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HEAT AND MOISTURE FIOW IN CONCRETE AS A FUNCTION OF TEMPERATURE
JlUrgen Hunds
0. JIntroduction

In eivil engineering, increasinpgly high demands are being /2
placed on the construction meterial concrete, both with re-
spect to lts functlion as a component of load-beasring members gnd
with respeet to other technological properties; such as thermal
insulatlon, Impermeabllity to liquids and the shielding of radio—-
active radiation. Taking nuclear power plants as an example, it
is clear that the use of concrete as & construction material for
nuclear reactor vessels has gliven rise to extensive development in
constructlon techniques. In the Federal Republic of Germany, with
respect Lo the task of constructing reactoy pressure vessels of
prestressed concrete, a guldelines program™ has been set up whiech,
besides safety aspects, above all also entalls basic research of
concrete technology [8]. This work is concerned with an important
subproblem of this program, namely the investigetion of heat and
moisture conductlivity In thermally stressed concrete structures as
well as the accompanying structural changes of the hardened cement
paste. The temperatures produced during the operation of thickwalled
reactor vessels Inlflugnce not only the heat-moisture equillibrium
state abtalned by the structural member under normal conditions, but
also the technological propertlies of the concrete.

l. Current State of Knowledge and Presentation of the Problem

1.0. Structure of Concrete

Conorete consists of apgregates, hardened cement paste, water
and air. During hardening, the' relationship of its solid, liquid and
gaseous components changes with respect to one ansother, while as a
result of chemical and physical processes, hardened cement paste is
formed from the paste produced from mixing water and cement. The
volume and quality of the pore space, {llled with water and air, of
& conerete depends basically on the inherent porosity of the aggre-
gates, the water/cement ratlio and the compression of the freshly
mixed concrete. The hardening processes in the cement paste can in-
deed be influenced to a certain extent by specisl characteristices of
the agpregate, bubt in normal concretes with a dense structure they
argibasically determined by the water//eement ratlio and the curing
medium. :

1,1, Hardening of Cement Paste
1.1.1. Structure

Portland cements consist up to 808 of calcium silicabtes which
are oonverted into caleium silicate hydrates and caleium hydroxide
after mixing with water. According to Kihl [9] hydraulie hardening,
which includes the processes of hydrolysis, hydration and gel form-
ation, takes place as ¢ result of the "dissolution of the starting
material® (prqduction of hydration products in accordance with the

1Guidelines Program, German Research and Development of Prestressed
Concrete Reactor Pressure Vessels,

8 00100 I 05 OG5 A0 I e




views of LeChateliers), but zlso in part as a result of direct ac-
cumulation of water on the solld phase of the starting material
(productlon of gel coatings according to the views of Michaells).
The ecalclum sillcate hydrates are the maln components of the hardened
cement paste and largely determine its properties [10, 11, 12, 13]1.
Fully hydrated cement pastes consists of about 25% by weélght of cal-
elum hydroxide and 50% by weight of calelum sllicate hydrates of
different forms (CSH-phases}. According to the structural model of
cement paste devised by Powers and Brownyard [14], which has found
widespread approval [15] and has also recently been further devel-
oped (see, for example, EtA]), the solid portion of the cement paste
consists oft (1) colloidal components, l.e. the gel; (2) considerably
larger crystals imbedded in this gel and (3) capillary pores origin-
ally filled with water. The plcture based on extensive data on
specific surface [17], density, permeability and strength assumes
that the cement gel formed from the calelum silicate hydrates in-
volves fine, thin lamellar particles (2-3 molecules thick, corres-
ponding to 2-3 nm) which, hecause of their large surface areas and
the forces thus activated, are responsible for the high strength
levels. DBecause of its nature, the material, alse called Tober
morite gel, grows Into the capllliary pores, in the process of which
gel pores ave formed at thelr expense. Depending on the stress
concentration factor, gel pores have average pore radll between 1

and 2 nm [14], while capillary pores have larger radiil, namely
greater than about 4 nm (on this point, also see [18]). Accordingly,
Just In terms of the way they are formed, gel pores differ from cap-
1llary pores.

Furthermore, it is assumed [14] that the capillary pores in
fresh cement paste form a network which, during gradual maturing,
is inecreasingly filled with hydration products until the capillary
pore space 1ls filled up or all of the clinker grains have been
transformed. In contrast to the gel pore:space consisting of the
characteristic pore slze, which wlth full hydration is supposed to
reach about 28% by volume [19], the capillary pore volume depends /10
on the water/cement ratio and the degree of maturity of the cement
paste In questlion. Since sbout 25% by weight of the cement in the
form of chemlcally bound water and 15% in the form of gel water are
used for complete hydration, it follows [10] that cement pastes with
water/cement ratios <0.4 must still contain undecomposed clinker
gralns even after a very long time. On the other hand, in cement
paste wilth water/cement ratios up to 0.7 in the mature state, capil-
lary pores are accessible only through gel pores. Above this water/
cement ratio, capillary spaces form in the cement paste which, be-
cause of their size, can no longer "grow together"™ with hydration
products, so that the permeability of the pore system increases con-
slderably.

l.d.2. Pore 3pace

Views on the shape and quality of the cement paste components
as well as the pore space formed by them differ to some extent.
Richartz and Locher [12] found that the erystalline caleium silicate
hydrates are mostly iIn the form of fibers and consist of rolled up
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films In the form of small tubes., As the hydratlion time increases,
they form g thick nebtwork, Cgleium hydroxide, by contrast, forms
thin=gheet crystals which énvelop already present hydration products
wlth Incressing hydration time. Since these tublal-shaped calcium
sllicate erystals differ in diameter, they also form different pore
gizes wlth s continuous distribution. Winslow and Diamond [20], on
the basls of scanning electron microscope studies, are also of the
opinion that pore sizes exlst between the slze of gel pores and cap-
illary pores. Accordingly, the volume to be attributed to the gel
pores would have to be <28%, which can also be confirmed with the
help of total porosity and penetration measurements.

Independent of these not yet clearly solved problems which,
in particular, are also important for the finding of water in the
pore space, It must be recorded that the hydration products of the
cement paste form a unlonnwhich becomes denser with inereasing age,
in the process of which the gel pore spaeeaincreases and the spec-~
ifiec surface reaches values of about 175 m™/g ({171, also see [21]).
Since this occcurs at the expense of the capillary pore space whoase
Ystarting velume" depends on the water/cement ratio, the total pore
volume (L.e. total porosity) reached after complete hydration is
determlned by the water/cement ratio. The changes in volume can be
estimated, in the process of which it must be borne in mind that the
total volume of cement and water is reduced during hydration .("shrink-
age"), and that besides the chemically bound water, about 15% of the
cement by welght is accumulated as gel water. These relationships
are presented very clearly in [22].

Various metheds are avallable for characterizing the pore space
(23, 24]1. Besides the optical methods (light and electron micro-
gcopy), these are primarily indirect methods, such as the water
absorption method, mercury porosimetry or the absorption of different
mediums, With these methods, starting with a certain parameter (e.g.
pore volume), other properties of the pore space are inferred (e.g.
pore size distribution) with the aid of a theoretical model equatlon.
S0, for example, permeabllity measurements provide information about
pore shape and arrangement. Because the permeability of the pore
system increases much more raplidly than the total porosity with an
increasing water/cement ratio, we can infer that the pore radii be-
come considerably larger as the water/cement ratio increases [11].

l1.1.3. Water in the Pore Space

Cement paste contains water in liquid form ("capillary water")
s well as in the form of water vapor, as adsorptively bound water
("absorbate water") and as chemically bound water. An exact dis-
tinetion according to bond types ls hardly possible using an imper-
lcal approach "because the dissociation pressure of the hydration
products and the water vapor pressure of the adsorbed and free water
are continuously merging into one another"™ [25]. The experiments
reported in [12] have alsc shown, for example, that the intermediate
layer of water stored in the tube~shaped calecium silicate hydrates
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" is to be attwibuted to the chemically bound water, although it
‘eyaporates during vacuum drying.

Thus, It has proved to be convenlent fto follow the suggestion
of Powers and Brownyard [14] and subdivide the total water content
into evaporsgtable and nonevaporatable water. In the drying process
used by these two waters, which has been further developed by
Copeland and Hayes [26], the nonevaporatable wgter is to be approx-
imately equated to the chemlcally bound water.

In the method usually used, for practical reasons, for deterw
‘mining the content of "free water! by heat treatment at about 105°C,
it is disregarded that [1] the adsorptively bound water 1s perhaps /11
not completely expelled Quring the heat treatment and (2) that the
cement paste also gives off water at this temperature which is
- actually to be atbtributed to the chemlecally bound water. So, for
example, 1t has been attempted to improve the reproducibility of the
process by keeping the drying temperature very constant and specify-
ing the drying time [28].

The forees to be overcome during drying depend on the bond type
exlating In each case, If we disregard the chemiecal bond, then on
the one hand we are dealing with capillary forces which are deter-
mined by the capillary radius as well as the surface tension and the
contact angle of the medium. Secondly, we are dealing with
VanderWaals forces which hold several layers of water molecules on
the surfaces. The speclal condlitions of the pore space are expressed
in the absorption isotherms measured by numerous authors (e.g. [291])
to characterize the drying behaviour of cement paste and concretes.
In so doing, the water content, according to the theory of caplllary
condensation, can also be related to filled pore sizes with radii be-~
tween 0.1 and 50 nm [30].

Besldes the method of characterizing the moisture content in
cement paste and also in concrete on the basis of welght loss due to
heat treatment at 105°C ("gravimetric method"), a wide variety of
physical effects are used to measure moisture, the use of which de-
pends largely on the specific experimental conditions involved,.
Altmann [31] gives a 1list of the most popular methods (also see [32]).

