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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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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
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"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
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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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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).
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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 higher current intensity or
resistance range corpesponds to an approximately ldentiecal
molsture measurement range, which Indlcates differences 1n
the pore structure of the ceramlec material. Flnally, it
should be pointed out that in the measurements on the beams,
as a rule decreasing molsture concentrations and only slight
increases in the moisture concentratlions, €.g. in the middle
of the beam, are to be expected, so that hysteresls effects
of the measurement &ilsments--if they exist at all--are in-
significant.

2.2.3.3,2. Measurement Results /33

In Fig. 20 the originally mesasured current intensities
are platted as a function of the age of the concrete for several
eleménts in characteristic measurement planes of beam 4, for
the sake of clarity, the measurement polincs themselves are not
indicated. The information on the right of the graph gives the
distances of the planes from the hot end of the beam as well
2s the ranges of the measurement plane temperatures after the
end of the end of the heitlng phase, Up to the start of heatlng
on the 28th day, all of the measurement elements show a simllar
behavior. The drop in current intensity up to the 28th day
is caused mainly by the codling of the concrete (compare with
this the graph of temperatures after the concrete was poured,
Fig. 9), buttto a smaller extent it 1s also caused by the
removal of evaporatable water as a result of hydration.

Although all of the measurement elements on the 28th day
nad to show approxiamtely the same moisture concentrations on
the order of 100 g/dm3 (beam 4), current intensities differing
from one another between five and 15 mA were measured. In
the subsequent heatling phase, the measurements show the ex-
pected influence of temperature, depending on the position
of the element in the beam, In the case of the element in
measurement plane A, the temperature effect 1s evidently super-
imposed by the already advanced drying effect, which cannot be
the case for planes C, D, &, F and H within about 30 days after
the start of heating. Rather in these planes, the moisture on
the hot side "pushed" by the heating must be taken up or trans-
ported, Similar consilderations, however taking into considera-
tlon the smaller jump in temperature in comparison with the
start of heating, also apply for levels N, 0, and Q.
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Fig. 20. Current intensities measured as a functlon of age with
the moisture measuring elements in planes D,C, A, G, H, F, N, O
and Q.

Key: A, Current Ilntensity
B, Start of heating
C. Age 1n days

On the whole, 1t was possibel to infer frcm the current
intensity changes as a function, as shown in Fig. 20 for beam
4, that the elements inserted in the beam also persumably have
small differences in the pore structure of the ceramic body,
which leads to deviations in the absolute values, but does
not have any practical effect on the measurement characteristics.
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Thus for the evaluation based on the nomogram shown in Fig.
19, after smoothing the curves, only the relative changes
off the current intensities messurements were used, related
to the respectlve mean concentration of evaporatable water
at antage of 28 days.

Only a few elements falled, Thelr unstablé  behavior:
could be easily recognized by means of jump~like changes in
the measured values. As already mentloned, however, most of
the é&lements used in the higher temperature ranges of beams
1-3 could no longer be used for evaluation purposes due to
the molsture which had penetrated into the connecting lines.

The dotted-line curves in Flgs. Al through 12 in the
appendix show the changes 1n the concentration of evaporatable
water (molsture content In % by volume) as a function of age
for the most Important measurement planes of beams 1-6. The
measurenent planes are ldentified on the right of the graph
wlth parentheses and the letter for the plane, and also in-
dicated here is the distance from the heated face of the
beam,

2.2.3.3 Neutron Probel /34

2.2.3.3.1. Measurement Method, Arrangement and Procedure

This measurement method ls based on the breakling effect
for fast neutrons E>1 MeV) by hydrogen nuclei. If a fast
neutron produced by a nuclear reaction ( (¢, n) - reactﬁon)
of a radloactive neutrﬁﬁ source (antimony-beryllium, 12 Sh-Be;
amoricium-bgryllium, 2% Am-Be etc.) on its way through the
concrete strikes hydrogen nuclel, then 1t loses energy during
these impacts until it possesses only thermal energy (=0,025
eV). With a constant neutron flux, the count rate measured
by a detector which records only thermal neutrons is pro-
portlonal to the hydrogen concentration in the concrete and
thus a measure of the water content. The principles of the
method, based on nuclear physlcs, are explained in detall
in the llterature [74, 75], so that here we need only dis-
cuss the Important details of the method used.

To be sure, because of thelr mass which 1s about equilvalent
to that of a neutron, hydrogen nuclei primarily take part in
the converslon of energy through elastic impaets, since heavy
nuclel backscatter almost without loss [76]. On the other
hand, however, the influence of heavy nuclei can also be
detected in neutron braking [77]. In this conneection,




besides the Influence of density, particulariattentlon must
also be pald to the fact that the scattering of hydrogen
nuclel occurs in the forward direction, whlle heavy nuclel
are uniférmly scattered in all directions, which leads to

the dispersion of the neutrons, To this extent, the measured
ePfect 1s also a functlon of the chemical compesiftion as well
as the denslty of the material In question.

A cloud of neutpons is formed around the emitter. This
cloud decreases in density as the distance from the source
increases. If there ls a high concentratlion of hydrogen
atoms, then the thermal neutrons are concentrated close to
the source and the reglon measured is small. With a small
hydrogen concentration, the sphere of Influence is larger.

[781.

Other factors are the geometrical conditions, l.e. the
glze and shape of the material 1n question, as well as effects
of adjacent mediums and alsc the special characteristics of the
measurement apparatus wilth regard to which a distinction must
be made between transmission beam methods and backscattering
methods. In the first case, the material to be measured 1s
placed between the emitter and detector, and in the second
case the emitter and detector are arranged in one unit, e.g.
in the form of a so-called immersion probe ("neutron probe"),.
In this connectlon, it is alsc worth mentioning that the
braking effect 1s hardly affected by temperature which, to
be sure, may not automatically be assumed for the electrical
measuring portlons of a neutron probe directly exposed to
the influence of temperature.

Neutron probes have been used successfully for some ftime
now, e.g. for moisture and density measurements in solls [75].
For the task at hand, a transmission beam method seemed un-
sultable, because the vapor seal, thermal insulation and outer
casing would have impaired lateral access to the concrete cob-
Ject. Since the concrete was only accessible from the exposed
face, the opportunity offered itself for usling a neutron probe
for the measurements whlch could be moved back and forth in
a glass tube arranged the long axis of the beam and sealed on
the heated end (Figs. 3, 8 and 15).

So as to have as little effect as posslble on the measure-
ments, the tube was made of glass,which, for example, in com-
parison with steel has a smaller braking effect wilth respect

to penetratling neutrons [75]. The arrangement has the advantage

that the geometrical condlitions In a beam from one measurement
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to the next are identical and that the chemical composition
and structure of the concrete measured are always the same
wlth respect tolthe line of measurement (long axis of the =
beam) 1f we disregard the changes caused by advancing maturity.

Based on preliminary measurements or containers with
quartz sand of different melsture content and concrete speci-
mens= (40 ecm x 40 em x 70 em) the conditions for the probe to
be used on the test beams were determined with a probe con-
structed in the Federal Instdtute (1 Ci Am-Be neutron source
with a borontrifluoride countertube):

a) The radiation source should have as homogeneous as
possible neutron energy distribution;

b) Since the emitter and detector are theoretically supposed
to be arranged at one point, only a small scintillation counter
could be considered for the detector which, in addition, has
considerable advantages over a BF3 countertube with respect
to the counting accuracy.

¢) The incidence of neutrons in the detector was restricted
by Cd apertures in order to obtaln the greatest possible reso-
lution.

d) The diameter of the rod-shaped probe should be as small
as possible.

The probe ordered to be-constructed to meet the requirements
has the following specifications:

Radiation source: 2“?’Am--B
Activity l1C1
Neutron yleld 5-105 n/s
Half-life 458 years
Scintillation counter; Ll glass,

The 36 mm diameter of the probe was determined by the
dimensions of the preamplifier,

Fig. 21 shows the complete test set-up developed for auto-
matic operation, The probe, which is carried on a cam rod
(In front of the exposed face of the beam) is moved from mea-
surement point to measurement point through the glass tube in
the beam by an advancing device controlled by means of light
barriers. The measured values are given out by a printer in
the form of counting rates (pulses per minute). In each case,
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they are correlated with a specified measuring point in the
beam by means of the arrangement of the cam on the gulde
rod. The smallest‘programmable distance between measurement
points or cam settings is 15 mm.
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Fig. 21. A neutron probe carried on a cam rod with measurement,.
recording, control and advancing equipment for automatically re-
cording total water content concentration profiles along the
long axis of the beam.

In the experiment for setting up the calibration curve, /36
it was assumed that for normal concrétes a linear relationship
could be expected over a broad range of moisture coneentration
[74, 75, 79]. 1In the region of lower water concentrations,
where the density distribution >f the thermal neutron in the
vicinity of the radlation source 1s decreased and the sphere
of influence increased a deviation from the straight line would
indeed be conceivable, but witi complete drying of the concretes
a concentration of non-evaporatable water of at least 4-6% by
volume is stlll to be expected as a minimum value, whereby the
sphere of influence still lies approximately within the cross-
sectlion of the beam.

It was revealed already in preliminary experiments, and also
later, that calibration curves which were determined for sands
containing varying amounts of water are unsuitable as a reference
for measurements on concrete because of the density difference.
Therefore, the counting rates measured up to the 28th day over
the length of the beam were averaged and correlated with the
water doncentrations of the fresh concretes compressed in the
experimental set-ups. For beams 4, 5 and 6 we obtained the
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curve labelled II in Fig. 22, which runs parallel to curve III
for beams 2 and 3. To be sure, the value for beam I lay in
the immediate vicinity, but not on any of the curves shown,
which is evidently due to the lagk of compaction for beam

1.
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Fig. 22. Relationship between the neutron measurement rate (R)
and the total water content (w) for (I) a mixture of quartz sand
and ammonium alum; (II) concrete with the gravel-sand aggregate
of beams 4, 5 and 6 (with w=0.00341, R=37.1) and (III) concrete
with the calcite aggregate of beams 2 and 3.

Key: A. Neutron measurement rate

B. Total water content

C. Mean values for beams 1-3/4-6
before the start of heating

D. Individual walues for beams
3 and 6 after the beams are split

E. Individual values of the quarts sand
/ ammonium alum mixture
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At first, no reference values could be determlned for the lower
portion of the measurement reglon. Thils was only possible after
beams 3 and 6 were split and the gravimetrically determined
water concentrations were available for the edge regilons of the
beams (¢f. section 2.2.5.). These were plotted for control
purpeses in Flg. 22 wilth the changes in pulse rates which
occurred in comparison with the 28th day measurement (indicated
by x). Curve I in Fig. 22 was recorded by the manufacturer of
the probe from measurements made on a mixture of quartz sand
and ammonium alum NHjAL1(SOy)-12Hp0 (bulk density of the mixture
about 1.4 kg/dm3). It is shifted with respect to the curves
for the concretes and has a somewhat=zdifferent slope, revealing
the influence of denslity and compositlon on the position of

the curves. In plotiing the measurements made on the beams,

in order to exclude from the outset differences in density

and composition of the concrete, the plotting relationship

for curve II (w=0,00341:R - 37.1l) was used primarily only to
determine the relative changes in the total water concentration.

Moreover, it was necessary to determine the geometric refer-
ence point of the probe (point of ilncidence of the thermalized
neutrons). This polnt was outside the center of the detector,
offset by a distance of 1.5 mm towards the emitter. Fig. 23
shows the method used to make the correction: two profilles
starting from opposite ends were recorded for a concrete beam
(40 em x 40 em x 70 cm) with a glass tube passing through it
along the long axis of the beam. The two proflles are displaced
from the center of-the detector and relatlively to each other
by the twofold correction quantity (A).

Even if temperature differences do not significantly in-
fluence the backscattering effect, nevertheless an adverse
effect on the measurements had to be taken into account due
to the heating of the scintlllator and the photomultiplier,
Aging effects of the electronic components also had to be
taken into account. In order to avoid such effects, the main
amplifler was equipped wlth & so-called drift stabillization
unit. During measurements in a water bath within the temperature
range in guestion, changes in the pulse rate could not be de—
tected. Likewise, after the measurements, which caused the
probe to heat up, the measurement apparatus did not reveal
any deviations in the pulse rates measured in a paraffin con-
talner before or after the heating. Fig. 24 plots the counting
rates regularly recorded before and after each measurement
procedure in the contalner over a peridd of 300 days. These
ﬁates do not reveal any significant differences. However, the
‘container counting rate™ has become smaller, which is due to
aging effects of the measurement apparatus and must be taken
into account in the interpretation of the results.
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Fig. 23. Neutron measurement rates (103 pulses per minute) with
the probe advanced counter to the flow and gravimetrically de-
termined water concentrations (% by volume) for a beam (dimensions
40 em x 40 cm x 70 em) about 1.5 years old made of gravel-sand
concrete, plotted over the long axis of the beam (preliminary
experiment on a beam covered on all sides with a vapor seal

and one exposed face: heating time, 30 days).

Key: A, Neutron measurement rate
B. Total water content
C. Evaporatable water
D. Non-evaperatable water
E. Distance from the face
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Fig. 24. Counting rates measured with a neutren probe before
and after each measurement in a paraffin container (diameter
and length: 42 em), plotted over a period of 300 days.

Key: A.
B.

cC.
D.

