solid phase can withstand the
following stress predicted by Equation 33, and that the associated strain is within
acceptable limits of applying the small deformations theory of elasticity.

1 +c¢
Og ™ 70 Egc, (35)

8.1 Examples
8.1.1 Pulp

Porosity is ¢ = 0.5. Shrinkage is €54 ~ 5.5 % at ¢ = 1. Greatest micro pore radius
is No = Nyax = 14 at this vapor pressure. Calculational N = Nyux - 1 = 13.
Nc*egy = 0.71 which just (almost) satifies the condition < 0.67 in Equation 34.

This means that the pore size analysis and shrinkage analysis made can just be
considered reliable. Stress o5 ~ 140 MPa is predicted by Equation 35 with Eg ~
1700 MPa. This stress is a mean of maximum stress at pores. Higher stresses may
“develope locally as indicated by Figure 6.

8.1.2 Cellular concrete

Porosity is ¢ = 0.8. Shrinkage is gg; ~ 0.25 % at ¢ = 1. Greatest micro pore radius
is N¢ = 2 at this vapor pressure. N*egy ~ 0.05 which satifies the condition < 0.89
in Equation 34.

This means that the pore size analysis and shrinkage analysis made can be
considered reliable. Stress og ~ 50 MPa is predicted by Equation 35 with Eg »

18000 MPa. As in the previous example local stresses may be found which are
higher than og.
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9. FINAL REMARKS

Methods have been presented which predict pore size distributions and shrinkage
of porous materials from measured sorption data. The method of pore size analysis
~ is consistent with known physical relationships between volume and stress of
~ adsorbed moisture - and between stress and geometry of moisture condensed by
capillary actions. The method of shrinkage prediction is based on these relation
- ships together with composite theory where external response of a porous material

can be related to pore pressures and tensions build up during moisture condensa-
. tion.

Verifications of the methods are presently somewhat difficult. No one knows about
real pore size distributions in porous materials - and there are not many

experimental results available which combine moisture sorption with associated
shrinkage.

However, the shrinkage results obtained compare positively with orders of
magnitudes generally observed in experiments: A shrinkage strain of approximately
0.25 %o of cellular concrete (d = 500 kg/m®) for example was observed in (26)
when drying from ¢ = 1 to ¢ = 0.43. Another publication (25) gives the following
orders of magnitudes for shrinkage of cellular concrete: 0.2-0.6 %o when drying
from wet to ¢ = 50 %o - and 1-2 %o when drying from wet to completely dry. The
same reference (25) tells that shrinkage of wood materials (perpendicular to grain)
have the orders of magnitudes: 25-45 %o when drying from wet to ¢ = 50 % - and
40-80 %o when drying from wet to completely dry.

As pore size distributions are the basic geometrical in-put in the shrinkage analysis
- it might then be-concluded-that the pore size-analysis suggested in the papermay

also be reasonably accurate.

Limits of the applicability of the methods presented have been considered in
Section 8. It seems that materials should not be much softer than pulp perpendicu-
lar to fiber direction before modifications of the methods have to be introduced.

Building materials which are stiffer (which are the major part) can be analysed
directly by the methods presented.

Finally some topics are listed which are of high priority in future research on pore
geometry in porous materials and its influence on the mechanical and physical
properties of such materials:

- More simultaneous sorp-shrink test should be made as in (27) and (28).
Mutual justifications, verifications, and modifications of various analytical
methods can be obtained in this way to examine the pore geometry of porous
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materials and its influence on the mechanical and physical behavior of such
materials.

More information on T-graphs for various materials is needed. Reliability of

..predicted pore size. distributions is directly proportionate to reliability of T-

graphs.

‘More information is needed on the proper value of the contact angle between

solid and moisture in a porous structure.

More experiments should consider sorption at vapour pressures less than
10 %. Data in this area are extremely important to improve BET properties.
With respect to pore size analysis it is very important that any sorption tests
are made until complete equilibrium.
Efforts should be made to combine pore size analysis based on sorption data
(as the one presented in this paper) with methods covering pore radii in fill-
up areas. '

More tests should be made to compare sorption data from tests on granulated

“‘material with data from tests on un-broken material. Such tests are important

in the research on consistent pore size predictions (as in this paper) which
require simultaneous predictions with respect to size and surface.

