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v . . Many common materials currently used ‘in’ construc-
(\
tion are porous. The presence of pores can significant-

1, — 8applications.* Of equa}'importance,is th

-

\{ ' B ly affect the mecnanicaL, physicgl. and chemical proper-.
ties of materials.‘ The, fundamental charqcteristics of
pores are important in determining the properties of high-

ly porous matérihls, and thelr suitabilktz¥for particular
ater that is

, . " held in the _pores. This water can lead to the deteriora-
L3N H

. tion of a material and .to the material's inability to ’

+ meet its performance requirements. The types and amount

> L S

» < "or Water present in a material will depend on the proper-

‘ties of the‘pores that are present in” a‘material.

. “In this paper ‘we wiil id%ntify‘the.pore properties
which are fundamental to highiy porous materials, and .
(} . ) their influence on the behaviour of such taterials. It
E% " will also be shown that thereqis a 1ack of knowledge and

understanding of. the pore properties, and that there is

=
"~
5

a need to develop new test methods in—measuring these

. properties since the ones currently used gre inadequate.

> ' - wt’

7

L 2

-, .
K

y
i

\

-

|

)

. AR
R e S T L PRA RIS 44
.-




*TABLE OF CONTENTS. ’ . : .

e

) . g

k'\‘ N R .
¥ ™ - . R N Page ' N
l ‘D . . . 4“ . ‘# \
i: * . }bStra’ct...........‘....‘......‘..-....a,..-...---‘.-‘,..'....1.’ . 2, \
; ' _ A - , o
L ™ List.of SymbolS...'o...._..u.-......-.....,f-.;.;.v..h.lv .
:, ] " IntrOductlbnno;.o.o-o.o-nnocon_oooc;nlnocoocoo;ohoooon001 )
F 3 - ’ ' .
£ v Chapter I, .Fundamental Chatracteristics < T ‘ ‘
| of Highly Porous Materials.................,..........6 ‘o ..
, 3 ., N “ ‘ , ' . " .
' ol _74 . . . ~ v
g - Chapter II. Molsture ina o oo - |
; E ’ Hishly PorousxMaterlal......--......-..-.........-.-.-13 *
§ . . ‘ K ' . C, N
o~ Chapter III. Influence of Pores . - g o
b' r‘ T on Materlal Propel'/tié8¢.n.-....@&‘......-.-...-.-...-.ozz,
| ) .c0n01u810n....--..o-...-...-.......‘o-.nco'jv.--.-..o-03.9 ' : ~ . ‘
! ReferenCeS.cceessscccsovssssssoscscsscasacsscsncnnse o-".-olku‘. R | ‘J
4 . ‘1_ . ‘(' .
} - . -t . - . i}
t | \ ‘\ i '. \ "‘ ’ 1
- . " . ) 4
. F ‘ ° ‘ \ > . : . l
| ' . y - .t |
0o , '. (n.-“ ) . . { ‘I |
3 . - o " . “ ' I :
- .‘ 3 ’ " )
‘ ' "y - ) .
fb « . . - S ] .
| . - . . . i -
' . “ ‘n l. * ’F‘
L - . . . -
.' . . o . H
| ‘. ' § . . .
* A . Lo ' , " R
* . ) . ' ) - * ‘o *
B K] ‘ " . 0" ) o
’lm‘ , .
' ) . b " P
» N
N -+ . ] ! ° .
. - . : . /
o
- . 2 L s, .
Al . L ad - : -r\
4 . ' N ] . ‘- - i
‘ ‘ ' LS v : 1 J TN P
Al . 11 P i , . 3/
\ v
\ N ¢ o e A ) s e A T Ty D R O e neud ’-.




LIST OF FIGUHES, L

- A ‘Page

Fig., A. Influence of Porosity on’ T i
.Se¢aled Relative Compressive Strength . " 0
-~of Vaflous Materials...............-..................2

.Flg. 2. “Open and Closed Pores in a ) ) .

Materialoo..nv'.\’oo.lav‘o....i.-.b-,c-.-ndl;ooo‘biul-.o.’.op“.6
o ’ ’ t

Y

L4

. Fig. 3. Relation Between Strength of ’ o

» Concrete at Different Ages end the: . | <.
Sp901f1c Surface Area of Cemeﬂt.c.-....-.....--.......9

-~ )

" Fig. 4. Pore Size Distribution in , - \ L AN
Integral and Differential Form..............ﬂa...-olo '

Fig. 5. Pore-Properties of Common o R

Constructional Materlals............5§...............11
. 4

U

Fig. 6. Water Held in Some Common 4
Porous Materials at Various Helative . .
Humidlties.....l.O.V....'..p......"ll.'.......'......17 *

Flg. 7. Contact‘zngl““ror’Wettlng
and an-wetting Substances.....u.....................18‘
. Ny ; .
Fig. 8. Forms of Water in a Porous - _
- Mhterihlnoooion-oo-c-no.oooc-‘dvo'oao}ooo;oaoqoc0030019'

A
v

v

.' Fig. 9f‘.Schematic Representation , B , ‘0 :
of Hydration and Gel Fofmation.................,.....23 . , .
, . - ,
th;“fo. Slmplified‘Model of Raste , R
stmcture.-....o.....000'0;Q.‘o..‘..t-o‘ooot030-0000000025 ' L . ‘.

t

-

Fig. 11, Relatlonship Between . ’ o '
.Permeabllity and Water/Cement Ratio - . ‘
.for Mature Cefient Pastes...;.............:TTtvmiil:..ZB.

. Flg, 12:; Relation Between ‘&rmeability '
-and Capillary Porosity of Matur

“ Cement Paste.g...-..-..........j..........;.i;.....-.29 ' ,
.o c. - ) ¢ ¢
- PFig. 13. Relation Between the Strength \\\ _ T o
r of Mature Cement Paste and the Ratlo of L ' _
Surface” Area of Gel to the Volume of - /” e

gl*lng water....’[f.Oﬂ.‘lll.....l'...s.li.I.......CQOIOBI

o Fig. 14. Influence of)Water/Cemeqt
- ' Ratio and Aggregate Conafnt on Shrlnkage............33

-~

-

3

-
-

14

- v
T s it L. . s
L-_,..h. NI el T ?‘“w"!‘"\i.}."a’;r’.ﬂywl
.

AT T

- , . ., e o




e e Am.rk PUTRIR A A

|_‘ )
S = . oL
. . .

LIST OF SYMBOLS =~ .. i .

