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1. Frost destruction. The critical water
absorption. The service life

1.1 The critical size

A completely water saturated cement paste volume is severely
damaged by frost if its size exceeds a certain critical volume
/1/. The critical size depends on the lowest temperature used
in the test and it depends on the salt concentrations outside
and inside the volume /2/. It also is, to a certain extent, de-
pendent of the freezing rate /3/. One can talk about a critical
thickness of a thin slice of the paste or one can talk about a
critical diameter of a spherical piece of the paste. Normally
however, one uses the concept critical spacing factor Legr

which is the thickest water saturated cement paste shell sur-
rounding an airpore. The shell is supposed to have an imper-
meable outer periphery. Thus, the critical spacing factor 1is
the longest distance that water, that is expelled due to free-
zing, has to move before it reaches a recipient large enough to
contain it. The spacing factor is a geometrical entity that 1is
calculated on basis of the geometrical model shown in Fig 1.1.

Thus, all airpores are supposed to have the same diameter ¢
defined by:

0= 6/0, (1.1)

Where o is the specific surface of the airpore system. This

is defined by the total surface/volume ratio of all pores that
are large enough not to become waterfilled too rapidly in prac-
tice. In the original derivation made by Powers /4/ all entrai-

ned and entrapped airpores were included in o, . Then, the spa-
cing factor L is /4/:

L = [3/0,]-{1,4[V /a,+1]11/3-1} (1.2)

Where Vp is the volume fraction of cement paste (airpores ex-
cluded) and a_ is the total airpore volume.

The geometrical model behind Eg (1.2) is too simplified. A more
general, statistical, spacing factor L in which consideration
can also be taken to the size distribution is derived in /5/.
The following general equation is valid:

(ul, (ulg
+0,17-L73 0 } = ¢ (1.3)
[u]z [U-]Z

’ r2
v, {1+0,5-L7-0,+0,5-L72-q-

(e}

Where [u]; is the i:th statistical moment of the pore size dis-

tribution. This spacing factor implies that all points in the

cement paste lies with a certain probability within the distan-
ce L from the periphery of the nearest airpore. The probability
that the whole cement paste volume is protected increases with



increasing value of the factor C. When C=1 the probability is
63%. When C=2,3 the probability is 90%. Thus, the spacing fac-
tor depends both on the pore size distribution, as does the
Powers spacing factor according to Eg(l.2), but also on the
probability that all parts of the cement paste shall be protec-
ted.

The critical Powers spacing factor L.y is about 0,3 to 0,5 mm

for freezing in pure water. Research is under way to obtain
more accurate values for different water cement ratios, diffe-
rent salt solutions in the pore system etc.

1.2 The critical water absorption

The airpores will not stay air-filled but will take up water by
a slow air dissolution-diffusion process that is described in
section 3 below. This means that the residual spacing factor
between pores that are still air-filled will increase with inc-
reasing time of water storage of the concrete. The relation
between the residual spacing factor L, and the degree of

water-filling of the pore system can be calculated by Eg (1.2)
when the residual specific surface o, and the residual air vo-
lume a, of pores that are not water-filled to such large ex-

tent that they cannot accomodate all water that is expelled
from the surrounding cement paste shell, are known.

a, 1s calculated by:

rmax
a, = | £0x) 4822 ar (1.4)
Tmin 3

Where f(r) is the frequency function of pore radii. Tnin 1S the

radius of the smallest pore that cannot accomodate any expelled
water. Such a pore might be a completely water-filled pore or a
pore that is water-filled to such an extent that the residual
air volume is smaller than 9% of the freezable water contained
in the water-filled cement paste shell surrounding the pore. In
these cases water has to move to another, coarser pore. r .

is the radius of the largest airpore. Eg (1.4) implies that a
smaller pore is always water-filled before a larger pore. That
this assumption is justified is shown by the analysis performed
below in section 3.

The residual pore surface A is:

rmax

A = | f(r)-4m-r?.dr (1.5)

r

rIIllI'l



Then, the residual specific surface of the portion of the air-
pore system that is still air-filled, o, is:

o, = A /a, (1.6)

As a consequence of the gradual reduction in the residual air-
pore volume and specific surface the residual spacing L.

between the airpores increase; see Eg (1.2) and (1.3).

r

L, = [3/0,1-{1,4- [V /a,+1]1/3-1} (1.2a)

Hypothetical examples of the changes in o, and a_, and are shown
in Fig 1.2.

Frost destruction occurs when the degree of water-filling is so
high that the critical spacing is exceeded (L, >L.g). Then, the
residual airpore volume is ay cR- This means that there exists a
critical degree of saturation S, cr of the airpore system:

s = 1- a, cp/a, (0<S, cg<1) (1.7)

There also exists a critical degree of saturation S,z of the

entire material, capillary pores and gel pores included. They
are always water-filled before the airpores start to take up
water. Therefore, SCRis defined:

Ser = 1 - ay cr/Prot (0<Scg<l) (1.8)

Where P.,. is the total pore volume in the concrete. Thus, by

knowing the total airpore volume and by measuring the weight
gain of a concrete stored in water for a long time the gradual
water absorption in the airpores can be followed. Then, by also
investigating the pore size distribution one can find relations
between the pore size and the rate of water absorption. Such
analyses are made below in sections 3 and 4. Experimental re-
sults are presented in section 5.

The relaton between the two degrees of saturation is:

Ptot(l_SCR>

Two examples of the determination of the critical degree of sa-
turation by freeze/thaw experiments are shown in Fig 1.3; /8/.



1.3 The service life

The water absorption process is time dependent:

S, = S_(t) (1.10)

The service life of a representative unit volume inside the
concrete is ended when S_(t) exceeds the critical degree of sa-

turation of the airpore system Sa,cr which is supposed to be
independent of time; at least for mature concrete.

The value of Sa,cr can be calculated theoretically according to

the principles desribed above, provided the value L.z of the
critical spacing factor is known. Another possibility is to de-
termine the value of S.gand S, experimentally. Suitable met-

hods are described in /6/.

The time function S_(t) is calculated theoretically according

to the principles described below, or it is measured experimen-
tally by successive weighings of specimens that are stored for
a long time in water. The most rational method is to make an

experimental water absorption test for a limited space of time
(e.g. 2 weeks) and then extrapolate the water absorption func-
tion until the extrapolated value of Sa(t) reaches the value of

S, cr- The time when this happens is a sort of potential service
life.
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Fig 1.1: The geometrical airpore-cement paste model on which
the Powers spacing factor is based; /4/.

Fig 1.2: Hypothetical airpore distributions and the influence
of a gradual water-filling on the residual volume, a,,

of pores that can still act as recipients for expelled

water and the specific surface of such pores, 0. -

(a) Fine-porous system. (b) Coarse-porous system.
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Fig 1.3: Example of determinations of the critical degree of
saturation S.gz. Slag cement concretes with slag con-

tent 40 % and w/c-ratio 0,45; /8/.
(a) Air content 4,2 %. (b) Air content 5,4 %.



2. The capillary absorption process

When a piece of pre-dried concrete is placed in contact with a
free water surface it immediately starts to take up water. A
rather distinct water front penetrates the concrete; below the
front, the gel and capillary pores are saturated, above the
front, the water content is almost the same as 1t was initi-
ally. In reality, when the water front has advanced a bit,
there will be a diffusion of water from the front which makes
this a bit more diffuse. As long as only the first few centime-
ters are regarded and the concrete is not too dense the idea of
a moving front is however acceptable.

The front moves according to this formula:
z = m-\t (2.1)

where z i1s the distance from the water front to the free water
surface and m is a material constant that can be called “the

resistance to water penetration” [s/m?]

The amount of water taken up W [kg/mz] is:

W = k-\t (2.2)

Where k is “the coefficient of capillarity” [kg/(m?-s1/2)7].

The relation between m and k is:

1000 P,y

. - (2.3)
Vm

Where 1000 [kg/n@] is the density of water and Pcm?is “the ac-

tive porosity” in the capillary process [m’/m®], i.e. the volume
of pores that becomes water-filled already during the capillary
process. Since normal airpores do not take part in this pro-

cess, Pcap can be written:

P = P_ +P_ - P (2.4)

Where Py is the gel porosity, P_.is the capillary porosity and
P, is the porosity that was water-filled already when the ca-

pillary process started.

The water absorption rate qc[kg/(n@-s)] is:
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k (2.5)

qQ = —=

2t
Thus, the absorption rate is retarded.

Isolated coarser pores that are connected to finer continuous
pores cannot become water-filled during a capillary process if
they are coarser than about 0,1 um. This can be easily shown
by the geometrical model in Fig 2.1. The coarse spherical pore
is connected to finer pores by a narrow bifurcation pore. The
model is a good representation of an isolated airpore in a web
of fine capillary pores in a cement paste.

When the water front in pore 1 reaches the coarse pore the ca-
pillary pressure, which is inversely proportional to the radius
of the water meniscus, must be reduced if water should enter
the coarse pore. The capillary pressure in the bifurcation pore
2 1is however maintained on the high level. Therefore the bifur-
cation pore immediately sucks water from the coarse pore. The
meniscus will therefore not be able to enter the coarse pore.
It will remaln at its entrance. When the bifurcation pore 1is
full, the fine pore 3 starts to fill by sucking water both dow-
nwards and upwards. The coarse pore will continue to be air-
filled as long as the capillary pressure is higher in the sur-
rounding fine pore system. An air bubble will therefore be enc-
losed in the coarse pore.

The air bubble is under pressure; see the next section.
Therefore it will be compressed. The relation between the com-
pressed volume V; and the initial volume V_is calculated by

Boyle’s law:

V 'P :V1‘P1 (2.6)

(@) o

P, is 10° Pa (the ordinary atmospheric pressure). P, is given

by the Laplace law:

P, = P, + 2-0/r (2.7)

Where 6 1s the surface tension between water and air (0,074
N/m) and r is the bubble radius.

The wvolumes Voand V, are:

v, = Am g3 (2.8)
3

v, = 4F. 13 (2.9)
3

Where R is the radius of the coarse pore.
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The ratio of the radii 1is:
r/R = (V;/V,)1/3 (2.10)

Then, the pressure P, is:

P, = [10° + 229.(v_/v;)1/3] (2.11)
R

According to Eg (2.6), the relation between the volume of the
compressed bubble and the volume of the spherical pore is:

(v, /v 13 v /v, - 1] = 220 (2.12)
10°-R

This means that bubbles in smaller pores will immediately beco-
me almost totally compressed which is shown by the following
example.

Example 2.1:

R= 0,05 pm: v;/V, = 0,006 = <1 %
R= 0,10 pm: V,/V_ = 0,018 = 2 %
R= 1,00 ym: V,/V, = 0,32 = 32 %
R= 10 pm: V,/Vg, = 0,87 = 87 %

This means that all pores with diameters smaller than about 0,1
pUm are completely compressed and water-filled already during
the water absorption process. Larger isolated pores remain air-
filled and stay so for shorter or longer time depending on
their size and the diffusivity of air through the water-filled
pore system. The process of water-filling of the airpores is
described in the following section.
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Fig 2.1: Geometrical pore model illustrating the enclosure of
airbubbles in coarser pores during a capillary water
uptake process.
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3. The gradual water absorption in the
airpore system

3.1 The basic mechanism

An air bubble, which becomes enclosed in a coarse pore during
the capillary water absorption process, 1s exposed to an inter-

nal overpressure AP that is inversely proportional to its radi-
us:

AP=2.0/r (3.1)

where 0 is the surface tension air-water and r is the radius of
the spherical bubble.

The total pressure is:
P = P_+2-0/r (3.2)
Where P, is the ordinary atmospheric pressure.

