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Preface

This report is produced within tkre BRITE/EURAM project
BREU-CT92-059L 'The Residual Service Life of Concrete
St.ructures " .

Five partners are involved in the project:
1
2
3
4
5

Brit.ishr Cement Associat.ion. (The coordinator) .

Instituto Eduardo Torroja, Spain.
Geocisa, Spain.
Swedistr Cement. and Concrete Research InstituLe.
Cementa AB, Sweden.

6: Div. Building Materials, Lund Inst. of Technol., Sweden.

Three deterioration mechanisms are t.reated in the project:

1: Corrosion of reinforcement.
2: Freeze-tLraw ef fects.
3: Al-kali silika reaction.

This report refers to Task 1 of the work, "Definition of the
aggressivity of the environment" ; sub-task L.2 "Freeze-thaw".

Only the moisture profiles are treated in t.he report. It. will
be followed by a report in which t.he combined effect of moistu-
re and otLrer diffusing agenLs -chl-orides, carbon dioxide and
o>qagen- are analyzed.

Lund 31 March 1993.

Göran Fagerlund
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Summary

The moisLure level and variations in the surface part of the
concrete are of decisive importance for its service life. They
determine tkre diffusion of aggressive agents into the concrete
and they determine the elect.rical resist.ivity of the concrete.
They also deLermines the risk and degree of of frost damage and
alkati-silica reaction.

The moisture variations can be estimated by computer calcula-
tions provid.ed t.he outer moisture conditions and the moisEure
diffusivity of the concrete and its varíation with the moisture
level of the concrete are known. The resulL of a number of such
calculations are presented in the report. The computer program-
me used gives Lhe maximum, minimum and average levels of the
relative humidity as a function of the distance from the conc-
rete surface. From these limiting RH-profiles the relative du-
ration of a cert.ain RH can be estimated. The RH-profiles can be
used for a calculation of the dj-f fusion of "aggressj-ve media"
into tkre concrete when the relation between the diffusivity of
each medium and RH is known.

In the caLculat.ion new data for the moisLure diffusivity of
portland cement concretes, including moisture transport due to
capilIary suction, has been utilized. The data are based on a
new experimental technique which, for the first time, provide
reliabte moisture diffusivities also for the high RH-range (RH

90 Lo 100%).

The outer climate conditions are supposed to be cyclic and
step-wise varying between a hiqrh RH-level (95 or 1-003) and a
low RH-leveI (60 or 80?). Many different types of variation are
considered; from long periods of drying combined with short pe-
riods of wetting to short periods of dryinq followed by long
periods of wetting. Other moisture variations and other tempe-
rature levels can be easily considered by simply changing the
length-scale of the moisture-profile.
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1-. MoisLure contenL and service lif e

The moisture condition in a certain unit eLement inside the
concrete can be expressed in terms of the relative humidity
(RH) within tb.e same elemenL. The relaLion between RH and mo-
isture condition is given by the sorption isotherm the princi-
ples of which are shown in Fig 1.1. EquiÌibrj-um adsorption and
desorption isotLrerms for mature OPC-concrete are fairly well-
known; see FiS L.2 which is based on Powers' and Brownyard's
/L/ and Nilsson's /2/ work. Isotherms have also been experimen-
tally determined for concretes with silica fume by Sellevold et
al /3/ and for concretes with fly ash by Xu /4/.

Diffusion of g'ases such as CO2or 02 through the unit element
is highly dependent of the RH; the higher the RH the higher the
water content and the l-ower the dif fusivity of gases. The ef-
fect of RH is at least as larqe as ttre effect of the w/c-ratio.
Some measurements are shown in Fig 1.3; Tuutt.i /5/ . According
to these measurements Ehe effect on the diffusivity of a decre-
ase in RH from 100 Z to 50 eo is almost.2 orders of magnit.ude.
The reason is of course t.hat the diffusivity of a gas through
an air phase is at l-east. 100 times as high as the diffusivity
through a water phase.

This means that tlre service life before t.he onseL of corrosion
due to carbonation is to a very high degree dependent of the
moisture-time field across the concrete cover before start of
corrosion; this det.ermines the rate of CO2-ingress and thus t.he
rate of carbonation. Simil-arl_y, [he corrosion Lime unt.iI spal-
ling of the concrete cover j,s mainly dependent of the moísture-
time field in the cover after start of corrosion; t.his determi-
nes the supply of o>q¿gen and it determines the electrical resi-
stivity of the concrete. In Fig I.4 the principal effect of RH
on the electricaf resistivity is shown.

The chtoride dif fusion behaves quite dif ferent.ly. ft is most
rapid when the concrete j-s water saturated and is probably very
low when the pore water does no lonqer form a continuous phase
through the concrete. This happens aL a cerLain critical mo-
isture content or critica-l- RH thaL is probably a function of
the w/c-rat.io. Unfortunately, the relation between RH and the
chloride diffusivity is unknown. In Fiq 1.5 a possibl-e varia-
tion is shown.

When the moisLure-time field and the diffusivity-nH relations
are known, the penetration rate of the "aggiressive media" (CO2

Cl- and 02 ) can be cal-culated by traditional numerical methods
or even, in simple cases, bê cal-culated anaÌytically.