I M \ ‘
- N 3
.. K ) ‘
v ! . » . ; .
. . ’ - . . , R . .
. i . R . .
- ! . . \
. e - . . ) ) i
’ ‘ M * -~ i -
. . , ’ . .- . _

i e
]

- i ¢ ) Al ' 4
R - C degrees Celslus, * e , : R .
' - P porosity - S ol ‘ . .
e R . . . Tt N . -] Lt .
" .. 4, apparent dgnsity - .- ‘ S
. RSN ) - . ‘ - A-. . )
. , d.. true demsity . - St
' .-' s 1 . . . v ; R * . N \ .
« ¥ volume without “pores .\/ o 2
[ ¥ 1
E n meter .o - T . e .o .
: - - ) i : . ‘ ) .
. . kg = kllogram - . X
: . \ . . e ‘e ’ ‘ . '
. .. MN  mega-newton v _ S . - o ‘L
- - " . - \ . :‘v . ®
Yo “.r  radius ' < : SU T e T
£ . [} ] - " i \ - X . K . - -
S /’ .~ -Vp total pore volume . : : o . ‘ '
5 M . . " ’- N vﬂ " . ‘ . { (h
: "'\’ _ 8 . specific sarface S e e :
A . ; L . \ S, R ', .
T . hm  micrometer . BTN | AT ' .
T - em centmeter -— ) ' T " _
| s second’ -] T A &
’ ’ ' ' ' ‘ [
. R Sc¢  compressive ‘strehgth 3 ‘
2 I K 'o volume of mixing. water . - . .
. * . o 4 ks
. Vm surface area of gel =~ = | Lo
. + ™ 1b pounds ’ _ -
' ' ) contact angle . e BT ' B
a ' | . ~ -
A ) N " ) . 1 .‘.j ..
’ ° . ’ )( ’ j 1
1 ‘ ° . % . ‘ X ) -
o' ! N R ) 4
. > * ]
[ < ’ 1
' ’ * - y
R




'

“
et p—F g

-
4 ‘ T ’
v ¢ )
. B LS
. . »
- ’ * - i
~ . : ,
- /I '
5 o
[ . )
. P - - ° -
., ~ N
“=< - - - i )
R [
- - . - M
. -
.- e -t
. . . h.\
f ] oLt 2
B » =
. o N *
, .
. -
- 2 "
= v » ) ’
v .
. .

A ]
-
*

CTI

. )
U ’ °
D | X
- '
.-
‘. ]
T ,
. v °
N
r— s ° ’
- . ’ :
“a
3 N : N
- 4 ®
-~ - . .
- _— v
- . - n‘
- \ 'i
.
. . o,
. ! .
‘ - - -
- “ 1 Jv .\r ‘-
h al . ’ Nw
- r ° )

N e . Ac%w,.gftxﬂi -

-
.

o TRt T N -

N
» -
- .
, .
i
s -
o —
L . ' )
-~ - s
e R

i3




S - i/
. ' INTRODUCTION.

]
~
¢ - - .

- . - ) All building materlals are po}ous, whether they are
; . Q .
' . natural or synthetlc mineral or organlc. However, the ) N

«i

term’ 'porousrmatprials' has been adopted ‘to representf
1,2 . ~ ’
.hydrophilic solids, such as solls, masonry materials,

' glass and cellulose matérials. - The term 'non-porous’ is
1,2 v . ‘ ) . 1
used to represent hydrophobic solids, such as silk- ' B

;
TRy AR e o gy o o e ) m mewe m

k-3
>

cones, teflon, host polymers'/m\st pélnt surfhces, as- .° B {

-5
LY

4

v e o

cribe materials such as metals, which when subjected to
. water,,aé vapour, llqﬁid, or solid, will quickly reach
' L]

equiliﬁflum with the environﬁent because the amount of . ‘
, . T : \
A water that they can hold. is very small. Sollds that are "4

wetted by water, (hydrophilie)., have.an attraction for

water molecules because -of the high surface enexrgy of & ’3 o
’ ° N
. solid, 'and because the confact angyes are less than 90 I

.

c

!

* The amount of surfacg energy of a solld.depends/on the 7 .

" . 4 - . ; . 1 . ,/..

. 1nteract}on of. surface atoms with their surrqunding atoms,
J, ’ o s

/ The presence @? poreéican significantly affect the .
-

phaltic,gf}faces, etq.- Non-porous is also used to de- b '

s
propertles of materlals. By using the* term 'non-porous! v %
to describe certain solids, we tend to ignore the effect L x
of any pores - -that may‘@e-present in.it, For example, ' a%

"-’the compressive strength of various materials decreesee ‘ %

' .with an increase in porosity, as.illustrated in Figure 1. R

"y

’ L]
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Scaled'Relat:lve Compressive Strength °

The anjount of decrease 1n compressive strength is re-
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¢

latively the same whether the material 1s hydrophillc,

(concrete_a) s OT hydrophoa’lc, (1ron) . . .

\

The term porous materlal' is used to decribe a °
.

solld which differs in its catalytic behavlour and has .

\
different chemlcal reactions at the surface, from that
. ‘ u o . 4 b
of the same material in bulk. This 18 because of the

increased surface area and the cyrvature of the solid

, s * m- Stainless\Steel. .

LI a, |. & g? ° ¢ *
s - o 7 .
' ¢ [ ]~
[ PN N \4‘ “ﬂ . \ » .
* ¢ - s’ o . 2
o' : - .

[

b .
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An deteﬁminiqg the propertles of such highly porous‘ma-

" terials,

" ‘flat pores will depress the fatigue limit ¢

Once we are able to measure them, we will be able to de~ .

& u ° " ’ ?
. 4
surface in the pore. The 1ncreased surface area 13 a

B .
I . . A

result of a slgniricantly larger amount of pores pre-

sent in a material. Thus, the term 'highly porous ma=
¢

terial’ may be morg sultable than 'porous materla;' to *

destribe such a solid, ) ,
P -

It i1s not only necessary to know'the number of.

pores, (porosity), in a materthl, but also thelr size, - . .
' \ 5 i [ ‘ .

shape and distribution. These are_important facto;s

Fof example, the fatigue limit 6T~conc;ete v 6 .

with a given porosity, I'ncreagses as the poie size docreéses, .

as long as the pores.are spherlcal in geometry, since

Properties such as pore‘éize dlstribution'and pore "

, - C ’ \
(§hape can not yet be determined accurately by reliable )
5 . ‘ . vo

el .
There 1s a need to develop non-detructive

tezt method;.

me hods/df énalysls and measurements of such propertles.

)

.
~ry
[e. 1)

termine the specific characteristics of such highly po- A

rous ‘materials. v ) " -

’

A very 1mportant characterlstic of a materlal is its

reslstance to deterloration in quallty durlng 1ts period . .

~ 7 v . ' ‘ i

7
of use. The resistance to deterioration is the durability
of a materigi.' The Brltlsh Code of Practice for Durabi-




11ty, " defines durability as "thé quality of malntainlﬁs;.‘:f

.« _satisfactory appearance and.. performance of required'func;“

' .
e - ’ (3 . . . N 1 \'g'

. tiohs". . - ' S

1 - ot .
1 , KN
v N b} . » ./

N v One of the most common agents’ that leads to'the de-
I3

terloration of a material is wa?er. It is a vital and an’ .
. j abundant component, of * our\environment, posgessing uniqueh)
' qualitiés which account roi.itq usefulness‘and'déslraﬁi—‘ 7
-9

lity, as well as its damégihg'aﬁd hazardous effects.,

,Qatef 1S a constituent,of‘many building materlals, l.e. s

-

-

- concrete, and lts'preéeﬁce or absence may be responsible

— for properties such as flexibility, streﬁgth, thermal and - )
b C . . : . Vi
" electrical éonductivityy ghrinkage and swelllng and many
U

otbers. Water can be present in 1its various phaSes of -
state; 'solid, 11qu1d and gas. It has the abllity to dis—
solve many other subs*ances \ The anomalous decrease in
denﬁity on freezing, and the presence ‘of various forelgn

-molecules inJ&ater, aﬁg believed te be responsible ‘for the

damage of highly porous materials. However. not all wa-

ter ygesent in a materlal wlll cause damage. For example,'
} - ‘ : in the small pores, i.e. gel pgres in the cement paste,
’ o ‘water will not freeze at temperétures above 178°C,

, whereas In some large caplllary cavities, it ma& freeze
B . ‘

at 0°C, and caluse frost damage to\the material,

Thus: most damage occuring‘iﬁ many building materials
18 due to the prefence of water. This water 1s found in.