Pores may have crack shapes which might cause materials destruction during
moisture intrusion. Special tests should be made to examine this phenomenon.
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10. LIST OF NOTATIONS

Symbols frequently used in the analysis are summarized and briefly explained in
the following list. The terms "radius" and "vapour pressure" are used in the

otherwise indicated.

o~ w

c

ds

d=(1-c)dg

Voior = c/d

Vsor = (1 - ©)Vqor/c
Es

Vs

E

K = Eg/3/(1 - 2vg)
K

K = Eg2/(1 - vg)

=>E R

-~ meaning "hydraulic radius" and "relative vapour pressure" respectively unless

Liquid (water in parenthesis)

gas constant, 8.314 J/(Mol*K°)

molecule weight (0.01802 kg/Mol)

surface energy (0.0728 N/m, T = 293 K°)
density (1000 kg/m?®, T = 293 K°)

molecule diameter (0.30*¥10° m at T = 293 K°)

Solid and porous material
porosity of porous material
density of solid (kg/m’)

density of porous material (kg/m®)
pore volume (m’/kg solid)

solid phase volume (m*/kg solid)
solid phase Young’s modulus
solid phase Poisson’s ratio

porous materials Young’s modulus

solid phase bulk modulus

porous materials bulk modulus

solid phase plane stress bulk modulus
porous materials plane stress bulk modulus
shape factor (function) of pore system
stiffness moisture reduction factor

I'vax

0 =1/D
Opax

A

Stor = Sger
S =S(9)

Pore-system-

(hydraulic) pore radius (see subsequent list on sorption)
max (hydraulic) pore radius

normalized radius (with respect to molecule diameter)
normalized max pore radius

aspect ratio of typical pore (length/width)

total pore surface (see subsequent list on sorption)
Surface of pores with radii < ©

V= V/(0) Volume-of pores-with radii < 0

G = G(0) = S/Syor
H = H®) = V/Vior
g = g(0) = dG/de
h = h(0) = dH/d®

¢

Proc

accumulated pore surface distribution
accumulated pore volume distribution
density function of pore surface distribution
density function of pore volume distribution

Sorption
relative vapour pressure
relative vapour pressure at ¢ = 1°
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U; = ufuyyg

SBEI‘
Ic
0c =1/D
r=N*D + 1
0 =N+ 06,

1, = Voor/Stor
9o = ro/D = uTOT/uUNI

Stor =

contact angle between pore wall and capillary meniscus
moisture content in porous material (kg/kg solid)
fit parameters for sorption descriptions

heat property factor in BET-parameter

weight of uni-molecular layer on solid surface (kg/kg
solid) in BET-parameter

weight adsorbed on solid surface (kg/kg solid)

number of molecule layers adsorbed on free solid
surface

= cd;/(dg(1 - c)), total moisture content (kg/kg solid)
max. moisture content held by adsorption and capillary
forces at ¢ = 1" (fog) (kg/kg solid)

“fill up" moisture at ¢ = 1 (kg’kg solid).

moisture in pores (micro pores) completely filled with
adsorbed moisture (kg/kg solid)

~moisture . adsorbed on pore surface not associated with

micro pores (kg/kg solid)

moisture in pores bound by capillary forces (kg/kg sohd)
normalized moisture content of porous material (I is type
of moisture content previously defined)

= uyy/(D*d,), Total surface of pores (m”/kg solid)
(hydraulic) capillary pore radius (m)

normalized capillary radius

pore radius (definition) (m)

normalized pore radius

Mean pore radius (m)

normalized mean pore radius

dcx (= 0.995) critical vapour pressure beyond which no
further capillary moisture is added (gravity forces domi-
nate)
Stress and strain
G stress, pressure or tension
¢ linear strain
gp strain of pore radius
o stress in solid close to pore
<> _mean quantity
v film pressure in adsorbed moisture (IN/m)
oy hydraulic pressure in micro pores
o, normal stress on solid surface due to film pressure
o hydraulic tension caused by capillary action
gy linear strain of porous material due to micro pore
pressure
g, linear strain of porous material due to film pressure
gc linear strain of porous material du to capillary tension
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List of notations