2.2.3.3.2. Test Results

Counting rate
Before measurement
in the beam

After measurement
in the beam

Days

Since no moisture could be given off by the beams until the
start of heating on the 28th day and since no distinction was
made in the neutron measurement between the type of bond for
the hydrogen atoms, it was posslble to use the measurements
made up to that point, without taking into account the age of
the concrete, for establishing the plotting redationship
(curve II in Fig. 22). In addition, on the 28th day, prior to
the start of heating, measurement profiles were recorded for
the beams to be used as reference for the experiments after
the start of heating. The proflles are shown in Figs. 25 and
26 for beams 1, 2 and 3 and 4, 5,and 6. More details con-
cerning thils are given in section 2,5.
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Fig. 25, Total water content distribution profiles reccrded
by means of a neutron probe for beams 1, 2 and 3, plotted in
an automatic plotter after smoothing the measured values using
the cublc spline approximation (the distortions in the edge
reglons. were corrected on the basis of the mean values of the
total water content).

Key: A. Total water content
B. Distance from the heated face
C. Beam

Fig. 26. Total water content distribution profiles recorded
by means of a neutron probe for beams 4, 5 and 6, plotbed in
an automatic plotter after smoothing the measured values using
the cuble spline approximation (the distortions in the edge
regions were corrected on the basis of the mean values of the
total water content).

For recording the profiles over the long axis cof the beams,
measurement polnt sequences were speciflied by means oif the cam
rod. At the ends of the beam the distance between the measure-
ment points was cm, and in the dnterior of the beam they were
spaced at a distance of 3 em. A sequence of measurement points
contained a maximum of 84 points, in which the filrst point
was 8.3 em frem the hot face and the last point 230.6 cm from
the hot fane. In these tests the measurement time was 1 minute
per measur:ment point.

The neutron measurement rates thus recorded in the form
of longitudinal profiles at specific age Increments of the
concrete were first of all converted into total water concentra-
tions using the plotting relationship, and these in turn could
be related to the next younger profile and the proflle measured
on the 28th day following a smoothing calculation.

Flg. 27 shows typical measurement profiles for U4 different
age Increments. It must be borne in mind that the profiles
are not corrected wilth respect to the geometrical particulars
in the marginal reglons and that the dotted reference line is
only to bring out the changes in the profiles and does not
represent a mean value line,
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Fig. 27. Total water content measurements smoothe@d using the
cubic spline approximation, plotted over beam length for age
increments without taking intc account the edge effects (the
measurement profiles for the two younger age increments are

more severely smoothed in comparison to the two older profiles).

Key: A. Total water content
B. Distance from the heated face
C. Days
D. Age

The continuous fitted curve was determined with the "cubie
spline approximation" for each measured age increment, a method
with which third order polynomials are considered as fitted
curves. The fitted profiles were analyzed using a computer
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by calculating for 25 selected coprdlnates the absolute de-
viatlon with respect to the next younger profilesas well as
the relative change with respect to the profllesfor the
28th day and plotting for each coordinate (l.e. the distance
from the heated face} over time. As an example, the total
water content (% of the value before the start of heating
on the 2Bth day) for every 13 space coordinates 1s shown

as a function of the age of the concrete in Figs. 28 and 29
for beams 2 and 5. The corresponding graphs for the other
beams are shown in Figs. A 13-16 in the appendix,

This procedure offers the advantage that necessary correc-
tions can be included wlthout difficulties. DMoreover, it is
unnecessary to smooth out the distortions of the measurement
profiles in the edge regions of the beams caused by the geo-~
metry of the test set<up. For the graphs in Plgs. A 1-12 in
the appendix, the percentage proportions were related in each
case to the mean value of the measurement made on the 28th day.
The continuous curves show the change in total water content
as a function of age for the most important space coordinates
indicated on the right side of the graphs.

Besides varlations in density of the concrete and geometric
effects (ef. [B0]), systematic errors in the measurement apparatus
also particularly affect the accuracy of the results. Fig. 30
shows mean values and confidence ranges for a statistical cer-
tainty of 95% which were calculated on the basis of four smoothed
measurement proflles recorded in immediate succession for the
space coordinates used to plot the graphs [81]! The confidence
intervals do not reveal any local variation, so that the de-
viations of all the single values can be considered jointly.
The reliability of the measurements can be evaluated in a
first approximation by using the determined standard deviation
of 8=x0.3% by wvolume.

2.2.4. ILinear Expansion

2,2,4.1. Changes in the Oyerall Length of the Beams

2,2.4.1.1. Measurement Method, Arrangemént and Procedure

The beams experience changes in volume, the spee -
nitude of which are a funetion of the speciél propgrtgegngfmag
the cement paste as well as of the aggregates and also of the
heat—moisture influences. Altbgether, the processes responsible
for the changes in volume of the conerete are those termed

shrinkage, contraction and swelling as well as the
(also see section 2.4.1.). 8 thermal expansion
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Fig. 28. Change in total water content (in ¥ of the initial
value beofre the start of heating) as a functlon of the age
of the concrete, plotted for 13 space coordinates (distance

from the heated face) of beam 2 (2lso see Figs. A 13 and 14).

Key: A. Dlstance from the heated face
B. Total water content
C. Beam
D, Start of heating
E. Age 1In days

Fig. 29. Change in total water content (in ¥ of the initial
value before the start of heating) as a function of the age
of the concrete, plotted for 13 space coordinates (distance
from the heated face} of beam 5 (also see Figs. A 15 and 16).

Key: A, Distance from the heated face
B. Totzl water content

C. Beam

D, Start of heating

E. Age 1n days

The volume changes are measured in terms of linear ex-
pansion (Al) or unit expansion (g) in the direction of the
long axis of the beamn.

The device used to measure the linear expanslion of the
beams consists of an invar rod with a diameter of 25 mm, onto
one end of which is wrapped a steel ball, while on the other
end two preclsion indlcators (1L um per scale division) are
attached to a yoke (ef. Fig. 3). The rod carries several
PVC rings spaced 30 cm apart over its length. These keep
1t centered during the measurement process in the glass
tube in the center of the beam. In order %o keep the uptake
of heat from the concrete as small as possible, the beam
is wrapped wlth foam material between the rings. After being
Inserted into the glass tube, the rod end with the steel
ball touches a stop plate arranged perpendicular to the
long axis of the beam. Thils 1s about 3 em from the end of
the beam and--for purposes of better fixation in the con-
crete—~-1t 1s attached to the stop plate overhanging the
outside diameter of the glass tube. The two precision in-
dicators thus press agalnst two of the four nipples arranged
cross-wlse on the open end of the beam. These nipples also
have stop balls and are adjusted by screwing into anchor
sockets. The pairwise measurement at two opposite measure-
ment polnts largely compensates for shifts in the axis of
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concentrations in g/dm3 for a statistical certainty of 95%

N=l measurements (neutron method, beam 3, without taking

Key:

A.
B.
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D.
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edge effects into account),
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the rod with respect to the long axils of the tube,

A steel tube, wrapped with polystyrene foam %o serve as
thermal insulation and a protective jacket, is used to check
the rod and for stooing it. Like the glass tube, the steel
tube also has a stop plate and two nipples attached to a
steel plate at the opening of the tube.

BEfore carrying out the measurements, the measuring rod
was first of all checked each time in the steel tube. Then
the length of a beam was measured, in the process of which
the precision indicators were twice attached to each pailr
of nipples (a total of 8 individual values for each measure- /4l
ment). TFor each beam, the first measurement was made between
the ¥st and Uth day after the concrete was poured. The
changes in length were calculatédnas differences between two
successlive measurements.

2.2.4.1.2, Test Results

Figs. 31 and 32 show the results of the measurements using
the inwar rod on beam 1, 2 and 3 and Y4, 5 and 6. They show
the total changes in length (Al) of the beams as a function of
the age of the concrete, which was related to the value at
the start of heating on the 28th day.

Considering the length of the beam, the measuring methods
showed relatively high sensitivity. The standard deviation
with respect to the indlvidual measured values was s=:6,8 um.
With a statistical certalnty of 95%, the confidence interval
[81] for the respective individual values belonging to a
mean value was t*s / /N=i5.7 um.

2.2.4.2, Local Changes in Length In the Concrete

2.2.4.2,1, Measurement Method, Arrangement and Procedure

The total length changes of the beams, measured with the
Invar rod, are due to processes which are a function of the
temperature and molsture condltions prevalling in the concrete
as well as the age of the concrete, In order also to be able
to megsure local variations in expansion 1ln a beam, expansion
transducers were arranged in 8 measurement planes as shown
in Fig. 5. The transducers (Fig. 33), which were developed
and made by the Federal Institute as so-called interior
transducers for measurements in concrete, consist of a
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Fig. 31. Changes in total length (A 1) for beams 1, 2 and 3
made of calcite concrete as a function of age (reference value:
start of heating on the 28th day).

Key: A. Change in length
B. Shorter
C. Longer
D. Beam
E. Age In days

commercial strain gauge on a phenolic resin supporting base
with a measurement grid length of 60 mm, This was glued under
pressure between two 0.l-mm thick spring steel foils and

cured at a temperature of 180°C, The strain gauge connection
to the measurement wires are located in a copper tube soldered
perpendicularly to the strain gauge. This tube is filled with
a moisture sealing material and was sealed on the top with a
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fast setting cement. ALl of the transducers were aged for
the purpose of stabilizing them by means of several temperature
cycles between 20 and 80°C in a warming cupboard.

Fig. 33. View of the transducer for measuring local
length changes in concrete, consisting of a 60-mm long
strain gauge grid between two spring steel foills.

The transducers are placed in the concrete parallel to the
long axis of the beam at about the level of the glass tube
(Fig. 8). Assoclated with each active transducer in a semi-
bridge circuilt 1s a passlve transducer, which is free to
deform on the top-side of the beam. By means of this arrange-
ment, in particularly even zero point shifts at the transducers
as a result of aging are largely compensated for. The measure-
ment instrument used was a hand-operated potentiometer with
4 measuring points (sensitivity: 1 scale:division corresponds
to 1 um/m).

For the measurements of straln discussed below as a result
of shrinkage (g[s*]) up to the start of heating on the 28th

day, the characteristic curves for the transducers were de-
termined by means of strain measurements under tensile stress.
The rigidity values deduced from these measurements were used
to make a computer estimation of the temperature changes in
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the concrete.

6.28 um/m°C for the calclte concrete and §
for the gravel-sand concrete) with which,

Both types of concrete yielded factors (632=
=1,49 um/m°C
ing the temperature

i

/46

changes with respect to the reference value on the 28th day,
correction terms could be calculated which accounted for the
variable elastic behavior of the strain gauges and the concretes.
In checking a pair of gauges, the active gauge of which was
located in a test beam, a suitable, linear graph was found in
the temperature range between 25 and 75°C after drying the

concrete beam.

The strain measurements could be done after putting the
thermal insulation and the 1id in place.
surements made after the start of heating, measurements which
were expected tc reveal, above all, shortening of the concrete
due to shrinkage after drying, ean only be given after all of
the tests have been completed and beams 1 and 2 as well as

4 and 5 have been split.

2.2.4.2.2. Megsurement Results

Detalls of the mea-

The strains determlined as a function of age were summarized
both for the calcite and gravel-sand concrete after taking into
The curves developed from the
mean values for the two groups of three beams are plotted on

account the temperature effect.

the right hand portion of Fig. 34 () symbols).

They connect

to the curves for shrinkage or contraction during the first
days after the pouring of the concrete.
measurements are-glven in section 2.4,1.

Detalls on these

RN g i
.w, 1 —ir + . &% i o e A-\L
iy ,_.;#{_.&——?—:?‘*"ﬂ !
g% = t Beil oy Fig. 34. Strains due to shrinkage
als.w o ‘B%‘T..;L%W- 5 and contraction (e[s*]) of the

calcite concrete (beams 1-3) and

(G SEsd. on E¥eer 3151 4 0o of the gravel-sand concrete (beams

R ,.D“?“f“ﬂ'&m? e 4-6) up to the start of heating
o ; Ltefféﬂ__% f—ftﬁ on the 28th day.
y b g - :
2 ,L’fiq‘_ | 7l ‘J Key: A. Beams 1-3
. R | od 5 B, Mean values
: BroiElEy e A C. Beams 4-6
-20* * = g 2 D. Measured on prisms
e G Aller in Tgen E. Measured in the
beams
F. Unit strain
G. Age 1in days
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Fig. 35. Partdal view of a segment of concrete with cores
removed. The segment was obtained by splitting the beam.
On the left of the segment, along the horizontal mldline,

can be seen part of the glass tube running along the long
axls of the beam.
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2.2.5. Coneluding Measurements on Concrete Samples from Beams
3 and ©

2.2.5.1., Test Specimens, BExtent of Measurements and Procedure

While beams 1, 2, 4 and 5 are to be heated over a period
totaling 3 years, the tests on heams 3 and 6 were stopped when
the concrete reached an age of 470 and 421 days respectively
to check the rellability of the measurements made with the
moisture measuring elements and the neutron probe. This waa
done by gravimetrically measuring the moisture content of
samples of concrete from the beams. In additlon, samples
were used to study the content of non-evaporatable water
as well as the dry bulk density. DMoreover, as a supplement
to the moisture studies on separately produced cubes (cf.
section 2.4.2.), it was necessary to perform compressive
sbrength on cores taken from the beam concrese,

After final measurements on beams 3 and 6, the heating
regulator was turned off, the power=supply interrupted and
Inmediately afterwards the case and thermal insulation were
removed from the beams so that only the vapor seal was left
covering the concrete. When the copper foll was separated
from the vapor seal, the layer of epoxy resin remalned studk
to the concreté. This can clearly be seen on the smooth
outer surface of half of a segment of concrete shown in
Fig. 35. The segments were obtained by splitting the beanms
into the planes formed by the measurement grlds, using a
compression test machine to make the cuts, and then they
were immediately cut in half vertically (alsc see Fig. 14).