~~ g .
) ‘ / ad . \ - >
\ . . Y L . : )
. .
+ 14




;"‘tha aﬁﬁieqf conditions of the envlronment{gnd in tﬁe_ /
pores o} the material.: The type and amournt of-moisturéx:
Yéund in a material‘is greatly influenced by the?charac-
ter of ‘the pdres, il.e. their'si%e, sﬁape, and distri- "
»i 'butlon. If we do not qugréiand the fupdamgntél pro-
peftfes of poies; then how Eém we\reliably anﬁiyib
thelr lnfluence and the 1nf1uence of water preeent in

A
them ‘on the behavioun of_materials. The purpose of this-

paper 1s to stress the fact that not much is known about

" the properfLes of the pores, and that we need ggzs rellable
non-destructive test metho@s to determine the propertles

of pores, for current methods ‘based on direct. observations

. . ¢ . * .
and on secondary o¥ derived properties are not adequatp.

s ) \J

1

In Chapter I, -Fundamental Characteristics of Highly’

'lPofoué Materials, we iﬂenélf& the properties which are

‘ fundamental in the descriptlon of highly porous solids. )
‘Chapter I1, Moisture in a Highly Poro&g Material, de-
' .’scribes the various forms Jdf molsture present in a po-
rous solid. The_ type and amount of water present 1in o .

e

such a materlal will depend on 1t3‘fundamental propertleSa

P S

° , ° s8such as, porosity, ‘pore shape, size and distribution. .

" The typé and amount of water in the pores, the riumber of °

Y

pores and their properties will influence the behaviour :
:Sf the ﬁaterial,'”The exﬁenﬁ of thésezinfluenées is dis-
cussed 1in Thapter iII, Influence_of Pores on Material .

: * Properties. ‘ g - e oL -
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Q.

°

FUNDAMENTAL “CHARACTERISTICS OF AIGHLY POROUS MATERIALS.

>
’ .

Mechanidal; ph&slcal and chemléal properties of "" N
}Prous-materials'are influenced'by the ppfes anq their
distribution., There afé two types of pores; open . B
pores, finter-coqnécping channels), which can permit . '

‘the passage of flulds and can retain wetting liquldé

.

11

o

by caplllary'act;on, and closed pores, (those which

have no inter-connections, and which usually do not

.

contribute to the permeability of a materiak).

Flg. 2.
a material.’

¥
§

¢

Pores or ¥qQids may arise out of the processﬂofj
natural growth,‘as in wood; they_may be dellberately _ -

introduced into a. material by processing, as in fire-

’Qpen and closed pores in o

®

»;
. Ty . N {]"
Y

Closed pores
(internal) -

Open pores
(inter-con-

necting chan- ’
nels) .

a

>

‘brick or air-entrained concrete; . or they may occur

accidentally in scme metals because of fbperfect casting \

12 6

'

techniques. | . , . M

N
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" will be influenced by the character of the raw materi-

-aly the size and. shape of the constituent particles,

\
of the material with no pores,

[ » . ’ i
» Ld

~ Chemical reactléés occur: at the surface and the
catal;tic behavlou;,of a porous.seliq differs from that
of the same material in bulk because of the increased
surface area aed the curvature of the solld surface in
the pore, The size and distribution of the po}es,

thelr extent, and their shape are 1mportant factors in

determinlng the properties of porous materials and \

their suitabillty for parfioular applleations. ' \

F \
.When‘a porous material is formed, -Ats properties \

v

and the area of boundaries formed by the interface of

13

growing surgeces. _However, there are f%ur properties

. Which are fundamental in the description of hlghly po-

rous materials: porosity, specific surfaee, pore slze

T -

distribution, and pore shape.

The poroslty of a sample 1is the volume of pores
. 12
or voids present 1n the material. This is usually

expressed as a percentage of ‘unit volume, These pores,
(voids), areaconsidered as ‘e phase ‘of zero composi-

11 . :
tion', Porosity, p, is usually defined by the.ratio .

of the apparent density, d;, to'the true density, d,
R 13 . \

e

1-v, . ;

and V=14d4/d, . - where Vis the ratio
! of volume




v/

”

P e e s

thus, porosity), in pefcéhtage, is:
( ~
\{ . ’ ™ .
. _

© o The appa;ent density of a matertal 1s the weight

of one unit §olume of the material in 1ts-native po-.
1 : -
X
Tous state, ‘Where possiblé, the true density of a

. material 1s determined b;ﬁihe ratio of the.weight of
an equal: volume of compacted hard particles of the ma-~
terial without pores;13 For materials like concrete, S J
where the final constituents are chemicall& differéqt ’ 1
frém the initlal ones, the porosity may be determined
by using the procedures of ASTM C 30 through to 37

— - (1970) for ?ﬁgregates, and ASTM C 185 (1975) for ce-'h

- ment paste.

t —

The termsQapparent or true density are often 3
used, depending upon whether open pores, or both open

énd closed pores are considered, /Apbarent porosity

‘and truéfporosity 1s open and closed pore volume di-
) 11 . <
vided by the total volume.

4

\ \ .
The term specific surface, (g5), designates a par- ) -

“ticular quantity, the sﬂrfage drea of. open pores'con—

5

tained in & unit volume of the solid. Haynes states

&

|
1
i1s open pore volume divided by total, (bulk)., volume, 4

that thé speclficlsufface area can be derived from po-
— ‘ b .
rosity and pore size distribution. Specific surface
. ! ) &
. QU:’ . - * . rl.‘

<
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-area 1s an impertant factor when dealing with the , Q.
10

strength ‘of concrete 1n 1t;s eaz:ly stag:esf . for

ey
ey
IS

N}

e

example, -7 day old concrete has twice the specffic
’ . 5

surface area and 50% more compressive stx;ength than -

‘ * fresh concrete, - .+ . ' : . ?
L ; - . v, “ ) ‘ :
g 1Y . ‘ + .
. % " !
§ * ~ 0 ' :
; | B T 3} 7000 ) 1
g )  } ;/
? f ) 1 year 400
[ £ o ——— = R
N R 90 days
{ , o ] “
y 7] ST + 4 5000 5§
o // 28 days g ' .
=) o) .
g 30 : ,‘-_—_—' - ﬂ’ -
@ ~ 1 4000 ) ﬂ
& "7 days | T
s g‘ LI 4 ' L3 s {
: 'S 20 ~ 1 3000
f 150 200 250 300 -350
{ \ . Specific Surface * mz/kg.
t Fig, 3 Relation between strength o o
g concrete at different ages and the spe~ , .
& ' .

cific surface area of cement,'”

| The differential pore size distribution is a

- volume for which the pores lle within various size .

Pt

ranges; it 1s a complex fungtlion of the/ shape of

' pores ar;d t way 1which they are inter-connected.

.




- because of the variety of pore sizes.

!‘0.

\ .

