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THE PERMEABILITY OF CONCRETE FOR
REACTOR CONTAINMENT VESSELS

ABSTRACT

Review of the literature pertaining to water, water vapour and gas
transmission through concrete revealed conflicting views on the mechanisms
involved and the influence of mix design parameters such as in i t ia l
porosities and water/cement ratio. Consideration of the effects of ageing
and of construction defects in f ie ld concrete were total ly neglected in
published work.

Permeability data from three published papers were compared with
permeability calculated according to Powers [Ref. 1] . The ratio of
calculated to observed permeability varied from 40 x 10~3 to 860 x 10~3 for
one group; from 0.17 x 10 to 8.6 x 103 in the second; and from 24 x 103 to
142 x 103 for the third. There were therefore wide discrepancies within
each group of data and between groups.

A bibliography was prepared and an exploratory experimental programme was
mounted to determine the relat ive importance of key parameters such as
cement type, porosity and water/cement ratio.

Contrary to frequently cited references it was found that permeability of
concrete was not significantly influenced by water/cement ratio when the
starting porosity was constant. If water/cement ratio was held constant,
however, the permeability was strongly influenced by starting porosity. It
was also found that with constant water/cement ratio permeability increased
with cement content.

The value of Fly Ash and Blastfurnace slag in partial substitution for
Portland cement is neglected in the literature but it is important since
such substitutions alleviate alkali-silicate reactions. Permeability of
concrete was significantly decreased by partial substitution of Portland
cement with Fly Ash but there was no benefit in the use of Blastfurnace
slag.

DISCLAIMER
'The Atomic Energy Control Board i s not responsible for the accuracy of the
statements made or opinions expressed in this publ icat ion and neither the
Board nor the author assume 1 i a b i l i t y with respect to any damage or l o s s
incurred as a resu l t of the use made of the information contained in th i s
publ icat ion' .



PERMÉABILITÉ DU BETON POUR
ENCEINTE DE CONFINEMENT DU RÉACTEUR

RÉSUMÉ

L'extmen de la documentation concernant la transmission d'eau, de vspenr
d'eau et de gaz à travers le béton a fai t ressortir des opinions contra-
dictoires quant aux mécanismes en cause et à l'influence des paramètres de
formule de mélange, tels que les porosités initiales et le rapport entre
l'eau et le ciment. Dans les ouvranges publiés, on n'a pas tenu compte des
effets du vieillissement et des défauts de construction relatifs au béton
coulé in situ.

On a comparé les données l i é e s à la perméabilité recue i l l i e s dans trois
études publiées à la perméabilité calculée selon Powers [réf. 1]. Le rap-
port entre perméabilité calculée et perméabilité observée variait entre
40 x 10~3 et 860 x 10"3 pour un groupe; entre 0,17 x 103 et 8,6 x 103 pour
un autre; et entre 24 x 10 et 142 x'10 pour un troisième. On a donc
observé des écarts importants à l'intérieur de chaque groupe de données
ainsi qu'entre les groupes.

On a alors préparé une bibliographie et mis sur pied un programme expéri-
mental d'exploration afin de déterminer l'importance relat ive des para-
mètres c le f s t e l s que le type de ciment, la porosité et le rapport entre
l'eau et le ciment.

On a trouvé que la perméabilité du béton n'était pas influencée de manière
importante par le rapport entre l'eau «t^le ciment lorsque la porosité de
départ était constante, bien que des références fréquemment citées contre-
disent cette affirmation. Si, toutefois, le rapport entre l'eau et le
ciment était constant, la perméabilité était fortement influencée par la
porosité in i t ia l e . On a trouvé, en outre, qu'avec un rapport entre l'eau
et le ciment constant, la perméabilité augmentait avec la teneur en ciment.

L'utilité de cendres volantes et de scories de haut fourneau substituées
partiellement au ciment de Portland, a été ignorée dans la documentation
disponible, mais i l faut en tenir compte étant donné que de te l les substi-
tutions diminuent les réactions a l c a l i - s i l i c a t e . On a pu diminuer de
beaucoup la perméabilité du béton en substituant partiellement des cendres
volantes au ciment de Portland, mais on n'a trouve aucun avantage à ut i -
liser des scories de haut fourneau.

i i
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1. INTRODUCTION

In the event of a loss of coolant accident (LOCA) the function of the

concrete containment building is to contain a mixture of hot air, water

vapour and radioactive products to specified release rates.

The present design of the 600 MV(e) units such as Gontilly-2 and Pt.
Leprean relies on:

(a) a primary barrier of epoxy resin which is applied to the inner
surface of the concrete barrier, and

(b) a 1 m thickness of prestressed concrete.

The design of the Ontario Hydro units, which :". s based on vacuum

containment, employs elements of reinforced concrete, steel-lined concrete

and prestressed concrete as seepage barriers.

In Ontario, and elsewhere, estimates of permeability have been based on the

air permeability tests reported by Loughborough [Ref. 21. Experience has

shown that the permeability of concrete placed on site exceeds estimates

based on such laboratory tests and that an important source of leakage is

through gross defects in the concrete.

Most of the data referred to in recent publications [Ref. 3, 4] was

generated between 1929 and 1950 [Ref. 5, 61 and was concerned with

properties of unreinforced mass concrete rather than structural concrete.

This study revealed logical flaws and conflicting statements as to the

influence of conventional mix design parameters, such as water:cement ratio

and cement factor, on permeability. For example Griffin and Henry [Ref. 7]

state that water vapour transmission (WVT) increases with increase in

water:cement ratio. This statement is meaningless unless the corresponding

cement factor or volume concentration of mixing water is specified. The

same authors stated that WVT was independent of relative humidity. This

conclusion violates common sense and is also contrary to the findings of

Henry and Eurz [Ref. 8], Griffin and Henry also state that WVT decreases

with the presence of 1.5 per cent NaCl in the concrete. This quantity of

NaCl could lead to serious alkali-aggregate reaction and possible failure

of the concrete.



Nevi l le [Ref. 3] and Butler [Ref. 4] cite censored values from Technical
Memorandum No. 6-380 published by the Waterways Experimental Station [Ref.
6] which i s widely quoted in the l i t e r a t u r e . Table 1 l i s t s the or ig ina l
data [Ref. 6 page 28] together with calculated standard deviations for mean
permeability values and calculated water content.

TABLE 1

Perspective on widely quoted data from Technical Memorandum No. 6-380 of
the U.S. Waterways Experimental Station [Ref. 61.

No. of

Observations

5

2

3

in

5

5

4

1

Report

Water:Cement

ratio

0.60

0.86

0.65

0.69

0.75

0.74

0.58

0.46

Data

Cement

kgm"3

223

112

140

156

140

153

168

223

Permeability

10"12ms~1

48

84

49

8

34

24

41

27

Calculated

Standard

Deviation

10"12ms~1

32

27

17

10

12

5

50

Water*

kgm-3

134

96

91

108

105

113

97

103

•Confl ict ing values are obtained i f ca lculated from N e v i l l e iRef. 3] or

from Butler [Ref. 41.

The scatter in the results inhibits any firm conclusions as to the
influence of mix design parameters and since the standard deviation is
large compared with or even exceeds the mean value, casts doubt on the
value of this data when i t is presented without the relevant mix
characteristics.

For 20 mm aggregate and for the class of concrete used for containment
buildings the lowest permissible cement factor is 320 kgm~3 according to
National Standard of Canada CAN3-A23.1-M77 Clause 14 and 310 kgm"3



according to the British Code of Practice CP110:1972. Furthermore, even the

best available commercial concrete is unlikely to have a water content

below 180 kgm"3, and therefore the mix properties given in Table 1 are thus

outside normal limits for structural concrete.