The solubility of air in water is proportional to the air pres-
sure. Hence, the bubble will gradually dissolve. Bubbles that
are small enough will be dissolved in the pore water surroun-
ding them already a short time after the capillary process
ended. The size of these bubbles can be estimated by comparing
the amount of air inside the bubble with the water volume nee-
ded to dissolve all that air. The total air mass inside a bubb-
le of size r is:

m = p,4 nrd (3.3)

Where p, is the density of the compressed air. This is directly
proportional to the pressure of the air. Hence,

PO+2-G/r

Pr =P (3.4)

Where p is the density of air at 1 atm. p_, = 1,25 kg/m® at

+10°C; see APPENDIX 4. The ”extra” solubility As of air in

water which has become pre-saturated with air at the normal at-
mospheric pressure is:

As = 3.1072°AP/P_ kg/m3 (3.5)

Where 3-10'2/P0is the solubility of air at pressure 1 Pa and

10°C; see APPENDIX 4. This extra solubility due to the increa-
sed pressure can be used for dissolving air in the bubble. By
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inserting Eqg (3.1), (3.4) and (3.5) in eq (3.3) it is possible
to calculate the water volume V needed in order to dissolve

all air in the bubble of size r:

v, = &E.42.(1 + p_/A P] .13 (3.6)

3
The porosity of the cement paste shell surrounding the bubble
is of the order of size 40 to 60 %. The cement paste volume
needed in order to take care of the dissolved air is therefore
about twice as large as the volume given by eqg (3.6). Thus, the

thickness t (m) of the cement paste shell needed in order to
rapidly dissolve an air bubble at +10°C is:

t={[1+2-42- (1+P_/A P)11/3-1}.r ={[1+84(1+6,8-10°-r)]1%/3-1}r (3.7)

The average spacing between airpores is probably shorter the
smaller the bubble. An average spacing of 100 pm is assumed.

This means that t=50 um. Then, according to eq (3.7) bubbles

with a radius of about 7 pm will dissolve rapidly at +10 °C.
At other temperatures the air solubility is different; see AP-
PENDIX 4. For the temperatures 0 °C and +20 °C the coefficient
42 in eq (3.6) and (3.7) is changed to 33 and 52 respectively.
This does, however, not change the size of the rapidly dissol-
ved bubble very much.

Coarser bubbles will not dissolve directly but will stay air-
filled for a long time. Air will disappear only gradually due
to diffusion through the pore water to larger pores or to the
surface. Due to this diffusion the bubble becomes smaller and
smaller making the internal pressure higher The dissolution
rate will therefore increase with time. However, since the
cross section of diffusion decreases with the reduction of the
bubble size, the increase in dissolution rate is not directly
proportional to the overpressure. It might even be constant
during the whole process; see section 3.4. The dissolved air
migrates through the pore water to larger air bubbles having a
lower internal pressure and, finally, to the surface of the ma-
terial. The dissolution rate depends on the diffusivity of air
in the pore water and is therefore a function of the water/bin-
der ratio and, since different binders create different pore
structures, it is also a function of the type of binder.

Many diffusion processes in concrete can be described by a dif-
fusivity & (m?/s) which is a simple function of the w/c-ratio:

8=kq - (w/c)? =kq - (w/c)? (3.8)
Alternatively, it is a function of the capillary porosity, Po:
8= kp+ksy P =kg-P_ 2 (3.9)

ki1, ky, k3 and n are empirical coefficients determined by the
diffusivity of air in pore water.
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The rate of dissolution will also be a function of the length
of the diffusion path. Hence, an air bubble that is very close
to the surface of the concrete ought to be waterfilled before a
similar bubble in the interior of the concrete. The dissolution
will, however, not occur as a moving boundary process. Since
all bubbles are oversaturated with air, a local dissolution
will occur simultanously in the pore water surrounding each
bubble. The dissolved air will move to a neighbouring pore with
a lower pressure and from there to the next pore and so on.
Finally, it reaches the surface. Therefore, due to this inter-
bubble diffusion and due to the extremely large number of
bubbles, the dissolution will probably occur rather homogene-
ously within a zone of a certain thickness. This zone is pro-
bably considerably thicker than the so called critical thick-
ness which is a measure of the largest material volume which is
not harmed by frost even when frozen in a completely water sa-
turated condition. This has been indicated by a simple theore-
tical calculation in /7/. The critical thickness is only about
0,3 to 0,5 mm for concrete /8/.

Seen over a larger material volume, there will of course be a
certain gradient in air concentration in the pore water from
the surface of the concrete inwards due to the fact that diffu-
sion to the surface must occur. This requires a gradient. In
the normal, practical case, however, it is the outmost millime-
ters or centimeters of the concrete that is most interesting
and this zone can be approximately treated as “non-gradient”
zone; at least when it comes to an analysis of the inter-bubble
diffusion.

3.2 The global diffusion

The global diffusion rate in the material as a whole will, due
to the inter-bubble diffusion, be a function of the air or
bubble content. The larger the air content, the lower the
inter-bubble spacing and the larger the rate of air-diffusion
and water-filling of the bubbles.

The inter-bubble spacing L (m) can be described by the Powers’
equation:

L= [3/a ~{1,4[Vp/a+l]l/3—1} (3.10)

N
where, o , is the specific surface of the air-filled part of
the bubble‘system (m™ 1), Vpis the volume fraction of cement
paste (air pores excluded) and a is the air bubble volume as a
fraction of the concrete volume.

As a first approximation, the global diffusivity of dissolved
air is therefore described by a function of the following type:

. (w/c) 2
§ =5 - (3.11)

o
[3/00 ,1-{1,4[Vp/a+1]t/3-1}

-
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The constant 50 depends on the fineness‘of the pore structure.

It might be a function of the type of cement and the type of
mineral admixture used.

Eqg (3.11) is plotted in Fig 3.1. The rate of air diffusion from
the air bubbles will increase with increasing air bubble con-
tent and increasing w/c-ratio. In the real case a higher air-
bubble volume will, however, be favourable since it will take a
longer time before the critical distance is exceeded. Hence,
the service life is increased; see section 1.2.

In Fig 3.2 the coefficient mdescribing the slow rate of water
absorption during the long term storage of slag cement concre-
tes in water is plotted versus the air content. m is defined

by AS = m-log(time) where AS is the increase in the total de-

gree of saturation of the concrete. The general shape of the
curves are similar to those predicted by eq (3.11) and shown in
Fig 3.1; viz. the water absorption rate increases with increa-
sing air content.

The total amount of air Q (kg) transferred over the distance Ax
(m) during the time interval At (s) is described by:

Q0 = 8-A-At-Ac/Ax (3.12)

Where A is the cross section of flow (m?) and Ac is the diffe-
rence 1n concentration of dissolved air (kg/m3) over the di-

stance Ax.

The concentration gradient Ac is according to Henry’'s law pro-
portional to the gradient in air pressure and therefore, accor-
ding to eq (3.1) and seen over a larger material volume and
cross section, approximately inversely proportional to the gra-
dient in the ”average size” r of the remaining air bubbles

over the distance Ax.
Ac= constant-c[l/rhll—rmlz] (3.13)

Where r, 5, and r ; are the "average bubble radii” at distance x

and and x+Ax from the surface. The "average bubble radius” is
the radius of a fictive bubble staying in equilibrium with the
alr concentration of the surrounding pore water. The constant
in eq (3.13) describes the relation according to Henry’ s law
between air pressure and dissolved air. For the concentration
difference of dissolved air between the free concrete surface

and the pore water inside the concrete on the distance Ax from
the surface the following expression is valid:

Ac = constant-o/r (3.14)

m,1

The cross section A for the global diffusion is as a first ap-
proximation considered to be directly proportional to the volme



17

fraction of the sum of capillary pores and air bubbles in rela-
tion to the total cement paste volume, air bubbles included.
Thus, the fine gel pores are not supposed to take part in the
diffusion of air. Then A is:

A = w/c-0,39-B+a-1000/c (3.15)
w/c+0,32+a-1000/c

Where P is the degree of hydration and a is the volume of air

bubbles (m3) in 1 m3 of the concrete. No consideration is taken

to the interfaces between aggregate grains and cement paste.
They do certainly also have an effect on the diffusivity.

With this equation and eqg (3.13) or eqg (3.14) inserted in eq
(3.12) the total air transport over the distance Ax in 1 m?of

the concrete cross section can be estimated. A general equation
for this global diffusion is:

g= -8-d%c/ax? (3.16)

Where g is the flux of dissolved air (kg/m2-s).

The main problem in using this general equation or the numeri-
cal eq (3.12) is that is difficult to estimate the concentra-
tion gradient dc/dx. Probably, however, as said above in 3.1,
it is not always necessary to deal with the global diffusion
since most of the water absorption in the bubbles occur due to
local inter-bubble diffusion between neighbouring bubbles. This
diffusion goes from smaller to larger bubbles.

3.3 The local diffusion between neighbouring air
bubbles - principles

Let us consider two neighbouring bubbles with the radii rqand
ry (rq<rjy). Directly after the capillary uptake has ceased the
radii of the bubble mensci in the pores are r; , and sy o-

According to Boyle’s law those radii are:

_ 2
ri_{ri’o [r

o+2:0/P1}1/3 (3.17)

i
where i stands for either 1 or 2. r; _ — r; for large values of
T

Diffusion starts from pore 1 to pore 2. The air volume in pore
1 diminishes and the air volume in pore 2 increases. After a
certain time the new radii are r; .and r, ..

The initial air masses in pore 1 and 2 are m; and m, where
nﬁ/mzz[rl/r2]3.

from pore 1 and transferred to pore 2. Then Boyle’s law gives:

After a certain time of diffusion y-m; is lost
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Pore 1:

P +20/ry ={P +26/ry (}-{ry /11  }°-1/(1-y) (3.18)
Pore 2:

P +20/1, (={P +26/1y }-{ry 1/7y o331/ [1+(ry/xy)3 y] (3.19a)

Air continues to flow to pore 2 even after all water that was
initially contained in it has been displaced. The increased
pressure in pore 2 is taken care of by curved menisci in the
entrance to capillaries leading into pore 2. After this has
happened the following relation is valid for pore 2:

Pore 2: Po+26/T, =P, -{r,/r, ¢}3-1/[1+(r;/ry)3 7] (3.19b)

The pressures in the bubbles are:

Pore 1: P;= Po+20'/r1't (3.20)
Pore 2: P,y= Po+20'/r2,t for Iy <Iy (3.21a)
P,y= P2,t for Iy ¢=I3 (3.21Db)

Alir will flow from pore 1 until the pressure in pore 2 equals
the pressure in pore 1. This condition is only valid when all
water in pore 2 has been displaced. Before that, a transfer of
air from pore 1 to pore 2 will always lead to a higher pressure
increase in pore 1 than in pore 2 leading to a continued flow.
By equaling eq (3.18) and (3.19b) one obtains the following
equation for the maximum fraction of air that can flow from
pore 1 to pore 2:

Po+26/rl,t

v< | - 1] {ry/rq)3 (3.22)
{P+20/1, J}{ry o/T5}3

Where rlﬂzis a function of Y.From eqg (3.18) the following rela-

tion between r; . and Y obtained:
P -ry 2+20-1; P=ry (P _+20/r; }(1-y) (3.23)

This eguation must be solved numerically.

The initial bubble radii r, oand r, , in eq (3.22) and (3.23)
are functions of the pore sizes rjand r,. The relations is
given in eqg (3.17).