Knowledge of t.he moisture condit.ions around Ehe rej-nforcement
bars and the time-variabion in these is also valuabl-e for the
estimat.ion of the critical chl-oride content. This is probably
to a cert.ain exLent dependent of the moisture content and sLa-
bility. Therefore the moisture around ttre bars is a major fac-
Lor for t.he service life with reqard to reinforcemenL corro-
sion.



DesorpLion

Scanning ads

It is evident that a service life prediction with regard to re-
inforcement corrosion cannot be made if it is not possible to
predict. Lhe fut.ure moisLure condition. In the case of an o1d
structure, however, t.kre pre-tristory can be used for a predic-
tion under tl-e condition that t.he environmental conditions thab
have prevailed during the pre-history of the structure do noL
change in the future.
TLre alkali-silica reaction is al-so dependent of the moisture
content. In this case, however, the most severe attack occurs
at very high moist.ure contents (RH=100å) . The relation between
t.hre degree of attack and RH is unknown to the author. The cal-
culation technique present.ed in t.his report can however be used
even in this case for estimating the inflow of water and the
RH-leveI on different depths from the surface. Then, it ought
to be possible to make a fair estimat.ion of the rat.e of reac-
t ion.

Frost at.Lack does only occur wLren the moisture content is very
high (100 S). Not only the capillary pores must be water-filled
but also some of the compaction pores or entrained airpores.
The Lechnique presented in Lhis report can only be used for es-
timating the duration of the moisture leve1 RH 1-00 Z. The gra-
dual filling of t}-e coarse compaction pores or airpores can
then be estimated by another theory; see a report within this
BRITE/EUR-AM project / 6 / .
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Fig l- Sorption isotherms ; PrinciPally.
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2. Moisture transfer
Moisture migraL.ion under steady state conditions is calculated
by

q = -ô ,r.& (2 .r)
dx

\^¡ere q is Lhe moisture flux
ô-,, is the moisLure dif fusivity (including capillarity)
dcldx is the gradient in moisture content, vapour pressure
or vapour concent.ration.

Under non-steady state conditions, consideration must also be
taken to the moisture capac j-Ey of t.he material. The following
g-eneral equation is used for calculating the moisture flux:

-)d'c
q=ôv (2.2)

dx2

The coefficient ôu, depends on the gradient sel-ected, which is
normally vapoì-lr concentration :

ô v= f (Õ, e) Q.3l

where Õ is the rel-ative humidity RH (0<Õ<l- )

0 is the temperature (oC or ox)

Thus, the moisture flux is a function not only of ttre moisture
gradient but also of RH and the temperature level-.

The temperature grrad.ienteffect on the moisture transfer is
neglect.ed in the calculations since Ehe Lemperature fiel-ds re-
garded in this study change very slowly; the "time coefficient"
is of t.he size order days or weeks. Thus, the temperature qra-
dients inside the concrete are very small. Besides, temperature
gradients are probably always of much less importance for mo-
isbure transport than are moisture gradients.

fnput in the calculations are material data and boundary condi-
tions; i.e. the outer climaLic conditions. They are Lreated in
the next two paragrraphs.



3. Material data
3. i- The d.if fusivity verÉ¡us RH; õ -r=t 1O¡

The relation has the qeneral shape shown in FiS 3 .1 when mo-
isLure gradienb. is expressed in vapour concentratíon (kq/m3 ) .

"Pure diffusion" takes place when RH is below about 95 to 99eo.
Capillary suction from a free water surface occurs at RH 100%
(or somewhat below this value due to the fact that dissolved
sal-ts in the water lowers the saturation vapour pressure)

The coefficient ôv(Õ) within [he diffusion range below abou[ 95
to 99 % RH can be determined by three different methods:

t: The modified cup method in which a slice of the concrete is
placed between two different RHs, one of which is kept con-
stant. The other is varied between 302 and 100?. After each
changre in the variabÌe RH, Che slice is aÌlowed to reach
equlibrium. The rate of weight loss or gain at equifibrium
qives the dif fusivity. ôr, can be determined in the RH-range
50% to abouL 90% by this method.

The sorption method at which the time process of drying or
wetting of a concrete slice is monitored. The mean value of
the dif fusivity, \,mean, over a certain RH-interval can be
estimated by comparing the measured sorption curve with the
Lheoretical solution of the diffusion equation. This can for
example be found in Crank /7 / -

¿

3 The equl
concret.e
RH-profi
has come
From the
RH-span;

ibri-um meLhod at which
is placed between two

le across the specimen
to equilibrium, which
RH-prol a Ie , Ò,, can be

a rather thick s]ice of the
RH, one of which is 100%. The
is measured when L.Lre specimen
can take more than one year.
calculated over a very large

303 Eo 100%. The method is described in /8/
Dat.a from the third method wil-l be used in Lhe actual calcula-
tions; the data were determined by Hedenblad /B/.

The diffusivity at 100% is important since it determines Ehe
moisture ingiress during very moist periods; rain, splashing
water etc. Tt is determined by uni-directional capillary ab-
sorption experiments during which the time process of water
uptake is measured. The 1002-diffusivity is found by computer
simulations. The diffusivity value which as closely as possible
simulates Lhe really observed water uptake is chosen. The inc-
rease in diffusrvì-cy is found to be about 20-fold between the
maximum diffusivity within the diffusion range below RH 95 to
99 Z and Ehe capillarity range at RH 100 Z.