L -1 T, | '
P ’L_ ,/”" (a) Integral pore size -
R distribution. V is the
/ voluge of pores having
A ] ' tadii less than'r. V gy
v .; A{a) is the total pore volume,
] ’ :
I
7
; ; .
\ _,/ ‘ ' .
: L '
s L (b) Differential pore size
&'rw “ distribution. The maximum
13 eccurs at the value of r
: I . where the slope of the curve
av ! 1 (v) in Fig. ﬁga) is greatest.
dr [ | The area ‘under the curve is
N 1 Vp, and the curve can be nor-
! .‘ malized By plotting (1/V)
‘ ;/ \ (dV/dr) instead of (d4v/dr).
o4 \ / . ‘
”~ N 4
. - \ '
, r T 3
-._._1;"‘;,\ ' - .
Fizg, 4 Pores Size Distribution 4n integral.

" and differential form.? ‘ . -

. ’

(

The pore size disgribution i1s difficult-_to calculate

J

@n»ove:all ana=-

©

lysis of the pore size distribution can be acheived if

a simple pore shape is assumed. However, this dogs not
give a perer indication because the pore shape and . -

éombinations vary considerably from\sample to sample

of the same material. The reason for this 1s that the

-

;;;;;;

g

% oy g e o

(PRI )
.




v

pores are the result of a chance arrangement of par-

ticles of a varlety of sizes
. 13
ragteristics,

I}

ph;oqgh direct observation.
~ - ) " .

, shapes and surfaceé cha-

-8, .6

10

Mean Pore Badius m

1]
- \

Fige. 53

10°® 10 1072

>

"

N

For‘cylindrica} pbres

NN FUW N =

Thus, this broperty can only be derived

é = 25{?

¢

" Pore properties of common constru
materials. (Specific surface and mean pore radlius:
are plotted on logarithmic axes. ,

concrete
sandstoneg
limestones
brick
solls
timber

ctional

For any' given

" pore geometry these quantities are relafed via the

.porosity.
lated o
also showh,)®

The fourth geometrical property, pore :8hépe,

Contours of constant porosity, calque
the assumptlion of cylindrical- pores, are

5

also can only be evaluated by direct observation.
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Indirect méaﬁs.of.estlmation, those based on sepondary
Lo & i ) , -
or derived properties, cannot be used [ecause every

3

analysis is bssed oh an assumed pore shape, (spheri-l

cal or cylindrlcal shapes are usually assumed).

oF N -

Many of the porgs Join to form oddly shaped, curved =
elongated labxrinths or 1nterst1ces between particles o ;

of the material. 1In time;‘these interstices undergo

- -~ T .

considerable changes in shape and size, because. of the
13

physio-mechapical processes taking place. This ,can

.

- even result in partial or complete.blocking of‘some'ca-

3
d

pillaries, creating new pores. , I ' S .
i j , /

. After identifying the four pr&?ertigs which are .

/

. fundamental to hlghly porous materlalss; porosity,

specific surface, pore slze distribution, and pore
shape, we may proceed to an evaluation~of their 1&5

fluence on the mechanical, physical,’and chemical

L]

_properties of porous,materials. But rirst we must

.discuss the water preseﬁ£ in the pores, for this wa--
ter can lead to the detérlorstron of the sategisl and
cause the.material's inability to‘mset its performace

requirements,

smasgen e B
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MOISTURE IN A HIGHLY POROUS ‘MATERIAL.. ™

. "
Water is an abundant and vital constit%ent of our

environment. Its presence and unique qualitlies account

forlits-usqfuineés and desirabiiity'as well as 1ts da-

. / 9 v

méging and/hazandoﬁs/effects. Water 1s a constituent
'of many bullding materials, l.e. concrete, and 1ts pre-
sencé or absence may be resvonsible for properties such
as flexibility, strength, thermal and electrical il?-_
. ductivity, shrinkage aﬁd’swgifing, and others.
;

i

As mentioned previously, water has unique proper-
ties, which-at times add to the difficulty in under- :

standing its behaviour and influence .on materials, It

‘has high heats of fusion and evaporation, and its elgC—e’

tronic structure, gives it the abllity to dissolve many
B 28 ) ‘ . :
other ssubstances. Maximum density occurs at 4°¢, -

.~It has eleven phases 'of state: nine solids, a liquid,

1

and a gas,

3

»
-

. . Water is found in various forms,in a highly porous -

-

material. These formé are present simultaneously and’
exhibit & complex relationship. The water found in a

materiéi can be in the\following forms: f
\

.a) chemically combined.watep,

' b) /physically bound water, .

[

i
;
|
3
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¢) bulk water, _ . ".s
v 4) 1ce,“‘ S

e) water vapour. . ' .
, Chemically combined water is a component of the-
¥ -t

hydrated substanpges contalned ih 8 mater;ai} In highly

porous materials the ‘amount oﬂ chemlcally comnbined
i3

(watef is generally small, usually up-to 12%. This

-

type of water can be.further subdivided into water of

conséitution and water of crystallization.. water of
constitution 1s a chemical component of minerélg and 1t

is liberated in the proceés of destruction of the che-
- . ) - . . . 13 Wt
mical composition of mlnerals at hlgh temperatures.. .

The water of cryst&llization is a constituent part of -

) crystallohydrates and zeolltes, sych as water in gyp-
’ ‘J . 13 .
sum, kaolinite, geothite, etc. The number of hydrated

/ . water molecules varies with the Erystal structure{ and
dependsuon the ambient conditions when the crystalmls -

formed. The water of crystéllizatlop ls léséhétrongly

A

held than the water,of constitution, and it is set free

10

\ . at lower temper&tures. o v

Physically bound water can be present in a material
in 4ts various phases of state, i.e. liquid, selid, and

. -
) amount varies wifh amﬁient condltigns and the'pafpertles

of the pores. Physigcally bound watefﬁﬁ}}ch is more

strongly held, is refdg}ed-to as hygros opic/molsﬁure,

Y .
¢
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. thickness becomes greater than the pore radius.
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7. ,and loosely bdund water 1is referi@d to as. molecular or
o 13 .
- 7 " film watek,

Every porous material adsorbs vapour and water mole-
cules that are held on the surface of 1ts partlcles. )
The capacity to adsorb water vapour from the air.ls ;
called hygroscopicity, and the molisture adsorbed by the
surface is called hygroscopic water. The degree of hy-
groscoplcity depends on the surface area of the material,
the surface energy of the soF/; and on the amount of
relative vapour pressure in Phe alr with which the 2}-

perial is in contact with.

-

Hygroscopiclity of a mate-

rial increases with relative humidity, and it decreases
with a rise in temperature due to* the increased vibra-

: _ tions at the particle surfaces.- Thé maximum amount of

water adsorbed/by g material from a- space saturated with
- ' 19
water vapour is called the maximum hygroscopic moisture. )
‘Waéer can enter almost all connecting pores to Yorm films

the film

JAn them or 1t can even fill them cempletely as
2

\4
‘Di-

polar water molecules are attracted and become fixed

on "the surface of particles by hydrogen bonds., Hygrosco-

_pietty, is more dependent on molecular \rather than thermal
13

condensation. . . F

The moisture held by molecular forces around solid

particles 1s called film water. When particles,
3 . ¥ \

satu=-

15
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'ftibn.of the material particles has less effect on the

"outer layer of ﬁater due to the sheilding by the inner

-

rated with moisture up "to the maximum hygroscopic level
come into contact wi*h liquid water, the adSOrbed film o

thickness increases unti] the mo}ecular forces of at-
t:adtioc reach compléte’equillcrium (molccplcr conden-
satlo;ll.13 This water on thejsdrfacé‘or particles forms
a film which is held with less force than the original

hygroscopic water. The dividing line between maxigum

//

- ~r . ,
hygroscopic water and fllm water is not clearly defined.