Eg (3.22) shows that there is a maximum amount of air that can

flow from pore 1 to pore 2. This amount is a function of the
relative pore size (r;/r,) and a function of the absolute pore

sizes (r; and r,). It is clear from eq (3.22) that the amount of

air that can flow from a smaller to a larger bubble increases
with increased size ratio between the two bubbles.
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The volume changes of the bubbles are:

Pore 1: AV1= —{11'03—r11t3}~4-n/3

(3.24)
Pore 2: AV2= +{rLt3~rlﬂf}4-n/3 for Iy <I, (3.25a)
AV,= +{ry?-r; 3)am/3 for r, (=0 (3.25Db)
The net volume change is:
AV=AV, +AV, (3.26)

The pressure in pore 1 will, at the start, always be higher
than in pore 2. When the pores are small the pressure in pore 1
maintains a higher value even when all water in pore 2 has been
displaced by the air arriving. Small bubbles will therefore va-
nish completely as is seen in example 3.1 below. Air from small
pores can move to pores of almost all sizes without being stop-
ped by too large a pressure increase in the larger pores. Air
in larger pores, on the other hand, cannot be transferred to
pores that are not very much larger since the pressure in the

latter will soon reach the driving pressure in the smaller

pore. This is shown by example 3.2 below. Large pores can, ho-
wever be completely emptied to pores that are very much larger;

see example 3.3 below.

The volume changes and the pressures are best shown by three

numerical examples:

Example 3.1; Small pores: r1=10 pm; r,=20 um.
Egq (3.17) gives:

Ii,o=9'53 Km, ré,o=19,51unh

Pore 1l: Eg (3.18), (3.20) and (3.24) give:

¥=0,25: r; (=8,62um. Py (=1,17-10° Pa. AV;=-0,94.10"1°m’
¥=0,50: ry (=7,47 pm. Py (=1,20-10° Pa. Av,=-1,88.1071°
¥=0,75: r; . =5,84 pm. P; . =1,25.10° Pa. AV;=-2,79-107%5
¥=1,00. r; (=0 P, =00 AV =-3,62-.10715

Pore 2: Egq (3.19), (3.21) and (3.25) give:

¥=0,25: r, =19,71 pum. P, (=1,08-10° Pa. AV,=+0,97-107°m?
¥=0,50: r, =19,92 pm. P, =1,07-10° Pa. AV,=+2,00-1071°
¥=0,75: r, =20 pm. P, (=1,09-10° Pa. AV,=+2,40-1071°
=1: r, =20 pm. P, . =1,12-10° Pa. —re e
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The net volume reductions are:

v=0,25: Av= +0,03-1071°m?
v=0,50: AV= +0,12-1071°
vy=0,75: Av= -0,39.1071°
y=1: Av= -1,22-.1071°

Thus, the pressure is always higher in bubble 1.Therefore, this
will vanish completely. There is a small increase in volume as
long as water in pore 2 is under displacement by the air
flowing into it. The reason is that the pressure is lower in
pore 2. When all water in pore 2 is displaced there is, howe-
ver, a decrease in volume as the bubble 1 dissolves which means
that water must be sucked into the bubble system from an exte-
rior source. This explains why water is absorbed in air-entrai-
ned concrete that is stored for a long time in water. It can be
noted that the maximum volume contraction is only

1,22-10715/3,62.1071°=33 % of the initial volume of the dissol-
ved bubble 1. The volume contraction should have been larger
had air been transferred to a smaller bubble; e.g. when the ra-

dius of pore 2 is 15 um the maximum volume reduction due to

Q

transfer of air from pore 1 is 65 % of the dissolved volume.
Example 3.2; Larger pores with small size ratio:

r;=100 pym. r,=200 pum
Eg (3.17) gives:

r1,O=99,51 um, r210=199,50 !.lm

Pore 1:

¥=0,25: 1r; (=90,3 pum. P; =1,016-10° Pa. AV;=-1,043.10712mw’
¥=0,50: 1y (=78,9 pm. P; (=1,019-10° Pa. AV;=-2,069-10712
¥=0,75: 1 (=62,5 um. Py =1,024-10° Pa. AV,=-3,103-10712
Y=1: ry =0. P, . trivial. Av =-4,125.1071

Pore 2:

¥=0,25: r, (=200 pum. P, (=1,031.10°Pa. AV,=0,25-107% m’

Y=0,50:  -"- P, (=1,062-10°Pa. -
Y=0,75:  -"- P, =1,094-10°Pa. -
Y=1: - P, =1,125-10°Pa. -

The pressure will be higher in pore 2 than in pore 1 already
before 25 % of the air in the latter has been recieved.
Therefore, air transfer stops already when a small fraction of
the air in pore 1 has been transferred.
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The AV,-values for pore 2 corresponds to the displacement of

water in pore 2 due to inflowing air before the increased pres-
sure in pore 2 stops the process.

Example 3.3; Larger pores with large size ratio:
r,=100 pm, 1r,=400 pm

Egq (3.17) gives:
r; ,=99,51 pm. r, ,=399,50 Um
Pore 1:

‘The same values of 1 ¢ Plltand AV, as for example 3.2 are
valid.

Pore 2:

¥=0,25: 1, ,=400 pm. P, . =1,004.10° Pa. AV,=+1,004-1071? n’

¥=0,50: - P, =1,008-10°Pa. - -
n S "

¥=0,75: —- P, =1,012-10°Pa. -

Y=1: - P, (=1,015-10°Pa. -

In this case the pressure is always higher in pore 1.
Therefore, the bubble 1 will wvanish.

The total volume reduction due to alir transfer is:

¥=0,25: Av=-0,04-10"2m?
vy=0,50: Av=-1,07-10712
v=0,75: Av=-2,10-10"12
v=1: Av=-3,12-10712

Thus there is a gradual decrease in volume. The total volume
reduction when bubble 1 has disappeared is

3,12-10712/4,12.10712-75 ¢ of the initial volume of the dissol-
ved bubble 1.

The analysis performed above shows that there is a complicated
network of local exchanges of air from smaller to adjacent lar-
ger bubbles. Besides, air that is displaced from one pore to a
neighbouring larger pore will soon leave this for a still lar-
ger pore and so on. This process can hardly be described by
other than statistical methods or computer simulations assuming
a random distribution in space of the spherical air pores. It
is quite clear, however that there is a gradual coarsening of
the remaining bubble system; the smallest bubbles being lost at
first. Only after a very long time are the biggest bubbles
lost.

It is also quite clear that there would be a gradual water-fil
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ling of bubbles even if there were no diffusion at all of air
from those dissolved bubbles to the surface of the concrete. On
the contrary, there must be a diffusion of water from the
surface to the interior of the concrete. This depends on the
fact that there is a net volume reduction when air is dissolved
and transferred to larger bubbles. This water uptake due to nu-
merous local air transfers occuring simultaneously over the en-
tire concrete body explains the observation that the long term
absorption in concrete stored in water seems to be independent
of the thickness of the specimen as long as this is not too
large, /7/. This also means that the gradient in air concentra-
tion of the pore water from the interior to the surface might
be rather small even in cases where a large amount of the smal-
lest air bubbles are lost due to dissolution and water absorp-
tion. In the long run, however, when also the largest bubbles
are lost, there must be a global gradient in concentration of
dissolved air towards the surface.

The driving potential for diffusion of dissolved air from pore
to pore is rather small, especially for the largest bubbles.
For a pore system, as that treated in example 3.3, the air-
pressure gradient is only about 1000 Pa leading to a gradient

(e}

in dissolved air of about 2,5-10"%*kg/m*® which is only 1 % of
the the amount of dissolved air at normal pressure. Of course,
the gradient is larger for smaller bubbles.

3.4 The local diffusion between neighbouring pores -
calclculation method

The rate of the local diffusion between neighbouring pores can
be determined by eq (3.12) if reasonable values of the concent-

ration difference Ac, the cross section of flow A and the
inter-pore spacing Ax are inserted.

For the inter-pore diffusion between a small bubble with radius
ri,, and an adjacent larger bubble with radius r, o the con-

centration difference is according to eqg(3.5):

Ac = s-20[1/r; -1/7, J1-B  kg/m’ (3.27)

Where s is the solubility of air in water. It is 2,4-10"kg/m3

at +20°C and 1 Pa. B is a correction factor that takes care of
the changes in the air pressure in the pores caused by the air
transfer, viz. the initial pressures 20/r will not be maintai-

ned. B is a function of the pore sizes. For large pores P=1.
For small pores it is about 2.

The effective cross section of flow A is

A = T-r-1, (3.28)

The reason why the pore radii riand r, have been inserted and
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not the bubble radii rl'oand s o is that the diffusion of air

through the water phase inside the relatively coarse airpore is
supposed to be much more rapid than the diffusion through the
dense capillary pore system.

The inter-bubble spacing is L. Then, the total air flow is:

Q=8-At-m-r;-ry-5-20[1/ry ~1/r, 1-B/L [kg] (3.29)

The diffusivity'ﬁ[mz/s] of air in hardened cement paste is not
very well known. For air in bulk water at +25 °C it is
2:107° m?/s. In cement paste it is probably decreased by a fac-

tor 100 or even more. A value of 1071l m?2/s is selected. The di-
stance L between pores varies from pore to pore. An average

value of 300 pum is selected. This is probably a bit too high
for small bubbles but a bit too small for large bubbles. The

surface tension 61is 0,074 N/m.

When those values and the solubility of air are inserted the
following expression is obtained:

0=3,9-1071%.ry -1y [1/1ry -1/r, 1-B-At [kg] (3.30)

This equation can be used for a rough estimate of the time nee-
ded to epmty a pore. The same examples as above (examples 3.1
and 3.2) are used.

Example 3.4 (See example 3.1): 1r;=10 pm; r,=20 pum.

The total amount of air in pore 1 is:
Q=1,25-4-m-(10-107%)3/3 = 5,23.1071° [kg]

Where 1,25 kg/m? is the density of air at +10 °C.

The coefficient Pis about 2 (see the previous solution).
T, o=F1i Ty, o~Ty (see above)

Insertion in eq (3.30) gives:
5,23-1071°=3,9.10715.10-107%.20-107%[1/10-107%-1/20-107°] -2 - At
The time needed to empty pore 1 is: At=18,5 hours.

Example 3.5 (see example 3.3); r;=100 um, xr,=400 | m:

The total amount of air in pore 1 is:

0=1,25-4-m(100-107%}3/3 = 5,23.10712 [kg]

The coefficient P is about 1.
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Insertion in eqg (3.30) gives:

5,23.1071223,9.10715.100.-1079.400-107%[1/100-1076-1/400-107%] . At
The time needed to empty pore 1 is: At = 1240 hours = 52 days.

If the diffusivity was only 10712 m2/s, which is quite possib-
le, the times needed should be increased by a factor 10 to 8
days and 520 days respectively. However, according to eqg (3.30)
there 1s a direct proportionality between the size of the reci-
pient bubble and the time needed to empty the smaller bubble.
Therefore the times should have been somewhat shorter had the

recipent bubbles been larger than the values 20 pm and 400 pm
assumed in the examples.

The calculation indicates that the time to fill the airpore
system is quite long, especially for dense concretes and/or
concretes with coarse ailr-bubble systems. Airpore systems that
are very fine will, however, rapidly become inactivated by
water. In the examples above it takes about 70 times as long

time to empty a bubble contained in a pore with radius 100 pm

as a bubble in a pore with radius 10 pm. Their volume ratio is
however 1000. The time needed is evidently not proportional to
the volumes. This mainly depends on the fact that the cross
section of diffusion increases with the bubble size at the same
time as the length of the diffusion path has been supposed to
be constant. Besides, the size ratio between pore 1 and 2 is
twice as large in example 2 further increasing the cross sec-
tion.

A complication with eqg (3.29) is that the bubble size in pore 1
decreases as air is leaving ; it changes from r; _to r; ..