The methods for determination of the diffusivity data ín the
diffusion range and in the capillarity range are described in
Appendix I; paraqraphs A2.I and 42.4. The numerical values of
the diffusivities are given in Hedenblad /B/. The varues for
100 Z RH are uncertain. Better vafues will be determined by new
and more comprehensive capillarity experiments .
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The lack of reliable data makes that only the following w/c-ra-
tios have been reqarded in this report, and only OPC-concretes.

1: With no free water on the surface; i.e. no capillarity:
wlc = 0,4, 0,5, 0,6 (0,7 wiII be included later)

2: With free water on the surfacer i.e. capillarity is
reqarded:
w/c= 0,4, 0,6 (0,5 and 0,-l wil-L be incl-uded later when the
experimenfal results have been evaluated)

The calculations can easily be made also for other input data
of the moisture diffusivity.

3.2 The dif fusivity versus temperature; õ -r=f (0)

The effect on the moisture flow of the temperature level is
rather small. As an approximat.ion, diffusion is regarded to be
a thermally activated process with the "act.ivation temperature"
(E/R) equal to 2260 K. Then, Lhe ratio of the diffusivities at
temperature e oc and 20 oC is:

(3.1)

Dif fusivity =0,57
_r_ =0rJ
-il- =1,00
_,t_ :Lr29
_u_ :1164

ôv,r /\r,20 = exp{2260(1/293-I/ (273+0)l

This qives the fol-lowing relative diffusivities.

e=0c Qt3 K)

0=10 C (283 K)

0=20 c (293 K)

0=30 C (303 K)

0=40 C (313 K)

Almost exactly the same relative dj-ffusivities are obtained if
moisture transfer is supposed to be a viscous flow determined
by the viscosity of water and the surface tension water-air.
Both t.krose properties are temperature dependent.

A curve of the type seen in Fig 3.2 will- be obtained. Below
0 oC the diffusivity is supposed to be zero since almost all
water is frozen.

The effect of freezing on [he dj-ffusivity of COz,O2nd chlo-
rides is not known. Probably the diffusion of gases is not very
much affected when RH is low but much retarded when the RH is
above the l-imiting value RHçpwhich signifies the transition
from a discontinuous to a continuous water phase in the pore
system. The chl-oride dif fusion, is certainly very fow when the
pore water is frozen.
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3 .3 The sorption isotherms

The sorption isotherm is used in the calculation programme for
considering the effect on tLre moisture state within a certain
material element of a certain moisture loss from or moist.ure
gain to thre element. The typical shape of sorption isotherms is
shown in FiS l-.1 .

Equilibrium adsorption and desorption isotherms of OPC-concrete
at room temperature have been determined by Powers & Brownyard
/L/ and by Nilsson /2/ among others. Theír isotherms are shown
in Fig I.2. Thre temperaLure ef fect on the "isotherms" can, as a
first approximation, be neglected- Both the adsorption and the
desorption isotherm as well- as the scanning curves (see Fig
1.1) should be regarded in a stri-ngrent calculation. fn the ac-
tual calculat.ion only the desorption isotherm is considered. It
has the shape shown in Fig 4.6 in APPENDIX l. Tt is based on
Nilsson's desorpLion isotherms -see Fig 1,.2(b)- but the upper
part is changed a bit. The 100 Z point in Nilsson's isot.herm is
moved to a somewhat lower RH which corresponds to the satura-
tion-RH for the pore water considering that this contains dis-
solved a1kali which lowers the vapour pressure. The deviation
in RH from 100 eà increases with decreasing w/ c-ratio which is
natural- since the amount of alkali increases when the w/c-ratio
is lowered, dt the same time as tLre amount of pore water decre-
ases. The isotherm between t.his new saturation point and 100 Z
RH is supposed to be horizontaL, âû assumption which might be
quesLioned.

The sorption isotherm bel-ow the saturation point is coupled to
the measured and used diffusivity in t.kre diffusion range below
about 100 Z. The horizontal isotherm above t.he saturaLion point
is fictive and only introduced for making a calculation of t.he
capillary water transporL, or saturated moisture fJ-ow, possible
with the same computer prograinme as ttrat which is used for non-
saturated f1ow.

3 .4 The thermal properties
The heat conductivity and the heat capacity of concrete are
well-known from literature. Both properties are affected by the
moisture level . This must probsably be considered if a higrh
precision in the prediction is needed. As a first approxima-
tion, however, all thermal properties are regarded constant.
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4 C1imat,e data needed
4 . L Ttre ouLer moi sture cond.itions

The real moisture variation is a complicated statisEical func-
tion. Since we are only interested in long-term effects on the
concrete, Lhe real moisture variation can be replaced by a
simple step-formed or sinusoidal cyclic variation in the outer
RH. RH 100U means unlimited amounL of water in contact with [he
cOncrete surface, such as heawy rain, wave splash etc.

A hypothetical real moisture variation and an example of a si-
mulãLed step-shaped variation used in the calculation are shown
in Fig 4.I. The step J-engLh at the low and hiqh RH-l-evel-s is
varied between 7 days and 28 days. The absolute level of the
high RH is either 95 Z (no rain or splash) or 100 % (rain or
splash) - The variations employed in the calculations are shown
in paragraph 6 below and in APPENDCI L and 2.