1.1,4, Technological Properties

Besides the internal interfacial energy forces, external con-
ditions also influence the hardening and state of the cement paste.
Just as In the above considerations, it is assumed that the harden-
Ing takes place at room temperature of about 20°C and a relative
humidiséy »80%, so that the equilibrlum moisture content of the cement
paste or concrete necessary for the reaction steps is nobt exceeded
(ef. [29]).  For the sake of completeness, we should here point out

,,,,,

°The term "molsture content" used below, which corresponds to the
evaporatable water, dlistingulshed the different states. With respect
to the term "hygroscopic moisture content" see [27].




that carbonlzatlon processes, which likewise cause structural changes,
are disregarded here because, In general, they are impertant only for
surfaces wlth direct access to wear and moreover they proceed very
S510Wly.

Sinze the strength of the cement paste depends basically on the
surface forces prevalling between the gel particles, it increases
with age, i.e, as the amount of hydration products increases. Fur-
thermore, both the compressive strengths and the bending strengths
arve determined by the total porosity, and since this depends on the
water/cement ratlo, there is a direct relationship between strength
and the water/cement ratio [33]. With respect to the pore space of
concrete, Pilny [34] points out that the larger hollow spaces, which
are to be attributed to defeetive compression, contribute far more
to the reductlion in strength than the porosity dependent on the
water/cement ratio.

Pore space and moisture balance are closely interrelated to
the most lmportant technological parameters of the cement paste and
concrete, So the shrinkage following the pouring of the concrete is
due to the chemical bonding of water which is initially intense and
then becomes slower. By contrast, the reversible shrinkage or swel-
ling is obviously caused by changes in the internal state of stress
during the drylng or filling of the capillaries. The irreversible
deformation due to shrinkage, clearly a function of the porosity,
are attributed to structural echanges in the cement paste [35,34,11].
Slow displacement of water from the capilllaries is also regarded,
for example, as the cause of the creep of cement paste occurring
under load [34, 36]. Of the many articles on this problem, those
by Bazant are to be singled out. He considers the interaction be-
tween the surfaces determined by the microstructure and the water,
which is absorbed in variable layer thickness, as the determining
mechanism for creep (e.g. [37, 383).

1.2, Influence of Increased Temperatures on the Behaviour of Concrete

1.2.0. Demands on Reactor Conerete

Since concreve offers effective protection against A and neutron
radiation, which are especially dangerous because of their penetra-
tlon capacity, it is advantageously used in the construction of
nuclear reactors [39]. The attenuation of A radiation is accomplished
by the relatively large mass provided by thick walls while the neu-
tron flux is slowed down primarily by the hydrogen atoms present in
the cement paste (on this point see Ffor example [40]). The use of
concrete in thickwalled vessel structures, however, presupposes pre-
cise knowledge on the phenomena to be expected in the pore space as
a result of thermal stress. The development of these phenomena is
influenced by changes in the heat and moisture conditions. In the
context of the prestressed concrete reactor vessel program (ef. [8]),
Eibl and co-~workers [41] have presented a "Study on the Determination
of Speclal Concrete Properties in the Construction of Reactor Pressure
Vessels™, This reports on the present state of knowledge. In this




‘rébart,‘a~tEmPéraﬁur¢-diffégence'of 80°C between inside znd out- /12
side 1s tgken as g basls Tor the U"temperature when loaded" of the

1.2.1, Heat of. Hydvitivn

.~ The thermal stress of the vessel willl be set at a point in
time at which the concrete is already In an-advanced stage and has
‘reached a relatively high degree of maturity. Its propertles,; how-
‘ever, depend on the preceding history of events, within which tem-

perature changes after pourling of the concrete are especially
~important in the casé of massive structural members. The heat
released as a result of exothermlc reactions during hydration can,
as a consequence of thermal expansion, cause permanent deformations
in the concrete, which 1s still not very hard, and also lead to the
formatlon of cooling cracks after cooling and contraction [42]. With
sultably large temperature differences, structural stresses must
aisSo be taken into account inasmuch as cement paste and aggregate
have very different thermal expansion coefficlents, Very little is
‘known, however, sbout the effects of such structural stresses on
the association between cement paste and aggregate (ef. L[431).

1.2.2. Heat and Moisture Conductivity

At the time the reactor is put Into operation, the concrete of
the pressure vessel has assumed the temperature of the surrounding
alr (about 20°C). A relatively thintouter layer on the external
surface wlll have adapbed itself to the surrounding air by releasing
molsture, while the vessel wall in the interior will have the original
total water content, The insgide of the vessel is sealed by a metal
liner so that no moisture can be lost there.

The temperature field which 1s established in the vessel after
being put into operation leads to changes in the original, almost
uniform moisture distribution as a result of moisture conductivity
in the direction of the heat flow. It has been attempted to simulate
these events in experiments using concrete beams of different sizes
heated on one side. The-special canditions which existed during
thezse experiments are unfortunately reported for the most part only
in broad terms, and in many cases there is no data on the composition
of the concrete necessary for further interpretation. Browne [44] |
cites results reported by Ross and co-~workers [44] on a beam about
1,50 m long with a temperature load of 80°C as opposed to an ambient
temperature of 20°C, Hornby [46] reports on moilsture profiles which
were measured on a 2,70 m long beam, one face of which was heated to
gsggmperature of 150°C, while the other face had a temperature of

For beams measuring between 0.6 and 3.1 m long, which were
heated to temperatures of 125°C on the sealed, vaportight face,
England and Ross [U47] give water content distributions as a function
of the heating time.
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McDongld [48] reports on experiments on a 2,74 m long beam of
concrgte with calclte sggregate (fresh conecrete bulk density 2.38
kg/dm- 3 water/cemgnt ratlo 0.47; compressive strength after 28 days
approx, 420 kp/em~)., The heating of the beam, which, taking into
conslderatlon the sctual shape of a vessel sectlon, tapered towards
the Inslde, was begun at an age of 17 months. Since after 127 days
of heating at about 65°C on the hot Pace, noticeable changes in the
molsture distributlon could be detected only on the free face,
McDonald assumed that with this temperature gradient (BU°C/2.74 m)
and the other parametcrs, andadverse effect on the propertles of the
concrete did not have to be reckoned with.

The expected changes in the moisture distribution in the concrete

- wall are discussed by Waubke [41] with regard to the usual diffusion

equasion (Flckts first law)

AT/8t = div (k-degree £) (1)

(ef. [49]), which is valid for a steddy diffusion current, In this
equation, { represents the molsture content, t time and k the dif-
fusion coesfflecient (moilsture conductivity). With the diffusion
equation, the actual relldtlonships can only conditionally be taken
Into account, since the "internal drying conditions", which are to
be measured by the molsture conductivity, are constantly changing.

To be sure,:various equations have been proposed for the dependence
of molsture conductlvity [29], however Waubke comes to the conclusion
that In &ll studles the temperature dependence has been disregarded
and, moreover, corresponding experimental studles are lacking. In
the study chrried out by Bazant [50], Waubke continues, it turned

out that the pore structure necessarily takes on declslve importance.
Under practical conditions it is to be assumed [41] that & thin
shell reglon drys out on the outside In which the condltions there-
after no longer change conslderably. By contrast, in the moist
internal reglons, as a result of the strong temperature dependency

of the molsture conductivity, changes in the moisture proflle have

to be taken into account which could have an influence on the changes
over time of the local temperature conductlvity.

Therefore, in agreement wlth the data given by the authors
clted above [Rﬁ“MTJ, immediate changes are to be expected in the
molsture content of the (open) external surface as well a3 on the
heated lnslde surface of the vessel., Very slowly ilnercasing losses
wlthin the moist interior are to be expected only after a longer
perlod. Wlth the mathematlceal equations avallable it is not possible
to predlct the course of the drying process over time, because we do
not have the necessary characteristic quantities of the material.
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| 1‘2~3; Technaloéical Properties

The ghove studies [44-48] cover speclial characterlstle values
immediately necessary for constructive caleulatlons. With the
material changes, ahove all those concerning pore structure,

the heat-moisture evants cause deformabtlons as a result of
shrinkage/swelling and thermal expansion. Moreover, wlth =z
reductlon In moilsture content we must also take into account

a direct impariment of thermal conductivity. In this connectlon,
we can merely méntlon the thermal effects on creep as well as on
the strenpbh propertles and the elastlc behavlior of the concrete.

With regard to the shrinkage phenomena, Ross and Parkinson !
[51] discuss experiments on pleces of concrete measurlng about
1.50 meters Long and inade of gravel consrete with a water/cement
ratio of 0.6, after three years of heating (heating started at
an age of 139 days) the face heated to 80°C at a degree of
shrihkage of-abuout 300 unyim and the open face (23.8°C) had a
degree of shrinkage of about 150 um/m, while the interior, which
remained molst, remained largely free of expansion. According
%o [44], based on studies reported in [45], a degeree of shrinkage
of about 400 um/m is %o be expected for the concrete on the face
heated to 80°C. In [41] it is polnted out that these relatlvely
hlgh values may be caused not only by drylng processes, but pre-
sumably they are also attrlibutable to the decompostlion of hydra-
tion products at temperatures above about 80°C.

According to the mechanlcal theory of heat (ef. [52]) molecu-
lar kinetlc phenomena are responsible for the thermal capaclty,
the thermal conddetivity and the thermal expansion of & material.
The thermal expansion of sollds is thought to be caused by the
increasing kinetlec energy, resulting from an inerease in tempera-
ture, of the molecules or atoms osclllating in the space lattlces,
l.e. the thermal expanslon behavior depends first of all on the
nature and structure of the materials. In the case of concrete,
besides thils type of expansion, volume changes occur which arew
related to molsture phenomena. According to Pilny [53], linear
deformation occurs if, for example, as & result of changes In the
hygroscople equllibrium, water is condensed out of the large pores
Into the gel pores.