One half was later used to supply 10-cm diameter core samples,
one each from the upper and lower quarter. (The 5-cm cores,
the holes of which can also be seen in this photograph, are
being used for alr permeabkility tests which are not discussed
in this paper.) The other half of the section was used to
provide test material for measuring the conftent of the evapor-
atable and non-evaporatable water. One sample for each test
was taken from the upper and lower quarters of the segment

and the test matepdal for determining the dry bulk density
was taken from the middle at about the level of the glass

tube. These operations were performed rapidly to keep moisture

losses as small as possible,

The sampleg, welghing between 2 and 3 kg, were welghed
immediately, crushed, dried at 105°C until the weight became
constant and then weighed again. The dry bulk density of
the test pleces was determined secording to DIN 52 102 [5].
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The same samples were used f{or messuring the water upitake under
atmospheric pressure as per DIN 52 103 [6]. TFor purposes of
comparison, water uptake under atmospheric pressure and at

a pressure of 150 bars was also measured cn sepavately pro-
duced samples of calcite and gravel-sand coneretes.

The test for the content of non-evaporatable water by
means of heat treatment at 550°C of the concréte previously
dried at 105°C was done on pairs of samples welghing about
300 grams from beam segments A/B, C/D, F/G, J/K, O/P and P/Q.

The cores used to debterminedtheccompressive strength
were shortened and the pressure surfaces made plane parallel
so that the diameter and thickness were approximgtely equiva-
lent. Until they reached a constant weight, they were stored
at 20°C and 100% relative humidityvbefure they were tested
in the surface-dry state.

2.2.5.2. Measurement Results

Fig. 36 shows the measured concentrations of evaporatable
and non-evaporatable water (converted to percent by volume
using dry bulk densitiés) as & function of the location of
the concrete segments in beams 3 and 6., The mean values of
two measurements In each case were used to set up the water
balances for the two beams in section 2.5.

The dry Bulk densitles (€4,) were used in compiling the
upper part of Table 4. They do not reveal any local variations.
The standard deviation (s) is indicated as s supplement to the
mean values.

Fig. 37 (left) shows the water uptake under atmospheric
pressure (A) for the specimens from beams 3 and 6 as a function
of their positlon in the beam. Fig. 37 (right) shows the water
uptake at atmospheric pressure ( Y) and at a pressure of 150
bars (Ad ) which was determined &n separately produced specimens
of all of the concrete,

Fig. 38 shows the compressive strength values (B..) measur
ed
on the cylindrical core samples as a function of theig position
In the beam. Iq making these measurements, the influence of the
shape and size of the specimens was not taken into account,
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B. Bean
C. Water/cement ratio
D. Distance from the heated face in cm
E. Water absorption A of the beam concrete

Fig. 37. Right--water absorption at atmospheric pressure (A.)
and at a pressure of .50 bars (Adr) of separately producet test
spedimens of calecite and gravel-sand concretes.

Key: &. Water/cement ratio
B, Calclte concrete
C. Gravel-sand concrete
D. Water absorption AY and Adr of test specimens
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2.3. Structural Developments of the Concrete

2.3.1. Dehydration Experiments on Cement Paste

2.3.1.1. Measurement Method and Experimental Procedure

According to Powers and Brownyard [14], the water present
in the cement paste can be distinguished into three different
types, namely ,free, adsorptively bound and chemically bound
water (cf. section 1.1.3.). The subdivision into evapoiratable
and non-evaporatable water, made on the basls of defined ex-
perimental conditions, assumes that the non-evaporatable water
can be approximately equated tolbthe chemically bound water,

In thls paper we have adopted the terminology used by
Powers by deslgnating, for purposes of simplificatlon the
portion of water expelled by drylng at 105°C as evaporatable
water and the portion gilven off between 105°C and 550°C as
non-evaporatable water. The methed used by most authors to
determinedthe content of evaporatable water, i.e. the method
of drying In a warming cupboard at temperatures somewhate above
the boiling point (also see [18, 28, 63]) measures in addition
to the free portion (in the sense of the distinction made by
Pcwers, a portion of the water bound adsorptively to the pore
walls, and this as a function of the drying temperature, drying
time and pretreatment of the test material). As experiments
have shewn [82], even under precise drying conditions the
welght less cannot be correlated only with specific temperature
ranges, but it also shows a continuous curve, which 1s primarily
due tolthe faect that the absorption forces, which bind the
water molecules in layers and have to be overcome during drying,
increase as the molecule approaches the pore wall, In spite
of the uncertalnty to which the method is subject, 1t 1s used
In most cases--including thls one--s0 as to keep the technical
aspects of the experiments from becomlng unnecessarily conplex.
By contrast, the method first used by Powsrs and Brownyard,
and reflned by Copeland and Hayes [26], to determine the
chemlcally bound water (i.e. non-evaporatable water) have to be
reserved for special experiments [25]. In the experiments de-
serlibed below on samples of cement paste, the heat treatment
method at 105 or 550°C used to distinguish evaporatable and
non-evaporatable water was compared with the results of thermo-
gravimetric analysis (TGA). Prisms were used for the test
material (cf. section 2.1.1.4.). These were stored in a saturated
calcium hydroxlde solution until the start of measurement. To
be able to measure pore-space spec¢ific differences, which in-
fluence the dehydration behavior, we examined cement paste with
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water/cement ratlos between 0.20 and 0.55 at increments of
0.05 and also of dlfferent ages between 3 and 290 days.

In each case the test materlal was taken from the interior
of the cement paste prisms. For the experiments in the warming
cupboard, between 20 and 40 grams of cement paste were used
per water/cement ratio and age lncrement. After welghing,
the test material was erushed, dried for 48 hours at 105°C
and weéighed again. This was followed by heat treatments at
550°C and finally at 1000°C with the appropriate weilghing.

The wafter concentrations, with respect to the respective

drving temperature (6%) followed from the difference with
respect to the final weight at 1000°C:

Gy~ G 4g

w{ﬂ#)n( ). 100 in ¢ by welght.

G1oon

The thermogravimetric analyses were done on samples of
cement paste for water/cement values of 0,3, 0.4 and 0.5 at
age increments between 1 and 290 days. From the crushed test
material, the partiecle fraction 0.63/1.0 was separated off
with vest screens 1n accordance DIN 4188 [4] and 200 mg of
thils was used as the test material for each test. On the
baslis of prelimilinary experiments within temperature ranges,
the followlng heating rates were established:

Temp?rature Range Heating rate (°C/min)
°C) .

20 / 200

200/ 380

380 / 540

540 / 700

2
100

2.

In plotting the results, the welght loss curves (df. Fig,
39) were divided Into intervals so that these curves include
characteristic dehydration phenomens which overlay the more
continuovs ckanges. The water concentrations at the temperatures
corresponding to the interval limlts were calculated according
to the above equation, in which the final weight at 700°C was
used as s reference value.
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Fig. 39. Thermogravimetric analysis of cement paste: temperature
and weight loss as a function of the heating rate (weight of
sample: 200 mg).

Key: A. Weight loss

B. Temperature
C. Heating rate

2.3.1.2. Measurement Results

Using as an example a specimen of cement paste with a water/
cement ratio of 0.50, Fig. 39 shows the dependency of weight
loss on temperature, taking into account the different heating
rates. In the weight loss curve, the interval limits used in
plotting these graphs were marked by circles which correspond
to the temperatures lying vertically below them.

Fig. 40 summarizes the results of measurements expressed
as water concentrations of the cement paste at the respective
temperatures, as a function of age. Fig., 40 (left) shows the
water concentrations determined by means of the heat treatment
method. Fig, 40 (right) shows the results obtailned by plotting

the curves as shown in Fig. 39. F-r reasons of clarity, individual
values are not plotted in the graph.
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Key: A. Water content in ¥ by welght
B. With respect to the final welght
at 1000°C and 70Q°C
C. Age 1n days
D, Heat treatment
E. Thermogravimetric analysis
¥. Heating rate, ef. Fig. 39

2.3.2, Bvaporatable and Non-evaporatable Water

2.3.2.1. Measurement Method and Experlmental Prodedure

The purpose of the tests described below was to determine
the effects of heating, i.e. of local temperature and moisture
conditions in the beam, on the development of structural prop-
erties of the conecrete, as far as they are reflected in the
ratios of the concentrations of evaporatable and non-evapora-
table water., In view of the small sample quantities of matrix
morbar, as stipulated by technical conditions, larger deviations
were to be expected, particularly in the moisture content de-
terminations, since the ratio of total pore volume to solid
volume as well as the pore space essentlal for water absorption
would not be the same for all of the test specimens. It was
also to be expected that in determining the concentrations of
non-evaporatable water by heat treatment at 550°C, the measured
values would be adversely affected by weight losses of the
aggregate. Thus, these findings could be used primarily only
to show development tendencies.

The specimens of matrlx morfar, taken in palirs from the
beam wlndows accordlng to the test plan shown in ¥lg. 7, were
welghed Ilmmediately after beling removed and--to prevent molsture
losses--lmmedlately processed as follows:

One speclmen was cut in half, One half was used to de-
termine the dry bulk density, which also yielded in
each case a value for the concentration of evaporatable
water. The other half was used to determine the pure
density (cf. seetion 2.3.3.).

One half of the second specimen was used to measure

the pore size distribution (cf. sectlion 2.3.4.), and

the other half was used to measure the concentrations

of evaporatable and non-evaporatable water, To this

end, the maverial (20-3Q grams per specimen) was first
pre-dried and weighed to keep evaporatlon losses a:c

small as possible during subsequent ecrushing in a mortar.
The drying at 105°C lasted 48 hours in each case, a
perlod of time which had been determined to be adequate
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in the experiments on crushed materlal. After
weétghing, the test material was heated to 550°C
and held for 24 hours at this temperature. This
is followed by roasting at 100°C, likewise for a
period of 24 hours.

As a result of the heat treatment at 550°C, the weight
losses caused by the aggregates had to be estimated by means
of drying experiments on the particles contalned in the matrix
mortar. For the calclte mortar, this resulted in a propertion
of the content of non-evaporatable water of about 1.3% by
volume, and about 1.2% by vélume for the gravel-sand material.

2.3.2.2. NMeasurement Results

Fig. 41 shows the results of the evaporatable water content
experiments on matrix mortar specimens for beams 1-6. For
setting up the graphs we also used the values measured in de-
termining the bulk density, since these do not show any perceptible
systématlc differences with respect to the values measured on
crushed mortar. TFor the age stages of 3, 7 and 28 days, 3 or
4 individual measurements in each case could be combined into
mean values wlthout taking into eonsideration the position of
the sample-taking point (window) in the beam. For the age
stages after the start of heating, distinictions were made
according to location, whereby a maximum of two individual
measurements could be averaged. These data are lnterconnected
by broken or dotted llnes,

The results of the matrix mortar experiments on the content
of non-evaporatable water did not reveal any dependencies on
the water/dement ratio within a type of concrete. As expected,
the values determined for the beams deviated sharply and, after
correcting for the welght loss of the aggregate, they were
summarized for both types of concrete and shown graphically
in Fig. 42. The graph on the left shows the change in con-
centratlon of non-evaporatable water for the matrix mortar
Wlth caclite concretes (beams 1-3) and the graph on the right
for the matrix mortar of gravel-sand concretes (beams 4-6).

The data for the three age stages up to the start of heating

could be combined into mean values from a maximum of six in-—

dividual values without taking into consideration local details.
The data plotted after the start of heating as a function of
age correspond-to the mean of a maximum of four individual
values. The solid lines indicate the change in content of
non-evaporatable water for windows 1-3 after the start of

heating, the broken lines combine the points measured at
windows 4-8,
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beams 1-6.
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Content of evaporatabie water as a function of age
and also of the location in the beam (windows 1-8) after the
start of heating, determined on matrix mortar specimens from

Key:

A.
B.
C.

D.
E,

Beam

Window

Content of evaporatable water
in # by volume

Start of heating

Age 1in days
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2.3.3. Total Poroslty

2.3.3.1. Measurement Methéd and Experimental Procedure

: The structural development of the concrete can be charac-—
terized with the help of changes in tobal porosity (also see
[83]). Under normal hardening ceconditions during the maturation
process the total porosity decreases, sinee the hydration
products assume a portion of the originally avallable pore
space. Since the resulting products as well as thelr strength
are dependent on the prevalllng temperature and molsture con-
ditions, difflerences In the development of The pore volume
according to the locatlion of the conerete in the beam had to

bhe expected.

The material used {or the total porosity experiments was
a test specimen of matrix mortar for each type of concrete, the
sample-taking of which is described in section 2.3.2.1. As a
supplement tonthls, measurements were made on cement paste with
water/cement values between 0.25 and 0.55 (ef. section 2.1.1.4.). /54
The cement paste prismms were stored until the test age in each
case in a saturated calcium hydroxide solution. The tests-were
carried out according to DIN 52 102 [5]. 1In each case, half
of the test specimen was used to determine the bulk density
(ptp). The other half, after belng crushed and drled was used
to measure the density (%0) with a Beckman comparison air
pycnometer with which the volume was determined by adjusting
the pressure of two ftest chambers coupled through a differential
pressure meter. (ef. [84]).
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2.3.3.2. Measurement Results

The total poroslty (Ug) is deduced from the values de-
termined for bulk density and denslty according to the following
equation:

Y

To show espeeclally also the influence of heating on the
change in pore space, the data for the two types of conecrete,
differing in aggregate, were compiled in Fig. 43. For the
age intervals of 3, 7 and 28 days, it was not necessary to
distinguish the locatlon in the beam (window number), so that
for these ages six Individual measurements were averaged in
each case (dashed-line fltted curve). The data for the age
intervals after the start of heating, which must be distinguished
according to temperature and moisture conditions by indicating
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the window number, in each case respresent three individual
values. The solid line after the start of heating combines
the results for windows 1-3, the dotted line combines the
results for windows 4-8.