Current thinking on the subject of air permeebility of concrete re l i e s

heavily on ad hoc tests reported by Longhborough [Ref. 21. These tests

were limited in scope and did not include the influence of key variables

such as waterrcement ratio and cement or water content. The finding that

permeance of concrete to air is 'minimal' is at variance with common

experience of f ie ld concrete. A more recent paper by Figg [Ref. 9]

suggested a type of 'rising head' test in which the time taken to dissipate

a vacuum applied to a small cavity in the concrete is taken as a measrre of

the permeability to air. The test is only useful as a basis of comparison

between one concrete and another since it does not produce absolute values

of permeability. This author also states: 'There is a large accumulation

of experience which has shown that strength and water/cement ratio can be

related to the behaviour of concrete in practice and hence i t can be

expected that the new tests will give reasonable predictions for likely

performance of concrete'. The value of the test method is therefore

related to the correlation between strength and water cement ratio on one

hand and permeability number on the other. No correlation between real

permeability and permeability number is given. Both strength and water/

cement ratio can be held constant over a wide range of porosities and

therefore the claim made for the test that it is a measure of performance

is, in the present context, false.

Figg also states that there is a linear relationship for air and water

permeability with moisture content of the concrete. The implication of

this statement is that there is no poss ibi l i ty that the permeance of

concrete to gas can be described by a single valued constant.

Rose's work [Ref. 10] also leads to the same conclusion on the basis of an

essentially non-linear variation of permeance with moisture content and

complete inhibition of gas flow in areas of high relative humidity.

Feldman in his helium inflow experiments found that partial drying was

necessary to establish meisuieable inflow of helium [Ref. 111. Lawrence

[Ref. 13] found i t necessary to dry his concrete specimens at Relative

Humidity = 50 per cent in order to establish gas flow. It seems clear that



gas transfer through a porous barrier containing water meniscii must take
place mainly by diffusion rather than flow and, if flow is to occur, the
concrete must be dried.

The present work was intended to develop information which is needed to

characterise concrete in terms of i ts performance as a barrier to the

passage of gas, water vapour and water and which is not readily available

in the literature.

The capacity of concrete itself to survive in an aggressive environment and

also its capacity to protect steel against corrosion depends on it having

low permeability. In some cases, for ezaaple gravity dams [Sef. 14] and

barrier plugs in rock [Ref. 15], structural s tabi l i ty is influenced by

uplift pressure which is a function of permeability.

This work is therafore of interest to a wider f ield outside the nuclear

power industry. To the industry i t s e l f with existing structures fast

approaching the 25 year crit ical aging period, improved knowledge is

vitally important for the assessment of useful service l ife.

This report is presented within the framework of Section 5 of the writer's

proposal which was the basis for contract OSU82-00099 and the work

described herein was performed during the period 1 May 1982 to 31 March

1983.

2 . THE NATURE OF CONCRETE AND THE PROCESS OF MASS TRANSFER

Permeance of a porous so l id i s c l e a r l y determined by the volume ratio of

voids. In concrete technology this i s defined as the ratio of the volume

of air and the volume of evaporable water to to ta l volume of concrete and

i s denoted by e. The volume r a t i o of s o l i d mater ia l i s therefore ( 1 - s ) .

The minimum void r a t i o of cement hydrate i s about e = 0.28 and t h i s

translates into a minimum attainable void ratio in the final concrete of

about e = 0.07. At this value, the permeance of concrete i s only about one

f i f t i e t h of that of natural rock having the same void r a t i o . In other

words, for an equal volume of s o l i d s per uni t volume, concrete i s f i f t y

times more ef fect ive as a barrier than natural rock [Ref. 5 ] . The special

character of concrete derives from i t s pore size distribution and the fact

that a significant amount of pore water i s strongly attracted to the sol id .



2.1 Porosity and Pore Size Distribution

The porosity of concrete changes with water content according to whether

hydration of the cenent continues, is hindered or stops; whether the

concrete is shrinking due to partial drying or swelling due to re-wettings

whether microcracking occurs as a result of internal stresses; or whether

the pore size distribution is affected by aging.

Cement hydration results in reduction of pore volume: this is the

fundamental process which determines the degree of hardening of concrete.

At terminal hydration the chemical reaction stops because there is

insufficient space to accommodate the products of hydration or because the

water is unable to reach the cement-grain remnant because it is coated by

an impervious shell of hydrate or because the concrete is dry and no water

is available to react with cement.

In Nature, the degree of hydration and therefore porosity is influenced by

all of these factors in a mathematically unpredictsble manner. When

hydration reaches a terminal value the total porosity is fixed bat the pore

size distribution varies due to ageing and this increases the proportion of

coarse pores [Ref. 16, 17]. There is thus no way in vrhicl. porosity and

pore size distribution can be accurately predicted while hydration is

proceeding.

It is possible to estimate the porosity and the permeability of.cemant

paste wh«m hydration has reached a terminal value [Ref. 18, 19]. At this

stage about 3 'monolayers' of water are strongly attracted to the solid

[Ref. 20, page 399]. This water was regarded by Feldman and Sereda as part

of the solid [Ref. 21] and by Powers as adsorbed water [Ref. 18]. It seems

safe to classify it as water of infinite viscosity in the present context

and the remaining free water as mobile under the influence of pressure

gradients across the concrete barrier. Powers [Ref. 20] states that the

mean activation energy for flow in mature cement pastes is from 1.5 to 2.8

times the normal value for water at the same temperature.

Assuming that concrete reaches terminal hydration, the space occupied by

unhydrated cement, bulk cement hydrate and free water may be computed as

shown in Appendix A and illustrated below for unit volume of cement paste

having various water:cement ratios. For unit volume of concrete the paste

occupies about 30 per cent of the total volume and this leads to values

shown on the right hand scale.
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Water: cement ratio

Figure 1. Distribution of solids and mobile water at terminal hydration,

o = am [Ref. 22].

In the present study, performance was related to initial porosity computed

as the sum of the volume concentration of air and water in the fresh mix at

the time of compaction. The permeability may thus be related to parameters

which are controlled by the Engineer and capable of formal definition in

contract documents.

2.2 Mass Transfer Across a Concrete Barrier

Mass transfer of liquid water, water vapour and gas through a microporous

material like concrete takes place by different mechanisms. Concrete will

rarely be saturated even when one face is in contact with liquid water

unless it is under hydrostatic pressure on both sides. Even if it is

perfectly sealed against gain or loss of moisture, it will undergo self-

dessication due to chemical reaction of water and cement. In the context of

the present project, concrete will generally be partially saturated or, in

rare cases, dry when it is exposed to a permeant.

In the case of a concrete barrier having liquid water on one face and air

on the other, transfer of water on the air side must be by evaporation. At



some position in the barrier there must be a phase change from liquid water

nnder pressure upstream to water under tension downstream as illustrated in

Figure 2.

Pressure
on

wet side

Phase change

Hydrostatic
Pressure

Air

Hydrostatic
Tension

Thickness of wall

Figure 2 . Variation in pressure across a concrete barrier separating
liquid water under pressure with air at re la t ive humidity l e s s
than 100 per cent.

If both faces are exposed to l ess than 100 per cent re lat ive humidity, mass
transfer can only take place if there is a difference in re lat ive humidity.
The mechanism w i l l be one of condensation at the upstream side and
evaporation at the downstream side.

Gas permeation w i l l be maximum when the concrete i s dry and water vapour
transfer w i l l be maximum when the surface areas subject to condensation at
the high pressure side and evaporation at the low pressure side are
maximum. Gas permeation i s through interconnected empty pores and i s
therefore governed by the interplay of pore size distribution and re lat ive
humidity. The pores in concrete are extremely fine and the dimensions are
u s u a l l y given in nanometers (1 nanometer = 10 E-09 metres). Because the
sol id surfaces are separated by such small spaces, surface tension cannot



be measured directly and must be estimated by the Kelvin equation [Ref.

23]. At 96 per cent relative humidity, it may bo estimated that all pores

having a diameter of 35 nm and less are filled with water under hydrostatic

tension of 57 atmospheres [Ref. 18]. At 50 per cent relative humidity the

corresponding values are 3 nm diameter and 963 atmospheres. For small

laboratory samples of mature concrete without substantial flaws, only 10

per cent of the pores are greater than 100 nm but 90 per cent are greater

than 10 nm [Eef. 23].