In g fundamental work on the thermal expanslon of cement
paste, rocks and concretes, Debttling [54] distingulshed the
rue thermal expansiont, which is measured as the overlapping of
thermal expanston wlih mechgnlcal expansion, and the "apparent
thermal expansion®, whlch occurs as an inevitable result during
temparature changes due to rearrangements of molsture, Thus,
In the dry and waterwsaturated state, cement paste has expansion
coefficlénts differ%ﬁg only slightly from one another on the
crder of o=l0.0+107°/°C, Compared wlth this, with moisture contents




between ?Oﬁland 45%, depending on jhe age, maximum expansion
‘eoefficlents between 21 and 23+107°/°C result due to the con-
trlbutlon of the apparent thermsl expansion.

Dettling, who has evaluated the extensive data of various
authors (e.g. L[55]1), gives equatlons for calculating the linear
thermal expansion ecefficients of coneretes In which the domi-
nating influence of the aggregates on the expandlion behaviaor
is expressed [56]:

e = {u,, - a,) « C) +a, (2)

In thls equation a,, represents the expansion ecoefficient of the
cement paste as a %unction of the moisture content, apge and tem-
perature; o_ represents the expansion coefficlent of the aggre-
gate, 1f nefessary as a function of temperature; the factor C
(b) takes into account the composition of the concrete. TFor
temperatures between 20 snd 80°C, the dependence of expansion
coefficlients of coneretes on temperature is small and might
perhaps produce & noticeable effect 1f limestone is used as the
aggregate [57).

With respect to the state of latent stress creatéd in concrete
88 a result of increased temperature it 1s pointed out [58],
that a considerable portion of the amount of expanslon 1ls pre-
vented by the amount the thermal expansion coefficlent of the
cement paste exceeds that of the aggregate. The resulting struc-
tural stresses 'may well lead to plastic deformations of the
cement paste. As to the question of to what extent this is re-
lated to consequences for the pore structure of the cement paste
and, for example, also for the mechanlcal properties of the ce-
ment as a function of the state of maturlty in question, no data
could be found in the literature.

Krischer [59] has theoretically snalyzed the relatlonships /14
between "heat transport and material transport" in porous sub-
stances for temperatures up to about 100°C. According to him,
besldes the heat conductivity of the solid components, moisture
content and temperature are also decisive factors, since con-
slderable quantities of heat can be transported durlng vapor
diffusion processes, In thls connectlon, Cammerer [60] states
that, to be sure, the theoretical prineciples have largely been
§or§§d out, but that many practical empirical values are still

acling.

The overview presented by Rieche [U41] en the heat conductivity
of heavy concrete, which takes into account the studles of a wide
varlety of authors, Indeed contalns & number of values, but in
some cases these dlffer considerably from one ancther and do
not take Into account at all, or only lnsufficiently, the effect
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of molsture content and temperature. Above gll, thls may he SR I

due to the faet that the so-cslled stationary measuring-methods DS
ugually used for studying thermal conductlviiy agalnst wvarlable SR IS
molsture contents and wvarlahle temperature are not suitable. oy

A E-:‘

With regard to thermal conduction of the solld components I

of hardened concrete, It is the view of Missenard [61] that first L B e

of all the type of cement as well as the cement content, the IR R
mineral structure of the sggregate and the compressdion of the RN R

fresh concrete are Important. According to Marechal [62], the I O«
thermal conductivity of concerete is possibly more influenced a

by the shape and arrangement of the aggregate granules than by
the "lntkinslc conductivity" of the rack. With the ald of a

theoreticsl model, Harmathy [63] has calculatéed the thermal St
conductivity at room temperature for different compositions ;f 1
of conecrete. Accordingly, for 85% by weight of quartz aggre-~ e
gate In concrete he arrives at A=2.5 W/m.K, and for about the Py

same proportion of feldspar aggregate he obtains 2=l.3 W/m+X A b
(also see [U41]). This may explain the limit values to be N EEE B
expected as a result of different aggregates. U N
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In [#1], Rleche states in summary form that for concrete in ?ﬂiiiﬁﬁ
a molst state at temperatures above 60°C, a considerable increase el
in thermal conductivity (40-50% in comparison with the dry state) SRR

should have Lo be taken into account. In the ease of massive
structural members, he adds that only very slow drying and
correspondingly slow alteration of thermal conductivity are to

be reckoned with. TFor calculating temperature fields, the
following limit values are given:

1.3 <X < 3.5 (W/m-K)

l1.3. Statement of the Problem

To be sure, the most important relationships in the forma- RIfQ‘T 1
tion of cement paste are known, but the pore space, which is .
a8 determining factor for the binding of the water and for the X
technological properties, is not yet satisfactorily characterized. T A B
In particular, there is & lack of data on the actual pore shapes IR
as well as on the three-dimenslonal arrangement and distribution S R A
of the pores. Likewise, very little has been reported in the i :

literature on the Influence of aggregates on the pore space of
mortars and conecretes,

The internal, interfatisl energy forces are a function of
the properties of the pore space and also of the wetting be-
havior of the water contalned theréin. By changlng the external
conditions, the heat-moisture haslance is disturbed. The tem-
perature directly alffects the development processes,and,
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o pfesumably'at temperatures above about §0°C, already causes

structural changes in the cement paste.

Data d= avallable from studies of molsture conductlvity
in massive strucbural members under heat stress whiech allow us
to draw qualltatlive concilusions. According to this data, we
must briefly consider changes in the molsture contentson the
open external surface and on the heated iInternal surface. The
moisture distFibutlion in the Interler, by contrast, changes
slowly only In.the course of several years of heating.

Depending on the Ltype of concrete, the degree of shrinkage
en the heated and largely dried Internal surface is expected
to be on the order of 400 wi/m. The thermal expansion coeffi-
clents of the concretes are not anly strongly dependent on the
type of apgregates used but alse on the molsture content, and
1 the expansion characteristics of the cement paste and aggre-
gate are known, these coefflclents can be predicted. At tem-
peratures below 100°C, the thermal conductivity depends largely
on the molsture content and temperature. Although the theovetical
relatlionships arecclanified Lo & large extent, there is a lack
of nractlical measured values, or more precisely the data glven
in the literature differcwldely from one anothen,

The data glven In the literature on heat and molsture con-
ductlion in massive structural nembers acted upon by heat are
only spotty and are not sufflclent for representing the develop-
ment processes, The same Is alse true for the technologlcal
properties affected by changes In the heat-moeisture eonditlons.
In order to make possible quantitative informetion, it was
theralore necessary to study in detall heat and melsture eon=
ductlon in conerete while varying the determining parameters
and werlfy the findings experlmentally. At the same time, the

material changes decisive for the technological propertles had /15

to be determlned and relateddito the processes in the binding
agent matrix.

2. Qur Cwn Experiments

2.1, Materlals and Method

2.1,1."Experimentgl Materials

2,1.1.1. Raw Moterials for the Conerete

For the heal and moisturé conduction experiments, as far
as possible the same concretes were to be used &s in parallel
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programs of the prestressed conchéte regetor vessel project belng
carrled on elsewhere [8]. Accordingly, two types of concrete
“were to be studled, These differsbasicglly In the type of aggre-
gates, one of them involving crushed limestone and the other sand
and gravel., The aggregetes and the cement wewe obtained with
the cooperation of the Friled. Krupp GmbH C6., Universalbau,
Essen, from the same deposits and manufacturing batches respect-
ively so that by using substances which were obtained off pro-
duced at the same time under the same conditions the compara-

, bility of the vesults could be guaranteed.

The erushed 1imestone material, referred to below as calclte
aggregate (In analegy to the term caleitic conerete ete.) was
suppli.d by the Rhine limestone works in WHlfrath in fractlons
of 0/2, 2/5, 5/8, 8/12 and 12/16 (the elassification corresponds
to the square aperbure fractions as per the "Memorandum for
Granulations from Crushed Natural Rock (Rock Materlal)" of the
the Research Assoclation for Highway Construetion). It was
dried st 105°C and subdivided by sifting into 8 fractions and
3 gapped gradings. The aggregate mixibare composed of the groups
for making the ¥ealclte" coneretes (beams 1, 2 and 3) corresponded
to the grading curve as per DIN 1045 as shown in Fig. 1 [1]. f%he
grading curve includes the limestone powder to be added according
to the.recipe. This powder was also obtained from Wilfrath and
its aggregate grading i1s shown in Table 1.

Table 1
Agpregate grading of the rock powders used.

S o B Anteil in Gawesd
Gestiinae, | o dex !{orngruppen ¥ e
- mehl
0/56° i 50/100 1 -mo/a'u| :-250

. "I
Jokalksbeinmohl Bhes | 382 | 9.0 o
D uarssehl | 31.8° | apio | 324 | 4.8

-~

Key: A. Rock powder
B. Proportion in ¥ by "
welght of the fractions
C. Limestone powder
D. Quartz powder
¥ fTest screens as per
DIN 4188 [4].
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Fig. 1. Grading ecurves for the calclte and gravel-sand aggregates
used for making the coneretes for beams 1, 2, 3 and 4,5, 6 re-
spectively with a maximum grain size of 16.0 mm.
Aperture sizes and grading curve panges are in
accordance with DIN 1045,

Key: A. % by weight
B. Calecite aggregate
C. Gravel-sand aggregate
D. Undersize
H. Aperture wildth

iy LT SR

The uncrushed material, ranglng in shape from round granules
torwafers and conslisting for the most part of quartz or granules
with a hlgh proportion of quartz below referred to as gravel-sand

R AT

aggregate (analogously, gravel-sand conerete and sa forth), came 1
from the Heinrlch Elskens AG Co., Dulshburg. The name glven to o
1t by the cumpany wsa “Schifferstrasse® and it was delivered iIn £
the fractlons Q/3, 0/15, 7/15 and 15/30 (classification as per 2
DIN 1045, July 1952 edition). After drying at 105°C the material i
i) i
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‘was subdivided Into six fractlons and a gapped grading by

- sereening, The mixtitwre compesed of the fractlons for the
concretes with "gravel-sand aggrepate® (Heams 4, 5, 6)
corresponded to the lower grading curve shoun In Flg. 1 as
per DIN 1045 [1] which fncludes the quartz powder vsed
gecording to the recilpes for mbking the concrete. The
guartz powder was obtalned from Dr. Miller GmbH West German
Quartz Works, Dorsten (manufacturer's brand:name: "Silicite")
and its apgregate grading is shown in Table 1.