Therefore, the over-pressure in pore 1 increases with time.
This is, however, approximately taken care of by the coeffici-

ent PB. Besides, the effective cross section of air flow becomes
a bit lower than the value m-r;-r,assumed in eq (3.29). The net

effect probably is that the flow from pore 1 is relatively con-
stant during the whole process and fairly well described by eg

(3.29). The complication is avoided in the model which will now
be described.

In the real material, diffusion does not take place between in-
dividual pores as calculated above. There will be a sort of
average local diffusion governed by a diffusivity that is a
function of the w/c-ratio and the air content. A diffusivity of
the type shown in eq (3.11) could perhaps be used. The value

80 is not known. It might be estmated from measurements of sa-

turated gas flow through water-saturated concrete. It is suppo-
sed to be the same for diffusion from all pores.

Further on, the radius r,is supposed to be infinite correspon-

ding to a free water surface or to the meniscus in a pore that
is very much larger than r,. Diffusion is supposed to be sym-

metrical within a material sphere surrounding the bubble. The
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radius of this sphere, or the length of the flow path, is L.

Then, the general equation for the flux of air g’ [kg/s] from a
bubble with radius r; is:

(L+r1)rllt-4n (L+rq)r;-4m
g = 9- ‘Ac = & +85-20/ry ¢ (3.31a)
L L
Or
(L+r,) -47
qg’= 0- -S5-20 (3.31Db)
L

Where 8 is the bulk diffivity of air in pore water; s is the

solubilty of air. It is 2,4-1077([kg/(m3-Pa)] at a pressure of 1
Pa and +20°C. In eq (3.31) it is assumed that the resistance to
diffusion is just as high in the absorbed water phase inside
pore 1 as in the cement paste.

It is reasonable to assume that the diffusion path increases
with increasing size of the bubble being emptied; c.f. eqg
(3.10), which shows that there is an inverse proportionality
between the specific surface of the pore and the average spa-
cing provided the total bubble volume under consideration is
constant. The following assumtion is made:

L =¢-r; where € > 1 (3.32)

Thus, the diffusion path increases linearily with the bubble
size. Then, eq (3.31) can be written:

g’= 6-[1+1/€e]-4w-s-20 [kg/s] (3.33)

The rate of flow of air from a certain bubble is therefore ap-
proximately independent of its size and only dependent of the
ratio of the pore size to the length of the diffusion path. The
application of eqg (3.33) is shown by two examples. The diffusi-

vity is supposed to be 10711 m?/s. The coefficient £= 5.
Thus, g’= 5,6-10718 [kg/s]

Example 3.6: Pore radius 10 pm. L = 5.10 = 50 um

The total amount of air (see above) = 5,23-1071°> [kg]
The time required = 0,25 hours.

Example 3.7: Pore radius 100 pm. L = 500 pum.

The total amount of air = 5,23-10712 [kg]

The time required = 259 hours = 11 days.



26

The time required is directly proportional to the bubble volu-
me. Eq (3.33) implies that the rate of air flow from a bubble
in kg per second is independent of the bubble size. It 1is a

constant which is only a function of the bulk diffusivity §,
the ratio of diffusion path to the bubble radius €, the solubi-
lity of air in water, s, and the surface tension ©:

s

q = constantq [kg/s] (3.34)

It might be that the diffusivity in the water phase inside pore
1 is much higher than the diffusivity in the cement paste. In
such a case eq (3.33) 1is modified to:

q'= 8[1+1/e] -x;-4m-5-20/7 (3.35)

This equation is much more difficult to handle since it implies
that the rate of water-filling of the alirpore is not a constant
but a function of the actual degree of saturation of the pore.
It must be solved numerically. For the smallest airpores, at
least, eqg (3.33) and (3.34) can be used without too much error.
For those pores, which are also the most important for frost
resistance, the diffusion path outside the pore is much larger
than the diffusion path inside the pore. Besides, most of the
airpore volume is filled before the difference between the pore
radius r; and the bubble radius rlltis very large; c.f Examples

3.1 and 3.2 above.
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Fig 3.1: Theoretical effect of the w/c-ratio and air content on
the diffusivity of dissolved air through the pore
water; eq (3.10) and (3.11). The amount of mixing
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4. The water absorption in model air-
pore systems

4.1 Introduction

In a real air pore system there are air-bubbles of all sizes

varying from about 5 pum to 500 pm or more. Therefore, the
simple solution performed above in which only a two-bubble
system 1s regarded is too simplified. Such an analysis does ho-
wever show that air will be transferred from every pore irre-
spectively of its size to larger pores in the neighbourhood.
Certainly, the pore will also recieve air from smaller adjacent
pores. This is the case especially for the largest pores.
Therefore it might be a certain delay before the pore will be
"a net exporter” of air which will migrate to larger pores
still, or to the surface. Two different models for a descrip-
tion of this water-filling process is treated below:

Model 1: It is assumed that every pore starts to absorb water
already when the capillary process is ended in its
surroundings. The rate of air diffusion from a pore
expressed in terms of kg per second and the rate of
water-filling of a pore is supposed to be the same for
all pores; c.f. eq (3.34). Thus, a smaller pore is
always completely filled before a larger one, but the
water absorption is going on simultaneously in all
pores. This model implies that the total water content
in the airpore system is not only distributed among
the smallest pores but that all air-pores contaln more
or less water. Model 1 is a non-equilibrium model; the
total free energy of the air-water system is higher
than in Model 2.

A graphical representation of Model 1 is shown in Fig
4.1,

Model 2: The net diffusion process between all airpores in the
system is such that a coarser pore will not start to
take up water until the next smaller pore is complete-
ly water-filled. This model implies that the total
water content in the airpore system is only distribu-
ted among the smallest pores while the coarser part of
the pore system is completely air-filled (apart from a
thin water meniscus along the periphery). Model 2 is
the most plausible model from a thermodynamical point
of view since it corresponds to the lowest free energy
level of the system.

A graphical representation of Model 2 is shown in Fig
4.2, :
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4.2 Model 1: Absorption in all bubbles simultaneously

4.2.1 Theory
Let us consider an airpore distribution curve f(r); see Fig
1.2. This distribution could be just a mathematical expression

describing the shape of the real distribution curve but not the
absolute level of this. A fictitious airpore volume V_calcula-

ted by this distribution is:
v,- | e ar [m?] | (4.1)
=10 um 3

The lower limit 10 Um is supposed to be the smallest pore! that
is not water-filled already during the capillary process.

The real distribution F(r) is found by utilizing the real air-
pore volume V_:

v =J AT 3 . F(r) dr (3] (4.2)
=10 p 3

The relation between the two distributions is:

F(r) = f(r)-V /V,~ (4.3)

In the following f(r) is used.

The average pore radius r; ;in the interval Ar is defined:

r . = (ri +r-+1)/2 [m] (4.4)

m, 1 i
The initial volume of air in one bubble of this size is:

— 4_.(r

3

)3 [m3] (4.5)

m, i

The initial weight of this air is:
Ql(rm,i) = Vl(rm,i)'po [kgl (4.6)

Where p, is the density of air at normal pressure and at the
actual temperature.

The number of pores with radius r_ ;in the interval Ar is:

¢(rm,i) = f(rm,i)’Ar (4.7)

The initial volume of air in all those bubbles is:
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m, 1

4 3
L) e E=-T-T_ [kg] (4.8)
3

The time needed to completely empty each one of these bubbles
is:

Po
tlry, ) = Ql(rm,i)/q'z -——'r(m,i)3 [s] (4.9)

Where g ’is the rate of air diffusion from the bubble in kg/s.
g’is a function of the diffusivity of the cement paste but not
of the bubble size; see eq (3.31). Therefore, it depends on the
total airpore volume, the w/c-ratio the type of binder etc; see
eq (3.11). The time needed to empty an air bubble is directly
proportional to the bubble volume.

The time process of air diffusion is schematically shown in Fig
4.1. The total air volume that has diffused in the concrete
during the time 0 to t(rmll) corresponding to the time it takes

to completely fill the smallest bubbles (rm,l) is:

vV (ry 1) Vilry 5)
Vll — t(rmll) .{ + B R R R e IR +
t(rmll) t(rmlz)
V’(rmln)
+ ——} (] (4.10)
t(rm,n)

The total amount of air that has diffused after time t(ry ) is:
V'(rm'i)
VAR V,(rm,l) + V’(rm’2) + + V,(rm,l-l) +E (T ) { +
t(rm,i)
Vi (ry o)
o e + } (4.11)
t (7, )

’

The total volume of air transported from the air bubbles, V 5

is evidently a time function; V’izv’[t(rm )1=Vv7(e).

After a very long time the total airpore system is water-fil-
led. Then, the volume of air that has diffused eguals the total
initial air content in the airpore system V_ :

s

V' =V (r ) =V~ m3] (4.12)

m,1) + V'(rmlz) e + V' (r

The real volume of air transferred in the real airpore system
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is obtained by multiplying eqg (4.10), (4.11) and (4.12) by the

factor V_/V’_, where V_is the real airpore volume; see eg (4.3).

The water volume V"(t) that has been taken up by the material

at time t of diffusion is supposed to be equal to the volume at
normal pressure of diffused air V' (t):

V. (t) = V (t) [m3] (4.13)
The mass of water taken up at time t is:

W (t) = V., (t)-1000 [kg] (4.14)

:.f
The degree of water-filling at time t, or the “real” degree of
saturation S_(t), of the entire airpore system is:

[m3/m3] (4.15)

The "effective” degree of saturation” Sa(tj)eff after time
tj=t(rm j) is defined as the degree of saturation when only

water in completely water-filled airpores, i.e. pores with

radii smaller than r_ j,is considered. The effective degree of

saturation is

J J
vy XV,
1 1
Sa(tj)eff = = .Sa(tj) (4.16)
v, Vv, ()

The effective degree of saturation can also be obtained analy-
tically from the airpore distribution. The volume V., ;" of to-

tally water-filled pores with radii smaller than r,(um) is:

Ly
V.. = f AT . 3. f(r).dr (4.17)
W, 1 1 .
~10 3

The radius can be substituted by the corresponding time t; to
fill completely the pore with radius r;. Eg (4.9) gives the re-
lation between the radius and the time. The final result is:

£.1/3
1
1= qtf f(r)-£/3.dt (4.18)
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Where the constant W is:

¥ - d la’/p,1%/% = 0,128 [q"/p 1573 (4.19)
31/3.(47.5)2/3

The function f(t) is the radius distribution function in which
r has been substituted by t using the relation Eg (4.9).

It is the effective degree of saturation ahd not the real de-

gree of saturation that should be used for calculating the re-
sidual airpore spacing; see eq (1l.2a). |

By utilizing eq (4.10) to (4.12) one can calculate the process
of air transport from the airpore system and consequently the

time process of water-filling of the airpore system.

A simplification made in the derivation is that the the density
of air is supposed to be constant. In reality, the density inc-
reases as the bubble decreases in size; see eq (3.4). This
means that the calculated water absorption is a bit too high.
On the other hand, the cross section of diffusion is assumed to
decrease in proportion to the decrease in bubble size; see eq
(3.31). In reality, the cross section is almost constant and
determined by the radius of the pore itself. This leads to a
too high clculated rate of air diffusion. The two effects com-
pensate each other fairly well.

4.2.2 Numerical example 1; exponential function of pore radius

The pore size distribution can be determined by means of micro-
scopical examinations (e.g. ASTM C457) or by automatic image
analyses of thin sections or polished impregnated surfaces. The
observed one- or two-dimensional pore data are transformed into
a three-dimensional pore radius distribution using conventional
stereomeric laws. From them the specific surface and the pore
volume can be calculated.