2.3 Models for Mass Transfer

2.3.1 Water

Powers [Ref. 18, 24] gives the permeability of cement paste as a function

of porosity, temperature, fluid viscosity, particle shape, Stokes diameter

of particles, Kozony-Carman tortuosity factor kj etc. Appendix B gives an

adaptation of this approach to concrete together with a comparison of

estimated and observed permeability for three groups of published data. It

is clear from these comparisons that the model fails in its purpose. The

root of the deficiency rests with the failure of the model to take account

of imperfections duo to internal bleeding and sources of leakage at the

cement paste - aggregate interface. Fagerlund [Ref. 25] distinguished

between mobile and immobile water in his model for the conduction of water

in concrete.

2.3.2 Water vapour

The theoretical part of the work done to date has been an attempt to model

the most common mechanism of mass transfer i.e. by condensation and

evaporation of water vapour.

The model pore system depicted in Figure 3b has the fo l lowing

characteristics:

(i) When the model pore is saturated and subjected to unequal

hydrostatic pressure on both sides coherent flow of liquid water takes

place and the rate of mass exchange is determined by the pressure

gradient and the volume and length of pores of molecular dimensions in

the neck.

(ii) When the upstream pores are f i l led and the sink side is in contact

with air at relative vapour pressure less than unity mass transfer is



by evaporation from a curved water surface at the downstream side.

Flow on the upstream side is coherent and on the downstream side it is

diffuse.

Sink

(b)

Flow

Figure 3 . Model pore system (»> pores in three-dimensional random array,
(b) Idea l ized s i n g l e pore with (1) f ine pores containing
adsorbed water. I/ass transfer occurs by condensation and
evaporation of water (2) from liquid surface (3). Liquid water
(4) communicates pressure changes from one side to the other.

( i i i ) When both surfaces are exposed to air such that, in each case
0.45 < p/ps < 1, transfer is by condensation at the high pressure side
and evaporation at the low pressure side. Under these conditions the
system i s impervious to gas and as Rose has said 'pervious to water
only by a process of d i s t i l l a t i o n in which the necks act as short
c i r c u i t s for vapour movement. The process might be described as
l i q u i d - a s s i s t e d vapour transfer, the ass i s tance aris ing Because the



liquid shortens the effective path length for vapour diffusion [Ref.
10] .

( iv ) When 0 < p/ps < 0.45 a meniscus cannot be sustained because
surface tension exceeds the fracture strength of water and the only
water in the system is adsorbed and of very high e f f e c t i v e v i s c o s i t y
since i t i s strongly attracted to the sol id phase. Mass transfer is by
molecular diffusion. The system is pervious to gas.

(v) When p/ps appr laches zero there i s no condensed water and l i t t l e
adsorbed water. '->as transfer is maximum and any water vapour from an
external source i s f i r s t absorbed before transfer can take p lace
according to (iv) above.

According to the Kelvin equation, the radius of curvature of the meniscus -
r is given by:

r = (b)/(ln(p/ps) (1)

Assuming values of 40, 140 and 450 nm, respectively, for the neck mean and

maximum dimensions of the bell shape and a repeat distance for the neck =

400 nm, the following equations were derived:

Pore radius y = [ex~10/l + (e)x~10]20.5 + 2, (2)

where x - distance from neck,

and y = pore radius.

Putting u = e1"10;

dy/dx = ( n
 2\ ' 20.5 (3)

1 + 2u + u

Assuming the existence of a spherical bubble of radius r, in each wide part

of the pore, the quantity of liquid water contained in each neck is

obtained when the slope of the surface of the solid = the slope of the

bubble surface.

Thus

20.5-u/(l + 2u + u2) - (r2-y2/y = 0 (4)

10



where y is the radius of the solid at the point where the bubble contacts

the surface and r = the radius of the bubble.

The volume of water contained in the neck was therefore:

(dx/8(yi + y2)
2) " J (dx/18(yi + 2y£)] (5)

o-x (i-Ax)-I

where x ~ the x coordinate of the contact surface;
yl'T2 = coordinates of the wetted surface separation by Ax;

yj,y£ = coordinates of the bubble surface.

This model needs further refinement and calibration to include the effects

of film transfer at low vapour pressures, and the effect of surface energy

which may vary with different cements and aggregates. York is proceeding

in this direction.

2.4 The Barrier in a Reactor Building

In a reactor building it may be expected that the inside face is saturated

under positive or negative transient pressure above the water line of

pooled water and under hydrostatic head plus pressure head transients below

this level. Outside the building the outside surface is at the ambient

relative humidity. Thus, if we assume a temperature of 20°C throughout,

the pressure drop across the wall will be from P} to P^ where:

Pi = (0.238 + h) m of water; and

e
Po = — (0.238) m; where

100

9 = relative humidity per cent.

Above the level of condensed water on the floor of the building, mass

transfer is determined by disequilibrium at curved water surfaces near the

inner and onter faces of the concrete barrier.

Below the water surface, transfer is determined by a pressure of liquid

water at the inner face and evaporation at the onter face and in between

there will be a phase change from water in compression to water in tension.

11



It is to be expected that condensed water w i l l be present at a l l times in
the wall of a reactor building so that transfer of gas w i l l be by diffusion
through micropores or by permeation through gross defects in the concrete.
Although the words diffusion and permeation are often used interchangeably,
in the present context the former is used to describe incoherent flow where
the di f fus ing species i s dispersed, whereas permeation refers to the
passage of a continuum without dispersion.

3 . EXPERIMENTAL WORK

The exper imenta l work, e x p l o r a t o r y in n a t u r e , was d e s i g n e d t o p r o v i d e

ins ight into the rat^s of transfer through concrete of water - in the
vapour and in the l iqu id phase - and gas as influenced by c o n t r o l l a b l e
c h a r a c t e r i s t i c s of the concrete. In order to keep the programme within
manageable l i m i t s , the pressure gradient for water vapour transfer was
fixed between the l i m i t s of saturation and zero r e l a t i v e humidity. The
ASTM C355-64 wet cup method was modified so that the weight change of the
specimen could be monitored. Water transmission in the liquiu phase was
carried out in a triaxial c e l l with various values of confining pressure.
Air permeability was determined by observing air flow at constant pressure
in a purpose-made c e l l .

3.1 Concrete Mixes. Four series of concrete mixes were prepared:

Series A: Portland cement concrete with constant water:cement ratio = 0.42
and var iab le water and cement contents to g ive 4 d i f ferent va lues of
in i t i a l porosity, respectively, 29, 23, 17 and 14 per cent by volume. The
workability was maintained constant by adding small quantities of Lomar-D
s u p e r p l a s t i c i s e r , r e s p e c t i v e l y 0, 2 .7 , 4.1 and 7.1 kgm~3. The
corresponding cement contents were 695, 548, 412 and 357 kgm~3.

Series B: Concrete having 23 volume per cent of mixing water, 2.7 kgm~3 of
Lonar-D and the fo l lowing combinations of Portland cement/Silica flour:
412/136, 357/191, 300/248 kgm"3. The effective water:cement ratios were:
0.42, 0.56, 0.64 and 0.77.

Series C: Instead of the S i l ica flour in Series B, Blastfurnace slag was
added to give Portland cement/Blastfurnace slag ratios = 412/136, 357/191
and 3C0/248 kgaT3.

12



Series D: Instead of Si l ica flour in series B, Fly Ash was added to give

Portland cement/Fly Ash ratios = 412/136, 357/181 and 300/248 kgm~3.

The mixes were designed to yield data on the influence of characteristic

mix parameters on concrete strength, water vapour transmission and water

permeability as follows:

TABLE 2. Isolation

Mix Series

Aj to A4

Aj, Bj to B3

Aj, Cj to C3

Aj, D t to D 3

AJBJ , A^B2> A^Bj

^2^1» ^3^2' ^4^3

hPl' A3D2' A4D3

of mix desien Darameters in concrete mixes.