€su

e
cO
c=1-(1-¢)(1-c¢)

total linear shrinkage/swelling strain of material

Granular system

granular porosity

temporary porosity of un-broken porous material
total porosity of granular test system
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Appendix A - Miscellaneous

Al. Hypothesis on BET factor C for composites

The following hypothesis is suggested as a model for the BET-factor C of a
composite material. The point of departure is Equation 3 in the main text of the
paper. Specific composites considered are wood based materials:

C = exp[EAT] with A =W, - W,

A A A (AD
_ CELL LIGN
1ogCropp = cCELL’—F CHEM_%E;E LN QT

When calibrated with weight fractions from (11,p119)

Weigth fractions in wood:

| €cppy =~ 040 - 0.50 (0.45)
Copg ~ 020 = 0.25 (0.25) (A2)
Con ~ 025 - 030 (0.25)

Copmm = 0.00 - 0.10 (0.05)

and contributions to total sorption from (29,p191)

Contributions to total sorption in wood:

CELL: 0.47 (0.45) (A3)
HEMI: 0.37 (0.40)

LIGN: 0.16 (0.15)

we get the result

4550c.;,, + 6450c,,, . + 2320¢, ;6 (A%)

Ccow = €Xp BT
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A2. Alternative T-graph

Other T-graph formulations may be presented through Equation 6 of the main text.
..Examples are shown in Figures Al and A2 using the h; function presented in
- Equation AS. The sorption data shown are from free surface tests on calcium

silicate hydrates (30) with energy factor C ~ 130. As N,,,x increases Equation
A5 becomes Equation 7.

O e e UL S

- ¢ ' (A5)
g =N _ 15 ‘m=15 _p~1+20
MAX > a7 ° -
10 16
T—GRAPHS T—GRAPHS
C = 100 Cc =10
Nyax=6,8,10 Npax=86,8,10

POINTS: BET-—RELATION

i POINTS: BET—RELATION
DASHED: AHLGREN i i

DASHED: AHLGREN

NUMBER OF MOLECULE LAYERS — N
NUMBER OF MOLECULE LAYERS — N

oo

.OQ

.0 Q. T. [¢R SE A M)
RELATIVE VAPOR PRESSURE — ¢ RELATIVE VAPOR PRESSURE — ¢

Figure Al. T-graphs for Ny,x = 6, 8, Figure A2. T-graphs for Ny,,x = 6, 8,

and 10 with C = 100. Experimental and 10 with C = 10. Dashed graph pre-

data from (30). Dashed graph is dicted by Equation 8.

Ahlgren’s expression as modified in

Equation 8.
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A3. Pore size distributions in fill-up area

Pore size distributions cannot be found by the method presented in the paper when
radii are greater than ~ 107 m (fill-up area). The analyse may proceed with
estimated distributions of pore surface, of pore volume, or moisture content with
respect to radii. A log-linear pore surface distribution has been used in Section
6.2.2. Two other easy distribution assumptions are subsequently suggested by
~which associated distributions can be determined analytically by Equation 21.
Subscript MIN and MAX mean value at ¢ = 1" and at completely filled material
respectively. Ugy, is moisture content between these extreme states.

Log-linear moisture distribution

log(0/0, )
Us=Upgy+ L
log(emxl 9MIN) ( A6)
U, 1-N,,/0
G = GMN + FILL 10g A/I/b\/
Ny1:108(0,1,/0,v) 1 = NylOruw
‘Max pore radius is determined introducing G = 1. We get
1 -G,y = Uni log 1 - Ny/Oyux (AT
melog(emx/ 0 1 = NyfOran
- Log-linear-pore-volume-distribution
log(6/0
H=H, +( - HMN)M
061 -H -
— v + o( MN) NM _1_ _ 1 + IOg 9
log(eMAX/ ) 0 Ovaw v
Max pore radius is determined introducing G = 1. We get
1 _ 1 . 1 Ugie ~ 1}10g Oruax (A9)
Ouux Oran Nyux | 01 - Hygy) 0w
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Appendix B - Stress-strain of porous material

Adsorbed moisture creates a state of pressure in a porous material which produces
expansion of the material. Does this expansion give space for more molecules than
assumed in the pore size analysis presented in this paper. If it does, then predicted
pore size distributions become false and counteracting modifications have to be
introduced into the prediction method.