The attraction of film water and its fixation on the 4
Al .
surface of soll particles is mostly due to the forces

causpg by the electric charges of soll cations and ani-
26 T S

'

ons,

'The inner layer of waﬁer molecules corresponding -
to the hygroscoplic moisture are tightly held by the

particles. The loosely held outside layers of film

water may move downwards under the influence of grav1:;~fq

ty, or be d1Spiaced‘1n any.directlcn:’under the effect
. . 27.
of molecular forces upcakdrying out of the materlal.

water remaining 1n the material,
13
the more firmly it 1s held by the surface particles.

The less pﬁysically bou

A& the water film grows thicker, the molecular attrac-

LY

layer, and there 1s no net attrad‘ﬁon beyond a cérﬁain

26, 27
1imity This process of adsoprtion, (and the re-
vérse effect’ known as desorbtion), invplves a readjust- ; |
-~ {
> (?'v +
T 16 ) ‘j
ot i .
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o, als versus relative humidity at a given temperatuze are

!

‘ment ‘in the balance of molecular forces, and thus, there .

\
ar\e small accompanying dimensionaf changes,

' ) N : : . . o
.Curves of molsture content in highly porous materi-
&

.

known as sorption isotﬁerms; These are shown in Fig,é

»

for both wetting and drying situations for edmmen’build-

" The difference between wetting and drying

¢

is known as hysteresis and this arises from the absence

ing materials,

b . .
of bonding forces 1in thelvapour. ‘ s
‘,: . ° / ) fonl I R
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Capillary water 18 a transition between the mole-
.13 :
.cular film water and the bulk water. t 1s held by o

- }

the 1nterfacial force/’/gtween the alr, water and so-
lid particles. These meniscus forces may be of attrac-

,tion as in the case"o?iweptable, hydrophliic'solidq,
(soils, mesonry maﬁerlals,wand cellular-matzriaks),

]

wlth contact angles less than 90 or of repuléion as
r

for non-w ettable, hydrophobic sollds,.(most polymers,

teflons, silicones, etc.,), with contact angles greater

than 90°. The force of attraction or repulsion ‘will

‘depend on the cha;acter.of the material, the mo;stnre h’\*j
history of the material and its contact angle at that |

time, as well' as the value of the surface tension of

the water which increases with reducing temperature.

\ fa) - (b)
. @ Wetting Surface ‘Non-Wetting Surface ~
\\\\ﬁigu 7 Contact Angle for Wetting and Non-Wetting

] . .
ggrfeces. , . -
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Hence, capillary water.may be defined*és liquid
ﬁater held by the cohesive forces of attraction or as-
soclation that water molecules have between them. In
smaller capillaries, water is held by intermolecular
forces of attraction between it and either the solid
or the hygroscopically held water. These forces can
extend outward; from the solid about one hundred mole-
cules and are sufficlient to lncrease both ﬁhé ?ensity
and viscosity of the water so held, and cause a de-
pression in the freezing Rplnt to less than that of
bulk water, " ' ~ ‘ ‘

ACapillary water can be further subdivided into
pendular, (angylar), wéter, fqnlguiar water, capiliary

13

sorﬁtlvely locked wafef,-and caplllary mobile water,

-

.

material pérticle
hygrosco%ic water-
film water
. pendular water
air bubdle

. funicular water

\

Fig. 8 Forms of water in a porous material,

]
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‘Pendular or angular water 1s not continuous nor is it

moblile, This water appears in the corners of the boun-
daries betwéen‘material particles. The boundary which
saparates pendular water from the pores is the surface
tension meniscus., This water may appear as a result

of capillary condensatlon.lBA The %ﬁfuhulatlon of pen-
dular water increases brogres§1Vel;; tﬁe menisci widen,
and finally, come into dontact and merge with each.other,
forming funicular water with remaining gaps or bubbles
of trapped air.‘13 éecfions of capillary water, with
meﬁisci at.tha ends are obtained when the trapped alr
bubbles are ousted out because of result}ng pressure dif-
frences. This water, which 1s now surrou ded b& hygro-
scoplic and film water, is called capillary sorptlvely
locked water.13 ‘When the capillary.pores are filled

completely we get capillary mobile water,

Capillary water is subject to the capillary, (meni-
scus), forces, and to a smaller extent, to gravity. ‘Ca-.
plllary forces', of 'caplllary potential', is used tg

designate a certaingresultant of forces; surface tenslon,

osmotilc, aag’sorotiva fqiies.

" When all capillary-pores are filled with water and

the capillary potentlal is reduced to zero, water begins

to move along the pores under the action of gravity.

20 4 ~’ "
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This lé known as bulk or‘kravitgtlonal water, which

: -

- appears after rain, watering,'or thawling and melting

of 1ce£:’

| Water vapour can be present. in the pores of the

’

' materlial, It 1s a gas which occuples all the space that
the air does. Water vapoﬁr can act independently af the
air, since in general its propertiéé do not depend on

‘ ) the presence of air. It exerts its own vapour pressure,

-

and can move about through materials under differences

. . 2
in its own vapour pressure. ?

As 8 result of changes in molisture content in hiéhly
'_porous mateflals, some forms of water ﬁass into other
‘ formé. As the molsture content increases, water‘vapqur
M is fixed as hygroscoplc water, which increases in thick-

‘ness and reaches the value of maximum hygroscopic ﬁoisture.

\

It then passés into film water, and then into maiimum

-

fiim_water and finally into caplllary.water. Pendular
\
1‘ to begin'with, then funicular, then locked capillary,

and finélly rgaching maximum éapillary‘readily mobile

- T
L]

. water, Finally, we get bulk or gravitational water when

the pores are full,
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“which there is moge than one solid phase and more than

4 4

. Sl .

- INFLUENCE OF PORES QE'MATERIAL PROPERTIES. .

@

A

» Pores influence the properties of ‘materlals, whe-

ther they are .empty or whether they contaip'ﬁ liquid,

" In discussing pores and their influence on the proper-

*
ties of porous materials, we will limit ourselves to

the material most commohly used in construction, naﬁe-

ly concrete, . . ‘

Concrete 1s a heterogeneous porous mate;ial in

one porous phase. The presence of pores in both the
cement paste and the aggrggggg’gggggﬁbuté to the po-
rosit& of the concrete, and-they have a great influence
praperties such asqstrength sorption, permeabllity,
creep, hurability, aﬁd others. wé will first discuss
the effect of pores on the cement paste, then on the

aggregate, and finally on concrete.

Mény-of the mechanical propertles of hardened ce-
ment and concrete depend on the physical produé&s of-
hydration. Portland cement, the most commonly used

hydraulicfcément, cons%g}s of argillaceous and calca:;?

\

reouslfaw materials, The argillaceous materials,

which Lay be clay, shale, or slate, provide alumina .
and sil‘lca.1 The calcareous materials, which may be
limestone, marl, or oyster shell, provide llme.15

b

|
|
2.~
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»1ime, silica and alumina, .
‘ - [

Thus the major constitgenté'of portland cement are

When water 1s introduced, it attacks and decom=-

. Eop e TN R Nt s g
v

“(a) ()

[P

' Before Hydration Inltial Reaction

(c) (d)
‘Dormant Period Hardening

and gel formation,”

_ othbr products in the process of hydration. ?