Main Variables

Initial porosity

Water .'cement

Blastfurnace slag substitution

Fly Ash substitution

Figures of merit for

Blastfurnace slag and Fly Ash

as cement substitutes

Constant

Water:cement

Initial porosity

Initial porosity

Initial porosity

Water:cementitious

material

Initial porosity

3 .2 Cement Paste Specimens.

Samples of a l l mixes in the ABC and D series without fine or coarse

aggregate were prepared for microscopic examination.

3 .3 Water Permeability

At 24 hours age cores were dri l led out of concrete prisms paral le l and

transverse to the direction of casting. The ends of the cores were

finished plane and parallel and they were then surface dried and stored in

sealed plast ic bags to simulate mass curing in the f ie ld . After 14 days

the cores were sealed in a rubber membrane and placed in a triaxial ce l l .

The ce l l was placed in a testing frame and hydrostatic compression Bj - 03

applied in the lateral direction together with a constant effective

longitudinal stress cr̂ .

The stainless steel platen through which the a^ stress was applied were

connected to a water system allowing the axial flow of water through the

specimen to be determined with a precision of 10~3gm. Water permeation was

13



4(a) General View. A = loading

frame, B = triaxial cell, C =

Pressure transducers, D = screw pump

E = Stainless steel loading head.

4(b) specimen on

stainless steel loading

heed E.

4(c) Screw pump D with LVDT sensor F

Figure 4 Water Permeability Apparatus
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I
measured for values of the erg confining stress

respectively. The apparatus is shown in Figure 4.

10, 15 and 20 MPa

3.3.1 Results of Water Permeability Tests

Data from these tests was fitted to Power curves as shown in Figure 5. The

coefficients of the empirical curves and the coefficients of variation of

the ratio of observed to calculated permeability coefficient are shown in

Table 3. The influence of lateral confining pressure for porosity e = 0.15

is shown in Fig. 6.

TABLE 3. Summary nf Tater Permeability Tests

Least square fit of experimental data to curve of the form.

Permeability K/10"12 = AeB ms"1, where e = porosity, v* is coefficient of

variation (percent) in the ratio of observed to calculated permeability,

and N is the number of determinations.

Flow

Direction

Parallel

to bleeding

Perpendicular

to bleeding

Confining Pressure

MPa

10

15

20

10

15

20

Coefficients

A

82.6

51.6

40.0

4419

1415

974

B

2.0

1.9

1.8

4.8

4.3

4.2

N

8

8

6

7

8

8

V*

15

24

22

18

19

30

N = number of determinations

v* = coefficient of variation per cent in the ratio of observed to

calculated coefficient of permeability
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PARALLEL BLEEDING

Permeability k ms"1 x 10"12

PERPENDICULAR BLEEDING

Permeability k ms'1 x 10~12

6.00

5.00

4.00

3.00

2.00

1.00
n

a net
o.uu

5.00

4.00
3.00

2.00

1.00
A

a cif\ „
D-UU

5.00

4.00

3.00

2.00

1.00

-
•
-

a3

-

-

-

_<73

-

-

°

= 10 MPa

k = 82.5e''"(r2

= 15 MPa

k = 51.6e'-9(r2 =

. • * • * ' * '

. . . ^

= 20 MPa

k = 40e'-ss (r2 =

0.05 0.10

= 0.94) . . /

%s *

y.

= 0.96)

• . • * • '

• ' .

0.87)

• " ' " * ' ' ' .

0.15 0.20 0.25

Porosity e

6.00

5.00

4.00

3.00

2.00

1.00
n
u

6.00

5.00

4.00

3.00

2.00

1.00
f)

6.00

5.00

4.00

3.00

2.00

1.00
n

CT3 = 10 MPa

X = 4419 e4-79(r2 = 0.98)

y

a3 = 15MPa

k = 1415 c4-3' (r2 = 0.96)

-

CT3 = 20 MPa

k = 980 e4-24 (r2 = 0.87)

-

0.05 0.10 0.15 0.20 0.2

Porosity e

Figure 5. Results of water permeability tests for flow parallel to and at

right angles to the direction of bleeding.
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Permeability k ms-1 x 10"12

2.5

2.0

1.5

1.0

0.5

Flow parallel
to bleeding

Flow transverse
to bleeding

10 15 20 25
Lateral Stress CT, MPa

Figure 6. Permeability as a function of confining stress for porosity e

0.15.

e

{ — exp - 4.19 ( )}
1-8 8

55

(ee)
;

K** = X . 53
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.1.5

f . 53 a

TABLE 4 . Comparison of v a r i o n s e q u a t i o n s for water permeab i l i t y

coeff ic ient K

This
[Ref. 18] [Ref. 18] investigation

Eq. 55 Eq. 53 Eq. 53a

Source Direction o3(MPa) N j> v* x v * ¥ • *

This

Investigation Parallel

Perp.

10 8 16.2 283 128 34 1.7 14

E 23 E 6 E 9

15 8 13.2 264 85 52 1.3 21

E 21 E 6 E 9

20 8 12.7 283 86 53 1.1 23

E 21 E 6 E 9

10 7 7.2 128 54 85 0.9 43

E 6 E 9

15 8 6.8 108 39 88 0.5 56

E-3 E 6 E 9

20 8 5.6 116 32 96 0.4 63

E-3 E 6 E 9

US WES Unknown 0 75 1.8 54 374 100 360 87

[Ref. 6] E-7 E 6 E 6

Reuttgers

et al.

[Ref. 5]

McMillan

and Lyse

[Ref. 27]

Parallel

Parallel

Parallel

Perp.

0 20 1.6 200 6.1 110 8.8 124

E 3 E 3 E 9

20 24.6 150 148

E 3 £ 9

20 57.6 198 118

E 3 E 9

20 24.6 145 112

E 3 E 9

72 1731 35

28 1468 31

33 1571 34
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3.3.2 Discussion of Water Permeability Tests

The most striking feature of these tests was the strong dependence of

permeability on confining pressure as shown in Figure 6. It appeared that

this effect was weaker when the direction of flow was at right angles to

the direction of casting.

Data from this investigation and from three other investigations was fitted

to theoretical models attributed to Powers [Ref. 18] and to Carman [Ref.

261. The Powers model gave unsatisfactory correlation with the data. The

Carman model was better, but the modified Carman model gave the best fit to

the available data as shown in Table 5. Values of v* in the final column

are of the same order as experimental error.

An important factor which requires definition is the least dimension and

volume of the smallest 'statistically uniform' sample. Clearly this is

some function of maximum aggregate size but it is also a function of the

significance, size and spacing of construction defects.

3.3 .3 Porosity

After completion of the permeability test , porosity was determined by

evaporation of free water at 110°C, Some specimens were re-saturated with

Methanol in &n attempt to distinguish pore space containing re lat ive ly

mobile water - roughly proportional to the Methanol volume - and that

containing water strongly attracted to solid surfaces - the difference

between water volume and solid volume.

In this investigation the original water:cement ratio was = 0.42. If it is

assumed that terminal hydration was reached, the ratio of 3 mono-layers of

gel water to total evaporable water is computed as 0.191 to 0.394 = 0.48

for the past. In the Methanol Sorption tests this quantity should be close

to (Vw- VJ/V,,. The actual values follow in Table 5.
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TABLE 5. Differential absorption of Methanol and water.

Mix Pore Volume (V, - Vm)/V,

*1

h
A4

0.205
0.164

0.137
0.107

0.8
0 .8

0.9
0 .9

= volume of evaporable water
= volume of Methanol

It was decided to use the calculated values of e and ee , where ee = e - 3Vm

for subsequent work.

3,4 Water vapour permeance and diffnsion.
These t e s t s fo l lowed ASTM C3SS-64 except that prov i s ion was made for
monitoring weight change in the specimen and in the dess icant . The
concrete specimen was cast in the upper part of a two-part container
(Figure 7) which could be hermetically sealed to the bottom part containing
sol id calcium chloride.

The advantage of th is system was that both transient and steady s ta te
conditions of the specimen could be monitored.