: The binder used was a Portland cement with a high inltial
strength of the strength class PZ 450 F DIN 1164 [3]. The
cement, dellvered in sacks, came from the Dyckerhoflf Zement-
werken AG in Neubeckum and carrled the brand hame "Mark II",
Random sample analyses (ef. sectlion 2.1.1.4) of the cement

0 characterized 1lts properties revediled the following char-
acteristic values: .

Composttion, DIN 1164, page 3 I3]
Satdsfles the regulrements;
cf. Table 2.

Fineness of grinding, DIN 1164, page 4
Remainder on the test screen fabrilc
'0.2 DIN 4188 0.4% by weight

specific surface using=the air permeabllity method 3470 ema/g

Setting, DIN 1164, page 5
Start of setting measured with a needle device 97 minutes

Scundness, DIN 1164, page 6
The results of the boiling test safisfled the requirements,

Strength, DIN 1164, page 7
The specifications of strength class 450 F were satisfied
(ef. sectlon 2.4.2.2.).
Compressive strength after 28 days s
on average 50.5 N/mm

Heat of hydration, DIN 1164, page 8

273 J/g

) (= 65 cal/e)
The evalution of heat for Portland cement with higher
initlal strength In comparison with that of a blast-
furnace cement with slow initlal hardening is illustrated
in Flg. 2 using tempergture measurements made in a glass
contalner insulated with polystyrene foam, For each
substance the container was filled with 160 g of pure
paste with a water/cement ratio of 0.4,

Density 3.10 g/cm3
determined as per [64].
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A. Ingredlents - Q. Chloride
B. Percent by weight R. Remainder (not
C. Without loss on ignition determined)
D. Loss on ignition, 100Q°C S. Total
carbon dioxide contalned T. Potential phase
thereln composition
E. Insoluble residue U, Limestone standard
F. Silicon diaexide V. Iron-alumina ratio
G. Aluminum oxide W. Silica modulus
H. Iron oxide +) Sample preparation,
I. Titanium dioxlde analysis and calcu-
J. Managanese oxlde lation as per [65]

Calclum oxlde

Magnesium oxide
Potassium oxlde

Sodium oxdde

Sulfate

Corresponding to calcium
sulfate
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Fig. 2. Change of temperature over time of "Mark II" PZ 450 F
Portland cement in comparison to HOZ-350 L blast-furnace
cement. Measured in a glass container insulated on all
sides, for each sample filled with 160 g of pure paste

with & water/cement ratic of 0.14.

Key: A. Temperabure
B, Time in hours
G, Heat of hydration after 7 days
D. Measured on 160 g of Easte,
water/cement ratlo=0.4, In a
polystyrene foam box

2.1.1.2. Conecretes

As far as possible, the concrebe compositlons were adjusted
to the recipes used by Fried., Krupp GmbH Universalbau Co. [8].
Complete agreement in the proeperties of the concretes could not
have been achieved in principle even using the same starilng
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materials, because of inhomogenelties of the aggregates, different
manufacturing and processing conditions ete,

As 1s obvious from Table 3, for the two types of concrete,
differing in terms of the aggregate, three different mixtures
were made, ylelding beams 1, 2, 3 and 4, 5, 6 respectively.

Table 3
Characteristic data for the fresh concretes with
calcite aggregate (beams 1, 2, 3) and gravel-sand
aggregate (beams ﬁ, S5¢:07:

O 3 - - X - -

A | Beton mit calcitischem Zuechlag BBeton mit Kiessand -Zuschlag
C -Balken Nr. C ‘Balken Nr.
1 ; 2 3 4 5 6
D Zuschlag xg/m’ 1928 1903 1878 1927 1906 1892
E Zement (FZ 450 F)  kg/m’ 341 537 333 305 301 299
F %/2-Wert 0,50 0.565 0.63 0,52 0.575 0.63
G Verdichtungsmal 1,40 1.27 1.14 1.22 1.1 1410
nach Walz i ™ s
H Luftporengehalt Vol.-% 1.3 135 15 2,3 2,2 : i =99
I Prischbetonroh-  kg/dm’| 2,44 2,43 22 | 2,39 2,28 2,38
dichte +
e 0L A LN IR e AR ILGELNR BRI AR S
Druckfestigkeit im
J Alter von ga Tagen N/mm® 52.5 46,0 39,8 512 49,5 43,0
(Lagerung nach
DIN 1048§

Key: A. Concrete with calcite aggregate

B. Concrete with gravel-sand aggregate

C. Beam number

D. Aggregate

E. Cement

F. Water/cement ratio

G. Degree of compaction wusing the Walz method

H. Alr/space ratio, % by volume

I. Fresh concrete bulk density

J. Compressive strength at an age of 28 days (curing as per
DIN 1048)

+) Average values of cubes measuring 20 cm on an edge.

~Commas should be read as decimal points,
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First of all, the compositions for concrebes 2 and 5 had to bhe
established by means of callbration experiments wlth a specified
aggregate mixture, With approximately the same water/cement
ratio and a different cement content, in particularly because

of the specific propertles of the agpregates, the degree of
compaction usling the Walz method was on the border hetween
consistency ranges K 1 and K 2 as per DIN 1045 [1] in the case
of beam 2, and in the case of beam 5 it was cn the border between
consistency ranges K 2 and K 3. Both concretes had good worksihl
abllity and at an age of 28 days they reached the compressive
strength levels shown in Table 3. (cubes measuring 20 cm on a
side). Using as a basis the mixtures for beams 2 and 5, the
compositions for beams 1 and I were obtained by decreasing

the water/cement ratlo, and for beams 3 and 6 by increasing
this ratlo., As is obvious from the degrez of compaction of
1.40 for beam 1, this mixfiure was close to the limit for prac-
tlcal workablility. The degrees of compaction of the mixtures
for beams 3 and 6--1,1L and 1.1Q respectively--were about at

the transition between consistency ranges X 2 and X 3. With
regard to the sddimentation of fresh concréete during pouring,
a-greater addition of water would not have been suitable, in
particular in the case of beanm 6.

Since the scope of the project could not be expanded at /18
will; the experiment had th be limited to ¥arying the water/
cement ratio parameter Important for the formation of the pore
space. The compositlion of the coneretes for beams 2 and 5 was
adjusted to the practlcal demand for good workability with a
low water content. From the standpoint of workabiltiy, larger
gradations of the water/cement ratlos would not have been appro-
prlate.

The concrete was mixed in & 150 liter compulsory type mixer.
Altogether, for each beam--including the test specimen for the
compressive strength tests and the accompanying technical analy-
ses—-Tlve mizer loads of the following composition were necessary:

Concrete with calclte aggregate

Aggregates as defined by the grading curve in 205.80 kg

Fig. 1 (composdd of 11 fractlons)

Limestone powder h,.20 kg

Cement ' 37.20 kg

Water (beam 1 18.60 kg
" beam:2 21,03 kg
beam 3) 23,42 kg
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' Conorete with gravel-sand apgregats

Begregates a8 doTae by e O Srestions] 20160 ke
Quaﬁtz’powder' 7‘ 8.40 kg
cemént | . | 33.20 kg
Water (besam 4 - ' lj,E? kg
heéﬁ”5’ _ : 19.10 kg
beam 6) | ' 20.91 kg

The conecrete fpr the cylindrical test specimens (df. section
2.1.2.2) and for the reference samples for setting up evaluation
nomograms {(cf. section 2.2.3.2) ete. were made later on in addi-
tional loads. ,

During the pouring of the beams, the concrete was poured in
layers of about 5 cm thick into the form formed by the vapor lock
(6f. section 2.1.2.1.1) and compactéd by tamping and by vibrating
with an immersion vibrator 3 em thick. The amount of fresh con-
crete used in each beam was determined by welighing. The weigh-
ing was also used to estimate the bulk densitiés and total water
contents listed in Table 4. The sample cubes for the compressive
sbrength analyses and for the experiments to determine the
techntdal concrete characteristic:zvalues (Table 3) were pre-
pared according to DIN 1048 [2]. DIN 1048 specifications were
also followed in preparing the eylindrical test specimens and
the reference specimens, and so forth.