The effect of other duratíons of the moisture cycle can be ea-
sily calculated by uLilízíng Ekre so.Lutions in the APPENDICI.
The calcufated moisture variation or "moisture funnel" at the
surface is always the same buL the "penetration depth" of the
moisture variation or "moisture funnel" iS depending on the du-
ration. The method for considering other moisture variaLions is
described in APPENDIX 1 paragraph 44.1. Some examples are given
in paragraph 6.I.

4.2 The temperaLure

Since only J-ong-term effects are concsidered, the real tempera-
ture specLrum can be transformed Lo an averaqe sinusoidal vari-
ation or a stepwise cyclic variation with a period of 1 year or
any other typical variation- A hypot.hetical example of a real
anã a sj-mulãted temperature variation are shown in Fig 4.2.

In Ehe calcufations made in this report, the temperature is
supposed to be constanL, +20 oC. Other constant temperatures
cañ- be easily considered by a method descríbed in APPENDIX 1
paraqraph 44.1-. A lower average temperature causes the penetra-
Lion-aebtn of the moisture variation zene to decrease; i.e.the
effecL of chanqes in thie outer moisture conditions are felt on
a smaller depth from the surface.
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The calcu1at, ion Progiramme

In the same manner the relative duration tmax ât RH.-* is
of thre total outer moisture cycle. The
between RH*1r.and RH^-r is hrorizontal

The pC-prograÍìme used is designed in such a way that individual
d.ata for concrete and climate can be introduced. Principles be-
hind the prograflrme are described in / 9 / .

The prografltme can be used for a prediction of the temperature
and moisture (RH) variation over the concrete cross-section at
different points of time. OnIy one-dimensional flow is conside-
red.

The detailed calculat.ion wil-l give the moisture prof ile at dif -
ferent poin[s of time. The prrncipal shape of such profiles is
shown j-n Fig 5 .1 .

By such calculations also the duration of a certain moisture
cõndition (RH) on a certain distance from t.he surface can be
calculated. An hypotheticaf example of moisture duration curves
is shown in Fig 5.2.

In the actual calculations presented in paragraph 6 and APPEN-
DICI l- and 2 such detail-ed information is not given. Only the
maximum, the minimum and the average moisture and temperaLure
condit.ion on different depths from the concrete surface are
presented. The real moisture condition at a certain depth from
the surface will al-ways lie between the upper and the lower ri-
miting curves. This mèans that the duration of a certain RH on
a certain ]evel from the surface j-s not directly obtained in
the calculations Performed.

A highly approximatiwe distribution function of the duration of
a ""itai.t 

nH on a certain depth from the surface might be esti-
mated by using the principles described in Fig 5 ' 3 '

* At ttre surface (x=0) the relative duration t^inat RH*ir, is
equal to the time fraction that RHmin takes up of the total
ouLer moisture cycle used. This is 20 2,33 eo, 50 Z, 6'l % or
B0 I in [he e*amþ]-es described in paragraph 6.1- and in APPEN-
DIX 1.

equal to
distribut
since the

its fraction
ion function
moisture change between RH*ir.and RH*r, is abrup[

On a larger depth than no which is the depttr where RH becomes

constant the RH-distribution curve is vertical and equal to
the mean vafue of RH (RH=RH*)

On depths xl between ttre surface (x=0) and ttre depth wtrere RH

ís constant (x=x-) the distribution is supposed to be compo-

sed of three lines constructed in the fotlowing way; see Fig
5.3. The lowest RH (RHt) and the highest RH (RHfr) at a given
distance x=X1 from the surface are given by [he calculated
,,moisture funnef ". Thre duration of t.hose moisture conditions



are qiven by the int.ersection of vertical lines with bhe sÌo-
ping lines shown in Fig 5.3.

The rel-atj-ve duration distribution curves can be used for pre-
dictions of Lhe future chloride profiles, the future penetra-
tion of the carbonaLion front or the inflow of waber.
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Calculated examples

6.L New calculations (in APPENDIX 1-)

The upper, lower and average moisture levels expressed in terms
of nU,- as function of the depth from the concreLe surface have
been calculated. All results are shown in APPENDIX l-.

The outer moisture cycles regarded are shown in Fig 6.1. AII
cycles are supposed Lo be step-shaped and contain alI combina-
cions of 3 ditferent durations of the upper and lower RH; vtz.
L, 2, 4 weeks .

Other durations can be easily regarded by simply changing the
scale of the x-axis accordinq to the principles described in
APPENDIX 1. So for example the effect of a regular wave splash
on Lhe moisture condition in the surface of a column above
water can be estimated by the moisture profile for the case
with I week of RH 100 % and 4 weeks of RH 60 Z. If the time
space between each splash period is t hour and the duration of
the splash period is 0,2 hours Q0 eo of the total cycle) the
solution of example l-85 (w/c=O,4) or tBL2 (w/c=O,6) in the AP-
pENDIX 1 can be Lsed with the scale of the x-axis multiplied by
. iã.Lor',lo,z /7.24 = 0,04. Thus, the profile ('the moisture
funnel") is moved towards the surface.

(In many cases, âû even better estimation is possibly obtained
by usinõ the solutions in APPENDIX 2 fot the case where the
tlme of RH 100 Z is 6 hours and the time of RH B0 Z or 60 Z is
7 days. This corresponds to a relative duration of wet and dry
periôds of 1 Z. The profiles in [he so]-utions in APPENDIX 2

èhould be then be moved towards the surface by a scale facLor

^hoo=Lo ) .