This problem is the subject of this appendix. Solutions are developed for pore
strain in porous materials subjected to pore pressure. Spin-off results are stiffness
of porous materials and solid stresses throughout the material. The analysis is
based on a hollow cylinders model and a hollow spheres model of a porous
material. The analysis is made rather short and self explaining. The results are
used and commented in Section 8 of the main text.

COMPOSITE ELEMENT COMPQOSITE
o

Ty MATRIX
PHASE S

EsVs

POROSITY ¢=(;/ r,)z OF HOLLOW CYLINDRES COMPOSITE

Figure Bl. Models of
porous material.

POROSITY C= (r,l sz OF HOLLOW SPHERES COMPOSITE

B1. Models

The models used are illustrated in Figure B1: Pores are hollow cylindres or they
are hollow spheres in composite elements such that void ratio in each element
equals the porosity of the total porous material. For volumetric actions every com-
posite element act with no interaction to other elements, meaning that each

composite element can be analysed independently with results which also apply to

the total composite material.
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Tube subjected to compressive load

For the present purpose the following tube solutions have been developed from
Timoschenko and Goodier (31, pp 59 and 66).

2
o - o, +co, = (o, + o)r, Ir)} - [i]
g 1 -¢ r,
_ 6, *+¢o, + (o, + o), Ir)?
% 7 [-¢ | (B1)
u, = E(_1_3_..(;).[(:(1 + V)(o; + 6p) + (1 - V)co, + o,)]
r

u = E(l—l—c)[(l + v)(o, + ©,) + (1 - V)co, + op)|

Sphere subjected to compressive load

For the present purpose the following spherical solutions have been developed
from Sokolnikoff (32, pp 344 and 345).

3
o, = Gy *+ €O '1 (0p *+ SYr/ry ; C = l:.’.]
- ¢

_ 0, +co, + (o, + c)(r/r)

% - | ®2)
r

u, = f(.1_.9__;5[‘/zc(1 + V)(o, + 6) + (1 - 2v)(co, + o,)]
T 1 - +

u, = m[/z (1 + v)(o, + 6,) + (1 - 2v)(co, 0'0)]
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B2. Hollow cylinders composite

Plane hydrostatic stiffness

The following stiffness expression for materials with tube pores is easily obtained
~ from Equation B1. The result is illustrated in Figure B2

Co _ 1 -¢ . _
2K = = Ej (from Eq. BI with ¢, = 0)
uyr, 1l +c-v(l -0
¢ A - o) ®9
-v -c K -
K=K s o2l gy =02
- TSl +c-v(l -0 K, 1+ c/0.67

Stress and strain due to pore pressure

The following expressions for strains and stresses in materials with parallel tube
pores are also easily obtained from Equation B1. Subscripts P and S have the

meanings explained in Figure 35 of the main text. Average quantity is denoted
by <.

Average strain and pore strain

G, (&)

<g>=_—__...{_=.ﬁ__2f.._
2K ZES El-c
. o, 1 +c+v(l -¢)

Py E, - 1 -¢

(B4)

; (from Eq. BI: o, = 0)

Average solid stress and solid stress at pore

<o
s - _° (simple equlibrium condition)
; 1 -c¢ (B5)
c o, (r=r
S = or=7) -l+e ;  (from Eq. Bl with o, = 0)
c

Strains and stresses versus mean strain

Of special interest are the following expressions derived from Equations B4 and
B5. They relate strains and stresses as illustrated in Figure B3 to the average strain
of the porous material considered
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& l+c+v(l -o)

<g> 2c

o E(l +¢) = <op _ Eg
<> 2 T <> 2

(B6)
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B3. Hollow spheres composite
Hydrostatic stiffness