During the i n i t i a l drying period, the rate of moisture l o s s from the
concrete was linear with respect to the square root of time [Appendix C]. A
diffusion constant D* was calculated from:

d.b*
D* = 218.7(10~6)( ) 2 m2s~1 where

«ew

the thickness of concrete

the slope

curve; and

b* = the slope of the moisture loss versus square root of time

ew
= the mass of total evaporable water.
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97% Relative Humidity

0% Relative Humidity

Air-tight seal

Figure 7. Two part dry cap apparatus for Water Vapour Transmission

to

£5
3

(0

o

D)

36

24

12

0

-12

-24

-36

. • Dessicant

. . . • ' • • • Linear with respect to time

'i i i i I i i i i I I I i i i i I I i i i i T 'me (hours)
1320 2640

'"'•-.„ Linear with respect to (time)'/2

/

Specimen

Figure 8. Haas transfer of water by drying of specimen (lower curve) and

by condensation and evaporation (upper curve).
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After the concrete reached constant mass, the time rate of change in the
mass of water collected at the sink was related to a pseudo coefficient of
permeability K as follows:

(277.8 x 10"12) dw

Ai dt metres per second; where

dw
j t = mass collected in grams/hoar;

A = area of cross section in or;

i = pressure ratio between source and sink divided by the

thickness of concrete.

3.4.1 Specimen Conditioning

The specimens were subjected to the following treatment before testing:

TABLE 6. Schedule of treatments

Treatment Specimens No. of

Replicates

(a) Sealed against gain or loss of water

(b) Moist cured for 24 hours and then

sealed as above

(c) Treated as (a) above and oven-dried

(d) Treated as in (c) above and

re-saturated to 50 per cent of

initial moisture content

(e) Treated as in (c) above and

re-saturated to 75 per cent of

initial moisture content

(f) Treated as in (a) above but initial

concrete mix modified with the

brands of latex polymer added at

1/2, lx and 2x the recommended

dosage

All of A B C D
All of A B C D

^2' ^1 * ®2' B3
A2, Bj, B2» B3

B2'

Aj , Aj 1 Ag , A4 ,

A j . D j . D 2 . D3

3

3

3
3
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3.4.2 Simulated Mass Curing Treatment (a)

3.4.2.1 Specimens with constant water:cement ratio

TABLE 7. WVT of mass cured specimens with variable porosity

Specimen Porosity e litres per cubic metre K/IO"-*-̂  Correlation

When mixed e As tested e' ms~* Coefficient r

Ax 290 204 48.4 0.99

Aj 230 173 39.0 1.00

A3 170 127 25.9 1.00

A. 140 102 21.9 1.00

The coefficient of permeability k varies linearly with total porosity

according to the empirical equation

K = 0.25 e' - 6.34

with correlation coefficient r2 = 0.99.

Bearing in mind that the water:cement ratio was held constant, and there-

fore strength was constant, the coefficient of permeability was found to

depend on porosity and it reduced with both cement and water content.

This is a matter of some importance since it means that the lowest

permeability will result from the smallest quantity of cement which will

achieve a given strength.
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3.4.2.2 Specimens with constant porosity

TABLE 8. Specimens with variable water:cement ratio

Water Porosity e litres

Specimen Cement per cnbic metre

Ratio When As

wn mixed tested

K/10"12

Correlation

Coefficent

%
B2

*3

0.42
0.56
0.64
0.77

230
230

230
230

173

157

159
168

39.0
46.5
45.1
49.9

1.00
0.99
1.00
1.00

The above results yield the following correlation:

K = 27.9 + 28.8 *0 with r
2 = 0.86.

The correlation is poor and suggests that permeability of concrete of

constant initial porosity was relatively insensitive to wide variations of

water:cement ratio. Thus strength, which is often accepted as a measure of

all the desirable properties of concrete, is probably not a reliable index

of permeability.

3.4.2.3 Specimens containing substitutes for Portland cement

In these specimens Blastfurnace slag and Fly Ash was substituted for

Portland cement in such a way as to maintain constant initial porosity and

constant ratio of water to cement and substitute.
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TABLE 9. Specimens with fixed in i t ia l porosity and variable Blastfurnace

Specimen

A2
Cl

c2
C3

TABLE 10

si as content

PC/BFS

100/0

75/25

65/35

55/45

Specimens with

Porosity B

per cubic

Initial

Nominal

230

230

230

230

litres

metre

As

Tested

173

129

131

135

constant porositv and

K/10"12

ms-1

39.0

46.0

42.8

43.8

variable Flv Ash

Correlation

Coefficient

r2

0.99

0.99

0.99

0.99

content

PC/FA

Dl
«>2
D3

75/25

65/35

55/45

230

230

230

147
165

169

35.6

43.1

35.9

0.99

0.99

0.99

Within the limits of experimental variations there appeared to be no
correlation between k values and porosity or the mass ratio of Portland
cement substituted by the alternate materials.

3.4.3 Simulated Mass Curing after 24 hours - Treatment (b)
Water vaponr permeability k and diffusion constant 0* for concrete cured at
99 per cent relative humidity for 24 hours then sealed for 6 days against
gain or loss of moisture before test. The purpose was to simulate mass
curing after an initial period of moist curing.
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TABLE 11 Specimens with Constant water:cement ratio = 0.42

Porosity e l i t re s

Specimen per cubic metre K/10"12 r2 D*/10~12

When mixed As Tested ms~* m2s~*

e' e"

A l

h
A4

290
230

170

140

149
147

85

68

50.0
46.4

28.4

33.8

1.00
1.00

0.99

1.00

78.4
78.1

76.2

63.4

0.99
1.00

0.97

0 99

The following regression equations were calculated:

K = 11.16 + 0.14 s' (r2 = 0.80)

D» = 57.01 + 0.08 e" (r2 = 0.58)

K = 14.45 + 0.22 e' (r2 = 0.85)

D* = 58.00 + 0.14 s" (r2 = 0.63)

It is clear that only the relationship between k and E' showed poor to fair

correlation. All the other regression equations had unsatisfactory

correlations.

TABLE 12 Constant initial porosity e = 0.230 and variable waterioement

Porosity s l i t re s

Specimen wQ per cubic metre

When mixed As tested

147

157

159

B3 0.77 230 169

0.42
0.56

0.64

0.77

230
230

230
230

K/10"12

ms-1

46.4

37.8

38.7
47.0

r 2

1.00

0.99

0.99
0.97

D*/10~12

m2s-l

78.1

71.6

73.7
77.0

r2

1.00

0.97

0.95
0.92
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There was no correlation between water:cement ratio or porosity when tested

against either K or D*.

TABLE 13

Specimen

ci
C2
C3

TABLE 14

Sorcimens

PC/BFS

100/0

75/25

65/35

55/45

Specimens

with Blastfurnace slae

Porosity e

per cubic

When

mixed

230

230

230

230

with Flv Ash

: litres

; metre

As

tested

147
129

131

135

K/10-12

ms-*

37

37

39

45

.8

.2

.9

.0

0

0

0

1

r2

.99

.97

.99

.00

substitution for Portland

D»/10"12

mV1

78.1

79.9

62.8

75.5

cement

0

0

0

0

r2

.97

.98

.99

.99

PC/FA

Dl

°2
D3

75/25

65/35

55/45

230

230

230

147
165

169

42

43

47

.4

.5

.2

0

0

0

.99

.96

.99

37

50

43

.9

.1

.7

0

0

0

.98

.98

.99

No formal correlation was found between PC/BFS or PC/FA ratio and either K

or 0*. In respect of fly ash, the diffusion coefficient D* appeared low in

relation to the Portland cement control, A^, and the Blastfurnace slag

mixes Cj, Cj and Cj.