Fig. 44 summarizes the total porosity values (Ug) of the
cement paste samples. The graph shows the total porosity as
a function of the age of the cement paste for water/cement
ratios between 0.25 and 0.55.

2.3.4. Pore Size Distribution

2.3.4.1. Measurement Method and Experimental Procedure

Besides the chemical and mineralological features of the
cement paste as well as of the matrix mortar, we are also es-
pecially interested in the pore structure with respect to the
technoological properties of the concretes. This structure
is characterized by the nature and distribution of the pores. /55
To measure the pore- size distribution using the method proposed ~
by Ritter and Drake [85] we used a mercury porosimeter developed
by Guyer, B8hlen and Guyer [86] with a prgssure range up to
2000 bars (for 4 radil between about 7:10° and 4 nm). Reference
[82] shows a schematic diagram of the instrument built by
Carlo Erba Co. This instrument also has an additional device
for measuring larger pores with radll between 55+103 and 7-103
nm.

The basic points of the measurement method are described
in detall in the literature (e.g. [24, 87, 18]) and these
will be repeated here only to the extent necessary for evalu-
ating the results. The method is based on the capillary
equation for the equilibrium state

p - r?ﬂjt = 2-1--7('(}0059)

2:6
or p = = cos @, Eq 3

where p 1s the pressure, r the radius of the capillary tube,
¢ the surface tension of the medium and ¢ its angle of contact
(ef. Fig. 45).
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For mercury on nonmetallic materials, contact angles are pro-
duced which are greater than 90°, and the right side of the
equation becomes negative, i.e. the mercury is not wetted
and must be pressed into the pore system. Assuming that
cand ¢ are constant variables, namely o=0.48 N/m for pure
mercvry and ¢=141.3° as the contact angle [24], the rela-
tionship between the radius of the smallest filled pore and
pressure {in bars) turns out to be .

7492
p

r =

in nm,

Eq. 4

Winslow and Diamond [20] have determined the contact
angle of mercury to be 117° by experiments on cement paste
dried at 105°C, and with a surface tension of o=0.484 N/m
they have obtained a modified conditional equation. For
example, for the measurement apparatus used here, this would
cover a pore radius range of about 2.2-33 x 103 nm. In view
of the objJective ot studying relative changes in pore size
distribution in a complex system, however, the mean values
usually taken as a baslis for the surface tension and angle
of contact were retained [88].

The measurements are carrled out in such a way, that first
of 'all by means of compressed air, mercury is pressed in stages
into the originally evacuated test material, during which the
respective changes in volume and pressure are measured. Then
the pressure 1s gradually 1lncreased by means of a multistage
hydraulic system in an automatically controlled apparatus,
and the pressure and volume are registered on a recording
apparatus. The pore radil are calculated in steps using Eq.
(4). These are correlated to the pore volume corrected by
the compressibility of the hydraulic system.

Eq. (4) is valid in principle only for cylindrical capil-
lary tubes. Accordingly, with step-wlse pressure increases,
the successlve pores must become increasingly smaller (Fig.
45, case a) and not--e.g. like a bottleneck--confine the
axis to larger cavitles (Fig. 45, case b). Since pore systems,
in reality, are considerably more complex, the pore size dis-
tributions measured serve only as a model. Indicative of this
1s the fact that the mercury pressed in does not completely
re-emerge 1if, as a result of gradual decrease in pressure,
atmospheric pressure is agaln obtained. Various reasons for
this are given in the literature. While Ritter and Drake
[85] attribute this to the bottleneck pores, Hill [89] believes
that in very large pores with bottleneck openings (ef. Fig. 45,
case c) free mercury levels would form without exterior binding
during emptying. On the basis of microscopic examinations of
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sample of coke, Jiintgen and Schwuger [87] assume, moreover,
that because of the high pressure, mercury ln the form of thin
films remains stuck for the most part to the wall surfaces of
large pores during emptying. Auskern and Horn [90] found that
about 50% of the mercury pressed in did not re-emerge from
the cement paste; Sellevold [91] gives a figure of 20-45%

for his experiments on cement paste. Among other things,
Jintgen and Schwuger [87] also discuss the question of
whether the pore structure 1is not modified at the outset

by the strain differences resulting from pressing in the
mercury. Repeated measurements revealed a small influence
obviously only in the region of larger pore radii.

Altogether the method has a large number of speclal fea-
tures which may have a strong effect on the distributions
measured and which cause Jung [92], for example, to state
that the maximums in the end region of the mercury porosimeter
method would often be overestimated. Regardless of these
special measurement features, the relative changes in pore
space measured with the method allow us to draw conclusions
with respect to the development processes,

In this connection, finally the question of the pretreat-
ment of specimens takes on importance. Sellevold [91] informs
us that considerable differences have emerged for measurements
on pulverized cement paste in comparison with measurements on
small pleces of the same material. In addition, the heat
treatment at 105°C to expel the evaporatable water from the
specimens made from the outset cause a change in the pore space.
In the experiments described below, instead of drying at 105°C,
the crushed specimegs of matrix mortar were dehyd:ated in a
vacuum at about 1072 torr for three days, since dehydration
experiments at different temperatures (cf. [82]) as well as
comparison measuremehts had led to the result that, with this
drying method, the pore space essentially measured by mercury
porosimetry is obviously emptied.

The test material used for the measurements was matrix
mortar (cf. section 2.1.1.3.), cement paste (section 2.1.1.4.)
and aggregate samples. As explalned in section 2.3.2., from
one of the two mortar samples removed from the windows of the
beams at each age Increment (cf. sample-taking chart, Fig. 7),
half was split off after weighing, crushed into small pleces
measuring about 2-3 mm in diameter and dried in a vacuum at about
1077 torr and at room temperature for three days. From the
material prepared in this way and selected by visual examina-
tlon as belng free of courser aggregate, about 3-4 grams were
put into a dilatometer container (ef. Fig. 1 in [82]) and
measured using the mercury porosimeter method after several
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evacuations lasting about two hours. 8o far, pore size dis-
tributions have been measured on 26 test specimens for each
of beams 1, 2, 4 and 5, while there were a total of 34 test
specimens both for beams 3 and 6. Likewlse, cement paste

as described in section 2.1.1.4. as well as samples of calcite
and gravel-sand aggregate were tested for pore size distri-
bution.

The pressure range up to 1 bar (corresponding to pore
radil up to about 7.103 nm) were measured in eight stages.
The recording apparatus graphs were plotted for pressures up
to 2000 bars (corresponding to pore radii up to about 4 nm)
in 36 stages according to a prepared pattern.

2.3.4.2. Measurement Results

Taking into conslderation the correction term for the
inherent compressibility of the hydraulic system from the
pressure and vclume measurements measured in the blind ex-
periment, Eq. (4) provides us with frequency sums of the pore
volume (u) as a function of the pore radius (r). These
curves were plotted for all of the test specimens over (lg r)
(cf., for example, the sum lines in the upper half of Fig. 46
for the test specimens from wiridows 7 and 8 of beams 2 and 5).
The measured pore volumes (Uye) are plotted in Fig. 47 as a
function of age and location Wwithin the beams 6 (window number).
Here the individual values measured up to the start of heating
are combined, independently of the sample-~taking point.

From the frequency sums (Fig. 46, top) we can directly
read the portion of the pore volume as percent of the total
volume of all pores with r<r; for pore radius rj. Although
these sum curves (also called distribution sums) give infor-
mation on the correslation of the pore volume to the pore
radil, it was necessary for purposes of clarity to determine
the corresponding frequency distribution (also called dis-
tribution densities) with the help of a computer and also
plotting over (lg r).

The distributions shown as examples in Fig. 46, center,
and algo in Figs. A 17-20 in the appendix, are fitted curves
for the computer-drawn histograms of the frequency of the pore
volume du/d (lg r) plotted over (lg r). Fig. A 17 shows pore
volume frequency distributions for the age intervals of 33
7 and 28 days, measured on samples of matrix mortar of the
calcite (beams 1-3) and gravel-sand (beams 4-6) concrete.

Fig. A 18 compares the frequency distributions of matrix
mortar specimens from windows 2, 7 and 8 from beams 3 and 6
for different age intervals. Figs. A 19 and A 20 show the
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Top pore volume frequency sums as a function of the pre
radius (1lg)

Center pore volume frequency distributions as a function of
the pore radius (1lg)

Bottom schematic subdivision of the measured pore volume (UHS)
into cement paste porosity (A), aggregate porostiy
(B) and structure-dependent porosity (C).

Key: A. Pore voélume frequency sum in %
Pore volume frequency
1% of the pore volume
Window
Days
Pore radius
Calcite concrete
Beam
Gravel-sand concrete

frequency distributions of the pore volumes with respect to
welght which were measured on cement pastes with different
water/cement ratlos and ages and also on samples of the
limestone and gravel-sand aggregate. With the help of the
surface area scale drawn in the figures, we can obtain the
proportion of pore volume of the total volume measured be-
tween two pore radii. By means of these distribution curves
obtained by partial differentiation of the sum curves, changes
in the pore volume over the coordinated pore radii are readily
visible. Thus, Fig. 46, middle, shows that typical distribu-
tion curves for the matrix mortar of the calcite and gravel-
sand concrete differ considerably from one another in terms

of form, which is obviously causally related to the particular
features of the aggregates. So in Fig. 46, bottom, taking as
an example a specimen of each type of concrete,b(from window 8,
age 180 days) the proportions of measured pore volume (U, )
attributed to the components of the matrix mortar as welfi!g

as the structure-determined porosity are estimated. The values
obtained are based on the distributlon curves for cement paste,
limestone and gravel-sand aggregates shown in Figs., A 19 and
20 in the apperndix.

The distribution curves of Figs. A 17 and 18 in the
appendix also reveal that the volume percentages correlated
with certain pore radii (in the graphs showirg surface area
proportions) are abviously shifted wilth age toward other pore
radii. Another gecal was to quantitatively determine the
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changes qualiutatively visible in the distribution curves. To
this end, the histograms were separated into surface area seg-
ments at characterl!stic, recurrent minimums, These segments
are limited by the snallest or greatest measured pore radil
and by radii ry and ryy within the distribution curves (Fig.
46, middle). &he limiging radius was characteristic for both
types of aggregate, and spediflically for the calcite material
a mean value of ryr=40 nm emerged and an average value of ry®
52 nm for the gravel-sand material, while ryy for both types
of aggregates was uniformly determined te be T40 nm, By
transrerrin% the limiting radil ry and ryry into the frequency
sums (Fig. 46, top) the eorresponsing vélume portions uj and

u, turned out to be percentage portions of the measured total
pgre volume. Their centermost values uyr and u T correspond
to the "central" pore radii ryr and »yyy as mayﬁed in Fig.
46, top. The distribution surfaces uy and uyy were converted
by multiphying with the pore volumes {Ung) of Fig. 46 into
em3/g, combined for each type of concrete (three beams in

each case) and plotted in the graphs together with the central
pore radil as a function of age, taking into consideration the
position in the beam or the corresponding temperature ranges.
Figs. 48 and 49 show the changes in central pore radii Ty

and pore volumes u, for beams 1-3 and 4=6Gcrespectively.

In these graphs ths location-dependent values up to the start
of heating were averaged, while the values for the age in-
tervals after the start of heating were combined for every

two adjacent windows (ef. the temperature ranges given in the
figures).

The changes in central pore radii Ty and the accompanying
pore volumes ugg are shown in Fig. 50, lg}i, for beams 1-3 '
» ’

(caleite coner ) and right, for beams 4-6 (gravel-sand concrete)
corresponding to Figs. 48 and 49,

In Fig. 51, left, the pore vodumes uy for the age in-
crements up to the start of heating on the 28th day are plotted
separately for the matrix mortars of beams 1-3 and 8«6, The
identifiable development area for the three concretes in each
case has been emphasised by boundary-line curves and right and
loft slanted shading lines, Fig. 51, right, shows the correspond-
ing graph for pore volumes Y.

2.4, Changes in the Mechanical Properties of the Concrete

2.4.1. Shrinkage, Contraction, and Thermal Expansion
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Key: A. Pore radit
B. Pore volumes
C. Windows
D. And
E. Mean value
F. To
G. Mean values independent of the location
H. Beams
I. Start of heating
J. Age 1in days

2.4.1.1. Measurement Method and Experimental Procedure

Besides the measurements of total length changes made
on the beams, strain behavior tests were necessary to determine
the nature and magnitude of different types of influences.

The reduction in volume as a result of shrinkage and then
contraction immediately after the pouring of the concrete, due
to hydration phenomena, could not be measured on the beams
themselves. After the start of heating, local contraction-
induced strains appeared as the beams gradually dried out.
These processes are still going on and had to be evaluated
on separately produced test specimens. Changes in the length
of the beams before and after the start of heating were caused
by thermal expansion. To be sure, these changes are included
in the sum of all local length changes measured with the
Invar rod, however they cannot be measured individually and
so even measurements of thermal expansion en separately pro-
duced test specimens were necessary.