A mathematical frequency function that sometimes fit an airpore
distribution in a fair manner is:

f(r) = a,-10D (4.20)
br

Where b is a constant that expresses the shape of the distribu-
tion and a; is a constant that is determined by the condition

that the total pore volume calculated by eq (4.21) shall be
equal to the real pore volume. The larger the value of b the
smaller the average pore size and the more narrow the frequency
function. The frequency function is shown in Fig 4.3 for diffe-
rent values of b. The curves are normalized to the same total
airpore volume; i.e. the coefficient a is adjusted so that all
distributions give the same total volume as the distribution
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with b=1,051. The corresponding pore size distributions are
plotted in Fig 4.4: The air pore volume is (for a;=1); c.f. eqg

(1.4):

v, = Jinp 4m3g - _8n (4.21)
o bY 3 (In b)?3

As the lower integration limit 0 pm is used and not 10 pum as

it should be according to the reasoning above. This makes the
integration easier. Since the pore volume in pores smaller than

10 pm is very low, the error is negligible. .

The real airpore volume is V_ It can be obtained by the micros-
copical analysis mentioned above. Thus, by comparing vV, from eqg
(4.21) with the measured V_, the real distribution F(r) can be
calculated; eq (4.3).

The calculated total envelope area A_" of all pores is; c.f. eqg
(1.5):

A = J In b.gp.r2.qr = —80 2] (4.22)
o bt (1In b)?2

Thus, the specific surface ojof the airpore system is:

o, =V, /A= 1n b [m?/m®=m"1] (4.23)
Or
b = exp(a,) (4.24)

Thus, the coefficient b can be obtained from the experimentally
determined specific surface. The value of b depends on the unit
selected for volume and surface. The most convenilient 1is to use

Um. The following values are valid for a;=1(the units for V_ -

and A_° are pm and P m? respectively):

* 0,=60 mm ™t =0,06 umt; b=1,062; V,'= 1,16-10°; A "= 6,94-10°
* 0_=50 mm™t =0,05 pm™t; b=1,051; v, '= 2,04-10°;, A_"= 1,02-10%
* 0 =40 mm! =0,04 pum; b=1,041; Vv '= 3,87-10°; A_"= 1,56-10%
* 0 =30 mm ! =0,04 pmt; b=1,031; v ,'= 8,83-10°; A_"= 2,70-10%
* 0.=20 mm™t =0,02 pm't; b=1,020; v, = 3,24-10% A_'= 6,41-10%
* 0,=10 mm™t =0,01 pm't; b=1,010; v,'= 2,55-107; A "= 2,54-10°
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From the specific surface as it is defined above a sort of mean

pore radius Trhean Of the entire pore system can be calculated:
Trean = 370 (4.25)

Or, for the actual distribution:

Thean = 3/1n b (4.26)

This is not

the same as the radius of the median pore. This 1is

defined:
oo :
[ r-£(r)-ar
~10pm
Thedian = (4.27)
[f(x)-ar
=10um
For the actual frequency function the solution of this equation
is:
j r..l—ll__b.dr
o o
Lnedian = = (4.28)
oo 3-1In b
J' In b .5,
o b*

The relation in size between the two types of average pore is:

Thedian

/T

mean

= 4n/9 = 1,40

The actual values of those radii are:

_ -1.
aO—SO mm~ -

40

30

20
10

Model 1 has
The results

Fig 4.5 the
real degree

lations are
saturation.

relations are, however fairly linear.

tion can be

Thean™ 60 pm Tmedian= 84 U m
75 105
100 140
150 210
300 420

been applied to some distributions of this type.
of the calculations are listed in APPENDIX 1. In

relation between the parameter t.q’/p ,and the

of saturationis plotted in log-log scale. The re-
non-linear seen over the entire span of degree of
For the most interesting interval 0,1<S_(t)<0,6 the

Then, the following equa-

used:
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S,(t) = A-[(t-q")/p, 1P 0,1<S,(t)<0,6 (4.29)

Where A and B are constants which are obtained by linear reg-
ression in the log-log scale. Values of the two coefficients
are listed in Table 4.1. The parameter inside the parenthesis

must have the unit un@ when the values in Table 4.1 are used.
Hence, the density of air p_,” must be expressed in kg/um3 i.e

po= 1,25-10718 kg/um® at +10 °C.

\

Table 4.1: The coefficients A and B in Eg (4.29)

Specific b A B
surface

pmt

0,050 1,051 23,48-10"> 0,575
0,040 1,041 12,55-10"> 0,593
0,030 1,031 7,36-107° 0,597
0,020 1,020 4,30-10"> 0,583
0,010 1,010 1,15-107> 0,589

A general equation is:

S,(t) = 3,27-107%.0,2:27. [(£-q") /py 1°-587 (4.30)

Where o, is expressed in mm™ L.

According to this equation the long term absorption in airpore
systems 1is approximately proportional to the square-root of
time.

The coefficient g~ expressing the rate of air diffusion can be
calculated by eq (3.33). The following data are used: (i) the

diffusivity & is either 1071 m2/s or 10712m2/s; (ii) the solu-
bility of air s is 2,5-1077kg/(m?>-Pa); (iii) the relation &
between the average transport distance of air and the bubble
radius 1is 5; (iv) the surface tension ¢ is 0,074 N/m.Then the
diffusion rate g’is 5,6-10718kg/s. Eq (4.30) can be written:

7,9-1078.0,2:27.£0.387 (8= 10711 m?/s) (4.31a)

o
I

=2,0-1078.0,2:27.£0.587  (§ = 10712 m?/s) (4.31Db)

i
|
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Where t is in seconds and o _is expressed in mm™t. These equa-

tions have been plotted in Fig 4.6. The rate of absorption is
rather rapid which is mainly due to the rather high value 0,587
of the exponent. It might also depend, to some extent, on the
values chosen for the diffusivity. They might be too large.

The real size distribution can 1n some cases be better descri-
bed by a sum of two distributions of type eqg (4.20).

In by 1n b,

f(r) = C- + D- \ (4.32)

o
Where the constants C and D are selected in such a way that the
total airpore distribution f(r) corresponds to the real distri-
bution.

Then the solutions tabulated in APPENDIX 1 for the individual
distributions can be used.

Example 4.1: An airpore distribution is composed of one distri-
bution of type 1 with b=1,031 and another distri-
bution of type 2 with b=1,020. Half the pore volu-
me belongs to distribution 1 and the other half to
distribution 2. This means that the ratio of the

constants C/D= 3,24-109/8,83-10°=3,67; see the
list above of V_ -values for different b-values.

The specific surface of the combined distribution
is:
3,67-2,70-10%+1.6,41-10%

Oy = = 0,025 pm ! =25 mm?
3,67-8,83-10°+1-3,24-10°

The S -value after a certain time of water ab-

sorption in the airpore system is the mean of the
two S_-values for the two distributions. These are

listed in APPENDIX 1.

The resulting relation between the degree of sa-
turation in the airpore system, S_, and the suc-

tion time is plotted in Fig 4.5. The general
shape of the curve for the combined distribution
is the same as for the single distributions; 1i.e.
the exponent in eg (4.30) is about the same;
0,525 instead of the value 0,587.

The fact that the calculated water absorption is rapid for the
type of airpore distribution treated in this chapter might, ho-
wever also depend on the model itself implying that a larger
bubble can start to absorb water before the smaller bubbles are
filled. Below, in section 4.3 it is shown that Model 2 gives a
considerably slower absorption.



38

The effective degree of saturation defined by eqg (4.16) can be
calculated analytically utilizing Eqg(4.18) and (4.19). The fol-
‘lowing relation for the volume of completely water-filled pores
is valid for the actual type of distribution:

£,¥3  1nb £1/3
Vi =¥ : -dt (4.33)
=10  [3-q"/(4r-p,)1t/3 g1/3
b b \

Where the constant Wis given by Eq (4.19). This equation can
be solved analytically giving the relation between suction time
and degree of saturation.

The effective degree of saturation is obtained by dividing the
values V ;" by the total airpore volume Va’. Calculated values

are listed in APPENDIX 2. The relation between the real and the
effective degrees of saturation are plotted in Fig 4.7. The re-
lation is almost linear in a log-log scale and independent of
the specific surface of the pore system. The following relation
is valid:

S. ogr = 0,918.5,14° (4.34)

a,ef

This means that a considerable fraction of the absorbed water
is contained in pores that are coarser than the colmpletely
water-filled finer pores.

Example 4.2: The effective degree of saturation is only 0,34
when the real degree of saturation is 0,50. This
means that only 68 % of the water is contained in
completely water-filled pores and the rest in
coarse, partly air-filled pores.

4.2.3 Numerical example 2; power function of pore radii

An alternative frequency function of pore radii is:

£(r) = ay-{— - —L1—) (4.35)

Where a, is a constant which is determined by the total airpore

volume. b is a constant that gives the shape of the distribu-

tion. r . is the radius of the largest pore. The frequency fun-

ction is plotted in Fig 4.3 together with the exponential fre-
quency function. The coefficient a, is adjusted so that the

same total pore volume is obtained as for the other freguency
curves. The power function gives a much more broad distribution
than does the exponential function. The pore volume distribu-
tion curve is shown in Fig 4.8. The pore volume 1s much more
concentrated to the coarser pores than what is the case with
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the exponential function; c.f Fig 4.3.

The total airpore volume is (for a,=1):

s _ T b 4-b 4-b
Vg = = '{rmax - Thin } (4.36)
3 4-b -
The total surface area is:
F_ 4T b 3-b _ 3-b
Ay = == {rmax Thin } ' (4.37)
3 3-b
The specific surface is: g
3-b 3-b
T hax = Thin
a, = 4-4=b. (4.38)
4-b 4-b
3-b Thax - Thin

A resonable value of r ; and r . are 10 pm and 1000 pm. Then,
the following values are valid. (The units for V_ "and A_ is

u,nﬁ and pm?) :

* @ =50 mmt =0,05 pmt b=3,65 VvV, '=98,0 A_"=5,0
* 0,=30 mmt =0,03 pm™? b=3,30 VvV, "=596,5 A, "=17,3
* 0,=10 mm™* = 0,01 um !t Db=2,50  V_ =55100 A, =595,8

The median pore radius is:

r =0,5- . (4.39)

median

The following values are valid:

-1
0,=50 mm Tnedian= 8/0 MM Ypeon= 60 UM Yo q/Tpean= 0,13
30 8,8 75 0,12
10 13,5 300 0,045

The median pore is much smaller than the mean pore defined by
the specific surface. This is explained by the large number of
pores in the very small size range. They provide a large surfa-
ce area without containing much pore volume.

Some results of a calculation of the real and effective degrees
of saturation versus the suction time are listed in APPENDIX 3.

In Fig 4.9 the real degree of saturation is plotted wversus the
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parameter t-g’/p,. The relation is fairly linear in a log-log

,scaie. Therefore, the same type of relation as Eq (4.29) can be
used:

£) = A"-[(t-qa’/p)]B 0,1<S_(t)<0,6 (4.40)
The coefficients A" and B’ are listed in Table 4.2. Note: p,
in Eq (4.40) must be expressed in kg/um3.

Table 4.2: The coefficients A’and B in Eqg (4.40).

Specific A’ B’
surface '

mm'l

50 1,47-1072 0,208
30 2,89.1073 0,280
10 4,84-107° 0,465

A general equation is:

1,46.0,70-43
Sy(t) = 1,33.107%.0 338 [t.q"/p,)] (4.41)

Where o, is expressed in mm™ L.