T\uo upper RH Levels are used in the calculations:

RH^.* = 95 Z representing a high outer moísture level but no

free water aqainsL the surface.

100 z representing an un]imited amount of free water
the surface.

* DLIr\rrmax -
aqa ins t

Only one lower RH level is reg¡arded:

* RHmin = 60 Z representing a sort of average RH over the year
ft might be a bit too high. The effect on the calculafed mo-
j-sture profile is probably marginal since the average moistu-
re content is for the most part depending on the upper RH-
1evel. In paraqraph 6.2 and APPENDIX 2 some examples of the
effect of an increase in Ehe lower RH from 602 to B0 ? are
shown.

Other moisture levels can be easily introduced in the compuLer
proqramme.

Only one temperature level is regarded; +20 oC. The effect of
othèr temperãtures is easily estimated by changing the scafe of
the x-axiË for the acLual "moisture funnel". The method is de-
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scribed j-n APPENDIX 1. For example, íf the temperature is 30 oC

instead of +20 oC the scale of the x-axis is changed by tLre
factor ^,lt,Z9=I,14 (I,29 is the factor by which the moisture
dif fusivicy is increased whren the Eemperat.ure increases from
+20 oC to +30 oC; see paraqraph 3.2) .

The two calculated limit.ing moisture profiles converge at the
average value RHm on a cerLain depth x* from the surface. Below
this depth the concrete does not "feel" the outer cfimate vari-
ations. For the lowesL w/c-ratios exposed to free water this
depth is less wel-l-defined. The reason is that the sorption
isotherm is reqarded to be horizontal at its upper part,' see
Fig 4.6 in APPENDIX 1.

The convergence is supposed to occur on a depth where the varr-
ation in RH is only t1 % in RH when Ehe upper RH is 95 % and
+2 % in RH when the upper RH is 100 Z.

The convergence depth and the mean value of RH at this depth
are shown in Tables 6.1 and 6.2.

In the tables are afso shown the depth on which the max or mrn
val-ue of RH is 90 eo. T\^/o cases are imaginable; see Fig 6.2.

* Case 1: The concrete i-s on t.he convergence depth always wet-
ter than RH 90 Z. Then Lhe depth where RH =90 Z is
called x>90 e".

+ Case 2z The concrete is on the convergence depth always drier
than RH 90 %. Then the depth where RH = 90 Z is cal-
led x<90 oro

RH 90 % has been chosen since it signifies a value where the
diffusion of qases is fairly 1ow at the same time as the
electrical resistivity is fairly higrh- Therefore the rate of
reinforcement corrosion is often not so high at RH 90 Z- In
many cases, however, RH B0 % ís a better limit. Similar analy-
ses as that made for RH 90 % can, however, just as easily be
made for RH B0 % and for other values of RH.

The following observations are made:

The mean value of RH j-n the concrete is hi-gher than the ave-
rage value of Ehe outer RH. This is an effecL of the unl-ine-
ar moisture capacity of concrete disclosing itself by the
unlinear sorption isotherms.

The mean value of RH
sing duration of the

in the concrete increases with increa-
hiqh RH-level outsrde the concrete.

The mean walue of RH in the concrete increases with lncrea-
sing outer RH. When [he concrete is exposed to free water
during 7 days or more, the relative humidì-ty in the interior
of the concrete (even at the depth of the reinforcement.
bars) is always very high.

The mean vafue of RH in the concrete on a large depth from
the surface is almosL independent of the w/c-ratio and only
dependent of the outer moisture conditions.
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Table 6.1: The mean value of RH in the interior of [he concrete
and t.he depth where almost no moisture variations
occur. Thre upper RH-leveI in outside air is 95 o/o-

Data from APPENDIX 1.

w/c DuraLion (weeks)

Low RH High RH

(608) (9s8)

RHm

(r)

Depth
(mm)

xtgot x<90?x*

1

t-

1

1

2

4

92
94
95

15
L7
I1

13
10
9

0,4 a

2

a5t

92
94

1_8

¿U

25

10
15
t4

l_

¿

4

4
4
4

l_

2

4

80
87
92

t)
25
2B 23

7

15

L

l_

t-

1_

2

4

90
92
94

20
18
16

15
10

0,5
86
90
92

23
28
zô

T2.)

2
2

l_

2
4 20

4
4
4

1

z
4

81
86
90

26
33
40

10
20

1

t_

1

L
)
4

90
93
OA

1B

19
19

13
I2

u,b
2
2
2

1
)
4

86
90
93

l9
25
28

-12

17

4
4
4

1
a

4

81
86
90

23
zo
3'7

6

l_5



Table 6.2: The mean value of RH in the inLerior of the eoncrete
and the depth wtrere almost no moisture variations
occur. The concret.e is reqularly exposed to f ree
water (the upper RH-level is 100 %) Data from AP-
PENDIX ]..

w/c Duration (weeks)

Low RH High RH

(60) (1008)

L
1

1

1
a

4

B

7

1

2

4

4
4
4

1

2

4

15
15
t_5

t-

1
1

L
z
4

5

5

5

0' 5

¿

)
2

1

2

4

6

6

6

L

2
4

4
4
4

6 .2 Previor¡s calculatíons ( in APPENÐIX 2)

Calculat.ions of the similar Lype have been performed previously
/1-0/. Then, some other outer moisture variations were also in-
vestigated; esp,ecially the effect of short periods of rain or
other types of free water. The variations in Lhe outer moisture
conditions are shown in Fiq 6.3 . The material data are the same
as in the new calculations presented in APPENDIX 1.