3.4.4 Variable Free Water Content

Water vapour permeability of concrete with variable free water content was

determined by firstly dirying specimens from each nix to constant weight at

110°C to determine total evaporable water then drying companion specimens

under vacuum at moderate temperatures (50°C) to moisture levels

corresponding to 25, 50 and 75 per cent of the evaporable water. The

results follow: Water vapour permeability 1c for specimens having various

free water contents at the start of test.
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TABLE 15 Permeability with Variable Water Content

Specimen w0 Free water content K/10

™e kgm ms

A2 0.42 0

28.4

56.9

85.5

Bj 0.56 0

55.5

B2 0.64 0

55.5

B3 0.77 0

58.4

7.7
24.3

34.3

53.1

1.7

38.5

9 .4

43.7
16.3

48.0

0.84
0.95

0.97

0.98

0.17*

0.95

0.78

1.00

0.86

1.00

'unreliable correlation

For the A series:

K/10"12 ms"1 = 7.94 + 0.51 We r
2 = 0.99; where

We = evaporable water litres per cubic metre

For the A and B series and about 50 per cent evaporable water

K/10-12 ms"1 = 17.0 + 40.4 w0 J

wn = water:cement ratio.

0.98; where

It is clear that pore water acts as ae'short circuit' fox vapour transfer -

the condensed water in pores effectively shortens the path length for

vapour. It is not yet known what is the effect on transfer of radioactive

water vapour. The results are consistent with Roses's model [Ref. 10].

Water condensing at the wet side changes the surface curvature of condensed

water at the dry side. The resulting disequilibrium at the water surface-

air interface causes water molecules to escape into the atmosphere.

Transfer of radioactive water would, it is believed, be much slower since

this would proceed by molecular diffusion. Thus, if an active silica gel

capsule were hermetically sealed to the downstream face it would take up
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water vapour in measureable quantities bat this water would not necessarily

be radioactive.

3.4.5 Blank Tests

Blank tests were mounted to determine the extent of both leakage and

evaporation from the surface at the high pressure side. Both leakage and

evaporation were insignificantly small.

3.5 Gas Permeation

Specimen B2, initial porosity = 0.23 and w 0 = 0.64, was selected for gas

transmission tests. The specimen was sealed into a two part container so

as to separate the lower part under vacuum from the upper part under

atmospheric pressure of dry air.

It was necessary to dry the specimen before a measurable flow of air passed

through the specimen. In the case of a specimen dried to approximately 5

per cent of its saturated moisture content, the flow of dry air stabilised

after 6 hours and has remained constant for the past 6 months at a value of

99.8 x 10"6 gs"1.

The corresponding diffusion coefficient D* was calculated on the assumption

that formal solution of Fick's equation (see appendix C) includes terms in

t/i2 or i1'2/!; where t is time and x is distance from source or sink.

For specimens of fixed dimensions, moisture loss is a linear function of

t1'2. The diffusion coefficient D* is given by the slope w t of the

moisture loss versus t curve.

This may be compared with Oxygen diffusion values obtained by Lawrence (2)

which ranged from 20 to 184 x 10"' urs"1 for Portland cement concrete made

with w0 = 0.7 and initial voids ratio ~ 0.19.

3.6 Cementing Properties of Blastfurnace Slag and Flv Ash

Hydraulicity factor E for Blastfurnace slag and Fly Ash determined

according to Lea and Desch (5).
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TABLE 16 Bvdraulicitv Factor

Mix

Cl

C3

PC/BFS

75/25

65/35

55/45

28 days

0.76

0.71

0.55

90 da

0.66

0.51

0.51

Mix PC/FA

Dl
D2
D3

75/25

65/35

55/45

0.79

0.46

0.35

1.02

0.73

0.61

When H = 0; the material has the same cement itions value as silica powder

i.e. zero. When H= 1, it has the same value as Portland cement, and when

H > 1, it is superior to Portland cement.

The values of B listed above are much lower then would be expected from

continuous moist curing; but they are not unreasonable for concrete which

is deprived of water from an external source.

4. MICROSCOPIC EXAMINATION

4.1 Pore Structure from Micrographs

Determination of pore structure from micrographs has been discussed by

Baynes tRef. 28] and Midgley and Illston [Ref. 23]. The latter [Ref. 23]

found a strong correlation between pore radii as determined by electron

microscopy and those determined by Mercury porosimetry.
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Table 17 Pore radii as determined by electron microscopy and mercnrv
intrusion porosimetrv (After Midglev and Illston [Ref. 23]).

Pore radius in nanometers

Electron Microscopy Mercury porosimetry

490 500

300 300

200 200

140 150

50 50

30 30

18.5 15

13 10

5.2 5.0

4.2 The Present Study

In the present investigation it'was decided to examine representative

samples in the electron microscope to determine whether physical behaviour

in other tests could be correlated with readily observed microstructure.

This was considered to be important both as an aid to understanding the

process of mass transfer and as a possible means of rapid classification of

hardened concrete.

An important feature of this part of the investigation was to observe the

extent and morphology of Calcium Hydroxide in coarse pores since this is

one microstructural component which is profoundly modified by additions of

Blastfurnace slag and Fly Ash. For these purposes Energy Dispersive X Ray

Analysis was used to identify significant structural features.

The last fraction of each mix, i.e. Portland cement + water or Portland

cement + Silica flour. Blastfurnace slag or Fly ash substitute + water was

prepared in a form suitable for examination by Scanning Electron Microscopy

(SEM) and Energy-dispersive X-ray analysis (EDX). The objective was to

characterise microstructure and seek correlation with tests described in

section 3 above.

The study generally included four stages:
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(a) Low magnification of an area about 3 mm square to determine the

nature and extent of shrinkage cracking and the occurrence of gross

defects such as bleeding cavities, air bubbles etc.

(b) Moderate magnifications of areas 0.03 mm square between unhydrated

nuclei of cement and at the interface with other matrices to assess

microstructural features of zones in which cement hydrate is laid down.

(c) Moderate magnificat-3ns of areas 0.03 mm square bordering cracks.

(d) Close examination of prominent structural features such as Calcium

Hydroxide crystals and Stteringite crystals.

4.3 Discussion

A representative collection of micrographs is attached as Figures 9 to 45.

The following statements are based on study of the SEM and EDR data:

4.3.1 Mixes made with Portland cement. Series A and B showed increasing

voids and visible crystalline products, such as Ettringite, as water:

cement wQ was increased from 0.42 to 0.77. Fig. 18 shows a typical example

of Calcium Hydroxide plates together with Calcium Sulpho-Aluminate

(Ettringite) rods.

4.3.2 Mixes made with Blastfurnace slag were characterised by relatively

high Mg contents and the presence of vitreous slag as shown in figures 22

to 24. The matrix was essentially similar in appearance to the A and B

series.

4.3.3 Mixes made with Fly Ash (FA) showed massive deposits of Calcium

Hydroxide (CH) around FAP particles. The micrographs suggest that this

preferential precipitation of CH in what was originally water filled space

separating FA is the reason why the C mixes showed reduced permeance.
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Figure 9. Low magnification view of fracture surface* showing bleeding
cavity partly f i l led with Calcium Hydroxide precipitated out of
solution.
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Figure 10. Close-up of continuous bleeding cavity partially filled with
glassy Calcium Hydroxide and acicnlar Ettringite.
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Figure 11. Close-up of Calcium Hydroxide precipitated out of solution and
partially f i l1 ing bleeding cavity.
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Figure 12. Low magnification of fracture surface showing drying shrinkage
cracks.