2.1¢1e3. Matrix Mortiar

From the results of the preliminary experiments it was con-
cluded that the structural development could not be sufficiently
characterized solely by means of cement paste analyses, Rather,
it was to be expected that precisely the type of aggregates
used would be important with regard to the pore space. However,
because of the equipment used for certain tests, in particular
for the pore slze distributiion test, only small samples can be
used, conciete ltself was excluded as a test specimen. As a
rule, concrete has a low proportlion of cement paste which, more-
over, would deviate sharply in small samples., In order to be
able to determine the special features of the pore space caused
by the aggregate, as well as to adequately adjust the sample
material to the demands of the measurement method, the struchural
development tests were performed on mortars. With the exception
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panying-matrix mortars.
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...,."-i"Bulk densities and total water contents of the
_gconcretes compressed in. the beams and the accomv o

A Eigenschaften .
d .Bulkenbefons S
Trockenrohdichte C 2428
e - Je e 20,15
: | (2.20) -
: Geaamtwassergehalt 7 s 1459 16,0 17’;'0"-- :
A7 (vor Heizbeginn) K o L
2,32 |28 | aie |z | 2.
e {Frischrohdichbe : , S S T I o
Mgrtelherstellung verwen—-N sikon o . _ - o nis D Co
b o : kg/dm) (2.48) | (2:85) | (2is3) | (2| (241) ] (2039
i .-,Gesamtwassergehalti -t»,_-g-)-'J_.- Gew.-—% 12.8°  |13.9 %6 | M6 1242 | 13,2
' (Gesamtwassergah d e - S :
“ zup - Ngrtelhershe: SR SRS . ' " , -
.. ¥erwendeten Beto .', e Gew.-—ﬁa) {842} - (9:3) (7:8) 8.2) (9.3)
Rohdiskke - P ‘%?aT'" kg/dm 2,32 . 2,29 . 2,31 ] 2.29 2,30
= Mittelwerte: der&im Alter . b : :
von 1 Tag in dieiBalken .
eingeset;zten Fro akorper-—:Q"‘ S
Key:' A. Properties I. Dry bulk density,
. B. Concrete ' estimated
C. With calcite J. Total water content
‘aggregate K. Before the start
D. With gravel= of heating
sand aggregate L. Of the matrix mortar
E. Beam number. M. Fresh bulk density
F. 0f the beam N. Fresh bulk density
concrete of the doncrete used
"G+ Dry bulk denslty to make the mortar
H. Measured on samples 0. Total water content
of the beam concrete, of the concrete used
¢f, section 2,2.5 to make the mortar
' P, Bulk density
- +1 Taking into con~ Q. Average values of the

slderation the

relatively large .

spread of densities
++] Determined by kiln

test speclmens inserted
inte the beams at an
age of one day
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weight of the dried sample

i g i g

e
9

RPN
Vo
ey gt e




of the large particle slize, these mortars mateh the concretes
from which théy were obtalned by careful sifting of the fresh
conerete on a screen with round holes measuring 5 nm in dia-
meter mounted on & vibrating table. Cement grout residues and
only a few fine pleces of aguregate adhered Ho the screening
refuse partlcles, Accordingly, only the coarse aggregate

(»5 mm) portlon (about 30-40% by welpht of the aggremste in
acoordance with thd: grading curves In Fig. 1) and the cement
paste adhering to the particles retsined by the sereen were
removed from the origlnal concrete mixtures. The mortar obe
tained as understze, given practlcally the same water/cement
ratlio, has different characteristic technical data than the
orlginal concrete mixture, but especlally differvent aggregate/
cement ratio and a different bulk dénsity (ef. the bottom halfl
of Table 4). By sepavating out the course particle portlon,
the geometric Interrelationships of the indlvidual components
were changed. However, the properties of the mortar practically
matched those of the matrix Inbto which the course particles are
imbedded. Tor puirposes of clearer distinction from the mortar
nixtures made using quartsg sand as the agpregate, the mortars
obtalned from the fresh cohcretes are hereafter referred to

as matrix mortars.

After screenlng, the matrix mortars were once again tho-
roughly mixed and put lnto chronical PVC forms with a volume
of 26 cm3. The 64 test specimens for each beam were compressed
at the same time in a Jlg attached to the vibrating table.
After scraping and welghing, the test specimens were stored
at 25°C and almost 100§ relatlive humidity until being inserted
into the recesses provided for on the tops of the beams (ef.
section 2.1.2.1.1).

2.1.1.4, Cement Mortar and Cement Paste

The cement stored in 40 alrtight containers, each con-
talnlng about 100 kg, was sampled randomly by wlthdrawlng three
25-kg samples. In additlon, a collective sample welghing 30 kg
was made up by mixlng samples from all of the containers.

The cement of the random samples was used to make prisms
megsuring 4 em x 4 om x 16 om out of cement mortar as per DIN
1164, page 7 [3]. These were also to be used to evaluate the
uniformity of the propertles of the cement.

The cement of the collectlve sample was used to make
priens measuring 4 ocm &: 4% om x 16 om of cement paste with
water/cement ratlos between 0,2 and 0.55 in gradatlions of
0.05. In so dolng, the cement paste test specimens, up until

2l

xl

B e
R

/19

—— . T T s EPCPE T L R ST R g ER - -k A 5 ¢ Ly BT A
R ot i R R R S P e R N e o) . s AT RIS SETRE R - v T o s 25 d B o RE G el
T i« P v ’ = £ e s IR P e L SR R G e ! RraE oY 2 & W L AL £ Rty -
s J , LE ] Lo, a L IR NS - - NS S PR .
: “ R = o ) e -t . T o e v T Y T L, : . e P T o FEEE
Ar- T . * K x e AR L, L. I ) s " i k- 5 St G o e
i Bk . . g B e S o + - L - 4 H Ea LE i e R T S LA % = v S
B A My P o NERE . L L .- - - L Pl iy e i ==, — S L R
. N Y. S LI e 5 e 5 : — o — - T R : ; Sl T
s — » e " - 7 e i S . o . . . et R e e P A W S
: . - . - IR B PR R ot - e DR T e - " o . . A e o LW, T AT ST NP
e S em . e e e B i ar e N S e L e TN P AT FUPEREL S T Kool 2R A M g A i g% YEC o i\ Leaf s 33kt atelie by it ik, a
-3 A ol s St H AT, 2 s TSP LT N d R el T T Fla S BELARE Y -7 7
N AR ot s Dl e A S 5 L Pl DI - e m -




"f_;“fthe:fﬁrma.wéﬁefOpéne& afﬁérfé4 hours, were trested according
. to the specifilcations of DIN 1164, page 7 [3] and then stored
-untll testing In a saturated calelum hydroxlde solutlon.

- 2.1.2, Dxperimentsl Conditions, Set-up snd Procedure

- 2.1.2.1 Experiments on the Concrete Beams

'é.i;a.i.l. Experimental Arrengement . and Prodedure

In view of the complex events connected with heat and
moisture conduction in concrete, it seemed necessary to per-
formoexperiments directly on large concrete objects, supple-~
menbling these experiments~-to the extent needed--hy experi-
ments on small test specimenz. In planning the experimental
program we proceeded from the premise that a cement waill,
for example of a reactor vessel, wlith a wall thickness of
45 meters is heated on one side, while the other side is
exposed to normal room temperature. In approximating the
actual geometric relationships, it 1s possible, in order
to study the conductlon of heat and melsture, to analyze
the events In a free cut, beam shaped objJect whose length
corresponds to the wall thilckness and the ends of which rep-
resent parts of the wall surfaces. In the experiments de-
scrived below, the beam length could not exceed 240 em for
technicsl reasons. The beam cross-section of 40 em x 40 cm
was mede as large as possible in order to keep edge effects
small which may perhaps adversely effect the phenomena.

In the experimental setup for the beams, the following
condltions had to be tHaken into account. The temperature of
the conerete an the heated face should be 80°C and the tem=~
perature on the face exposed to passing g&lr should be about
20°C with a relative humldity of around 45%. So that, in
analogy to the heated wall, heat and molsture were transported
only from the inside to the outside, L.e. in the direction of
thellong axis of the beam, external effects had to be kept
from impairing the temperature distributlion and moisture
distrlbution, l¢e. aboye all, measures had to be taken %o
gﬁevgnt the loss of heat and moisture on the long sides of

1o eans, }

Diggrams of the experimental sebup are shown in Flg. 3.
The entlre arrangement is locgbed in an air~conditioned room
with an air temperature of 20°C and 45% relative humidity.
With the exception of the free face, the conerete beam is
surrounded wlth a vapor seal made of copper sheets.0.2 mm
thick soldered together. These sheets are costed with epoxy
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resin sprinkled with sharp quartz sand in order to achleve
a tight bond between the vapor seal and concrete,
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Filg. 3. Schematic representation of the apparatus for studying
heat and moisture conduttion as well as the accompanylng concrete
properties of a concrete beam meaaurin% 240 long, 40 cm x 40 cm
in cross-section, heated on one face (80°C), with a vapor seal
and heat insulation. Conditions on the free face: 20°C; 45%
relative humidity.
) 20 em x 40 em x 240 em concrete beam with measurement planes
to Q.

Thermocouple

Humidity measuring device

Expansion transducer
with a glass tube arranged along the long axis and a vapor
seal next to the heated face and on the long sides,
Thermal insulatlion layer, a total of 30 cm thick, made of
rigid polyurethane foam and polystyrene foam with
an outer casing.
Heating plate, 40 cm x 40 cm, pressed against the insulated
beam by springs.
4, Heat flux measuring plate, 40 cm x 40 cm,
5. Counter-heating strips with adjustable resistors.
6. Thermocouple for measuring temperature gradients,
7. Neutron probe for measuring humidity.
8. Rule for measuring the length.
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‘A cast Ipon, electric heating plate ls next to the left
face of the bheam. This Is gulded over pins and pressed against
the beam by springs, Heat l1s applled to the concrete beams
by this hegting plate through & heat flux measurement plate,
also measuring 40 om x 40 cm (cf, sectlon 2,2.2) and a 2-mm
thick soft copper egualization plate. The heating plate, which
welghs sbout 20 kg and 2z provided with four separate heating
glrcults of 1.25 KVA each, ls controlled through an electrontc
two=-position controller by means of & contactor, In the process
of which the desired value (80°C) on the surfiace of the concrete
is measuréd with a thermocouple. The heating system and beam
are surrounded by 30 cm of thermal iInsulation, the innermost
layer of which conslsts of rigid polyurethane foam, while pady-
styrene foam was used Por the outer layers., In ovrder to pre-
vent mechanlical damage to the vapor feal during the pourlng
of the concrete, there is a l-mm thick protective layer of
hard PVC between thie ¥wgpor and thermal Insulatlon on the
bottom and long sldes of the beam.