To investigate the strains in both types of concrete due
to shrinkage and contraction in the early stage of hardening
we used an experimental apparatus which had already been tested
by the Federal Institute for Experiments on Mortars and Pure
Pastes. Detalls of this apparatus are given in reference [93].
It consists of a three-part mold--such as used for making cement
mortar prisms measuring 4 x 4 x 16 cm--on whose ends for the
two outer prisms are placed inductive displacement transdueers.
In order to prevent changes in length dasimuch as possible during
the measurements, the bottom and the two long sides of the prism
molds were each covered with two folls of polytetrafluorocethylene
(teflon) sandwiching a lubricating film of oill. To prevent the
release of moisture from the concrete to the environment, a
glass plate was cemented to the prism molds with ceiling com-
pound and the cavities were filled with wetted foam material.
The measurements were made on two prisms each of calcite con-
crete (corresponding to beam 2) and gravel-sand concrete
(corresponding to beam 5) during a 100-hour peried after the
concrete was poured.
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Fig, 49. (Top): Changes in central pore radii (rM ) as a
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B. Pore volumes
C. Windows
D. And
E. Mean value
¥. To
G. Mean values independent of the location
H. Beams
I. Start of heating
J. Age 1n days

The linear thermal expanslon was first of all studied in
preliminary experiments on one beam each of calcite and gravel-
sand concrete measuring 15 em x 15 cm x 55 em. This was done
for the temperature range between 20 and 80°C, without taking
into account the moisture content of the concrete restricted
to the molist and dry boundary states. Based on the practical
data obtained in the preliminary experiments, the tests de-
scribed below were carried out to determine the thermal ex-
pansion coefficients and the degree of shrinkage. For each
type of concrete and water/cement ratio, two test specimens
were poured into cylindrical tin contalners measuring 10 cm
in diameter and 23 cm long and these were sealed vaportight
(ef. section 2.1.2.2.). The membrane-like ends of the con-
tainers supported measuring pins which were solidly anchored
in the hardened concrete. A thermocouple was arranged approxi-
mately in the longitudinal axis of each test specimen. After
the concrete was poured, the test specimens were stored for
28 days in a warming cupboard where they were exposed to tem-
peratures corresponding approximately to those which would
have occurred in the beams, after the concrete was poured,
as a result of heat of hydration (ef. Fig. 9).

On days 3, 7, 17 and 29 the test specimens were cooled to
5°C and maintained at this temperature until the thermocouple
indicated that the temperature of the test specimen had
reached that of the laboratory. By means of the length changes
corresponding to the temperature differences, we obtain the
values for the linear thermal expansion coefficients (a).

On the 29th day, after the vapor seal (tin casing) was removed
from one of the two test specimens for each type of concrete,
the temperature was increased to 70°C in a warming cupboard

so that one of the two specimens for each concrete ecould

dry out. During the subsequent tests, up to an age of 122
days, the length changes of the specimens were measured for
temperature changes between about 70 and 5°C and used to cal-
culate the thermal expansion coefficients,
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In order to obtain approximate values for the degree of
shrinkage for the concretes in the hot regions of the beams
characterized by high molsture Losses, the vapor seal was re-
moved from the remaining specimen of each pair on the 140th
day. Up to this time, these specimens had been stored vapor-
tight at 70°C. The concrete was dried out at 105°C and the
contraction caused by the drying was measured. The=se measure-
ments continued until the concrete had reached an age of
approximately 250 days.

Three prismatic test specimens (measuring about 50 mm x
10 mm x 10 mm) were used as samples to determine the linear
thermal expansion coefficients (a) for each type of aggregate.
These were cut like random samples out of pieces of rock,
without taking into consideration the priveleged directlon
and dried at 105°C until a constant welght was reached. The
measurements were made with a dilatometer (a mechanical trans-
ducer with a flint glass rod and inductive displacement trans-
ducer). The specimens were heated in thils device from 20 to
100°C at a constant heating rate.

2.4.1.2. Measurement Results

-g Linear therma% expansion coefficlents (a) between 4.2 x
10 and 5.3 x 10-Y/°C were measured on the test specimens
with calcite aggregate and the test specimens of quartzite
material yielded expansion coefficients between 11.1 x 10-6
and 12.0 x 10-6/°C.

The strains due to shrinkage and contraction (e )
measured on the 4 x 4 x 16 cm prisms are plotted in [s¥]
Fig. 34 for a period up to 100 hours after the concrete
was poured, in this case for concrete with calcite aggregate
corresponding to beam 2 and concrete with gravel-sand aggregate
corresponding to beam 5. As mentioned in section 2.2.4.2., the
results of the experiments with the strain gauges in the beams
were used for the connecting valves up to the 28th day.

For the concretes corresponding to beams 1, 2 and 3 and
4, 5 and 6, Fig. 52 shows the thermal expansion coefficients
(a) determined on the cylindrical test specimens plotted over
the age of the concrete. After the 29th day, the values are
plotted separately for moist ("with vapor seal") and dry ("with-
out vapor seal") concrete. The two bottom graphs of the figure
show the mean values calculated for both types of concrete.
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Key: A. Concrete
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I. Mean of x and o
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Fig. 53 shows the unit strains due to contraction (eg) mea-
sured on the cylindrical test specimens. These were obtained
by decreasing the total strains by the temperature-induced
portion (as described in the first paragraph of this section)
whereby the ambient temperature of 20°C and the length measure-
ment on the 6th day were used as reference points. Accordingly,
the contractions which occurred due to shrinkage up to this age
are not shown in the graphs. The final degree of shrinkage ex-
pected for the concrete corresponds approximately to the shrink-
age caused by drying at 105°C between the 1U40th and 150th day.

4.2. Flexural Bending Strength and Compresslive Strength of
ment Paste, Cement Mortar and Concrete

2.
C

2.4.2.1. Measurement Method and Experimental Procedure

In the test on test cubes of concrete 1t turned out that
because of the spread of individual values the development in-
fluenced by the processes 1n the cement paste cannot be adequately
analyzed. Therefore, in conformance with the structural develop-
ment studies, strength tests were also done on cement paste and
cement mortar.

The prisms of cement paste (cf. section 2.1.1.4,) for the
flexural bending strength test based on DIN 1164 [3] were stored
until the test time in a saturated calcium hydroxide solution.

In accordance with DIN 1164, three prisms for each type of
cement mortar (cf. section 2.1.1.4.) were used to test a cement
sample for flexural tensile strength and compressive strength.
The prisms were stored in water untll the test dates. The con-
crete cubes provided for the compressive strength tests measured
10 or 20 ecm on an edge. As mentioned in section 2.1.2.2., they
differed only with respect to their storage conditions. After
the 7th day some of them continued to be stored at approximately
20°C and 100% relative humidity ("moist storage"), the remaining
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portion was stored at 20°C &nd 45% relative humidity ("dry
storage"). The compressive strength tests were performed on
the respective test days on three test cubes In each case

as per DIN 1048 [2].

2.4,2.2. Measurement Results

Fig. 54 summarizes the results of the flexural tensile
strength (8g) and compressive strength (Bp) tests on cement
paste.

Fig. 55 shows the flexural tensile strength and compressive
strength values measured on cement mortars of three randomly
sampled cement specimens.(cf. section 2.1.1,4.). Each symbol
represents the mean of three-individual values which, however,
do not reveal any noticeable differences for the three cement
samples so that mean value curves were drawn.

The individual values of the compressive strength tests
(Bp) on the concrete test cubes measuring 10 cm on an edge
were adapted to the measurements for the cubes measuring 20
cm on an edge by means of shape coefflclents. These were
derived 1individually for each type of concrete from the
compressive strength values of 10 cm and 20 em cubes for ages
of 28 and 180 days. The graphs in Fig. 56 summarize the
results for the calcite concretes (beams 1-3) and the gravel-
sand concretes (beams 4-6). Each symbol represents three
individual values. The solid line indicates the change in
compressive strength of the 20 ecm cubes kept in "moist storage",
while the dotted=line curve shows the change in compressive
strength for "dry storage" conditions.

2.5. Correlation of Characteristic Values Influenced by Heat /67
and Molisture conditions \ —

2.5.0. Scope of Experiments

The development of the properties of the concrete in the
beams 1s influenced by heat-moisture processes, Conversely,
heat and moisture conductivity are dependent upon the special
features of the pore space and the solid structure. This will
be illustrated using as an example the influence of temperature
and moisture content on the mechanical properties as well as
thermal conductivity.
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2.5.1. Setting Up the Water Balances

With respect to water content, up to the start of heating
the beams form a closed system and afterwards, as a result of
drying, they can only lose water, but not gain it, at the open
face. This makes it easy to combine, in the form of balances,
the local changes in water content over time and thus uniformly
plot the data from section 2.2.3.

Figs. A 1-12 in the appendix show examples of the change
in total water content and in the content of evaporatable water
over time--measured at the measuring points for the moste im-
portant measurement planes or the immediately adjacent measuring
points. These relationships as well as the total water con-
centrations before the start of heating, which were coordinated
with the data in Table 4 for the individual beams, were used

to set up the water balances (Figs. 57 and A 21—33 of the appendix)
for six age stages in each case.
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The total water concentrations at 23 measurement points (mea-
sured with a neutron probe) over the beam length were united

by straight lines into a distribution curve for this purpose.

In the edge reglons next to the ends of the beams this curve
could only be estimated. (Even by means of the other measure-
ment methods used, however, the quantitative determinatiocn of
water concentrations in these regions was not without problems.)
Since the amounts of evaporatable and non-evaporatable water
are added in the distribution curve, the concentration of
non-evaporatable water can be deduced by subtracting the evap-
oratable portion (measured with the moisture measuring elements).
The "x" symbols plotted in Fig. 57 for beam 3 (470 days) and
beam 6 (421 days) correspond to the data from the measurement
points along the middle of the beams, while the "V" and "A"
symbols represent the results measured with the elements placed

above and below this line (also see Fig. 5). In contrast to /69

the graphs in Figs. A 21-38 in the appendix, the water con-
centrations measured after beams 3 and 6 were split are also
plotted in Fig. 57, and in so doing the concentration of
evaporatable water for the 17 beam segments examined were

plotted in each case above the mean value for the non-evaporatable
water (cf. step-like distribution curve). The values plotted

for the concentration of non-evaporatable water ( ® symbols)
resulted in a mean value of 5.0% by volume for beam 6 and 6.2%

by volume for beam 3 (dashed line).

The mean value of the total water content of the beams
before the start of heating is plotted above the curves for
the evaporatable water. The shaded area serves as a reference
value for the water content lost within the time of the experi-
meht. In analogy to this, areas above the dotted mean value
line are to be regarded as gains in molsture.

2.5.2. Length Changes

The results of the measurements of the length changes of
the beams and of the different influences on the strain of the

beams (sections 2.2.4., and 2.4.1.) can be summarized as follows
with the help of a systematic graph.

Fig. 58 shows the change in length of the beams relative
to the start of heating on the 28th day (zero value). The solid
line curve (IAl) represents the values measured with the Invar
rod. It corresponds to the difference in length changes as a
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result of temperature (A 1[6]) and due to shrinkage and con-
traction (A 1[g*]) or contraction (A 1rgj).
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Fig. 58. Graph of length changes (A1l ) of the concrete beams
(reference value: start of heating on the 28th day). The solid

line curve represents the total length changes (ZA 1) measured
with the Invar rod.

Key: A. Length change
B. Age (in days)
C. Length change due to
D. Temperature
E. Shrinkage and contraction
F. Contraction

The decrease in volume due to shrinkage and contraction in
the period after the concrete was poured is linked with hydration
processes which are especlally intense at the beginning. Since
exothermic reactlions are involved, these are responsible for the
change in temperature and the resulting strains. From the shift
over time of the temperature change maximums for the cement
(Fig. 2) and the concretes (Fig. 9) if can be inferred that the
temperatures of the concrete and the strains associated with
these tempertures lag behind chemical processes., Above all,
this is due to the fact that the mass of concrete at first
heats up only slowly. After 24 hours, the concrete temperatures
have passed through their maximum value and the elongation of
the beams 1s again reduced. It can be estimated with the help §
of the thermal expansion coefficlents (a) shown in Fig, 52. i
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At an age of 24 hours we arrive at a value of Al ejeuso pum
(with a=5.8:10-6/°C) for ghe calcite concrete an

750 ym (with a=a 10,.5+107°/°C) [sic!/] for the gravel-saﬂd
concrete. On the 28th day, the length changes due to heat
are almost stopped. There remains a shortening due to
shrinkage and contraction (Alfg#7), which, as shown in Fig.
34, amounts to about 100 um/m 3 m=240 um for both types
of concrete. This contains a permanent component due to
shrinkage in the early stage of hardening.

After the start of heating, the influences of thermal
expansion and of contraction and swelling overlap one another,
during which time changes in volume also occur which are due
to transformations or new formations of hydration products.
The length changes due to contraction and swelling, linked
with thermal varlations and drying on the exposed face,
can likewlse be estimated by using the values measured with
the Invar rod and calculated by taking the thermal expansion
coefficlents as a basis. Thus, for the period after an
approximately linear temperature distribution was reached
in the beam, e.g. on the 60th day, calculated length changes
due to temperature were obtained which are only slightly
greater than the values measured with the Invar rod shown
in Figs. 31 and 32, and indeed even taking into consideration
the effects of moisture and temperature on thermal expansion
(ef. [54]). From this it follows that at this point in time
the length changes due to contraction at the ends of the beam
and due to swelling in the interior cancel each other out,
which is also suggested by the corresponding water balances
of Figs. A 21-38 in the appendix. Only with progressive age
does the influence of contraction on the total length changes
increase, so that the corresgonding proportion becomes greater
and the two curves in Fig. mcve increasingly father apart.