The variabl-es are shown in Tabl-e 6 .3 together with tLre mean
value of RH on a large dept.h from t.he surface (RHm) and tLre
depth on which t,he RH variation is below +1? (**) . In the Ea-
bles are also skrown the depth on which RH is 90 %. It is defi-
ned in Fig 6.2.

The fol-l-owinq int.erest.ing observations are made:
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L: AL short exposures to free water followed by rather long
drying periõds the interior of a concrete wirh the w/c-ratio
0,4 stays well below RH 90 Z.

At [he same s]torL wet periods the int.erior of a concrete
with the w/c-raLio 0,6 is well- above RH 90 Z. Thus, free
\^¡ater is sucked to a much gre.ater depth when the w/c-ratio
is increased.

when drying occurs at RH B0% the awerage humidity, RHm, in
tkre concrete with the w/c-ratio 0,4 is much higher than in
the case where dryinq occuf s at RH 60 Z. For a concrete wifh
the w/c-ratio 0,6 on the other hand, the drying climate is
of tittle importance; RH*will be just as higrh when drying
occurred at RH 60 Z as when it occurred at RH B0 '

Table 6.3: The mean value of RH in the int.erior of the concrete
and the depth where almost no moisture variations
occur.
The upper RH leve1 is regularly exposed to free
waLer (RH l-00 e.) . Data from APPENDIX 2

w/c Duration
low RH-lewel

60å B0å
high RH-lewel

10 0å

RHm

xm

6

6

16
B7

3
6

9
'7

0,4
24 hours 15 18

7 days 7 days 9't

7 days
L7
15

6

3

0,6
24 }lours 133296

s1)

1) Depth where the RH-variation is +2 % in RH
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100

RH

602

9sz
or
100 z

RH

60 %

a) Duration of the lowest RH is 1 week

1

b) Duration

Time

of the lowest RH is 2 week

c) Duration of

Time

the lowest RH is 4 weeks

Time

95 Z
or
1_00 z
RH

602

Fig 6.1,: The moisture
ragraph 6 .1-

cycles used
and APPENDTX

t.he calculat.ions in pa-l-n
1.
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Fis 6 .2: Definition of
6.I, 6.2 and

Caee 1: Tkre interior is wetter
than RH 90 eo

x>9 0

RHm

x<90% used in Tables

Case 2: The interior i-s drier
than RH 90 Z

x<9 0 lfln

Depth from t.he
surface

Depth from the
surface

the depth xrgO¿and
6.3.
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Time
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100%

RH

60%
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Further d.ewelopment and computer cal-
culat iorl.E¡

The computer progranìme will be developped further so that the
duratioñ of different RH-levefs on a certain depth from the
surface can be obtained. An attempt witl ttrereafter be made Lo
introduce the diffusion of a gas like CO2or 02 or an ion like
chloride. This would make it possible to calculate the effect
of the outer c]imate conditions on the time it takes to start
corrosion and to calculate the corrosion rate.

The prografitme will be designed in such a \^/ay [ha[ individual
dat.a foi the d.iffusivity of moisture, 9âs and ions can be in-
troduced as wel] as individual dat.a for the outer climate vari
ations.
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APPENDIX 1

NEW COMPUTER CALCULATION OF
IN CONCRETE
Göran Hedenblad

THE MOISTURE-TIME FIELD

A..1 Introduction

This report presents a method to calculate the depth of moisture va¡iations in the outer part of concr

"*po."ã 
to cyctic boundary conditions (relative humidity, RH). The method is based on results from

measurements of the moisture permeability of different concrete qualities. At first the method to

measure and evaluate material data is presented and then a short description of the calculation meth(

is given followed by some exarnples.

^.2 
Material data

By using a method which relies on the measurement of the water vapour flow from a specimen and

the distribution of the relative humidity in the specimen, under stationary conditions, the moisture

permeability can be calculated, and its dependence on RH can be determined, Hedenblad 119931.

The data below are taken from this report.'

A.2.1 Experimental arrangement

The experimental arrangement is shown in principle in FIG 4.1. The flow of water is unidimensionr

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

impermeabte box

cup wíth o sqfurqted sott
sotution, Ê.g. Mg tt2

)--- 9 mm tube in which RH is
meosured

specl men

vessel in which the sPecimen
stonds in wqter or in high RH

FIG 4.1 The experimental anangement in principle.

The upper part of the experimental arrangement consists of a practically impermeable box in

which RH is held constant by means of a saturated salt solution in a cup; in our case magnesium

chloride, MgCl, , for which RH is about 33 7o. The cup is weighed regularly, every week, to

obtain the flow from the specimen. The top surface of the specimen is exposed to the air inside

the box. A smali fan circulates the air inside the box. The bottom surface of the specimen is

0.2*0.2 m. The heights of the specimens are 0.063, 0.100 and 0.150 m.

The surfaces of the specimen exposed to the surrounding air in the room are sealed with 2 mm
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almost. impermeable epoxy resin. The bottom surface of the specimen stands in water or in air
with high RH, which is effected by a water surface about 2 to 3 centimetres below the specimen.