In Fig 4.10 the real degree of saturation is plotted versus the
suction time for two diffusivities; 8= 1071l m2/s and 8§ = 10712

m?/s. The power function distribution evidently gives a consi-
derably slower water absorption than does the exponential dis-
tribution.

Example 4.3: Two concretes with different types of the airpore
system are compared. The specific surface of the

pore system is the same, 30 mm™!. This means that
the mean value of the pore radius is the same (100

Lm) but the median pore radius and the shape of
the volume size distribution is different; see
above. The diffusivity of air diffusion is

8 = 10711 n2/s. The time needed to reach a real
degree of saturation of 0,5 is calculated.

* Exponential function: Egq (4.31a) gives: t = 7,5-.10°
sec =9 days for S, = 0,5.

* Power function: Eq (4.41) gives: t = 2,2-.107
sec = 260 days for S_ = 0,5.
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The effect of the fineness of the pore system is very large in
both models:

Example 4.4: The same as example 4.3 but the specific surface

is only 10 mm L.

* Exponential function: Eg (4.31a) gives: t = 5,2-.107
sec = 600 days =1,6 years for S_ = 0,5.

* Power function: Eq (4.41) gives: t = 108 secs=
1160 days = 3,2 years for S_=0,5.

The analysis therefore shows that the shape of the airpore
system has a very large effect on the rate by which the airpore
system becomes water-filled.

The effective degree of saturation is almost directly propor-
tional to the real degree of saturation. The proportionality

coefficient is somewhat dependent of the pore size distribu-

tion; see Fig 4.11.

4.3 Model 2: Absorption in consecutive order of pore

size

4.3.1 Theory

The model is described graphically in Fig 4.2. A larger pore
does not start to absorb water until a smaller pore is comple-
tely water-filled. Therefore, the total amount of air transfer-
red after a certain time t; which corresponds to the time when

the pores with radius r; finally become completely water-filled

is:

ry i
V'i = J-po-éﬂ~r3-f(r) -dr = Zpo-“\/"(rm’i) (4.42)
=10pm 3 1

Where V' (r

between r; and r;, ; see Eg (4.8).

m, i) is the total volume of all pores with radii

The time ty is:

) (4.43)

) is defined by Egq (4.9). It is the time needed to
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fill a bubble with the initial radius Tn, - Thus, the solutions

for the effective degree of saturation of the pore system tabu-
lated in APPENDICI 1-2 for different airpore distributions can
be used if the time columns in the appendici are changed. The
suction time corresponding to a certain effective degree of sa-
turation is the sum of all times in the time column for all the
pores smaller than and equal to the actual pore corresponding
to the actual degree of saturation. In Model 2, the real and
the effective degrees of saturation coincide since no water 1is
assumed to be contained in pores that are bigger than the big-
gest completely water-filled pore.

\

4.3.2 Numerical example 1l; exponential function of pore radius

0
The fregquency function is giVén in Eg (4.20). The degree of sa-
turation versus the parameter t.-q’/p, is plotted in Fig 4.12 in

log-log scale. The curves are non-linear. However, in the span

0,1<S_ ¢¢<0,6 an approximative relation can be used:

S (t)aps = A7 - [(E-a’/p) 1B 0,1<S,(t) ape<0,6  (4.44)

Where A7 and B’ are constants obtained by linear regression
in the log-log scale. The values are listed in Table 4.3. Note:

The unit of the parameter t-q’/p, is un@.

Table 4.3: The coefficients A" and B  in Eqg (4.44)

Specific b AT B
surface

Pt

0,050 1,051 2,87-107¢4 0,500
0,040 1,041 1,98-.1074 0,497
0,030 1,031 7,48.1075 0,523
0,020 1,020 3,61.107° 0,535
0,010 1,010 2,75-1077 0,722

A general equation for specific surfaces in the range 20<0_<50

mm ! is:

Sy(t)egs = S, = 2,93-1078%.0,2:3¢. [£.q7/p 1052 (4.45)

Where O is expressed in mm 2.
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The degree of saturation as function of the suction time 1is
plotted in Fig 4.13 for the two diffusivities & = 10711 m2/s

and & = 10712 m2/s. Then eqg (4.45) is written:

S_(t)ore = 6,30-1078.0,2:36.£0.51 (§=10711 m?/s) (4.46a)

S_(t)ger = 1,95-1078. 0 2:36.£0.31 (8=10712 m?/5) (4.46Db)

The degree of saturation is almost exactly proportional to the
square-root of the suction time. The degree of saturation does
therefore evolve considerably more slowly in Model 2 than in
Model 1 where the exponent was 0,59. Besides, the time-scale 1is
extended since a certain pore does not start to absorb water
until all smaller pores are full. ‘

Example 4.5: Consider a pore system with o, =30 mm~!., The diffu-

sivity 8= 10711 m2/s. An analysis is made of the
time to reach the degree of saturation S_=0,5 or

S £=0,5 in the airpore system.

a,ef

Model 1: Eq (4.31a) gives: t = 7,5-10°sec =9 days for

s,=0,5.

Eq (4.31a) gives: t = 1,2.10°sec = 14 days
for Sa'eff=0,5 corresponding to S_=0,66 [Eg

(4.34)].
Model 2: Eq (4.46a) gives: t = 5,0-10°sec = 58 days
for Sazsa, effZO ’ 5 .

For a dense material with rather coarse airpores Model 2 pre-
dicts that the degree of saturation is low even after a long
time of continuous water suction; e.g. after 10 years, the ef-
fective degree of saturation is only about 0,2 to 0,5 when the

specific surface is 10 mm lto 20 mm™1.

4.3.3 Numerical example 2; power function of pore radius

The frequency function is given in Eqg (4.35). The degree of sa-
turation 1s listed in APPENDIX 3. It 1is plotted in Fig 4.14

versus the parameter t-q”/p_. The following relation can be
used in the most interesting range of degree of saturation:

S, = A7 - [(t-a)/p BT (4.47)

a

s or o r s

The constants A and B are listed in Table 4.4.
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s s s

Table 4.4: The coefficients A" "and B in Eq (4.47).

Specific AT B""7
surface

mm"l

50 2,03.1072 0,171
30 5,75-1073 0,224
10 1,52.10°° 0,477

\
A general equation is:
2,08.0,70/63

Sa(t)egs = S, = 4,47-10710.0 449, [£.q"/p,] (4.48)

Where o is in mm 1.

The degree of saturation as function of the suction time is
plotted in Fig 4.15 for the two diffusivities 8= 10711 m?/s

and & = 10712 m?/s.
Model 2 gives a much slower water absorption. This is shown by

the same example as 4.5 above but this time applied to the
power function.

Example 4.6: Consider a pore system with o =30 mm~l. The diffu-

sivity is 8= 10711 m?/s. The time needed to reach
a real or effective degree of saturation of 0,5 is
analyzed.

Model 1: Table 4.2 gives: t = 2,2-10%sec =
200 days for S_=0.5

Sa,eff = 0,5 corresponds to S,= 0,60 [Fig 4.11].
Then, Table 4.2 gives: t = 4,2-107sec =

490 days =1,3 years.

Model 2: Table 4.4 gives: t = 1,0-108sec
1160 days = 3,2 years.

Model 2 applied to a coarse-porous system gives a very slow
water absorption.

Example 4.7: Consider a pore system with a_=10 mm™ 1. The diffu-

sivity 8 = 10711 m2/s. The time needed to fill the
airpore system to a degree of saturation of 0,5
is:

t=6,6-10% sec = 7600 days = 20 years.

The time needed to fill it to 70% is 2-10%ec =

65 years.
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4.4 Concluding remarks

The time process of water absorption in the airpore system can
be described by an equation of the following type:

S_(t) = £(9) -f(pore shape) (4.49)

The function f (8 should principally be independent of the pore
shape and the suction time. Often it has the following general
appearance:

£(8) = c-89  (d<1) (4.50)

Where ¢ and d are constants. In some cases, e.g. for the pore
pore distribution of the power type, the regression analysis

indicates that the function £(8 is also a function of the pore
shape.

The function f (pore shape) is independent of the diffusivity
but is very much dependent of the pore size distribution. A ty-
pical equation is:

f (pore shape) = e~0cof~tg (g<1) (4.51)

Where e ,f and g are constants that depend on the shape of the
pore size distribution. t is the water absorption time.
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Fig 4.1: Graphical representation of Model 1 of water absorp-
tion in the airpore system.
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V' (rm,1)
0
0 t(rm,1) t(rm,1)+t(xrm,2) t(rm,1l)+t(rm,2)+t{rm,3) etc. t
rm, 1 rm, 2 rm, 3

Fig 4.2: Graphical representation of Model 2 of water absorp-
tion in the airpore system.
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Fig 4.3: The frequency functions of the pore radius.
Exponential function according to eq (4.20) and power
function according to eq (4.35). The functions are
normalized to equal total pore volume.

2 Avg !V
1

_ -1

C%-SOmm-ﬂ\
40
30
0.5 20/ 10
0 1 T T T T T T T 7 T T
10 100 1000

r(um)

Fig 4.4: The pore size distribution according to the exponenti-
al frequency function in eq (4.20).
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Fig 4.5: The real degree of saturation of the airpore system
versus the water storage time expressed in terms of

the parameter t.q’/po. Exponential frequency function
of pore radius. Absorption according to Model 1.
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Fig 4.6: The real degree of saturation of the airpore system
versus the water storage time for two different diffu-
sivities of air transport through pore water.
Exponential frequency function. Absorption according
to Model 1.
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Absorption according to Model 1.
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Fig 4.10: The real degree of saturation of the airpore system
versus the water storage time for two different dif-
fusivities of air transport through pore water. Power
frequency function. Absorption according to Model 1.
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Fig 4.11: Relation between the real and the effective degrees

of saturation of the airpore system. Power frequency
function. Absorption according to Model 1.
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Fig 4.13: The real degree of saturation of the airpore system
versus the water storage time for two different dif-
fusivities of air transport through pore water.
Exponential frequency function. Absorption according

to Model 2.
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Fig 4.14: The real degree of saturation of the airpore system
vesus the water storage time expressed in terms of

the parameter t.q’/po. Power frequency function of
pore radius. Absorption according to Model 2.
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Fig 4.15: The real degree of saturation of the airpore system
versus the water storage time for two diffusivities

of air transport through pore water. Power frequency

function of pore radius. Absorption according to
Model 2.
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5. Experimental results

5.1 Water absorption tests

The long term water absorption has been studied for a large
number of concretes and cement mortars. The normal specimen
type has been slices with a diameter of about 100 mm and a
thickness of about 25 mm. The slices have been cut from concre-
te cylinders. In other tests cement mortars have been investi-
gated. Then, the specimen is normally flat specimens with the
height 15 to 20 mm, the width 40 to 50 mm and the length 120 to
160 mm.

In all cases, the specimens have been pre-dried in laborafgory
air and then placed on supports in a tray with water so that
the water surface is about 1 mm above the bottom surface of the
specimen. The weight increase of the specimens has been studied
from the first 5 minutes of suction until the test was inter-
rupted. The time interval between the individual measurements
has been 5 to 10 minutes during the first hour, 1 hour during
the first 8 hours, 24 hours during the first week and then
about 1 week.The total test time has been different for diffe-
rent series. Normally it has been 14 days, 30 days or almost
one year. During the whole time a watertight plexiglass 1id has
been placed on top of the tray in order to hinder evaporation
from the top surface of the specimens.