For the dry state, the expected values can be calculated
by means of the degree of contraction for the concrete shown
in Fig. 53. For the calcite concrete this 1s not greater
than 200 um/m and about 450 um/m for the gravel-sand concrete.
After four years of heating--which assumes complete drjying--
the beams of calcite concrete would accordingly show shrinkage
contractions of about 500 uym and about 1100 uym for the gravel-
sand concrete beams. Taking into consideration the length
changes due to temperature, from these values we can calcu-
late total contractions of about 100 uym for the calcite con-
crete beams and 300 um for the gravel-sand concrete beams
relative to the start of heating. In this connectlon, as
is obvious from Figs. 31 and 32, the water/cement values for
the concretes are especially important in the individual case.
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2.5.3. Compressive Strength

Inccomparing the compressive strength values which were
measured on cores from the split sections of beams 3 and 6,
1t turned out, at least qualitatlively, that higher compressive
strength values were present in beam 6 in the region of higher
temperatures (ecf. Fig. 38 in section 2.2.5.2.), while the
distributlion of compressive strength values for beam: 3 showed
an opposite tendency. There was reason to attribute this
contrary development to the limestone aggregate, Fig. 38
shows that the compressive strength of the calcite concrete
had obviously been impalred up to a distance of about 125 cm
from the heated end (corresponding to 80° to about 50°C). To
show that the moisture losses were directly connected to the
heating effect, another 6 cores measuring 5 cm in diameter and
5 em in length were removed from sections K/L to Q/X of beam
3 whose changes in moisture content had apparently remained
unaffected by the heat. The pressure-bearing surfaces of the
cores were smoothed with cement mortar. Three cores for each
section were stored for 50 days at 70°C and about 100% relative
humidity until being tested for compressive strength along
with the other cores 1n the moist state.

Filg. 59 compares the results of the compressive strength
test on the specially stored specimens and the remaining
specimens. The top graph shows the temperature distribution
in the beam and the type and duration of storage treatment. 1In
spite of the expected large deviations which occur in the com-
pressive strength test on small test specimens, it 1is clearly
obvious that the temperature treatment led to a reduction in
compressive strength.

2.5.4. Thermal Conductivity and Water Content /71

The amount of heat flowing through the beam from the heating
pPlate during the experiment can be used to determine the thermal
conductivity of the concrete provided that we may assume that
the amount of heat carried through the beam cross-section is
constant and lndependent of 1its distance from the heated end
and that the flow lines of the heat flow run parallel to the
long axis of the beam.

According to the theory of heat conduction in solid bodies
[68], the heat flux density (q) is proportional to the effective
temperature gradient (grad 6) with the thermal conductivity
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q@® A (=grad W3 (5)

The difference equation for the two-dimensional case is written
as follows:

Qe = A ==

al (6)

with A0, =0,-8 +1» .8, for successive measurement planes and
1 being the dgstance between the measurement planes,

The heat flow (@) which occurs during time (t) in the di-
rection of the temperature drop is given by the quantity of
heat (Q) with the cross-section (F):

L

W AV
ﬁ.-!\.A-.\l N A (w)

The assumptions applicable when using the above equation,
namely that no heat may be lost or added at the sides and,
in particular, also that the body through which the heat
flows must aot homogeneously and isotropically, could be
satisfied iIn practice only approximately. On the one hand,
even by using a thicker layer of thermal insulation with
greater thermal resistance and a denser arrangement of counter-
heating strips, It would not have been possible to completely
exclude the impglirment of heat conduction by edge effects.
On the other hand, with the 1lnereasing age of the concrete
and as a result of changes in 1ts caloric properties caused
by drying and humidificatlon, we had to expect an impalrment
of the temperature fleld, i.e. the heat flow. These effects
were important throughout the entire time of the experiment
after the start of heating. During the heating=-up phase,

1t was to be expected that consideradble quantities of heat
would be taken up by the concrete and the materials of the
experimental apparatus, depending on the thermal capacity,
durlng the development of the temperature field and that

as the temperature inoreased, the heat balance would be
affected by physical and chemical processes.

Apart from the rimplifications to be made in calculating
the thermal conductivity, It was assumed that the heat flux
denslity measurements would provide information on the changes
In the temperature distridbution and molsture distridbution,
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As is obvious from the changes in heat flux density
shown in Fig, 14 and from the temperature distributlons

over beam length in Figs. 11 and 12, almost stationary con-
ditions for the heat flow can obviously be counted on for
concrete ages above about 140 days, so that Eq. (7) could

be used to determine the heat conductivity for the indivlidual
beam sections as a function of the age of the concrete. For
the 17 sections, after taking into consideration a correction
factor determined on the basis of heat fIux density control
measurements--in particular, on the exposed end of the beams--
we obtained the characteristic (q+Al1/A8) values for beams

2 and 5 in Fig. 58 [sic.] as a function of the age of the
concrete. For the reasons already discussed, the fltted
curves are to be regarded as influx curves for the quasi-
stationary case (about after the 140th day) and--like the 3
equations derived below--are to be regarded as approximatlons I
because of the simplifications described. With gradual drying B3
until all of the evaporatable water has been lost, the thermal by
conductivity as a function of water content may be derived

for temperatures between about 20° and 80°C for each beam

section using such heat conductivity values as plotted in

Fig. 60--assuming stationary conditions. As the water balances

(Figs. 57 and A 23, 26, 32 and 35 in the appendix) show, the

beams had not yet sufficiently dried out, however, to make such

an evaluation worthwhile. By contrast, Fig. 61--in which the

heat conductilivity values as a functlon of water content have

been plotted, but without taking temperature into considera-
tion--clearly shows that the data are concentrated rrimarily

in the region of high water content. Closer examination of

their association with certaln temperture ranges revealed

relationships which corresponded to the heat transmission :
equation in moist substances explained by Krischer [59]. S .
Accordingly, beside heat conductivity, processes in the solid p
structure dependent on moisture content and temperature must
be distinguished. So water vapor diffusion 1s responsible

for the lncrease 1ln heat transmlssion in molst substances in % ?
comparison with dry substances in the hygroscoplc range. The -] b
heat conduction caused by vapor diffusion 1s strongly dependent i 4

on temperature and, under normal pressure conditions at tem-
peratures above 59.3°C, exceeds the heat conductivity of water,
Higher values are given by other authors (e.g. [94]).

The graph in Fig. 62 taken from [59] illustrates the
phenomena mentioned. It shows the dependence of heat con0
ductivity on moisture contert for temperatures 0<59°C (case v
a) and 0>59°C (case b). Accordingly, for moisture concentpra- %‘ ‘

e
=
-

tlons between the dry and water-saturated state of a substance,
different values for heat conductivity are to be expected.
While the curve for temperatures 0<59°C constantly rises
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Fig. 60. Calculated heat conductivity values (q.A1/A6) for
selected sections ©/A... P/Q of beams 2 and 5 as a functilon
of age.

Key: A. Calculated heat conductivity
values
B. Center distance of the
elements from the heated face
C. Beam
D. Start of heating
E. Age in days

s
o)

Fig. 61. Graph of heat conductivity
(1) as a function of total water
content for temperatures between
about 20°C (curve A) and about 80°C
(curve C) for calcite concrete (beam
2) and gravel-sand concrete (beam 5)
with fitted curve (B). Also see
Fig. A 39.
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Key: A. Heat conductivity
B. Beam
C. Total water content
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Fig. 62.
substances at different temperatures, after Krischer.

Characteristic heat ébnductivity (A) curve for moist

Key: A. Heat conductivity
B. Dry

C. Moisture content

(case a) for temperatures 6%59°C it reaches a maximum in the
reglon of the so-called hygroscopic moisture content [27] and
decreases wilth lncreasing moisture content. For 6=59°C, it

remains constant after reaching the hygroscopic moisture content
maximum.

Since the pore system is heterogeneous and, for example,
in the hygroscoplc range diffusion transport does not take place
in all pores, the actual path of such measurement curves is
smoother than suggested by the graph in Fig. 62 (cf. [60]).
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The estimated curves A and C in Fig. 61 indicate the expected
curves for calcite concrete (beam 2) and gravel-sand concrete
(beam 1) for temperatures of about 20°C and about 80°C re-
spectively. Curve B, which 1s also plotted in the graphs of
Fig. A 39 of the appendix for beams 1, 3 and 4, serves as an
auxiliary curve. It was obtained by means of a nonlinear
regression (third order polynomial) with the help of a computer.

The results of the heat conductivity measurements (after
the test specimens were dried at 105°C until a constant weight
was reached) plotted in Fig. 63 were included in the graphs of
Fig. 61. It turned out that there was no dependence on
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Fig. 63. Heat conductivity (A) as a function of temperature,
measured in accordance with DIN 52 612 on dried specimens. Mean
values for calcite concrete (beam 2) and for gravel-sand concrete

(beam 5).
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temperature for the temperature ranges from 18° to 48° or

64°C in the measurements made in the plate device, as per /TH4
DIN 52 612 [7], on test specimens measuring 5 cm thick and

50 em long. Because of thls, the mean values of these
measurements of 1l.42 W/m+K for the calcite concrete and 1.85
W/m+K for the gravel-sand concrete were plotted in the graphs
in Fig. 61. The boundary lines (vertical, dotted lines) for
the water-saturated state were estimated on the basis of total
water content curves, like those shown in the examples of
Figs. A 1-12 of the appendix. They represent the maximum
water content achievable under the special temperature and
molsture conditions. In conclusion, it should be noted that
in the case of the actual shape of heat conductivity curves
starting from the dry state, an initially slow rise and then

a sharp rise 1is recorded becasue the effect of vapor diffusion
in the pore space increases.

3. Discussion of Test Data

3.1. Thermal Processes in the Concrete Beams

3.1.1. Heat of Hydration Effect

As a result of the heat of hydration, temperatures of
nearly 60°C were reached in the concrete (Fig. 9), although
the beams were not provided with thermal insulation on top.
Filg. 2, which compares the change in temperature of a blast
furnace cement HOZ 350 L with that of portland cement 450 F
used in these experiments, reveals that the portland cement,
in spite of the comparatively small heat of hydration of
273 J/g after 7 days for cements with high initial strength
(also see the Table in [95]), shows intense production of
heat within the first 8 hours after the concrete is poured.
Thereafter the temperatures drop rapidly and already after
about 20 hours they lie below the temperatures of the HOZ
350 L cement. Even if we consider the fact that the cement
paste will show comparatively high strength values in the
first hours, the structural stresses resulting from the in-
crease in temperature surely have an adverse effect on the
propertles of the matrix. This is especially true for the
concrete with the calcite aggregate, whose thermal expansion
coefficient is about twice as small as that of the cement
paste (cf. section 3.4.). Moreover, in the case of massive
Structural members, problems will especially arise due to
the fact that, because of the irregular temperature distri-
bution, stress states must be expected during the initial
hardening phase [96].
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3.1.2. Heating Effect

Immediately after the start of heating on the 28th day,
the temperatures in the beams nearly matched the ambient
temperature (Fig. 9); only the core regions still showed
slight differences up to a maximum of 2.5°C. After the
start of heating, the temperatures in the measurement planes
continue to rise in the measurement planes, depending on the
distance from the heated surface (Figs. 1l and 12). Since
heat losses on the long sides are largely compensated for
by means &f the heating strips in the thermal insulation,

a nearly straight-line temperature distribution over the
beam length 1is established in all of the beams at an age

of about 50-60 days. Figs. 11 and 12 show about the same
temperature differences (corresponding to a temperature
gradiant of 0.25°C/cm) between the measurement planes. They
do not reveal specific differences for the types of concrete
and the water/cement ratios. A striking feature which in-
dicates the sensitivity of the experimental apparatus is
that the set-point corrections, which had to be made on the
heating plate regulators, are passed along through' thé beams
in the form of fluctuations in the temperature curves. As

expected, neilther do the graphs of Fig. 13 reveal differences

in the temperature distributions as a function of age, but
it is clear that for all of the beams there is a "take-off
region" next to the heated end which covers a section of
the beam measuring about 7 em (section ©/A) and shows a
slight bend 1n the temperature distribution curves.

As already pointed out (section 2,.2.1.2.), the locally
somewhat higher temperatures in the lower regions of the
beam cross-sections can be explained by the influence of
gravity on the moisture distribution. As Pihlajavaara [97]
has shown experimentally, gravity influences moisture con-
duction in cement mortar. Accordingly, an increase in the
molisture content from top to bottom--even if slight--would
also be expected within the beam cross-secticns which, for
example for temperatures below €60°C, would lead to an in-
crease in heat conductivity (cf. section 2.5.4.) and con-
sequently to a change in the temperature field. In the

context of a theoretical study of this phenomenon, Pihlajavaara

2

and Ranta [98] also discuss the importance of the pore structure

in this connection. Lykﬁw [99] reports, for example, that
in pores with radii < 10" nm, the influence of gravity can

be ignored with a degree of accuracy of €6%¥. In our experiments,

it 1s assumed that, above all, density differences within the
concrete also overlie the influence of gravity, so that a
relationship cannot be directly demonstrated. To be sure,
the measured values of the content of evaporatable water in
planes provided with two moisture measuring elements also
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indicate a locally greater concentration in the lower regilons
of the cross-sections.(see, for example, Figs. A 30-38 of
the appendix for the gravel-sand concrete beams).

The change in heat flux density as a functlon of age
shows clear differences (Fig. 14) which=-since the experi-
mental conditions were identical for all the beams--may likely
be a function only of the type of concrete and the water/cement
ratios, so the heat flux density for the beams with calcite
aggregate 1s smaller by about 25% with respect to those with
gravel-sand aggregate after the heating-up phase. 1In addition,
the heat flux density increases as the water/cement ratio in-
creases, and obviously more so in the case of the gravel-sand
concretes than the calcite concretes. All of the curves show
the same characteristic shape, which may be interpreted as
follows.