The following stiffness expression for materials with spherical pores is easily
obtained from Equation B2. The result is illustrated in Figure B2

AK = Sy, 2E(1 - ¢)
u,r, (1 + v)e +2(1 - 2vy

2(1 - 2v)(1 - -
< ( Vs ) Sy .£ _l-c at vg = 0.2
2(1 - 2vy) + c(1 + vy K, 1 +¢

(o, =0in Eq. B2) =
B7)

Stress and strain due to pore pressure

“ The following expressions for strains and stresses in materials with spherical pores
are also easily obtained by Equation B2. Subscripts P and S have the meanings
explained in Figure 35 of the main text. Average quantity is denoted by <>.

Average strain and pore strain

= O O 300w
3K :iKS 2 E2S 11 "‘20 (B8)
u o, 1 +v,+2c(l -2v
v8P=—’=-i § ( _S) ; (o, =0 in Eq. B2)
r, E, 2(1 - ¢
Averagesolid stress and solid stress—at pore
<o c : ..
= (simple equlibrium condition)
GI 1 - C (Bg)
O ST _ 1x2 (g inEq BY)
o, c, . 21 -9

Strains and stresses versus mean strain

Of special interest are the following expressions derived from Equations B8 and
B9. They relate strains and stresses as illustrated in Figure B4 to the average strain
of the porous material considered
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& 1+ vg+2(l - 2vy

<e> 311 - v)e

Gy E(1 +2)  <ogp 2 Eg
<> 3¢ -v) = < 31-v

(B10)
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Appendix B - Stress-strain of porous material

B4. Conclusions

Stiffness of porous material

Stiffness of a hollow cylinders composite and of a hollow spheres composite are
shown in Figure B2 as derived from Equations B3 and B7 respectively with vg =

1.0

SOLID: CYLINDRES
DASH: SPHERES

©
w

RELATIVE STIFFNESS — K/Ks
7/

o
[S)

0.0

0.5
POROSITY — ¢

Figure B2. Stiffness of hollow
cylindres composite and hollow spheres

0.2. The results presented can also be
obtained from the authors more gen-
eral theory on composite materials
composite (24,21,22) from which
Equation B11 is reproduced with con-
stant shape factors p.

Equation B11 applies strictly only for
isotropic and plane-isotropic porous
materials where the shape factor 0 < p
< 1. It can, however, be used as a
good approximation also when other
materials are considered. Even for
stiffness along the parallel pores in
orthotropic pore system. In this case p

composite when vg = 0.2. = o0 is introduced.

COMP-STIFFNESS , 1 -c¢ _ Wl -o¢
SOLID=STIEFNESS 1 +clp p +¢
(B11)
1 spherical pores mainly

w= | 23 cylindrical pores mainly ; (Shape factors)
< 1/3  flat pores mainly

Remark: In the original version of Equation B11 (24,21,22) p = p(c) is a shape
function. For the present purpose, however, we may consider p as a constant when

geometry defined in Equation B11 is the one applying at the specific porosity
considered.

Stress and strain due to pore pressure

Stress and strain at pores in a hollow cylinders composite and of a hollow spheres
composite are presented in Figures B3 and B4 as derived from Equations B6 and
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B10 respectively with vg = 0.2. An approximate summary for both composites is
given in Equation B12.

& + <o ‘
P % Jlre o o 2 (B12)
<g> <e>E; 2¢ <e>E 3
10 HOLLOW CYLINDRES 10 HOLLOW SPHERES
] SOLID: z/lel SOLID: &p/lel
@ DASH: g;;(Em) @ DASH: éifésm)
0l Ll
o o
= =
72} [72]
[m] a
=z =
< =
Zs =
[a o
[ =
(73] n
1) Ll
> >
= =
5 5
l (IS
o = = oo - - -
0 —— o 0 ————— ——e
g.0 0.5 1.0 0.5 1.0
POROSITY — ¢ POROSITY — ¢

Figure B3. Pore strain and solid stress
at pore edge in a hollow cylindres

composite. vg = 0.2

Figure B4. Pore strain and solid stress
at pore edge in hollow spheres com-
posite. vg = 0.2.
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