.poses all the compounds present in portland“cemenﬁ'and

" forms a varlety of products, which undergo complex re-

15

actions in a short tlmé, later to be converted into
VN

unhydrated
cement

" particles

cement ‘gel

capillary
pores’ and

cavities
between

paste par-
ticles
v

1

Fig.9 Schenmatlc ‘representation of hydration

These products form first at the boundaries .of the

. . . .
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: grains of cement, and as their development Sontirmes,
' . . //.,/ 15
: -the cement paste 'sets' and later 'hardens', Cement .
{ . i
v hydfation can be 'classified into varlous stages,‘base
on major changes in the reactlon rate and the physical
— structure of the cement paste. These are given in the
. . ' |
following table,
; ‘ a
: ]
L . R
: - -
: , - | Hydration. - Typical Principal Chemical L
; Stage , Duration , or Physical Chahges
Initial reaction 5=-10 min, Initial solution and
hydration,
Dormant p&wlod 1 hr. Growth of reaction . " i
product membranes ‘
i . _ iy ‘ . around cement particles. . 1
; . | Setting 6 hrs, Membrane rupture, re- . |
) newed hydration of . ) 3 -
. particles.,gL 4 ‘
Hardening : 6 hrs, to Hydration proceeds [ "4
1 year | slowly and products

L . exude into and fill
caplllary space.

Destructive 1-5 years Disruption of “sur-
hydration. . rounding hardened
paste by expansion -
due to late hydration, ' “

n ¢  fable I. Stages of Hydration of Cement Paste.'’ |
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Many of the mechanical properties of hardened ce-

ment depend on the physical structure of the products -
of hydration. The fresh cement is a plastic network ../
of cement particles in water, but once the paste has ‘

set, the gross volume remafng approximately constant.}? e ’

- During hydration, tﬁe hardened cement paste consists

of hydrates of various compounds such as calcium alu- .

'minum hydrates, calcium silicates, etc., collectiviely

referred to as gel, of crystals of Ca(OH)z, of some °*
minor components of unhydrated cement, and of the gpace

vacated by the water used up in hydratien in the fresh
10 . )

paste, These spaces are called capillary pores, How-

ever, there are also interstitial volds in the gel re-
. 10
ferred to_as gel pores. e

|
. .8 q
Fig.10 Simplified model of paste 3
structure. (Solid dots represent gel i
particles; interstitial spaces are - i
gel pores; spaces marked C are capil- 4
lary cavitles, Gel pore size 1s exag- o
gerated, )" : o
‘ §

3
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At anyisfége of hyération the capillary pﬁres
afe‘that part o; the gross vq;ﬂme which has hot been A
filled by the pfoducts;of h;érationl Since these
products occupy more than twice the volume of the
original scolid Qhase,'the volume of the cagillafy
system 1s reduced as hydrétion progresses. ° Thus,
thé'capilléry porosity of the cement'haste depends on
both the water/cement ratio of the original mix gnd-J
on the degree of hydration. “The diameter of the ca-
pillary pores hés beeﬂ estimated to ﬁe of the ordef'
%f 1.3 pm, (5 x io's‘in.).lo They Qary in shape and
form an 1n£er-connected system randomly distributed
throughout the cement past.e.i6 These inter-cggnected

capilllary pores are thought to be responsible for the ,

3

permeability of hardened cedent paste and its vulner-

ability to frost damage.. . |
- / .
t C <" ,
The gel pores are inter-connected interstitlal

»
L4

spaces between the gel particles. They are much

¥

smaller than the capillary pores; between 1.5 x 1072

10

and 2.0 x 1072 am in dlameter. This is only one

or&er of magnitude grea?er than the size of a water
molecwies,?o and for this reason, the vapour pressure
and the mobllity of adsorbed water in the gel are
di%ferent from the éorrespbndlng prdperfies of free

\
waterlo and from that of c?plllary water, The amount

of water which can move into and out of the gel di-

1

26
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_— rectly indicazes its porosity. The gel pores occup,
. } * o 18 [ . ‘ 1
/ ' about 28% of the total volume of the gel. As hyqra—'

¢ tion progresé’es, the total volume of the gel increases
C . and so does the total volume of gel pores, whereas the

volume of caplllary pores decreases.

Pl

The porosity of cement is a function of tHe water/
* [ 4
cement ratio. The lower the water/cemqnt ratio of the
. 10 ’ 19 :
mix, the lower the porosity. Wischer found experi-

T B S ey e ooy am o

—~

mentally that for many cement pastes,

' . . 207 . . v,
. S 8¢ = (1 - Vp) x 3,100 kg/sq cm

¢

- where Sc 1s the compressive strength and Vp is the

R

8 . yolume of pores.

As the volume of pdres increases, the compressive

strength decreases, It folloWs that the comoressive

strength decresses with the use of a higher water/ce-—

e T e A o s

ment ratio.

The pérmeability of cement Is not jJust a simple

function of its porosity, but also debends on the size, .
. o " 10
distribution, and continulty of the pores. Although

the cement gel has a porosity of 28%, its permeability

. -1
. isonly 7 x 10 3

m/s. - This is due to the extremely
’ fine texture of hardened cement paste, for the pores

and the solid particles are very small and numerous.
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In aggregates, the pores, though fewer in number Are
-, . . o ) \ lo
much large; in size, lead to a higher‘permeability*

For the same reason, water can flow more easily through

W e

LRl A

the capillary pores rather thgn.thfough the smaller

4

»

* gel pores. The cgpent paste as a whole|1s 20 to 100
. 17 :
timés more permeable than the gel itself, Thus it

!
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follows that the perméability of the cement paste is
controlled by the caplllary porosity oﬁ’the cement
paste. The‘permeabllity'of cement paste ya;les with
the prégress of hydration. In fresh péste,°the_flow
of water 1is controlled by the size, shape.and concen=

10
tration of the original cement grains, With the

progress of hydration the permeability decreases be- , =

o

{
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Fig.12 Relation between permeadbllity
and capillary poroslty of mature ce-~ ‘
ment paste
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:; T oause.theuéross volumé of the .gel is approximately
tnice ;he volume.g} the,unh}drated cement, so that the
) " "’“'V: gel éradually fills some of the.original water-filled . l% |
C B SpaCeS.fo In.a mature paste the permeability depends \ 1
BN :; b ‘on the size, shapé and concentration of the. gel par-
o ticles, and on whether or ‘not the capillaries have be-
g . _ come discontihuous.zo The permeability is also af- - . |
* fected by the proper*iea of the cement - For the-same ! ]

- 4

. i Water/cement ratio, coarse cement tends to produce a
20

t

s
% e e ’ paste with a higher poroslity than a finér cement, ) ’ - W
. . Thus, it is possible to state, that the highér the, . T

. e svrength of the paste the lower Ats permeability, since .

Lt T ; "strength i1s a function of the relative volume 5f gel
P SN . ’ 10 - .
’ A in the space aggilable to it. - However, in the case

y of severe drying, the cement pAEte iﬁtreasés its per-

. meability, probably because the gel between the caplil=
.o . 20
’ ‘lariea ruptures, opening new passages for the water.