The initlal high heat flux densities occurring after the
start of heating are primarily due to the fact that the concretes
and the evaporatable water contalned in them "capacitively" ab-
sorb heat when the temperature distribution is built up. This
process is largely completed after 50-60 days, so that only
the heat carried to the exposed end is given off by the heating
plates onto the beams, i.e. the sharply falling curves bregk
off. After a few days, however, they rise again and then after
reaching a maximum obvliously tend towards an asymptotic equilib-
rium state. The at first unexpected shape of all of the curves,
coupled with the appearance of a minimum, towards the end of
the heating-up phase suggests that the heat flow is impaired
by exothermic processes which emerge as heat sources in the
concrete. In the filrst place, these obviously involve pro-
cesses accelerated or first intiroduced by the increased tem-
perature. According to Kuhl [100], we have to "imagine hydraulic
hardening as a process in which an energy-rich, unstable system
changes into a lower-energy, more stable system." At tempera+
tures above 20° or 30°C, but particularly during the so-called
hydrothermal hardening, these are essentially the same processes,
however the solution equilibriums are expected to be shifted
and the reaction accelerated, during which the production of
heat increases. After reaching the above-mentioned temperature
gradiant, the reactions do not suddenly come to a stop, but
slowly slow down--as shown in Fig. l4--up to about the 120th
day where the heat flux density curves drop only slightly and
then correspond approximately to a stralght line, the slight
slope of whilch 1s basically due to changes in heat conductivity.

The thermal processes in the beams from the start of

heating onward can thus be schematically sutdivided into three
periods. The first period, the heating-up phase, 1s finished
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after about 50-60 days when an approximately straight-line
temperature distribution has become established in the longil-
tudinal direction of the beams. The end of the second peried,
at an age of about 140 days, is characterized by the fact that
the concrete itself can be conslidered free of heat sources.
This is followed by the third period, charactericed basically
by drying processes, and in view of the fact that structural
changes in the cement paste are now perceivable only over
longer intervals, it can be regarded as "quasi-stationary".

3.2. Moisture Processes in the Concrete Beans

3.2.1. Moisture Content and Chemical Bonding of Water

Following the terminology of Powers and Brownyard [14],
the distinction used between evaporatable and non-evaporatable
water conceals--as already mentioned--certain uncertainties
due meinly tc the fact that as a result of drying at 105°C
the water bound adsorptively in the pore space cannot be
completely remowed.

In section 2.3.1., a thermogravimetric method was used
to analyze the dehydration behavior of cement paste during
heat treatment. The cement paste was stored in a saturated
calcium hydroxide solution until the test dates. Accordingly,
the pore space can be regarded as being nearly filled with
water. Even the water consumed by hydration could be re- LLD
placed. With respect to the data plotted in Fig. 40, it
must be taken into account that moisture losses cannct be
avolded even when extreme care is exercised during the
crushing of the test material (200 mg) for the thermogravimetric
analysis. Since primarily caplllary water is released after
the material 1s crushed, the cement paste with the highest
water/cement ratio alsc shows the greatest error, i.e. the
curves shown in the right-hand graph of Fig. 40 for 20°C for
cement paste with water/cement ratlos of 0.3, 0.4 and 0,5--
which respresent the sum of all welght losses up to the final
weight of 700°C--are in reality higher, depending on the water/
cement ratio. In view of the comparison with the results ob-
tained in connection with the heat treatment, it should be
pointed out that the reference temperature is 1000°C in the
case of the heat treatment, which obviously produces a same-
what greater loss in comparison with the final temperature
of T00°C in the thermogravimetric analysis,

The curves in the right-hand graph of Fig. 40 were based

on measurement routines like that shown in Fig. 39, The
reference temperatures were not chcsen arbitrarily, but they
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delimit characteristic dehydration processes which are super-
imposed by a continuous course of dehydration.

For the most part, the water expelled between 20° and 110°C
is free water and to some extent adsorptively bound water.
Czernin [101] refers to the fact that at temperatures around
105°C the gel water 1s also completely expelled. In addition,
longer temperature treatment, even below 100°C, leads to
transformation of the caleium sulfoaluminate hydrates (ettrin-
glite, monosulfate) with the releéase of water [102], i.e. it
leads to losses which, iIn view of the calcium sulfate content
of the cement listed in Table 2, cannot be ignored.

Above 100°C, the weight loss curve in Tig. 39 is flatter,
but to begin with with a nearly constantislope. Moreover,
adsorptively bound water 1s certalnly also involved to a
small extent in the welght loss between 110°C and 155°C
(Fig. 40), but above all, water from the calcium silicate
fiydrates (CSH phases) 1s also increasingly involved, since
the pore water is already completely expelled. This dehydra-
tion curve, characterized by an initial sharp rise followed
by a leveling off of the weight loss curve above 155°C
(Fig. 39), is confirmed by an estimate made by Harmathy [63]
on the basls of thermogravimetric and differential thermal
analyses. Thereafter the temperature-dependent change (corres-
ponding to the differential quotient formed from the reaction
time and temperature) of the CSH phases increases sharply
above 100°C in an 1dealized cement paste and reaches a maximum
between 150° and 200°C. According to an article by Ramachandran
[103], a product obtained by complete hydration of C3S gives
of f the iIntermediate layer water of the tobermorite—iike phase
between 170° and 210°C. According to Lea [104], a substantial
portion of the dehydration devolves on calcium aluminate hy-
drates (CAH phases) in the range up to 200°C.

The CSH phases glve off water with increasing intensity
between 200°C and 650°C, after which dehydration again in-
creases and comes to a stop above about 800°C [63]. Water from
the CSH phases 1s basically responsible for the weight loss
shown in Fig. 40 up to 430°C (the sharp rise of the weight loss
curve in Fig. 39!1s due to the high heating rate up to 380°C).
The welght loss starting immediately above 430°C, which is
characterized by an abrupt rise in the curves shown in Fig. 39
and in Filg. 40 1s marked by a jump for the curves within the
430°C temperature stage, is caused by the conversion of calcium
hydroxide (Ca(OH)p) into calcium oxide (Ca0).
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According to Fig. 40, the weight losses after the break-
down of the calcium hydroxide, i.e. up to the 570°C temperature
stage, are still only small. What may be happening here 1s
that water is continuously being given off from the CSH phases
(see above), as suggested by the flat course of the weight
loss curve in Fig. 39. The subsequent rise agaln matches the
data in [63], according to which up to about 700°C a second
maximum occurs in the temperature-dependent veriations in the
CSH phases. The water content, which is no longer measured
in the thermogravimetric above 700°C, would be estimated at
about 15% of the reaction amount caused altogether by the
calcium silicate hydrates.

Harmathy, in his estimates for an idealized cement paste
which he uses to evaluate thermal properties of conecrete, starts
with the simplifying assumption that only two components are
involved in the dehydration process, namely CSH phases and
calcium hydroxide. All components of the cement paste con-
tribute to the more or less continuous release of water.

Apart from the already mentioned calcium sulfoaluminate
hydrates, which are converted at comparatively low temperatures,
magnesium hydroxide (Mg(OH)z), among other things, which as

a rule is present only in a"small amount, gives off water
below 200°C. As Kuhl states [105], magnesium hydroxide is

no longer stable at 190°C, where its dissociation pressure
reaches atmospheric pressure. Czernin [106] states, for
example, that what occurs first is dehydration of the hydra-
tion products containing slumina and iron oxide between about
250° and 350°C, in the process of which, calcium silicate hy-
drate loses only about 20% of its water component, while the
main portion escapes betweer 400° and T00°C.

The stability of the hydration products of the cement
paste 1s a function of temperature and vapor pressure con-
ditions. Additional references can be taken from the litera-
ture [107, 108]. In this connection it must be borne in mind
that the temperature ranges indicated by many authors depend
on the special experimental conditions in each case. For
our purposes, the estimate made of dehydration behavior [63],
which 1s qualitatively confirmed by the data plotted in Figs.
39 and 40, should be sufficient.

From the data plotted in the left graph of Fig. 40 for
heat treatment at 105°, 550° and 1000°C of cement paste with
water/cement ratios between 0.20 and 0.55, the following
supplementary remarks can be made.
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The weight loss at 105°C (differences with respect to
the 20°C lines) becomes smaller with increasing age, above
all for water/cement ratios »"0.4, which, among other things,
indicates the decrease in pore volume as a function of age.

The weight loss at 550°C (differences with respect to
the 105°C lines) obviously also increases with the water/
cement ratlio. This may be due to the fact that to tegin
with the hydration tendency becomes greater with an lncreasing
supply of water, so that more water is chemically bound per
unit time [15]. More important, however--and this is also
verified by the approximately parallel path of the curves
at the same distance apart--1s that for water/cement ratios
<0.4, there is an increasing residue of non-hydrated clinker
granules which do not contribute to the chemical bonding.

As already shown with respect to the thermogravimetric analysis,

a portion of the adsorptively bound water is also contained in
this weight loss.

The rest of the weight loss at 1000°C is basically due to
the release of water by CSH phases.

With respect to the method of determining the content of
evaporatable water by heat treatment at 105°C, it can be said
that this method does not measure a portion of adsorptively
bound water which cannot be more precisely defined. On the
basis of the weight loss curves, however, 1t can be inferred
that this proportion is small in comparison to the amount
of water released by CSH phases above 100°C. By means of
further heat treatment at 500°C, the substantial portion of
the water contained in the CSH phases as well as the hydroxyl
water content of Ca(OH),2 are expelled. However, this method
does not determine the final dehydration of the CSH phases,
which correspond approximately to the weight loss of 3%
within the temperature range from 570° to 700° shown in the
right-hand graph in Fig. 40.

In spite of the overlapping dehydration processes, the
evaporatable water (i.e. free water + adsorptively bound
water) is therefore comparatively well represented by the
loss due to drying at 105°C, By contrast, the error in
the determination of non-evaporatable (i.e. chemically bound)
water by heat treatment at 550°C is obviously greater. Since
matrix mortars with limestone aggregate were also to be in-
cluded in the experiments, a temperature greater than 550°C
could not be chosen because of the risk of thermal decomposi-
tion of CaC03. In thils respect, neither could the approxima-
tion method for cement paste suggested by Czernin [109] be
used here.
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3.2.2. Effects of Hydration and Moisture Conductlion on Water Content

3.2.2.1. Changes in a Closed System

The fresh bulk densitles listed in Table 3 were measured
on six sets of cubes for each of the concretes used to make
beams 1-6. These values can be applied to the beam concretes
only if the special compacting conditions are taken into
account. The dry kulk densities given in parentheses in the
upper half of Table "' for the six beams were therefore estimated
on the basis of the composition of the concretes and the weights of
fresh concrete allowing for a concentration of chemically bound
water of about 20% of the weight of the cement. For beams 3 and
6, the values are approximately equivalent tc the mean values
found for the samples of the beam concrete as described in
section 2.5.5. (Table 4, line 1), whose standard deviation
of s=x0.13 kg/dm3 is about equal for both beams. The degree
of compaction obtalned in a beam is a determining factor for
the actual total water content of the concrete (line 3, Table
L). This remains the same until the start of heating on the
28th day, during which time, however, the ratio of evaporatable
to non-evaporatable water changes due to hydration (beam 1
shows strongly pronounced local differences in compaction and
is therefore not to be regarded as characteristic).

That the proportion of non-evaporatable water between the
third and 28th day increases only slightly 1s shown in Fig. 42 /78
for the matrix mortars from the calcite and gravel-sand concrete.
In these graphs, the data for beams 1-3 and 4-6 were combined ; i
because differences as a function of water/cement ratios could [
not be detected. Comparison of the two \long dash) curves re- -8
veals that the content of non-evaporatable water of the calcite L A
cement, which 1s primarily due to the high cement content of 5
the calcite concretes (ef. Table 3) and is found in a comparable
order of magnitude in the beam concretes themselves (c¢f. Figs.
57 and A 21-38 of the appendix) [sic.]. The two curves in
Fig. 42 extrapolated up to an age of 180 days (short dashes)
indicate that under constant temperature and moisture conditions
after the 28th day, practically only a small increase would be
expected. As 1s obvious from Fig. KO, the hydration reactions
beyond 180 to 360 days increasingly come to a stop.
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Fig. 41 gilves a differentiated impression of the change
in moisture content up to the 28th day. Since up until the
gstart of heating the system can be regarded as closed and
the matrix mortar test specimens show practically no chenges
in welght between the first day and the test date, the maturatlon
progress of the concretes can be inférred from the graphs of
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Fig. 41. Obviously in the case of beams 4-6, the decrease in B
evaporatable water content between the 3rd and 28th day is R
greater, the higher the water/cement ratio, i.,e. the amount & 7§
of chemically bound water increases as the water/cement ratilo .
increases. The curves for beams 1-3 reveal a corresponding vk
tendency. The determination of non-evaporatable water content &
by drying at 550°C can only be used for purposes of comparison, ) ¥
because of the reasons explained in section 3.2.1. _'gu X
3.2.2.2. Changes After the Start of Heating |

L

3.2.2.2,1. Molsture Losses Due to Drylng {
The total water content on the 28th day is listed in the : ﬁf;
upper half of Table 4 for the six beams. The distributulon - .

profiles In Filgs. 25 and 26 reveal that the distribution
curve deviates up to about *0.5% by volume from the mean &
values. In the case of beam 1, the deviations are greater Fe
because of the reasons explained in section 3.2.2. Such
varlations in the total water content are linked with varla-
tions in bulk density in that a higher content of evaporatable
water shows up at points with a greater pore volume. )
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With the start of heating, the release of moisture takes
place unidirectlonally through the exposed end of each beam,
According to Fig. 16, the calclte concretes differ from the
gravel-sand concretes in this respect in that they have lower
initial losses. Thereafter, the curves are qualitatively
the sane.
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The inltdally high weight losses are caused by the release
of molsture at the exposed end--processes which correspond to
the characceristic drying curve described by Krischer [110].
Thereafter, given a constant drying rate, water is first of
all carried to the surface (exposed faces by capillary con-
duction until the molsture content at the surface becomes
zero. This 1s connected with an "inflection point" in the
drying curve, the drying rate decreases and the "drying level"
moves lnto the beam Interior. the drylng rate is a functin of
external conditlons (molsture content and flow velocity of the
air) which may be regarded as identical for the six beams.