Plastic tubes of about 14 mm external and about 9 mm internal diameters are embedded in the
sides of the specimen. The internal end surface of the tubes is open towards the specimen, and

RH in the tubes is in equlibrium with RH in the specimen. The tubes are used for measuring the

RH-profile through the specimen.

The results, which are used in this report, derive from specimens with a height of 0.100 m.

^.2.2 
Tested materials

The following test progr¿Lm concerning different compositions of concrete was carried out

a) OPC-concrete with water-cement ratio (w./C) 0A,0.5,0.6, 0.7 and 0.8

b) OPC-concrete with wo/C = 0J with different amounts of aggregate

c) OPC-concrete with w./C = 0.7 with different amounts of air.

Compositions of concrete with different wo/C a¡e shown in TABLE 4.1. The crushed stone,

8 -18 mm, consits of quartzite.

TABLE 4.1. Composition of concrete with different w"/C.

WJC Cement, C
(kglm3)

water, wo
(kg/m3)

Sand/Gravel
(kg/m3)

Crushed stone
8-18mm

(kg/m')

0.4
0.5
0.6
0.7
0.8

418
368
328
296
270

167.2
184.0
196.8
207.2
216.0

990
990
990
990
990

810
810
810
810
810

^,2,3 
Some results

The distribution of the relative humidity for specimens with wo/c = 0'6 is shown in FIG A'2 and

FIG 4.3.

30 40 50 60 7o B0 90 '100 RÅfA)

- - T--- --l
IatcuIoted RH-curve

. l',leosu red R H

wol[ 0 6 Bottom in woter

_J--

\
\
It

97.6
0.1(m)

FIG ,A.2 Distribution, at equilibrium, of the relative humidity in concrete specimens with a
height of 0.100 m. Water-cement ratio 0.6. The bottom surface in water.
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Cotcu(cted RH-curve

. Heqsured RH

wo/C 0.6 Bottom in moist oic

-__a_ -+_-_
-<- ¡\-

\'

FIG 4.3 Distribution, at equilibrium, of the relative humidity in concrete specimens with a

height of 0.100 m. Water-cement ratio 0.6. The bottom surface in moist air.

It is seen that RH in the specimens is not tOO 7o even if the specimens stand in water. One

obvious explanation is that the pore water contains salts, mainly alkali, and the salt lowers the

maximum RH to a value below I00 %.

^.2.4 
Capillary transport

To get tfansport data for capillary suction, concrete specimens have been dried at room

temperature to about 60 7o RH. The specimens have then been allowed to suck water and the

weight increase has been registered. FIG A4 shows the results when the capillary transport has

been described as a diffusion process with a high value of the moisture permeability (ô,). The

moisture permeability (õ") has the humidity by volume in the pores of the material as potential.

FIG 4.4 Measured (A) and calculated (B) capillary transport in concrete. wu/C 0.6.

Curve A shows the measured increase of weight for conçrete with wolC = 0.6. Curve B shows

the calculated increase of weight using a diffusion coefficient that is 15 times as big as the
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maximum moisture permeability obtained in the test described in Section A-2.3. For concrete
with w,/C = 0.4 preliminary results from measurements and calculations show that the maximum
moisture permeability has to be increased with a factor 20 to describe the capillary transport in a
fair way.

Fig 4.5 shows the moisture permeability for concrete with wo/C = 0.6. The solid line shows the
result from diffusion measurements ( see Section 4.2.1) and the dotted line shows the
approximated values of ô, made from the capillary measurements.

FIG 4.5 The moisture permeabifity (ô") for concreæ wJC = 0.6 in the diffusion a¡ea below
95 7o P.fl (solid line)and approximated values of \ in the upper diffusion and the
capitlary suction area (doned line).

4.2.5 Desorption isotherms

Nilsson /19801 has published desorption isotherms for cement paste with different wo/C. The
isotherms go up to 100 Vo RH. Some revisions of the isotherms have been made by Hedenblad
119881, so that the alkalies in the cement determine the maximum RH (lower than 100 Vo).
FIG ,4..6 shows these revised desorption isotherms.

Cf,-08

CL = 07

20 ¡'o óo uo 
on llr:0,

FIG A'.6 Desorption isotherms for cement paste with different wn/C and degrees of hydration.
Based on isotherms according to Nilsson 11980/, revised by Hedenblad /19881.

n lC(kg/k9 cementl
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4.3 Calculation method

4.3.f Fundamental flow potential

The numerical calculations use the fundamental flow potential instead of ordinary potentials.
I-nt g (kg HrO/m2s) denote the moisture flow and € ury moisture flow potential. In the one-
dimensional case we have, when temperature effects and hysteresis are neglected

s = DË(q) ôÇâx (4.1)

Here I may denote, for example, the relative humidity Q, the vapour pressure p (Pa), the humidity b,

volume v (kg/m3) or the moisture content by volume w (kg/m3 material).
The fundamental flow potential, when the flow coefficient D6 is a function of the state, was
originally introduced by Kirchoff ; see Carslaw et al ll959l. This potential is definied by

y=fDq(ÐaË (4.2 )

The potential Y is the a¡ea under the curve between E*, md E, *" FIG 4.7 (showing the case

Ë = u ). It becomes a function for each material; V = Y(Ð.

óu (vl Imz/sl

v [kg/m]l
vcef v

FIG 4.7 The flow potential Y is the a¡ea under the curve D"(v).