36



f

Figure 13. Ettringite crystals on walls of shrinkage crack. Note that the
crack is orders of magnitude larger than other natural
cavities.
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Figure 14. E t t r i n g i t e c r y s t a l s a d j a c e n t to c r a c k . Under some
cricnmstances formation of E t t r ing i t e causes cracking.
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Figure 15. Typical fracture surface showing heavy precipitations of
Calcium Hydroxide and cement grain remnants. Note shrinkage
cracks.
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Figure 16. Selected area of Fig. 11 shoving massive depositions of Calcium
Hydroxide.
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Figure 17. Selected area of Figure 15 showing cement grain remnants.
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Figure 18. General view of fracture surface. Note shrinkage cracks,
bleeding cavity upper right and 3 small air bubbles.
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Figure 19. Selected area of Fig. 18. Showing extensive growth of acicular
crystals.
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Figure 20. Selected area of Fig. 18. Showing layered Calcium Hydroxide
(CH) and hexagonal crystals of Ettringite (CSH). CH is
precipitated out of solution while CAH grows from clinker
surfaces.
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Figure 21. General view of Portland cement specimen showing shrinkage
cracks, massive depositions of Calcium Hydroxide (CH) and
cement clinker remnants.
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Figure 22. Selected area showing massive Calcium Hydroxide and cement
clinker remnant in centre f ie ld.
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Figure 23. Cement grain remnant of Figure 22 separated on boundary from
surrounding hydrate material by a peripheral shrinkage crack.
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Figure 2 4 . General v iew of specimen c o n t a i n i n g S i l i c a f l o u r h a v i n g
wQ=0.64. Note porous nature of matrix compared with Figure 21.
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Figure 25. Selected area of Fig. 20 shoving S i l i c a p a r t i c l e s in centre
f ie ld surrounded by Calcium Hydroxide
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Figure 26. Low magnification view of fracture surface slowing unhydrated
Blastfurnace s lag (BFS) p a r t i c l e s . Note r e l a t i v e l y porous
nature of concrete and relatively small shrinkage cracks.
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Figure 27. Vitreous Blastfurnace slag particle and surrounding matrix of
Calcium Si l icate hydrate.
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Figure 28. Interface of BFS particle and hydrate CSH.
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Figure 29. Loir magnification view of work area,
part ic les and sockets l e f t by such
surface.

Note spherical Ply Ash
part ic les in fracture
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Figure 30. Siliceous Fly Ash particle with adhering shell of hydrated
materials.
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Figure 31. Siliceous (Si) Fly Ash particles (FAP) with Calcium Silioate
Hydrate (CSH) and Calcium Hydroxide (CH) matrix. Note socket
left by FAP on right.
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Figure 32. CH with hollow l e f t by unhydrated nucleus of FAP and porous
nature of surrounding shel l of CSH hydrate.
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Figure 3 3 . Hol low FAP wi th s t r o n g l y o r i e n t e d CH and w i t h s m a l l e r FAP
almost t o t a l l y consumed in the reac t ion .
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Figure 34. Large PAP with high Si and Al content, almost totally consumed
in the reaction with CH and water. Note smaller FAP with shell
of hydrate below and to right.
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Figure 35. FAP with strongly oriented CH and shrinkage cracks.
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Figure 36. Series D^. General view of work area showing shrinkage cracks
and Fly Ash particles.
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Figure 37, Typical Fe particle upper le f t with hollow Si-Al particle and 3
smooth particles which are almost pure Si.
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Figure 38. Series D3. General view of work area showing rather more
porous appearance relative to series Dj ~ Figure 36.
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Figure 39. Hoi low
cells .

FAP split by fracture plane showing isolated internal



Figure 40. Ho7. low FAP with Fe particle to right and Hydrate shell.

64



Figure 41. Series
matrix.

General view of work area. Note relatively porous
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Figure 42. Hollow FAF with relatively porous matrix.
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Figure 43. Hollow FAP's with porous matrix and Calcium Hydroxide sheets.



Figure 44. Siliceous FAP about 10 pm diameter with hydrate shell about 1
\m thick and diagonally oriented sheets of Calcium Hydroxide.
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Figure 45. Strongly oriented CH matrix around socket with two siliceous
FAP particles.
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5. DISCUSSION AND CONCLUSIONS

5.1 General.

A l l of the concrete t e s t e d in t h i s program was prepared with a degree of

perfection which i s unattainable in commercial concrete It i s c lear that

unavoidable defects in commercial concrete w i l l have s ignif icant impact on

the rate and magnitude of water vapour, gas and l i q u i d water transport

through concrete. Typical construction defects include: c a v i t i e s dne to

incomplete compaction; thermally induced cracks; shrinkage cracks; bleeding

cav i t i e s ; s l i p forming cracks; and f issures at interfaces with reinforcing

steel.

Additionally, aging effects [Ref. 15, 16] give rise to changes in pore size

distribution, generally in the direction of increased permeability.

An important part of an appreciation of permeability in reactor buildings

is an evaluation of the impact on permeability of unavoidable construction

defects and fissurisation and changes of pore size distribution which

result from service conditions.

5.2 Tentative Conclusions

5.2.1 Future work should be directed to defining the main performance

criteria and devising field tests for evaluating concrete as placed in the

actual structure.

5.2.2 The degree of prestress has a significant influence on permeance of

concrete.

5.2.3 The water permeabil ity test is easy to carry out and has potential

as a quality assurance test.

5.2.4 The water vapour transmission test is useful for evaluating the

effect of concrete mix parameters. It should be extended to include

various pressure differences between source and sink. It is important to

establish the equilibrium state of pore water at various distances from

source and sink. The test is adaptable to evaluation of site concrete

using drilled cores.

5.2.5 Gas diffusion tests as described by Figg [Ref. 9] show promise for

qual i ty assurance and for monitoring long range changes in the

characteristics of concrete due to ageing.
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5.2.6 Fly Ash appears to be a valuable subs t i tu te for Portland cement.
Blastfurnace slag offers no advantage as a cement substitute.

5.2.7 SEM and EDX techniques are useful at the Research and Development
stage but do not appear to be useful for characterising concrete as placed
in the f ie ld .

5.2.8 The most important mix parameter affecting permeability is the total
water demand. Water:cement rat io and strength have r e l a t i v e l y l i t t l e
influence on permeability though they have obvious structural implications.
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APPENDIX A

Volume Distribution of Phases in Concrete
The entire quality spectrum of structural concrete is determined by mixing
water W between 120 and 240 Kgm"3 and water:cement ratio. wQ between 0.28
and 0.75. Taking the density of anhydrous Portland cement = 3220 Kgm , we
obtain extreme values of cement paste content as follows.

Mass Kgm"3 Volume lm~3

Strength (MPa) wQ W C Water Cement Paste Aggregate

90 0.28 250 857 240 266 506 494
20 0.75 120 160 120 50 170 830

In practice, for concrete in the strength range 30 to 50 MPa, -?0 varies
between 0.45 and 0.6 and W varies between 160 and 200 Kgm"3, the aggregate
volume varies between 660 and 770 lm , the paste content between 340 and
230 lnf3 and initial porosity between 0.16 and 0.20.

When water reacts chemically with unit mass of Portland cement the amount
of combined water is w° = 0.253 and its volume is that of unit mass of
Portland cement + 0.2530 mass of water - chemical shrinkage. The chemical
shrinkage has been found to be AV = 0.2584 z the volume of chemically
combined water.

We may compute for completely hydrated cement:

For arbitrary volume For 1 m of hydrate
Mass Volume Mass Eg Volume 1

1.000
0.253
1.253

0.3106
0.1876
0.4982

2007
508

2515

623
377

1000

In nature, cement is never completely hydrated and the ultimate degree of
hydration may be determined [Ref. 22] by the empirical relationship

1.031 w0

a*
0.194 + w0

Thus, at ultimate hydration we compute
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Arbitrary Units
(a) For unit mass cement Mass Units

Unhydrated cement 1-a* • • (1

Hydrated cement 1.253a* • - • (

Evaporable water wQ + 0.0654a* wo + 0.0654a*

TOTALS 1 + w0 + 0.0654a* ~ ~ + wo

(b) For lm3—of cement paste Mass Volame 1

3220(l-a*) 1000(1-a*)
Unhydrated cement

1 + 3.22 w0

4036a*
Hydrated cement

Evaporable water

3.22w0

3220wo + 604a*

1+3.22w 0 1+3.22w 0

1 + 3 .22w0

1604a*
1 + 3

3220wo

.22w0

+ 604a*

3220( l+w ) + 202a*
TOTALS — — - — — - — 1000

1 + 3.22w0

Considering now 1 in3 of paste and following Powers [Ref. 20, page 402] we
assume the surface area of hydrated cement = 210 m2g~1 and therefore, for
lm3:

210,000 . 4036a*
Surface area a = '

1+3.22w 0

» 8 4 8 * l o 6 ° * -1
1 + 3.22w0

 m

The monolayer capacity, Vffl is approximately 0.261 (mass of non-evaporable
water) [Ref. 29] .