- - [N

T A 3 l{ ’ The surface structure and the specific surface

w ' . " area of cement pasté\are'important factors in the de-
S o velopemt of strength. It is assumed that the forces

_ 'responsible for adhesion between the cement particleS‘
» (y °
. . are greater for materials having irregulat co-ordina-

“K r tion of surface atoms, for example high surface ener-
Tg 5,10,16
: 8Y . The surface energy arisessbecause one half

. of the Surrounding papticles are not present to.balance

Id 14
¢

e ! i‘> l”m
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)eompresslje Strength Qﬁ?mz

out the forces exerted by the remaining half.
an increase in the ‘surface area thé amount of surface
R ® »

adhesion will increase.

compr

.the physical .structure of the gel. . ' .
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Powers states that the. '

essive strength of paste depends primarily on

8c¢’= 120,000 Vm/w, - 3,600 1b/1n? >/
\ ) ' ‘ ;

where Vm 1s the surface area of the gel, w, is,

&

the volume of mixing water, and Sc 1s the.com-

pressive strengﬁh of pasté.

”
& a

’ 4
c q .
’ ¢
i/' -
s L A 16000
/
y 4 o
i "’f > 1#090 .
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Fig..13 Relation between the strength of mature \
cement paste and the ratlo of surface area of-gel Vm
to the volume of mixing water w, .
. y .
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During the progress of hydration, the specific sur-
b € 15
face area may lncrease by a factor of 1,000,

P

-

Another pyoperty of the cement patte that 1é|
influenced by porew creep. Creep 1s a delayed
elastic pheﬁomenon in which full rebovary is impeded
by the progress of hydratlon.lo It oceurs in the cé-‘

ment paste ahd it 1skreléted to the internal movement
DT I 25

of the water of hydratlon. Glucklich's tests °

have ‘shown that coﬁbreté'from which all evaporable wa-

ter has been removed exhibits pﬁgzﬁlcally no creep at

3

room temperatﬁres. However, at high temperatures,s

: \

when water does not pléy a role, the gel itself becomes .
ya 1 )

subject to creep-deformation, This suggests a vis-

cous Plow or a sliding betweeh gel particles, and it

accounts ‘for the influence of temperature, and the ir-

reversible character of long-term .creep,’ .

S ! Y

°

It is suggested that creep and shrinkage of con-

cfete are of a similar nature, and that they are based
. - i ’ ™
on the migration of water from the cement gel. This

.1s supported by a numbef of well established experi-

21 . -
mental results: .

.

< N »

a) A high ambient humidity discourages the removal
of water héld in pores and results in small

values of creep and shrinkage.

T

’“h v . . ® .
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10 .
.8usceptible to creep. Also the porosity and the ab- /

‘b) A large specimen shrinké.and Creeps less thanf
a small one because the mdvement of water from
the interior is impeded by the distance through
which 1t can travel before it can resth the

. surface and evaporate.

2

Porosity of aggregates has been found to influence
the creep of concrete. - Aggregates with a higher poro- ' 5
Sity generally have a lower moduyhsqof elast;city which

offers a lower restraint to those types .of dement paste ,

sorption capacity of the aggregate influence the move-

ment of molisture, and this migration.of moisture, as -

e

previously stated, may cause creep and shrinkage in

<

concrete,
; , . {
1600 - : -
/ . Aggrégate Content
1‘1200 £ 1/// gznzolume vyper .
-2 'V(/;g//’ | ) -8
.3 800" - | S
% koo | ED . 3
5

ol 1 1
0.3 0.4 0.5 0.6 0.7 0.8 \

’ Water/Cement Ratio 1
Fig.l14 Influence of'Water/cqpent_rath and
/ ' aggregate content on shrinkage. ‘ -
-~ 33 ’ -




€

Soundness 1s the ability of aggregate to maintain
dimepsional stability despite changes in physlcal con-
dltlons.lo Unsoundness is exhiblped by porous aggre-
gates. The shape,/size, and contiﬁuity of the pores,
in the aggregate eonfrol fhe'rete and amount, of -water
absorption, and the'}ate at which water can escape frem
the aggregate part17cles.10 Pores that are smailer than
4 to § pm are criﬁical for they allow water to enter,

but they are nog/lerge enough to allow for the expul-

10
slon of water‘ﬁéder the pressure of ice. Aggregates
/ N
may be tested for soundness by the procedure outlined
14 v

in ASTM C 33.

. The/ resistance of concrete to freezing and’thewgng,
its ch ical.étability, 1ts resistance to abrasion; and
the b nd between the aggregate and the cement paste is
influenced bx the porosity, permeability and absorption

" of the aggregete.10 The pores in the aggregate vary 1in

‘glze from those slightly larger theth the gel pores,

. “'5 (
(1.5 x 10 ~ to 2.0 x 10~5 pm) to those being large enough

to be seen by the naked eye.

) P ‘
The specifilc gravity'of aggregate also depends on

its porosity and thus the yield of :concrete for a given

10
weight of aggregate varies with porosity. Some of the

aggregate pores are wholly within the solid, while the

.

e

N
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.Bldered in calculating the aggregate

_ with water and the pore structure of cement paste. The

\
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others,oben'to the surface of the particles. The ce-

O RO

mgﬁf'paste can only penetrate the largest of the ag-

o

gregate pores, so it 1s the gross volume that is con- o

L]

P LAE R S

content of the :
10 ‘ . b

concrete. _However, water can enter the pores,  The C '

amount and rad! of ‘water penetration depends on the

pore size, and continuity, and the total volume of .

the ‘pore space. The aggregates usually represent a-

. ’ 10
bout 3/4 of the volume of the concrete, and so

make the major contribution to the porosity of the ~ '

concrete.

5

' - Susceptibllity to creep, strength of paste and T
.elastic extensibility are properties whiqh’gOVern the
resistanqe of concrete to damage. Thé most common type
of damage is the frost damage of ccqcrete. The main
factors that govern this are the degree'of saturatioﬁ

usually theory §tates that as tempergture decreases the
water held in the caplillary pores f‘reezes,zz’23 first .,
in the large'cavities and finally in the smaller ones.
Ereezlng is a grédual process beéausp the‘fréigi B
point varies with the size of cavity, the ra%e of heat
transfer through'the concrete, and because of'tﬁe dis-~
séived substances in the water. Since the surface ten-

élon of the water in the caplllaries 1s lower than that

-
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in the'smallér pores, fhe freezing starts in the larger
_cavities and gradually progresses to the smaller ones.
Gel pores are too smail to permit the formation of ice
nuclel above -78°C.10 With a fall ;n temperature and
because.ofithe difference in t@e chemical-potenfial of
'the gel wg£er and 1ice, thé}gel water aquires an excess
. pbtential which drives some water into the capillary
cavities containing ice. This.diffwsilon of gel ﬁater
10,22,23
leads to a growth of an ice body and its expansion,
(Powers' Model). The‘sgparation of frozen, (relatlvel&
ﬁure), water from the solution increases the concepffa-
tion of various solu%gs in the remaining water. The re- ;
sulting osmotic preséures drlve'some.§olute molecules
into the gel. These are partly replaced by water mole-

cules in the caplllaries, so more freezing can take

24
place, .
Another theory states that the volume of the 1ice i

is approximately 9% greater than the .volume of the pa- :

rent water, so that any exceég water in the cavity 1s
23 *

expelled. When there 1s no place for the water to go,

and the cavity is more than 91% full of water, the ice
23

will exert pressure on the capillsry walls, Such a

dilating pressure damages the concrete when its tensile

2

I R 2 e s R s ot s s ™ T o . AT, B a0

strength is exceeded, Thg extenp of damage varies.from

surface scaling to complete disintegration, starting

e A R ) » PR T
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at the exposed sufface of the concrete and progressing

through its depth.