The flow potential Y is independent of which of the va¡ios flow potentiah (q) and ensuring
coefficient function DË(E) that is used. The reference value €,"r cffi be chosen arbitarily for each
material. The value of Y is always set to zmo for the reference level, (,", , for the particular
material Y (q.J = Y."r = 0. Du = the moisture permeability õ",

In a conventional numerical simulation the flows between nodes are obtained by a discrete
approximation of F-q.(A.l). A big problem is, when DE(E) varies strongly between the nodes. One
must interpolate or, what is better, solve Eq.(4.1) locally between the nodes. With the fundamental
flow potential an exact calculation between two nodes gives the flux from the difference in Y betwe
this nodes.
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^.4 
Calculations performed

Calculations have been made to obtain the relative humidity distribution, and the depth from the
surface where the moisture conditions are constant. Different qualities of concrete during
different cyclic boundary conditions have been studied. The cycles are stepforned and varies
cyclic from a constant low RH which is always 60 Vo to another constant high RH which is

either 95 Vo or 100 Vo.The variations are seen in FIG 6.1.The calculations a¡e made with a PC-
program called JAM-P, specially developed for this kind of calculations. In the examples it is
assumed that the constructions have been exposed for the given boundary conditions during long
time, so that the relative humidity level has become stable deep inside the construction. In the
examples IO0 Vo relative humidity means rain and capillary transport. The va¡iables calculated
are shown in TABLES 4.2 and 4.3.

TABLE 4.2 The construction is not exposed to direct rain.
Low RH= 60 To. High RH=95 Vo-

WJC Duration (week) Littera of calculation

e.xamnleIow RH high RH

o.4

I
I
2
4

141
tA4
145

2

I
2

4

1A6
rA2
iA9

4
I
2
4

LA7
1A8
1A3

0.5

1

I
2
4

1A 10

1413
1A14

)
1

2
4

1415
1411
1A18

4
1

2
4

1A 16

IAIT
TAI2

0.6

I
1

2
4

1A 19

rA22
TA23

2
1

2

4

tA24
TA2O
tA27

4
I
2
4

tA25
LA26
IA2I



Low RH=60 Vo.High RH=100 7o.

Duration (weeks) Littera of calculation

example

I
2

4

lB1
184
185

I
2

4

186
TB2
189

I
2
4

187
188
183

I
2
4

1B 10

1B 13

1B 14

I
2
4

1B 15

1B 11

1818

I
2
4

1B 16

tBtT
IB12
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TABLE 4.3 The construction is exposed to rain.

4.4.1 Other times

From the calculated examples it is easy to calculate the penetration profiles and depths for other
times when the boundary conditions in terms of the two RHs and the relation between the two
times in the cycle are the same. For example; let us calculate the penetration depth for the case
with 95 Vo RH during 2 days and 60 Vo RH during 2 days; wJC = 0.6. V/e can then use
Example 1419, lA20 or 7A2l since they all have the same upper and lowe RH and the same
ratio -1:1- between the two times in the cycle. We use Example l{2l. The new penetration
depth is d ox{1t/to), where t is the new time (period) and do ii ttre penerrarion Oepìn according to
Example lAzL.

^.4.2 
Other tem peratures

If it is supposed that the moisture permeability follows an "Arrhenius function" we have

ð"1 / ô,0 - exp( E"/R*(lÆo - 1Æ,))

4 = activation energy of water transport
ft = leneral gas constaxt
T = temperature

(4.3 )

( 18800 J/mole)
( 8.314 J/molexK)
(K)



The given examples are calculated for the temperature + 20'C- With the above data
ô"1 /ô"0 is given in TABLE 44.

TABLE 4.4 ô"r / ô,20 as a function of temperature.

With ô", / ô,ro according to TABLE ,A,.4 it is possible to calculate the new penetration deph at
another temperature using the parameter d, = ilro* {( ô,r / ô"20).
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4.5 Results of calculations

The results of the calculations are shown below. The step-wise cyclic va¡iation is shown to the
right of the figure. The black region is the RH-range within which the real RH varies at the
actual depth from the surface. The mean RH in the concrete are shown in the figure. In some
cases they are difficult to read. Therefore they are also listed in the report Tables 6.1 and 6.2

Temperature oC +5 +10 +15 +20 +25 +30

õ,r / õ"20 0.66 0.76 0.87 1 t.L4 r.29
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Numerical examples l-

w/c=o,4.

Not exposed. to free water but Lo higrh RH
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Nrrmerical examples 2

w/c=0,5.

Not e>qlosed to free wat,er but to high RH
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Numerical examples 3

w/c=o,6.

NoC exlrosed. to free water but to hígrh RH
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Numerical examples 4

w/c=0,4

E:qlosed to free water
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Numerical examples 5

w/c=0,6

Exposed. to free water
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APPENDIX 2

PREVIOUS COMPUTER CÀI,CULATIONS OF THE MOISTURE-TIME
FTELD TN CONCRETE

The calculations presented bel-ow are all valid for concret.es
that are exposed Lo free water d.uring short times. The wari-
ables are shown in Table 6.3 above.

The data have been published previously in the report /I0 / -
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Numerical examples 1-

w/c=0,4

Exl¡osed to free water
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Numerical examples 2

w/c=Or6

nx¡losed to free wat'er
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