It is appropriate to express the absorption in terms of the de-
gree of saturation S of the entire pore system. A typical ab-
sorption-time curve looks like Fig 5.1. From the first rapid
absorption during the first hour the capillary constants m,
Pcap, k and qg_. (see section 1.3) can be evaluated. The nick-

point in the diagram corresponds to the instant when the water
front reaches and wets the entire top surface. The slow water
uptake after the nick-point is mainly due to the slow absorp-
tion in the airpore system. It is supposed to occur simulta-
nously over the entire specimen volume if this is not too
thick. Then, the nick-point absorption time t_, corresponds to

time 0 in the airpore absorption process. A typical value of t

is 10 hours for a specimen thickness of 20 to 25 mm. This time
is so short in comparison with the time involved in the slow
airpore absorption that an eventual error in it will be negli-
gible.

The nick-point absorption Snis calculated as the intersection

between the two lines. These are obtained by linear regression
at which the first steep line as supposed to be linear in a
lin-square-root diagram whereas the second line during the
first few days is linear in a lin-log diagram. The degree of
saturation of the airpore system at time (t-t,) counted from

the occurrence of the nick-point absorption 1is:
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Where S(t) is the total degree of saturation of the concrete at
time t counted from the start of the test.

An analysis of some of these tests will be presented below. The
absorption in the airpore system will be expressed in - terms of
a power function of the following type which makes a direct
comparison with the theoretical derivation in Section 4 possib-
le:

S_(t) = A-tB (5.2)

Where A and B are constants. The time t is in this case counted
from the nick-point. ‘

5.2 Tests with slag cement concretes

In /8/ a series of capillary absorption tests of concretes made
with slag cements are presented. Four different cements made of
a blend of the same clinker and the same ground granulated
blast furnace slag was tested. The slag content was 0 %, 15
,40 % and 65 %. The w/c-ratio was 0,45 in all concretes. The
nominal air contents of the concretes were 2 % (non-air entrai-
ned), 4,5 % and 6 %. The real air content differed a bit from

the nominal values.

o0

The air pore structure of some of the concretes was determined
by automatic image analysis. The water absorption was followed
up to 30 days. One example of a water absorption test is shown
in Fig 5.1. All results are presented in the original report

/8/

The degree of saturation of the airpore system versus the time
counted from the nick-point time was analyzed according to Eg
(5.1) and (5.2). The results are listed in Table 5.1. A measure
of the absorption rate is obtained by calculating the time nee-
ded for a certain fraction of the airpore system to become
water-filled. For S_,=0,50 this time is Ly 5. It is calculated by

Eg (5.3).

to s = [0,5/a]1/B (5.3)

All results of the calculations for the individual concretes
are listed in Table 5.1. In Table 5.2 the mean values and the
spread in the coefficients A and B are listed for each cement
type separately but including all concretes with the same ce-
ment but with different air contents.

The spread in the results is not so large. It is a general
trend that the exponent B increases with the slag content. The

coefficient A is more constant. Therefore, the time for 50 %
absorption in the airpore system ty 5 decreases considerably
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with increasing slag contant; see Fig 5.2 and Table 5.3. This
means that the service life is very much reduced when a cement
with high slag content is used. The reason might be that the
pore structure becomes finer the more slag is used in the ce-
ment; see Fig 5.3 which shows the specific surface of the enti-
re airpore system versus the slag and air contents.

The time t, ¢ is almost independent of the total air content

which strengthens the theoretical analysis; viz. it implies
that an airpore of a certain size is filled within about the
same time irrespectively of the number of pores. This is in ac-
cordance with the theory. \

The exponent B is low enough to indicate that Model 2 of the
absorption process is valid. The pore size distribution is
known; see Fig 5.4. Therefore, a detailed calculation of the
absorption process based on the principles in section 3 could
be performed. This is not done in this report. Only an approxi-
mative calculation for the pure portland cement concretes is
performed.

The size distribution resembles the power function. The fol-
lowing frequency function describes the measured distribution

for pores smaller than 3000 m in a fair way; see /8/:

F(r) = a,-+- (r<300 pm) (5.4)

The exponent 3 is of the correct order of size for airpore
systems of normal size distribution and shape; see section
4.2.3.

The theoretical solution of the power function for Model 2 1is
given in eq (4.41). It can be compared with the mean relation
for the portland cement concretes which is ; see Table 5.2:

S_(t) = 6,36-1073.¢£0,245 (5.5)

a

Thus, the exponent 0,245 shall be compared with the theoretical
in eq (4.41). Then, the specific surface of the entire airpore
system can be calculated:

0,245 = 1,46-0 ,70/4° | (5.6)

o]

o = 38 mm™1 (5.7)

o

This value is of the correct order of size; the average value

for all the three concretes is 32 mm‘l; see Table 5.1.

The coefficient 6,36-10731in eq (5.5) shall be compared with the

theoretical in eq (4.41). Then, the diffusivity of dissolved
air & can be calculated:

6,36-1073 = 1,33.1078.383/%8. [q"/p 10,245 (5.8)
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Where the density of air p ,is 1,25-10718 kg/um®. Then, the
diffusion rate g’is:

q’= [4,34-107°11/0.245 =7 56.70718 [kg/s] (5.9)
But g is obtained by eq (3.33).

g’= 8- [1+1/5]-4%®-2,5-1077-2.0,074 = 5,6-1077-8 (5.10)

Where & is the diffusivity searched for. Insertion of eq (5.10)
in (5.9) gives:
d = 2,8-10712 [m2/s] R | (5.11) '

Thus, both the calculated value of the specific surface ao and
the diffusivity are of the right order of size.

Table 5.1: Results of capillary absorption tests of slag cement
concretes. The total test time is 30 days.

slag air o S, A B to,s
cont. cont. in in
(%) (%) mm~ 1 Eq(5.2) Eq(5.2) (sec.)
2,1 16 0,855 6,55-10"3 0,253 2,8-107
0 4,5 36 0,713 6,22-10"3% 0,238 1,0-108
6,2 45 0,639 6,31-1073 0,244 6,1-107
2,0 23 0,859 9,94.10"3 0,238 1,4-107
15 4,1 54 0,729 7,16-1073 0,247 2,9-107
5,9 44 0,633 7,47-1073 0,248 2,3-107
2,2 52 0,878 6,24-107° 0,277 7,5.10°
4,2 40 0,765 5,85-1073 0,268 1,6-107
40 5,4 55 0,693 4,71-1073 0,286 1,2-107
4,2 52 0,750 5,59.1073 0,274 1,3.107
6,8 0,652 6,32.1073 0,272 9,5.10°
1,8 26 0,879 6,28-10"3 0,281 5,8-.10°
65 3,3 43 0,825 6,85-1073 0,277 5,3.10°
4,5 50 0,775 7,55-.10"3 0,268 6,2-10°
6,0 49 0,688 5,50.-1073 0,289 6,0-10°
Average 32 6,67-1073 0,264 1,3-107 1)
values

1) Based on the average values of all values of A and B.
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Table 5.2: The mean values of the coefficients A and B and the
: standard deviations 1in these values for the diffe-
rent cement types.

Slag A B ;

content mean stand. dev mean stand dev.
(%)

0 6,36-10"3 0,17-1073 0,245 0,08

15 8,19. 1,52- 0,244 0,06

40 5,74 . 0,65- 0,275 0,07

65 6,55 0,87 ’ 0,279 0,11 ¥

Table 5.3: The time needed to water-£fill 30, 50 and 70 % of the
airpore system. The calculation is based on the mean
coefficients of A and B from Table 5.2.

Slag : time (days)
content

(%) 0,3 to,s Co,7
0 80 640 2550
15 30 240 960
40 20 130 450

65 10 70 220
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5.3 Tests of cement mortars

The long term water absorption has been determined for nine
different cement mortars exposed to more than 250 days of unin-
terrupted water suction /9/. The cement was of type OPC. Three
different w/c-ratios were tested. For every w/c-ratio three
different air contents were investigated. The airpore characte-
ristics are unknown. The cement mortars were rather old when
the test started; three pre-curing times were used; (i) 70 to
150 days, (ii) 170 to 240 days, (iii) 240 to 290 days.

The results are evaluated by Egq (5.1) and (5.2). The results
are listed in Table 5.4. , y

Generally, the coefficient A is smaller than for the slag ce-
ment concretes and the exponent B is larger, the net effect
being that the time t, ;needed to fill 50 % of the airpore

system is somewhat shorter than was found for the pure portland
cement concretes in section 5.2.

The big spread in the results is probably to a large extent de-
pending on the fact that the airpore structure is different in
different specimens. In a specimen containing a large amount of
fine pores the absorption rate is much more rapid than in a
more coarse-porous specimen.

It is must also be observed that it is rather difficult to mea-
sure the weigh gain of a specimen with a sufficiently high pre-
cision after a long time of absorption when the water absorp-
tion is very slow.

Example: Consider a specimen of the actual size 50-120-20 mm
made of a cement mortar with the w/c-ratio 0,55, the
cement content 500 kg/m3and the air content 9 %. The

total pore volume in such a specimen is about 35 cm>.

The air volume is 11 cm®. The total weight of a satu-

rated specimen is about 290 g.

The weight gain during 1 month of absorption when 200
days of water uptake has already occured is estimated
by the average coefficients A and B in Table 5.4. The
degree of saturation of the airpore system increases
from 0,458 to 0,479. This corresponds to a weight gain
of only 0,23 grammes. This is very difficult to measu-
re with a sufficiently high precision by an ordinary
balance capable of measuring 300 grammes of total
wight. Besides, a very small evaporation from the top
surface of the specimen causes a large error 1in the
extrapolated water absorption curve.

It is, therefore, clear that new and more precise measurement
methods must be developped if the very slow absorption after a
long suction time shall be monitored with a sufficiently high
precision. An imaginable method is to keep the specimen immer-
sed in water during the whole test and weigh the specimens when
still immersed.
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Table 5.4: Results of long term capillary absorption tests of
) cement mortars. The test time is 200 to 250 days.

w/cC age Sh A B r Lo, 5
(air) in in .
(%) EqQ(5.2) Eq(5.2) 1) (sec)
0,40 114 0,826 8,91-107> 0,500 0,95 3,1-107
226 0,867 2,35.10"3 0,325 1,00 1,5-107
(4,3) 288 0,878 2,45.1073 0,324 0,99 1.3-107
0,40 107 0,741 1,17-107% 0,437 0,96 2,0-108 |
219 0,784 1,39.1073 0,327 0,98 6,6-107
(7,0) 275 0,815 3,51.107% 0,261 0,95 1,2-101%2
0,40 120 0,702 1,93.1072 0,310 0,99 6,1-107
204 0,713 2,06-10"3 0,313 0,99 4.2-.107
(8,2) 260 0,710 1,83.1073 0,334 0,99 2,0-107
0,55 147 0,749 5,98.10"3 0,199 0,88 4,6-10°
231 0,785 1,55-1073 0,316 0,97 8,7-10"
(6,6) 287 0,754 1,87-1073 0,336 0,98 1,7-107
0,55 1132) 0,663 5,88-1072 0,185 0,88 2,7-1010
197 0,650 1,13-1073 0,313 0,96 2,8-108
(9,5) 253 0,637 5,98-107% 0,394 0,96 2,6-107
0,55 1072) 0,505 3,25.1073 0,202 0,91 6,7-1010
191 0,519 2,18-10"% 0,409 0,96 1,7-108
(14,3) 247 0,526 6,24-10"% 0,390 0,97 2,8-107
0,70 1532) 0,761 2,19.10°% 0,287 1,00 1,7-108
237 0,770 4,65-107% 0,400 0,91 3,8-107
(8,0) 293 0,776 2,51.-1073 0,310 0,97 2,6-107
0,70 g52) 0,690 4,77-1073 0,185 0,94 §8,3-1010
169 0,725 9,53.1073 0,186 0,91 1,8-10°
(9,2) 225 0,643 3,11-10° 0,298 1,00 2,5-107
0,70 70 0,544 4,06-10"> 0,514 0,95 9,1-107
182 0,564 1,13-10"% 0,452 0,93 1,2-108
(14,2) 238 0,520 2,54-10"3 0,302 1,00 4,0-107
Average values 2,18-107° 0,326 1,7-107

1) Correlation coefficient
2) The result is unreliable since a certain drying has occured
during a period of the test
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Fig 5.1: Example of the result of water uptake tests of slag

cement concretes; /8/. Slag content 40 %, w/c-ratio
0,45, 5 different air contents (a,is the air content

of the fresh, poker-vibrated concrete).
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Fig 5.2: The time t,; gneeded to fill 50 % of the airpore

system, versus the slag content of the cement.
Constant w/c-ratio 0,45. Different air contents.
Data from Table 5.1.
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Summary

Frost damage occurs when a certain critical water content in
the pore system of the concrete is transgressed. Below the cri-
tical water content no harm is caused when the concrete free-
zes; above the critical value severe damage occurs. Therefore,
the residual service life of concrete that is exposed to frost
action is coupled to the future moisture conditions inside the
concrete. The critical absorption is individual for each conc-
rete and depends on its water-cement ratio, its ailr content,
its airpore structure etc. It is almost independent of the num-
ber of freeze/thaw cycles and the freezing rate but it is to a
certain extent dependent of the minimum freezing temperature.