(0.261)(0.253)(3220)a*
i.e. V_ ~ 1 • 1 ••

" 1+3,22w 0

Z (638a*)/(l + 3.22w.)
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The quantity of immobile water ; 3 V, [Kef. 20], This i s sometimes cal led
gel water. We define

Vgel = 3Vm = (1914a*)/(l + 3.22w0)

The capil lary watex = the total evaporable water - the gel water

vcap = <3.220wo - 1310o«)/(l + 3.22w0)

Three parameters are used in the Powers and Kozeny-Carman models for
permeation through concrete:

= (3.220wQ + 0.604a*)/(I + 3.22w0)

Effective pore space ee = Vcap/1000

= (3.22w0 - 1.310a*)/(l + 3.22w0

Surface area a = (848E6"a*)/(l + 3.22wo)

Concrete

For concrete the values of e, s e and o are adjusted by mult ip ly ing the
above values for paste by the volume ratio of cement paste in the concrete.

For example, suppose we have concrete with W = 200 Kgm"3 and wQ = O.S.

We compute C = 400 Kgm"3

Vc =

W =

TOTAL =

The factor is 0

Further, o* =

8 =

ee =

400
3.22 =

.324

0.74

0.144

0.059

124

200

324

.22

.00

.22

1

1

1

a « 78 x 10~* m"1

Sources of error. It is l ike ly that the gel water i t highly compressed
and, contrary to our assumption, has a specific volume <1.



APPENDIX B

Estimation of Water Permeability of Concrete

At the time of f i n a l s e t of concre te water surrounds the s o l i d phases -
cement and aggregates - and the void spaces i t occupies are interconnected.
When hydration takes place the new s o l i d , = 1.6 x the volume of anhydrous
cement, occupies space par t ly within the or ig ina l grain boundaries of
cement and par t ly in w a t e r - f i l l e d space between these boundaries. As
hydration proceeds capillary pores become part ia l ly , or completely f i l l e d
with reaction products and some pores become discontinuous.

After terminal hydration i s reached, a self-s intering effect takes place
and, although pore volume remains constant, the surface area reduces. The
net result i s that the hydraulic mean radius reduces so long as hydration
is proceeding but i t then increases when hydration stops.

For the present study it was .decided to examine relationships developed by
Powers [Ref. 18] and Carman [Ref. 26] in each case, permeabil i ty being
thought of as a function of porosity at the age of interest.

Thus the f i r s t obs tac le was to decide which of the i n f i n i t e range of
p o r o s i t i e s to use. I t was decided to invoke the concept of terminal
hydration as a function of water cement rat io [Ref. 22] and use the
relationships developed in Appendix A.

For a cement paste having water cement ra t io = 0.5 the mass and volume
ratios follow:

(a) For raw mix

Mass per m3 Volume m3/m3

Portland cement 1233.7 383.1
Mixing water 616.9 616.9

(b) At terminal hvdration

For cement paste having wQ = 0.5 at terminal hydration, am - 0.74, and we
have:

Unhydrated PC
Hydrated PC
Gel Water
Capillary water

317
1148
182
263

Mass Eg per m3 paste Volume ( l i tres )

99
456
182
263

o = 241 x 106 m2/m3

Hydraulic mean radius = 2.03 x 106 |im

For (a) high workabil i ty concrete with a high water demand aggregate W =
240 Kg*"3 and C - 480 l g a ~ 3 .
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For (b) low workability with low water demand aggregate W = 140 Kgm 3 and C
= 280 Kgm . The relevant parameters follow for concrete

Nix (a) Mix (b)

Cement Kgm"3

Water Kgm"3

In Hardened Concrete

Gel water Kgm"3

Capil lary water KgaT3

8
e e £
a?10« m"1

480
240

70
102

0.172
0.102

93.8

280
140

41
60
0.101
C.060

54.7

It should be noted that both of these mixes would have approximately the
same strength.

The permeabi l i t i e s according to Powers (Eqn. 53), Eozeny-Carman (Equ. 52)
and modified Kozeny-Caraan follow:

Eqnation
Calculated Permeability Coefficient us"1

Cement Nix (a) Mix (b)
Paste

K* = 1.8 xlOr l 2

f n i e x p ~ 4'19 ("7~)

K**

K**»

(l-ee)2

9.81xlO6.e1*5

17 ( l - e e ) 2

2.3xlO"15 73.2xlO~24

1.4xlO"12 4.4xlO"13

4.1xl0~13 3.1xlO"14

850.5xl0~33

,-132.3x10

l.lxlO"14

We note that the Powers model K* displays undue sensitivity to mix design
parameters.
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APPENDIX C
DRYING AS A DIFFUSION CONTROLLED PROCESS

From Fick's second law, the equation for one-dimensional diffusion may be
written

at ax &x

where c is the concentration at distance z from the exposed surface at time
t; and D is the diffusion coefficient.

In an initial ly saturated slab, sealed against loss of moisture on five
sides and exposed to an atmosphere of zero per cent relative humidity on
the sixth, the total losds of moisture per unit area of exposed surface, at
any tine t is given by the expression:

1-u* = (h (1 - 2n~in - exp z2 erfc z); where (2)
h

1-u* = average moisture loss expressed as a fraction of the moisture loss
at time of exposure = »;

h = the change of moisture concentration at the surface per unit
concentretion

z2 = h2D*t
D* = average coefficient of diffusivity; and
t = time of exposure to the drying influence.

The error function:

2 z 2
erfc z = — / e"1' di\; where

* 0

erfc z = 2/jt exp(- 2)d ; where
- /2<D*t)1/2 and
= a linear dimension representing flow path.

In most porous solids of high surface area D* is not constant and the
solution to equation (1) is often based on assumptions that D* is a
function of moisture concentration, length of drainage path, or time. In
the case of cement paste, the structure itself changes with time due to
hydration and drying, both processes taking place simultaneously. Since
moisture concentration varies with the size of members, structure and hence
tt diffusion characteristics, also vary with dimensions. The cement paste
system is therefore not amenable to rigorous mathematical treatment and an
empirical approach must i»e adopted. We may note, in passing, that the co-
ordinates: x representing distance from source or sink, and t enter into
formal solutions of equation (1) in the combinations

t t
or -
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Pihlajavaara had published curves in which u* is shown as a function of the
Fourier number Fo = kt/12 where k is the effective diffusion coefficient.
In some solutions he has assumed that the diffusion coefficient varies
l inearly and, in others, exponentially with the instantaneous value of
moisture content u.

From a study of the literature there seemed l i t t l e point in seeking an
unattainable degree of precision in the theoretical approach and a suitable
experimental technique was sought.

From Crank (32) equation 10.164 for a specimen drying from one side only we
have:

% 4 DT 1 / 2

(—) ; where
2d

Ej, = the mass of water lost at time t
Um = the mass of evaporable water
t = time; and
d = thickness of specimens

In this programme case, t is measured in hours, the thickness = 0.041 m and
MT and M^ are expressed as mass percentages and the above equation reduces
to:

u A _l/2

(D*} * ~~Ul ' — '

60t1 / 2 »!„ 2

= 147.7 x 10~3 (^-) ; where

b* = -7T,= the initial slope of the My vs t1/2 curve.

MASS TRANSFER OF WATER VAPOUR UNDER STEADY STATE fONDTIIONS

The pseudo D'Arays coefficient is defined as:

Q _,
K = — ms where

AX

Q - the rate of mass transfer in m s"1

A = the cross sectional area in m
i - the dimensionless hydraulic gradient.

dw
In our case the mass transfer — is measured in grams per hour, therefore

dt
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Q = — x = -
in 3.6 x 109 s

= — x 277.8 x 10-12 —
at s
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