Since iIn spite of the high thermal resistance ol the
Iinsulating material used and in splte of the thickness of the
Insulation, heat losses through the long sides have to be taken
into account, electrlc heating strips encireling the beam are
positloned in the insulating layers abt a distance of 20 cm from /21
the surface of the concrete. These conslistcol a 0.5-mm thick
Constantan wire insulated with fiberglass and for more efficlent
glving off of heat they are placed ln a folded sheet of copper
2.5 cnm wide. Their heat output can be adjusted by means of
variable resistors attached to the outer beam casing so that
no temperature gradients exist between the surface of the con-

" erete and the level of the heating strip. This compensation

is monltored with termocouples, specifically by means of a
copper«Constantan~copper element arranged between & heating
strip and the surface of the concrete. The Jolnts of the

-element are 5 cm apart and its thermoelectle voltage difference

with a uniform temperature Iln the cross-section {d 6/d b=0)
gees to Q.

The outer casing, which completely surrounds the structure
and evposes only the free face through a hole measuring about
41 em x 41 em, Is made of 25-mm thlck bourd sheets with aluw
minum foll stuck to them or palnted on both sides, The long
gldes of the sheets are reinforced with steel sections. The
top of the outer casing can be unserewed and s made in three
separate parts. The undercarrisge consists of a gun-mount
type, 2-axle suppurt frame made of I-beams, 'The entire best
assenbly (about 16Q00kg) cen be Lifted by the 4 axle ends for
welghing. (also see Fig. 6).
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Meg. 4. Concrete beam subdivided into sections by "measurement
planes" (labeled A to @) and errangement of the "windows" (la~-
beled 1 to 8 ) on the top of the beamn.

Key: A. Windows
B. Measurement planes
C. Distance fyom the heated face

Fig. 4 shows the 240-cm long beam without casing, thermal
insulation and vapor seal. It is subdilvided by "measurement
planes" into 1% sections which are identified by the adjacent
planes 0/A, A/B, ..., to Q/X and by the increasing distance
from the heated face. BSection 6/4 is 7 cm thick, Q/X 8 cm
thick and all of the other sections are 15 em thick. The
wire grids (polyester~coated wire mesh with a mesh silze of
50 mm and 2-mm thick wire) arranged in the measurement planes
are used on the one hand for anchoring the measurement devices
and their feed lines, and on the other hand they indicate the
fracture planes when the concrete beams are split after the end
oftthe experiment (cf. section 2.1.). On the top side of the
beam there are two "windows! in the vapor seal and the thermal
insulatlion which, after the casing 11d has been removed, per-
mit aceess to the 8 test specimens, arranged on conleal recesses,
for studying the structural development on the matrix mortar
(ef. section 3.3.)., Windows 1, 2 and 3 ave sealed with steel
‘plates and & sllicon rubber gasket pressed between the steel
plate and the yapor seal,. In the case of windows 4-8, a
copper foll 1s mounted over the window opening onto the vapor
seal, with g 3-cm wide hand of gasket material stuck to both
sldes, and pressed tight by the thermal insulation.

The glass=ﬁﬁbe Cinsidé_diametér b1 mm; walltthickness 2.3
mn} placed along the central longitudinal axis of the beam is
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Fig. 5. Arrangement:of the thermocouples, humidity measuring
devices and expansion transducer in the measurement:planes,
formed by grids, for the concrete beams (measurement planes
A to Q in 1ncreasin% digtance from the heated
ace).

Key: A. Legend H. Thermocouples
B. Node line ¥, I. Humidity measuring device

column 5 J. Expansion transducer
C. Thermocouple at K. Arrangement in the

node 45 measurement planes
D, Humidity measuring (grid)

device between nodes L. ©, two thermocouples

42 and 53 for control purposes
E, Expansion transducer in the origin of the

between nodes 46 and beam

. 97
F. Measurement plane s
(grid) py, 2A6%
G. Measurement plane 031(‘:“" QUAY
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sealed off at the end towards the hot face of the beam and
contains & wooden rod covered with foam materlal which pre-
vents the transport of heat within the tube by convectlon and
iIs removed to make the measurements in question,

Fig. 3 and Fig. 5 show the arrangement of the measuring
elements and measuring apparatus in the beam.,

2.1.2.1.2. Procedure /22

In keeping with the object of the experiments, it was
necessary to prepare 6 test setups like that shown in Fig. 3.
Three of these were used for the experiments on concretes
with calcite aggregate (beams 1, 2, 3) and three for the tests
on concrete with gravel-sand aggregate (beams 4, 5, 6), as
already explalned in section 2.1.1.

For pouring the concrete, a sheet of metal reinforced
with a woeden plate and two U-beams was attached in each case
to the "cold" beam faces which would later be exposed to the
air. This sheet of metal was sealed at the edges and also
around the hole for the glass tube to prevent moisture from
escaping. In addition, the test setup was open on top; (Fig.
6). The top portion of the wvapor seal, provided with sealed
window openings, was placed on the compressed concrete and
sealed at the edges. The upper layers of thermal insulation
were put in place on the third day after the concrete was
poured and in so doing the counter-heating strips were united
by a plug connection and the 1id was serewed on.

Fig. 6. View of the structures for studying the concrete beams.
The left unit 1s open on top and the face plate is not attached.
Measurement wires can be seen coming out of the front of the

unit and the heating strips placed through the side wall material.
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'~ The concrete for the Individual beams and for the
accompanyding. test specimens was poured In each case in
one-week Iintervals. For operational reasons, the making of
beams 1, 2 and 3 and 4, 5 and & had to be separated by a
space of about two months. To thls extent, the age of the
concrebe of the two groups differed. TUp to the 28th day
after pouning, becanse of the seal provided on all sildes
by the vapor seal and the metal sheet on the epen face,

the beams could not give off any molsture te the alr flowe
ing around the test appavatus.  On the 28th day, the "eold"
face was exposed and heating was begun. To begin with,
the heating strips were regulatéd every 12 hours on the
basis of tempersture difference measurements In the thermal
insulation, and later every 24 hours, and since only slight
changes occurred, after sbout 35 days of heating these could
be regulated at intervals of several days.

- In view of the external experimeniil conditions, two
perliods accordingly have to be distingulshed wlith regard to
the measurements made on the beams, namely the perlod up to
the start of heating on the 28th day and the followlng perilod
characterized by the heating. For varlous reasons, 1t was
not possible to begin all of the measurements immediately
after the concrete was poured. Detalls on the measurenent
methods used and how the measurements were performed are
explained in section 2.2.

2.1.2.2. Experiments on Test Speclmens

-Matrix Mortar Test Speclmensw

Since the concrete used to make the beams during the
duration of the experiment could not be used for direct analysis
of the structural development as weil as other properties, tests:
had to be done on separately produced test specimens,

Yor studying the content of non-evaparatsble water, total
porosity and pore size dlstribution (ef. sections 2.3.1-2.3.3)
the matrlx wortar provided--as already mentloned in seetlon
2.1.l--ug5s obtalned by sifting the fresh concrtetes of the beams
using a screen with round holes measuring 5 mm in diameter.
The mecrtar was poured Into conlcal PVC forms, cured for about
20 hours at 25°C and approximately 1004 relative humidity and
then removed from the mold gnd inserted inbto the matching rew
cesses fn the besms accesslible through the windows, In this
srrangement the side surfaces of the test specimens were in
contact with the surrounding concrete and there was an air
space-about 1-2 mm wide only next to the top surfaces. 'The
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test specimens of the matrix mortar were thus exposed to
approximately the same conditions prevalling in the beam
concrete, conditions characterized by the respective local
temperature and by the moisture content in equilibrium with
the surrounding concrete. As shown in the chart in Fig. ¥,
the test specimens were generally removed in pairs from win-
dows 1-8, weighed, prepared and analyzed. Without taking
into aceount the rumber of samples for the windows of a
beam and the individual age gradations, thils chart indicates
the type of test done in each case.
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Fig. 7. Coordination of sample-taking points (windows 1-8),
age increments (3-470 days) and the type of test performed on
the matrix mortar test specimens arrange in beams 1-6.

Key: A. Age in days
B. Beam:number
C. For testing
D. Pore radius distribution
E. Evaporatable and non-evaporatable water
F, Bulk density and net density

-Concrete Cubes-

The development of strength is a reflection of the hard-
ening processes in the cement paste. Therefore, compressive
strength tests, for example, also provide information on
structural development (cf. section 2,3,4,). The conditions
glven as a result of the thermal load in the beam experiments,
however, could not be satisfactorily simulated by curing a
larger number of sample cubes, since definite temperature and
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. molsture states changing over time would have Involved con-
sideprsble expense for malntaining them. Apart from this, even
In these experiments the results of the cdimpresslve strengbh -
tests on test cubes can be used only for comparison wlith the
“getusl strength of the beam conerete., Further influences on
the propertles of the baam conciete, however, are possible
only within Ximlbs bedause of different production and hard-
ening conditions. Tor these reasons, the only condltions
provided for Irom the ocutset were curing at 20°C and approxi-
mately I00& relatlve humidity and also at 20°C and 453 relative
humidity, where In hoth cases the test speclmens were treated

_up to an age of seven days inisccordance with DIN 1048 [2].