The critical water content is a “fracture value” that is indi-
vidual for every concrete. It does always correspond to a cer-
tain absorption in the so called airpores by which is meant
pores that are coarse enough not to take part in the capillary
absorption process. Therefore, in order to make a prediction of
the future service life possible one has to be able to predict
the long term absorption in the airpore system.

In this report a theoretical and quantitative analysis is made
of the absorption process in airpores within a concrete that is
permanently stored in water. The absorption depends on the dis-
solution of air from airbubbles that became enclosed in the
airpores already during the first rapid capillary absorption
process. The dissolved air moves by diffusion to larger air-
bubbles and, finally, to the surface of the specimen. This pro-
cess 1s very slow, especially for coarse airbubbles

Two models for the absorption process are treated;

Model 1: According to which water absorption takes place simul-
tanously in bubbles of all sizes. It leads to a rather
rapid water absorption process, the smallest bubbles
being lost at first but the coarser bubbles also ab-
sorbing water from the onset of water storage.

Model 2: According to which a coarser bubble does not start to
absorb water until the next smaller bubble is comple-
tely filled. This model is the most plausible one from
a thermodynamical point of view. It leads to a consi-
derably slower absorption rate than Model 1 and, thus,
to a longer service life.

Equations for calculation of the water absorption in an arbri-
tary airpore system are provided. Two types of frequency curves
of the pore radius are investigated in detail; (i) exponential
functions; (b) power functions. Diagrams for the prediction of
the absorption-time curves in such pore systems are provided.

The absorption rate is found to be very much depending on the
shape of the pore size distribution; the exponential function
giving much more rapid absorption at a given average specific
surface of the airpore system.
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Experimental long term water absorptions for 15 concretes and
27 cement mortars are presented. The agreement between the the-
.oretical absorption curves and the observed is fairly good. It

seems as 1f Model 2 is in better agreement with the measure-
ments than is Model 1.
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APPENDIX 1: Model 1. Calculated real degree of satura-
tion of the airpore system. Exponential

function.
i Tm, i t-a’/pg Sa
oxr
(pm) Am, (rm,1)3 the specific surface Oy :mm'1
3 50 40 30 20 10

1 15 1,4-10% 0,041 0,024 0,011
17 20 3,3 0,008 0,001
2 25 6,5 0,133 0,083 0,042
3 35 1,8.10° 0,259 0,172 0,094 !
37 40 2,7 0,049 0,008
4 45 3,8 0,391 0,274 0,161
5 55 7,0 0,519 0,382 0,240
57 60 9,0 0,122 0,024
6 65 1,2-10° 0,636 0,501 0,331
7 75 1,8 0,734 0,591 0,411
77 80 2,1 0,218 0,047
8 85 2,6 0,803 0,671 0,490
9 95 3,6 0,857 0,738 0,561
9- 100 4,2 0,328 0,080
10 105 4,9 0,901 0,800 0,628
11 115 6,4 0,930 0,844 0,687
117 120 7,2 0,431 0,120
12 125 8,2 0,950 0,880 0,737
13 135 1,0-10" 0,964 0,901 0,785
137 140 1,1 0,525 0,160
14 145 1,3 0,974 0,929 0,820
147 160 1,7 0,653 0,213
15 175 2,2 0,995 0,978 0,914
15 180 2,4 0,691 0,265
1577 200 3,3 0,756 0,317
15777 220 4,5 0,816
16 225 4,8 0,997 0,991 0,975
16° 235 5,4 0,420
1677 240 5,8 0,856
17 275 8,7 1,000 1,000 0,993 0,919
17 285 9,7 0,548
18 325 1,4-108 0,999 0,959
18- 335 1,6 0,655
19 375 2,2 1,000 0,981
197 385 2,4 0,747
20 425 3,2 0,991
21 435 3,4 0,808
22 485 4,8 0,864
23 535 6,4 0,902
24 585 8,4 0,934
25 685 1,3-10° 1,000 0,968
26 860 2,7 0,993
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APPENDIX 2: Model 1. Calculated effective degrees of
saturation of the airpore system.
Exponential function.

i Tm, i t.-q’/po Sa,eff
or
(L m) éﬂ-(rm,i)3 the specific surface o mm_1
3 50 40 30 20 10
1 15 1,4-104 0,016 0,008 0,003 |
17 20 3,3 0,003 0,0002
2 25 6,5 0,062 0,033 0,014
3 35 1,8-.105 0,140 0,079 0,034 i
37 40 2,7 o 0,018 0,002
4 45 3,8 0,238 0,144 0,067
5 55 7,0 0,346 0,224 0,113
57 60 9,0 0,052 0,005
6 65 1,2-106 0,463 0,314 0,170
7 75 1,8 0,571 0,407 0,234
77 80 2,1 0,105 0,013
8 85 2,6 0,664 0,495 0,303
9 95 3,6 0,742 0,577 0,373
97 100 4,2 0,177 0,025
10 105 4,9 0,806 0,652 0,440
11 115 6,4 0,854 0,717 0,507
117 120 7,2 0,262 0,042
12 125 8,2 0,894 0,771 0,570
13 135 1,0-107 0,923 0,817 0,626
137 140 1,1 0,349 0,064
14 145 1,3 0,946 0,859 0,679
147 160 1,7 0,440 0,090
15 175 2,2 0,991 0,962 0,862
157 180 2,4 0,521 0,121
1577 200 3,3 0,599 0,157
15777 220 4,5 0,671
16 225 4,8 0,998 0,993 0,951
157 235 5,4 0,224
1677 240 5,8 0,733
17 275 8,7 1,000 1,000 0,985 0,849
177 285 9,7 0,370
18 325 1,4.108 0,946 0,918
187 335 1,6 0,485
19 375 2,2 1,000 0,958
197 385 2,4 0,587
20 425 3,2 0,980
21 435 3,4 0,674
22 485 4,8 0,749
23 535 6,4 0,985 0,809
24 585 8,4 0,860
25 685 1,3-109 1,000 0,923

26 860 0,984
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APPENDIX 3: Calculated real and effective degrees of
saturation of the airpore system. Power
function.

1 Tm, i t-q’/po The specific surface og (mm_l) ;
(Hm) or 50 30 10

4Tt 3

—'(rm,i)

3 Sa Sa.eff Sa Sa,eff Sa Sa,eff
1 20 3,3-104L 0,090 0,068 0,034 0,025 0,003 0,002
2 40 1,7-105 0,174 0,156 0,079 0,069 0,021 0,007
3 60 9 0,259 0,217 0,129 0,104 0,022 0,014
4 80 2,1-106 0,316 0,267 0,170 0,136 0,038 0,022
5 100 4,2 0,365 0,309 0,210 0,166 0,054 0,031
6 120 7,2 0,406 0,345 0,249 0,194 0,075 0,041
7 140 l,l-lO'7 0,440 0,378 0,281 0,221 0,089 0,051
8 160 1,7 0,476 0,409 0,316 0,248 0,111 0,063
9 180 2,4 0,505 0,437 0,345 0,272 0,130 0,075
10 200 3,3 0,526 0,462 0,373 0,297 0,151 0,089
11 250 6,5 0,606 0,521 0,449 0,354 0,212 0,124
12 300 1,1-108 0,652 0,570 0,509 0,408 0,272 0,163
13 350 1,8 0,704 0,616 0,573 0,458 0,341 0,207
14 400 2,7 0,748 0,657 0,632 0,506 0,410 0,252
15 450 3,8 0,785 0,696 0,679 0,554 0,474 0,301
16 500 5,2 0,816 0,731 0,723 0,601 0,535 0,352
17 600 9,0 0,880 0,796 0,815 0,688 0,670 0,465
18 700 1,4-109 0,927 0,854 0,994 0,770 0,784 0,584
19 800 2,1 0,963 0,906 0,941 0,851 0,886 0,715
20 900 3,0 0,987 0,955 0,978 0,926 0,956 0,852
21 1000 4,2 1,000 1,000 1,000 1,000 1,000 1,000
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APPENDIX 4: Properties of air

1. Density of air.

The density of air can be calculated by; /2Al/.

1,293273115 ‘{B - 013783'8} (A.1)
T 760

Ya =
\

Where B is the air-pressure and e is the water vapour pressure,

both in mm Hg. T is the absolute temperature.

The following data are valid for dry air or air at RH 100%, in
both cases at 760 mm air pressure.

Table A.1l: Density of dry or moist air at 760 mm Hg.

Temperature e Density, ¥,
(°c) (mm Hg) Dry air RH 100%

0 4,9 1,293 1,290
+5 6,8 1,270 1,266
+10 9,4 1,247 1,242
+15 12,8 1,226 1,218
+20 17,3 1,205 1,194
+25 23,0 1,185 1,171
+30 30,4 1,165 1,147

2. Solubility of air in water

The solubility of air in water is x (mol air)/(mol water) or
%x/18-107% (mol air)/ (m> water) .

The corresponding air volume, V_, at the actual temperature T

is:
vV, = —x RT [m® air/m° water] (A.2)
18-107¢ P

Where R is the general gas constant (8,314 J/K-mol) and P is
the pressure. For P=10°Pa (1 atm), eq (A.2) 1is written:

V, = 4,619-T-x [m® air/m® water] (A.3)

The weight of dissolved air is:

Q. = V.Y, [kg/m?] (A.4)
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Where Yy _, is the density of air. With inserted coefficients at

1 atm pressure:
O, = 4,619-T-y_-x [kg/m’] (A.5)

The solubility x is given in handbooks, e,g, /A.1/. The air
density is given in Table A.1. ’

Calculated values of V_and Q_ are listed in Table A.2.

Table A.2: The solubility of air in water.

Temperature Solubility Volume of Weight of
x - dissolved air dissolved air

(°C) (mol/mol) (m3/m?) (kg/m?)

+5 2,042 - 0,0262 0,0332

+10 1,824. 0,0239 0,0297

+15 1,647- 0,0219 0,0267

+20 1,504. 0,0204 0,0244

+25 1,388- 0,0191 0,0224

+30 1,293- 0,0181 0,0208

A.3. Diffusivity of air in water

At +25 °C the diffusivity of air in water, 9§ is

2:107% m?/s; see /A.1/.

a,w’

The diffusivity at other temperatures is supposed to be approx-
imately proportional to the absolute temperature; /A.2/:

8,4, =210 (A.6)
298
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