' The relationshig between porosity and the mecha-
nical properties of concrete'are‘coﬁclsely §gmmarized
be Faéerlund. " He concluded that the gredter the ﬁo-
rosity of concrete, the lower ilts comnressive strength
and bending strength, The reason for this is that a
-pore 1in a material reduces the loadbearing area of the
éross section and the pore often gives rise to stfess
concentrations. The elastic modull of céncrete changes
wWith the deg}ee of hydration, whicéh in turn determines
the type and size of pores in the cement paste, “Young's
modulus is equal to nought when the concrete is green.6
Ultimate stralh decreases as porosity increases. Fager-
lund also statés thatvthefatigﬁelimit for a certain’po-
'rosiﬁy should increase for sﬁéqimens with smaller pore
slzes, as long as the volds are spherical in geométry,
and that flat pores considerably depress. the fattgue
limit; ‘The rgpe of creep increases if the pores sre .
larger than théggrain sizé qflgel,crystals. Theré’must
Wbe few pores at. the grain boundafies if creep 1§ to be

small, while pores inside individual grains have a lesser

influence, Shrinkage and swelling are dué—té_tpé“com-

pressive stresses in the porous materials caused by the

changes in the tensile stresses in the pores due to the

37
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Ce movement of the moisture. The highest surface tension

. 18 found in the smaller capillarlies that contain'Water
s . ) 24 ‘
O mixed with solutes.

I
i v A Y T S I At e na

It can be coricluded from the abo¥e discussion that’ -

the presence of pores has a laxge influence on the be-

s ' { .
haviour of a material. Theig pores, or voids, whether
</

' L) .
they are empty or contain water, influence the perfor-

¢
I3 I~

mance of maﬁy buillding materials.

-

38
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_CONCLUSION, . o

-
o

The presence of pores can significantly affect

the properties and the performance of many building

materials. It is not only necessary to know the num-

bar of pores, (porosity), in a maﬁeriaf, but also their

~

slze, shape, and distribution. Currently, these four
fundamental propertles which are'characteristic of High-

|
ly porous materials are most easily evaluated by direct ;
|

e

observation,

Direct measurements of these four propérties in-

/

volve. the observations of the pléne sectioné of the sam-

ple,-either by phdtoelectric phase Integration methods,
‘or by areal, lineal, or-point-cbunt;ng”analyséslbased
oﬂ sdanniﬁg techniqﬁes. o ?hpqugh,theSe methods, the
porosity of a sample can be easily determined, These
methods of measurement are also used to determihe the
pore shape, slze, and dlstribution, however, they are ,
time consuming and often do not give a proper indication
since these-propérties vary from sample to sample of

the same material. There are also some features that . i

Lcan néver by revealed'by the examination of plaﬁe‘sec- *

tﬁpns, such as the mode of interconnection of the pore f

5

s}dapes.‘
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Indireet methods of measurement ar; those in which
tﬁ% presence of pores 1is 1nrefred, and thelr propérﬁies
deduced, f%&ﬁ the measurehents of secondary properéies,
such as density, permeability to fluids, adsorptlve ca-
pacity, liquid imbibition rates, and so on. > Addition-
al assumptions are often necessary in the 1ﬁferpreta-
tion of such ﬁeasurements, which may concern elther the

ﬁechanisn df the process taking place, or the geometry

of the pores, or even both, To the extent that differ.\\\

ent assumptions are involved, the various 1nd1rect7me-
thods may produce conflicting results. The measure-

ment of pore sghape, size, and distribution attained by‘

'tﬁese‘indlrect‘methods are not reliable.

Thus, the current methods -of asseésmept a;e not
practical nor are they adequate, andlthere is a need
to develop new méthbds of assessment - Perhaps one of
the new diagnostlc tools currently.uséd in medical
cardiology assessments, éamely, two dimensional
ultrasonic 1maging, could be adapted to study pores

and thiﬁi'properties in a material.

/

The two<dimensional ultraéonic imager has been de-
veloped within the last few years, and it utilizes
three different approaéhes;(l) mechanical sector scan-

ner, (2) multi-element linear array, (multiscan), and™

o

o '
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F |
The mechanical scanner consists of a single\crystgl

e

L3

zransducgr that 1s made to oscillate rapidlA-by means ° ("\
f

4 <t 2
an electric motor through an arc of 30°.t% 60°,
l

,This system is relatively inexpensive, 1§§35‘non-destrc- =
tive, it 1is porﬁable, and it provides gtod-quallty im-

. |
ageS. The disadvanges are that it has/a narrow angle,

N

it is'noisy, and its resolution for mfnute perticles 1§

not .very good, Images are recorded on ﬂ—inch,video ' —
. tape, and ha;d coples or still fraﬁes cahqbe obtained = -« 5
. " ’ y )
by utilizing a Polariod or a 90-mm x-ray camera. attach- 2
z 30 y

ment or even a’35-mm camera assembly.
. . ! v _ , > ' )
The principles involved 1n‘two—d1men§10na1 ultra-

o £

sonic imaging are similar to those of sqndf or -depth

\

souﬁding. A transducer is placed on the atterior wall

of a sample, and:-it serves as the source of the sound

v

\

W °

beam and as the receiver to detect the retﬁrnihg echo - )

~

_signals, - This t;ansducéf is a pieZoeléct ic crystal

that can ‘transduce' electrical energy int

31

cal energy, and vice versa. The ultrasonic' pulse

mechani- @

L 4
travels in a straight line through the sample, and a
portion of the sound energy is reflected [back towards -
the transducer whenever the bulse encounters a parti-

cle of different acoustic impedence. Thus a reflec-

-

tion or an echo could be produced by the interface

.

41



»

\

-

between a pofe and a solid particle, between the water

and thiggmpty space within a pbre, between the water in
:S‘ - .

. 43
i o

the pore and a solid particles of the material, and ‘so

. o 1 N
on, ‘'The various states of water as well as particles

. " that settle in the water could be detected using this

method, Since only a pprtion of the sound is reflecyed

et L,

‘at each‘lﬁﬁprface, and the remainder of the pulse con-

tinues to propagate through the sample in a straight
line, it is possible to record echoes from ta{gets

- ; 31 )

’ . deeper in the sample,

s T S RIS R WA e, ~

‘ . 3

¢ ) ’ . ”
With modification to the twWo-dimensional ultra-

[

sonic’ imager used in cardioloéy, such as fhenuse of

. - 0.
higher frequencies and the use of wide-angle .(80 "to

96°) ‘mechanical sectopScanners'whickxqpiiize multi-

ple rotating crystals’ that have’been recently deve-

loped, the two-dimensional ultrasonic imager comld - .

v . —

P K4 -
be adapted and used in the study,Bf pores in highly
/l

porous materials.: Once we,gain.knowledke and under-

standing of the pores and their properties, we will |

P . be ;hgzito study the influence of pdres and the influ--.

’ ence

water present -in the jéxes on the behaviour

of various materials. Many~qu tions, such as, 1is 1t

the volumetric exphnsion of water on freezing, or-is

it the growth of an ice bodi‘and lps expansion, etec.,
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»
that causes frost damage to many materleals. When

o

many such questlons hdve been answered, we will then
be able to improve the perrormance of varlous mate- J

rials. 'I‘hlis will ‘%Ve of both economic and sclentif‘lc

/ . .
interest, . ) . ,
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