For each beam, f.e. each type ol concrete, 12 sets of
three cubes measuring 10 cm on a slde and six sets of cubes
measuring 20 cm on a side were prepared during the making of
the concrete for compressive strength tests (a tobal of 54
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cubes per heam). Of the cubes measuring 10 cm on a slde, one 30
set was tested with an age of fhree days and another with an ey
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age of seven days. In addififan, ocut of five sets for each Lype
of curin%, one set was provided for testing on the 28th, 290th,
180th, 360%th and final dsy of the experiment. Out of three
sets of 10 cm cubes for each type of curlng, It was intended
to test cone set on the 28th, 180th and final day of the ex-
periment. I ' '
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~Concrete Cylinders-

To Investlgate thermal expansion behavior as well as
shrinkage and swellling, two test specimens were produced for
each type of concrete (beams 1-6) iIn cylindrical, ‘vaportight,
thinwalled sheet metal contalners with a dlameter of about
100 mm and a length of about 227.5 mm. The curing conditions
and the treatment of the test specimens are explained in secw
tion 2.4.1. in conjunction with how the measurements were
performed. :

Y ,?' "

b5 2

-Cement Mortar aﬁﬁ Cement P&sﬁe Prisms«

 Prisms messuring 4 om x 4 om x 16 om were used to study
the structural development of the cement paste and the strength
development of cement mortgar, but also especlally for evaluating
the uniformity of the cement used. The making of the test
specimens is described in section 2.%1.1.4.

~__ The cement mortar test specimens were cured in accordance
with DIN 1164, page 7 [3]. Altogether, 8 sets of three prisms
each were avsllable for the flexural tension strength and comw
presslive strength tests at different ages.
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AlL of the 64 cement paste prisms, of which there was
one for eseh wabter/cement rabilo and each age Inerement, were
stored in & saturated caleium hydroxide solution until the

flexursl tensile strength test and the compressive strength
test., The prisms remsining after the tests were used--to
the extent requived--as test maberisl for the porosity tests
and the dehydrationexperiments.

2.2. Measurements on the Concrete Beams

2.2.1. Temperature |

2.2.1.1. Measurement Method, Arrangement and Procedure

NiCr-Constantan thermocouples with a relative differential
thermoelectric voltage of 0.059 mV/°C were used to measure the
temperature differences. The thermoelectric wires used tc make
the thermocouples were insulated separately and together with
PVC and wére from one production batch. The eénds of the thermo-
swivels were welded in protective gas and covered with epoxy
resin to protect against corrosion. The dependence of the
thermoelectrie voltage on therchange in temperature was de-
termined in increments of 10°C between 10 and 90°C, with a
reference temperature of 0°C, by the Physikaliskh-Technlschen
Bundesanstalt (PTB) [Physical-Technical Federal Institutel in
Braunschweig (measurement uncertainty: X0.010 mV=0.2°¢C),

The reference points of the thermocouples were placet. in
glass tubes filled with quartz sand which were lmmersed in &
temperature~controlled bath (020.05°C) for the measurement,
The total of 94 thermocouples arranged intbhe measurement
plenes of a beam as Shown in Fig. 5 (also see Fig. 8) wers
combined into four 50-~terminal plug connections behind the
comparison polnts and connected to a 24-channel potentiometric
recorder for the measurement. Thus it was possible to record /24
temperatures at certaln measurement points over longer perlods
snd also individually interrogate all of the measurement points.

2.2.1.2, Megsurement Results

For all of the besms studied, the temperatures mess
under the effect of the heat of h§dration gf the cemgng fzid
within the range shown in Fig, ¢ as a function of the age of
the conerete. The reference point for the beginning of this
range 1s the end of the pouring procedures in each case. For
the temperature rise in the beams, a cruelal factor was. above
all, that the thermal insulstlion on the top of the beamé was
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Fig. 8. View of a section of measurement plane Q before the

concrete 1s poured, with vapor seal on the outsldes, wire grid

and thermocouples, moisture measuring elements and expansion
transdueers attached to it.

not applied in each dase until after three days in order to
keep the concrete from overheating. Insofar as this is
concernad, typical temperature developments were not to be
expected for the individual concrete beams. As Fig. 9 shows,
on the 28th day all of the measurement points in the concrete
had agaln reached temperatures between about 20 and 22,5°C,
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Fig. 9. Limit values for the temperatures of the concrete
caused by heat of hydration after the pouring of beams 1-6.

Key: A. Temperature
B. Age iIn hours
C. Maximum values
D. Minimum values

With the start of heating on the 28th day, the temperatures
in the concrete beams again rose, The differences between the
temperatures measured at the different points within one beam
section was small. For the measurement planes in the hot re-
glon of the beams, obviously the least Tavorable in this respect,
the temperatures deviated around the mean value by a maximum
off about =0.75°C, as Fig., 10 shows, The measurement polnts
located In the lower region of the beam showed higher tempera-
tures In some cases with respect to the other measurement
polnts. Apart from this tendency, which presumably is due
to the effect of gravity on the moisture distribution in the
beam cross-section [86], systematic differences were not de-
tected, so that It seems justified to form mean temperature
values for the Individual measurement pianes., Figs. 11 and 12
show the mean temperature values for measurement planes 86-Q
as a functlon of the age of the beam concretes, beginning with

33




B> Tempe-atur 3nC

ORIGINAL PAGE IS
OF POOR QUALITY

the 28th day. Fig. 13 shows temperature distribtulons for
different ages of conerete as a function of the beam length
and al8o their differences as a function of the water/cement
ratio of the concrete,

Thermoetemente

T3 35 36 77 6 9 L0 4 2 L1 L 45 i B0 n a2 Y i ; 80 i

Alter in Tagen

Fig. 10. Examples of the changes in temperature distribution
within the beam cross-section (measurement plane A) during the
heating phase up to the 52nd day and for greater ages (measure-
ment plane A) for beams 4 and 6.

Key: A. Temperature
B. Beam
C. Measurement plane
D. Thermocouples
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Fig. 11. Mean temperature values
in measurement planes 6-Q as a
function of age for beams 1, 2
and 3 (concrete with calclte
aggregate).

Key: A. Temperature
B. Beam
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Fig. 12, Meanstemperature values
in measurement planes 0-Q as a
function of age for beams 4, 5
and 6 (concrete with gravel-sand
aggregate).,

Age in days
Start of heating
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Fig. 13. Left: temperature distribution over beam length

for various age increments; right: temperatures as a function
of the water/cement ratio of the concretes for certain dis-
tances from the heated face and for different age increments.

Key: A. Temperature
B. Calclite concretes

C. Beam

D. Gravel-sand ccncretes

E. Days

F., Distance from the heated ORIGINAL PAGE IS
face in cm OF POOR QUALITY

G. Water/cement ratio

2.2.2. Heat Flux

2.2.2.1. Measurement Method, Arrangement and Procedure

The method used to measure the heat flux density on the
heated face of the beam (¢f. Fig. 3) is based on the equations
for heat conduction through solids discussed in section 2.5.4
[67, 68]. Heat flux measurement plates were used to perform
the measurement, these contained a large number of thermo-
couples distributed over the thickness of the plate and
connected in series. The temperature difference occurring
during the conduction of heat 1s measured as the thermal
stress proportional to the heat flux density. The propor-
tionality factor 1s the thermal conductivity of the measure-
ment plate (see Eq. (6) in section 2.5.4.).

The five heat flux measurement plates, measuring 40 cm x
40 em x 0.6 cm, were calibrated in a plate device as per DIN
52 612 [7] for temperatures between 0 and 100°C in 20°C in-
crements. In the range 1n question, the relationship between
the mean temperature of the measurement plate and the heat
flux density with respect to the voltage was approximately
linear for all of the measurement_plates. The sensitivity
was between about 8.6 and 7.0 W/m< mV,

The plates were arranged between the heating plate and
concrete in beams 1-5, with a sheet of soft copper 2 mm thick
between the measurement plate and concrete for btetter heat
conduction. A l2-channel potentiometric recorde? was used
to measure the thermoelectric voltages, so that the heat
flux density on the heated face coudd be measured simultaneously
with the temperatures in the beam.
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using the voltages measured, taking into account the average
In Fig. 14, the heat
flux densities for beams 1-5 are plotted as a functlion of the
The values measured on the beams immediately

temperatures of the measurement plates.

age of the concrete.

after the start of
were around 900 W/m<.
the measured v
to about 4 W/m

eating (these are not shown in the graph)
During the heating and also afterwards,

Slues deviated by about +0.5 mV (corresponding

), which was basically due to the control fluc-

tuations of the heating plate and therefore were not taken
into account ir the evaluation.
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Fig. 14,
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A, Heat flux density

B. Beam
C. Age In days
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In the evaluation, the heat flux densities were calculated

Changes in the heat flux density as a function of the
age of the concrete after the start of heating on the 28th day
for beams 1-5,
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2,2,3, Water Compent.

2,2.3.0. Selection of the Measurement Methods

Measuring the moisture in concrete poses conslderable
difficulties, In partlcular when the influence of temperature
is g factor and when the measurements have to be performed
over a long period. In view of the scope of the study, be-
sides mezasurement reproduciblility questlons and long-term
stability problesm, we also had to take Into conslderation
the technilcal resources and expenses involved by the measure-
ment méthods in questlon.

The final decision &8s to whlch methdds should be used
for making the measurements was made on the basis of results
of a sprvey on methods of measuring moisture in porous materials
[69] carried out Jointly with RILEM* among relevant sclentifile
Institutes. This survey revealed that, because of the specifiec
measurement ranges and the callbration possibiiities, it would
be better to use several complimentary methods together with
the gravimetrlc method, as a calibrating method, with which
the molsture content is determined by drying and welghing.

Therefore, for measuring the moisture content of the con-
erete heams, the following methods were provided for in addition
to the weighing process desdribgd in section 2.2.3.2 below,
which measures the sum of all of the changes in molsture content
as welght losses of the beams:

= the measurement of electrical conductlvity in reference
speclmens (sectlon 2.2.3.3.) which allows changes 1n the con-
tent of evaporatable water to be measured within a certain
range

- the neutron backscattering method (section 2.2.3.%4.),

with which the sum of evaporatable and non-evaporatable water
is measured;

~ the gravimetric method (seetion 2.2.,5.), by means of
which, after the conclusion of the experiments and after the
splitting of beams 3 and G, samples of the beam concrete are

—
Reunion Internationale des Laboratolres q'Essais et de Recherches
gur les Materlaux et les Constructions [International Association
of Testing and Research Laboratories for Materials and Structures].
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_ Thekfirst two methods complement one another in that
by forming the difference between the total water content and
the content of non-evaporatable water, the amount of evapora-

table water can be calculated. The gravimetrice methodsalso
serves the purpcse of a contrel method.

2.2.3.1l. Weighing Method for Determining the Welght Losses

2.2.3.1.1. Measurement Method, Arrangement and Procedure

After removing the frontsplate of the outer casing for
the start of heating on the 28th day, the beams were able to
release molsture from this exposed end. Inltially, the molsture
loss is determined for the most part by the external drylng
condltidéns and as the heating progresses it is lnecreasingly
dependent on the amount of moisture transported through the
pore space twwards the drying front. Since the wéidght losses
of the beam, which 1s sealed on all sides with the excepftion
of the exposed front face, are therefore causally expiained
by the events controlling the drying process, 1t was necessary
to directly measure the chinges in beam weight as a funttion
of time,

To thls end, the entire experimental apparatus was lifted
and weighed (ef. sectlon 2.1.2.2.1.). Figs., 5 and 13 [sic.]
show the supporting I-beam resting on three supports which
spans the test apparatus. The liffing and wedghing apparatus
(Fig. 15) consists of 2 counterrotating shafts with trapezoidal
threads in a manually operated threaded sleeve which 1s connected
by flexible couplings to a "travelling crab" and to a load cell,
The welghing beam mounted on the 1lid of the casing (when the
testaapparatus is closed) hang from cables from the lower swivel
ring of the lead cell, For welghing, we used an electrical
load cell with wire strain gauges in a full bildge circult for
compressive and tenslle force up to 20 kN, accuracy category
0.1, wlth a sensitlvity of 2 m¥W/V. This was operated using a
manual, high-accuracy potentiometer:(megsurement rage 100,000
scale dlyislons correspené to 5 mV/V) as the measuring device.
In a test of the measuring apparatus in s precision load
machine unit at g temperature of 2Q0°C, the evaluation constant,
for the range between 15 and 17 kN, was determined at éne scale
division corresponds to 0,4895 N,
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Fig. 15. Frontal view of an experimental set-up without casing
before the concrete is poured showing the apparatus for measuring
welght losses by means of an electrical load cell flexibly in-
serted between the supporting beam plus spindle-type lifting
device and the weighing beam,

2,2.,3.1.,2, Measurement Results

Welghing the beams revealed that up to the 28th day there
were, as expected, no changes in welght, TFor the subsequent
welghings, the value measured on the 28th day immediately before
the start of heating was used as a reference, Based on this
value, the weight changes were calculated in each case as the
difference with respect to the preceding weighing and added to
the total welght loss. Fig. 16 shows the weight losses of
the beams due to the release of moisture through the exposed
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Fig. 16. Weight losses of beams 1, 2 and 3 and of U4, 5 and 6,
plotted as a functlion of the age of the concretes,

Key: A. Welght loss C. Beam
B. Start of heating D. Age in days
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front face as a function of the age of the concrete, Each
plotted value was formed by taking the average of at least
three separate measurements.

g

Based on the spread of the indlvidual measurements, a
confidence range [81] of t:s / /N = +0.044 kg was calculated
for the mean values with a statistical certainty of 95%.

2.2.3.2. Moisture Measurling Elements

2.2.3.2.1. Measurement Method, Arrangement and Procedure

The method of measuring changes in moisture content based
on the change in electrical conductivity has been used for a
rather long time with variablessuccess.[69, 70]. It is based
on the fact that the conductivity of a reference material is
changed by the water penetratidng into its pores. Measurements
are made between electrodes in the form of wires or even hollow
cylinders [46]. In order to prevent the formation of an opposing
field produced by polarization on the electrodes, alternating
current is generally used formmaking the measurement., For
tests on concrete, reference samples of plaster, cement mortar,
fiberglass and ceramic were used, but in this connection the
conditions arising in conerete were censidered differently. /30
These conditions are the influence of lon concentration in the -
pore solution on conductivity as well as the variable contact
resistances between electrode and reference material.

With the method described by K. Altmann [71, T72], it seemed
possible, on the basis of preliminary experiments, to fulfill the
special requirements of the measurement task. The cylindrical
moisture (diameter 20 mm, length 20 mm) used by him consists of
a ceramic material fired at about 1100°C containing platinum
electrodes (cf. Fig. 17). By virtue-of the manufacturing process
and the raw material used, the ceramic piece has a relatively
uniform stiucture with predominantly small pores which are
suitable for "excluding the influence of uncontrollable-changes
in salt content, which also amount té:.andadditional, undesirable
change in resistance" [72]. Since the electrodes are burned in,
it 1s also necessary to take into account constant contact re-
sistances between the electrodes and reference material.

During the perliminary experiment it turned out that the
measurement expense can be kept relatively small., The voltage
used was 1l yolts a.,c., 50 Hz, and a commercial a.c. stabilizer
was connected 1n series. The measurement device for the current
measurements was a digigal multimeter with a nA range and a
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Fig. 17. View of a moisture measuring element (length ca. 2 cm,
diameter ca. 2 cm) as designed by K. Altmann, with measurement
wires fed in separately.

resolution of 10 pA in the most sensitive range. The making of
the elements was contracted out, and it was stipulated that

all of the elements should come from one lot. They were de-
livered without connection terminals and without a metal
Jacket so that the uniformity of the elements could be evalu-
ated on the basis of current measurements in the dry and
water-saturated state as well as by means of water uptake
values and the dry bulk density.

The wiring originally intended, with which the two measure-
ment wires were shielded and run as a pair on the bottom of
the beam inside the copper casing, had to be changed, It turned
out that because of the high temperatures in the hot region
of the beam, molsture evidently penetrated into the PVC insula-
tion which caused measurement errors due to bridging between
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the conduetors. To prevent this, the shilelded connections
wires were connected separately to the electrode, the pro-
tective Insulatlon was counbtersunk in a hele drilled in the
measurement element and the two wilres were separated foom
cne anbther and led out of the cross—section of the beam. -
Flg. 17 shows one of the ready-~to-install elements with
protective insulation over the two electrode connectlouns.

Each beam was Pitted with a total of 24 moisture measuring
elements. These could be connected into the measuring elrcults
by means of plug contacts. Thelr placement In the beam 1s -
shown in Figs. 5 and 8. Taking into account the influence
of temperature, the molisture content 1is determined fwom. hhe
current intensity measurements made on the beam. For setting
up a sultable evaluatlon nomogram, elght representative ele-
ments were selected from the 160 measurement elements available.
In this connection, the current Intensities, which lay between
approximately 20 and 100 nd or 2 and 6 A, measured on all of
the elements after drying at 105°C as well as after saturation
wlth distilled water; were used as the c®iterion. As described
above, the eight measuring elements were provdded with connec-
ting wlres and, 1n the water-saturated state, put into rigig
steel contalners with a vapor-tight screw-on 1id and a volume
of about 135 em3. Four contalners were provided for the mea=~
surements In calclte concrete, and four for these in gravel-
sand concrete corresponding to the composition of beams 2 and
5 respectively. After the concrete was poured, the closed
steel containers were stored for 28 days at 20°C. Then they
were kept for 72 hours in a warming cupbocard at a temperature
of 80°C and afterwards cooled to 20°C in 12°C-increments held
in each case for 48 hours. At tach temperature stage, several
current lntensity measurements were made. After the 1lid was
unscrewed, the molsfure was removed from:the concrete in a
vacuum of about 107 torr at a tempergture of 50°C. This was
fgllowed by another temperature cycle like the one described
above.

Altogether, six drying stages were necessary to remove
the evaporatable water from the doncrete in the steel con-
tainers., The last drylng process was carried out under at-
mospherlc pressure at a temperature of 105°C,

The data requlired for the nomograms gre shown in Fig. 18,
using four measurement elements as an example. The results
are shown as g relationship between the lograthmically plotted
current intensity and temperature for constant moisture con-
tents (the final two drying stages are not shoun én the graphs).
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Fig. 18. Relationship between current intensity (1) and tem-
perature (8) with constant concentrations of evaporatable water
for 4 different measurement elements in eylindrical concrete
test specimens (conductivity measurement method developed by

K. Altmann).

Key: A. Current intensity
B. Temperature

For mean moisture concentrations, all of the measurement ele-
ments ylelded straight lines which run approximately parallel
to one another and differconly in absolute values. At high
moisture concentrations, in the range of saturation con-
centrations, a current intensity limit value is to be expected,
which is reached all the sooner, the higher the temperature.
The curves are similar for low molsture concentrations, how-
ever wlth decreasing tiemperature they tend towards a limit
value,
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i Fig. 19 shows the evaluatlion nomogram based on these tests.
It is plotted for the temperature parameter and it is valid for
the range of about 45-135 g water/dm3 of concrete, and, to be
sure, Independent of the type of concrete tested.
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Fig. 19, Relatlonship between current intensity and the con-
centration of eyaporatable water in concrete at temperatures
between 20 and 80°C, Eyaluation nomogram for the moisture

measuring elements (conductivity measurement method developed
by K. Altmann).

Key: A. Current intensity
B. Concentration of evaporatable water
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- A comparison with the values given by Altmann [73] does
not reveal baslc differences 1f we disregard the greater unl-
formity of the measurement elements used by him, It may be
worthy of note, however, that a <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>