The caplllary properties of the concretes are a determining
factor for the appearance of the inflection point. In Fig.

16, the change in drying rate for age stages between about

35 and 55 days 1s indicated by a "deflection" in the weight
loss curves, in which connection a dependence on the water/
cement ratlio of the cements, which is responsible for the
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formation of the capillary pore space, can be detected. The
perspective graphs of Figs., 28 and 29 (and of Figs. A 13-16
of the appendix) confirm this relationship. For all of the
beams, the total water content of the space coordinate lying
closest to the exposed face (distance from the heated face =

230.6 cm) changes immediately after the start of heating

(alsc see the change 1n evaporatable water content plotted

in Figs. A 1-12 of the appendix for the space coordinates

in question). The shape of the curves in Fig. 1€ must not

obscure the fact that the appearance of the inflection point

does not colncide in time with the end of the heating-up phase.

The beam sections involved in the release of moisture indeed
experience an increase in temperature, but the quasi-stable

state (c¢f. section 3.1.) 1s not yet reached. After the de-
flection of the curves, the welght loss tends to be a linear
function of age. Ar expected continuous loss, in accordance

with the theory for a unilaterally drying body [110] (with
capillary hygroscopic drying characteristics) may indeed

exlist, but this 1s superimposed by a thermally induced moisture
supply so that the welgh* loss curves rise almost in a straight
line. The beams with gravel-sand concretes now obviously show
slightly different drying rates.and, to be sure, these appear

to be all the greater, the higher the water/cement ratio. This /79
is not surprising, since the permeability of the pore system
increases with the proportion of excess water which is a function
of the water/cement ratio.

As the water balances of Figs. A 21-36 in the appendix
show, the dlstribution of evaporatable water in the beam section
at the exposed end changes only slowly after the inflection point
is reached. To the extent that this can be detected, it 1s caused
by drying in the reglon of the hygroscopic molsture content.
The weight losses are due to processes 1n which moisture, as
a result of the heating, 1s carrizsd from the beam interior to
the drying front which advances only very slowly in the beams.
If, to beglin with, we ignore the problem of the chemical binding
of water influenced by the increase in temperature, then these
thermally induced processes can be interpreted as described
below on the basis of changes in the total water content (Figs.
28 and 29 as well as the corresponding water balances of Figs.
A 21-36 of the appendix).

3.2.2.2.2. Interpretation of the Drying Curve Under the Effect
of a Temperature Gradient

. the addition of heat, the water 1s placed into an
exclted state relative to the start of heating and déepending
or. the temperature level reached. In particular, this results
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in greater mobility of the water molecules. This system, which
is in a state of energy disequilibrium, is striving towards a
new equilibrium state. The disequilibrium 1s characterized by
pressure and concentration differences which first of all

try to balance themselves within the immediate environment,

but they also represent the driving force for the "large-scale"

moisture conduction coming into operation towards the exposed
end of the beams.

So the initially marked fluctuations in total water content
are presumably to be explained by the fact that different types
of transport phenomena, changing with time, prevail within
small regions of the beams so that, for example, concentrations
of free water transported in the direction of a pressure gradient
are reversed by caplillary conduction in the opposite direction..
Especially large varlations in the total water content are found
in the case of beam 1, which confirms the obvious assumption
that these are primarily caused by local differences in the
degree of compaction of the concrete. Reglonal variations in
bulk density of this sort can practically not be avoided in
concrete and, above all, influence the proportion of lerge
pores. At this point it should be pcinted out that what is
involved here are certalnly variations in the content of free
water which, in adcordarce with Fig. 20, are indeed also measured

by the molsture measuring elements, but because of the simplified
plotting in Figs. A 1-12 of the appendix they are evened out.

The water absorption values (A) plotted in Fig. 37 for beams

3 and 6 may be used as a measure of the pore volume and the

expected varlations in density of the calcite and gravel-sand
concretes.

Superimposed by the fluctuations, the change in total water
content-~-i.e. the "large-scale" detectable processes whose
effect is shown by the weight loss curves of Fig. 1l6--tends at
first to fall linearly up to a concrete age between about 150
and 300 days. This can clearly be seen at the space coordinates
in the immediately vicinity of the heated end. In this section

the drylng rate is constant. Thereafter 1t decreases and slowly
goes to zero.

Fig. 64 shows a schematicized plot of the drying curve as
derived from Figs. A 1-12 of the appendlx for space coordinates
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Fig. 64. Diagrams of the change in total water content at
distances of 8.3, 11.0 and 52.0 em from the heated end of
beams 4-6 and 1-3 (derived from Figs. A 1-12 of the appendix).
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Key: A. Total water content
B. Age in days
C. Gravel-sand concretes
D. Calcite concretes
3 E. Beam

8.3, 11.0 and 52.0 em. The age of the concretes is plotted
along the abscissus, and the total water content along the
coordinates. Up to the 28th day, the total water content is
constant, at first increases after the start of heating and
then falls off linearly. The greater the distance of the
measurement point from the heated end, the later the inflection
point of the curves appears. The lncrease in total water con-
tent which oceccurs immediately after the start of heating also
becomes greater as the distance of the measurement point from
the heated end increases, and indeed until the available pore
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space has been completely filled with water.

The drying rate of the subsequent (straight line) sections
(Fig. 64), is obviously different for the concréetes--as can
be inferred from the different slopes {tg a) and lengths of
the straight-line portions of the curves-—-and moreover it
is also a function of the location in the beam, 1.e. tempera-
ture as well as the speclal properties of the pore system
affect the drying curve. The section of constant drying rate
ends when the larger pores are empty and the hygroscopic water
content must be released. Since this water content, which is
composed of free water in the tight pores and adsorptively
bound water, is only slowly or only partially reduced in
volume, drying of all the evaporatable water 1s not to be
expected in the perlod of the experiments even for the heated
end wit? a temperature of 0=80°C (cf. the water balances in
Fig. 57).

Fig. 64 clearly shows that for space ccordinate 52.0 cm
for both types of concrete, the ﬁeriod of constant drylng rate
has not ended even at an age of 450 days. As the distance from
the heated end Increases, the drylng rate becomes slower and the
transition to the period of decreasing drylng rate 1s less pro-
nounced. The drylng curves for beams 2 and 3 as well as 4 and §
are obviously largely similar. They show about the same slope
and are apparently shifted with respect to one another only by
an amount determined by the respective water/cement ratio. Since
the same temperature conditions prevail at corresponding space
coordinates, similar transport properties can be expected for
the period characterized by the constant drying rate. Varlations
may exlst, however, in view of the hygroscopic region, a fact
which can also be deduced from the different duration of the
periods along the time axlis, Accordingly, differences 1n the
pore structure of the two concretes (primarily in the region
of small pores) which affect the drying behavior are to be
expected.

3.2.2.2.3. Non-evaporatable Water

The water balances (Filgs. 57 and A 21-38 of the appendix)
were set up to supplement the water content curves of Figs., A
1-12 of the appendix for the purpose of illustrating the in-
fluence of temperature and molsture conditions on the hydration
reactions, Because of the failure of a few moisture measuring
elements, only a few measurement points are avallable for
beams 1-3. Therefore, the analysis 1is essentially limited to
the distribution of non-evaporatable water in beams 4-6. On
the whole, these beams do not reveal considerable differences.
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It is possible that the long-lasting supply of evaporatable
water leads to a slightly higher content of non-evaporatable
water, which of course is not to be expected in the hot re-
glons of the beams--even with a sufficient supply of moisture--
since crystalline formations arise earlier here which have a
lower water content [111]. This tendency can also be in-
ferred from Fig. 42 which shows a decrease in the content

of non-evaporatable water at a greater age for the matrix
mortar of both types of concrete, and this is independent

of the local temperature conditions. The striking increase

in the content of evaporatable water found immediately after
the start of heating for the calcite matrix mortars might

be linked with the formation of microcracks discussed in
section 3.4., insofar as these cracks were availlable for
absorbing water transported from the hot region. The non- /E_
evaporatable water content measured last of all on concrete
specimens from heams 3 and 6 ( ¥ symbols) show only small
variations. The mean values corresponding to these data

are plotted in alil of the water balances (long=dash lines).
They lie somewhat below the actual content for the reasons
discussed in section 3.2.1. pertaining to the method used.

3.2.3. Comparison of Fesults

Unfortunately, the experimental data of other authors
[44=47] are mostly reported only as lump sum figures (cf.
section 1.2.1.). Above all, there is a lack of graphs of
the local drying curve as a function of age. England and
Ross [47] give water concentration distributions similar
to the water balances shown in Fig. 57 for beams ranging
in length between 0.6 and 3.1 meters which were heated on
the closed end to 80° and 125°C respectively. These dis-
distributions, ascertained after variable heating times 1in
the beams, agree qualitatively with our data if we take 1into
consideration, for example, the influence of the higher
temperature, to which the closed end was exposed, on the
drying curve, and bear in mind that, because of the experi-
mental set-ups, a constant and unidirectional flow of heat
in the beams was not guaranteed. The fact that McDonald
[48] found only slight variations in his experiments in the
reglon of heated end (approximately 65°C), may, among other
things be due to the low temperature gradient as well as
the short heating time. Therefore, the author also stesses
that his experiments are not yet completnd,

Yuan, Hilsdorf and Kesler have determined the drying
behavior of cement mortar cylinders for different water/cement
ratios, temperatures and air humidity values [112]. This sys-
tematic study reveals that the moisture loss of concrete 1s

a function of all three variables. As the molisture content
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decreases, however, the influence of temperature and relative
humidity declines, This essentially corresponds to our data,
according to which the drying process is determined by tem-
perature, molsture content and the structure of the pore space.
However, the drying diagram supplied by the authors [112] is
applicable only for constant external conditions.

With to the dehydration of the beams, we can thus assume
that the weight loss curves (Fig. 16) will at first continue
to run approximately linearly, and indeed until the pore
space of the cooler sections of the beams-=-which is filled
after the start of heating and then emptied by the release
of water at a constant drying rate--contains predominantly
hygroscopic water. The time required for this process is
a function of the local moisture conductivity of the pore
system and of temperature, also of the amount of moisture
which must be carried from the respective adjacent, hotter
section. Thereupon, the weight loss curves for the beams
(Fig. 16) become increasingly flatter and asymptotically
approach an end value, i.e, the drylng rate goes to zero.
The end value is characterized by the temperature-dependent
equilibrium moisture concentrations. Reference [112] gives
the corresponding values for cement mortar. The perilod
of decreasing drying rate will be considerably longer than
the preceding period. Fig. 57 clearly shows that beam 3
as well as beam 6, both of which are still in the period of
constant drying rate, have lost only between 1 and 2% by
volume of water after more than 400 days of heating in the
center. (approximately 0.6-2.1 m from the heated end).

3.3. Influence of Heat/Moisture Phenomena on the Pore Structure

o ot

3.3.1. Total Porosity and Open Porosity

In section 2,3, we examined the changes in pore space
associated with chemical and physical processes 1n the cement
paste. The total porosity (Ug) determined on the basis of
density and bulk density measurements can be approximately
equated to the actual pore space., By contrast, only a por-
tion of the open gore Sﬁace, namely in the radius range be-
tween about 55+10-° and nm, 1s measured with the mercury
porosimeter. The pore volumes (Uye) in Fig. 47 are therefore
even smaller than the total porosi%ies shown in Fig. 43 (the
corresgonding gore vo%umes would be obtained by dividing with
Pptp+10c=22,3+10¢ (g/cm’)). On the whole, they correspond to

the capillary pore space, whose minimum pore radil presumably
measure 3=4 nm [20]. The difference between total porosity
(Ut) and pore volume (UHg) thus characterized the gel pore
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space with average pore radii between 1 and 2 nm [14] and
maximums around 1.5 nm.[21].

The macropores to be attributed to the actual pore
volume of the concrete are contained in the water absorption
values (A) of Fig. 37, left, (in section 2.2.5.) for concrete
samples of beams 3 and 6. Fig. 37, right, shows the order
of magnitude of the (open) pore space, which, in addition,
can be filled with water under pressure at 150 bars. This
proportion 1s about the same for both types of concrete and
is dependent on the water/cement ratio within the range examined,
as shown by the values determined on separately produced test
specimens.

As shown in Fig. 44, the total porosity (Uy) of cement
paste, which 1s stored in saturated calcium hydroxide solution,
is directly dependent on the water/cement ratio. It decreases
with increasing age. Both lependéncies are to be seen in
connection with the development in strength and in this regard
are of special technological importance [113]. For cement paste
with water/cement ratios > 0.4, the logarithmic dependency of
total porosity on age ends after about 28 days, and after about
360 days it reaches a nearly constant value, By contrast,
the Eotal porosity decreases further for water/cement ratios
< 0.4,

Fig. 43 shows that the continuous decreases over time
in the total porosity of the matrix mortar is interrupted by
heating. In the case of the calcite concretes, which in
comparison with the gravel-sand concrete have a greater total
porosity from the outset, the effects of the increase in
temperature in the region of windows 1-3 are obviously serious.
While for the gravel-sand concrete as well as for the cooler:
regions of the calcite concretes only a temperature-dependent
shift of the curves 1s indicated, the total porostiy in the hot
regions of the concretes does not decrease considerably even
during the quasi-stable period with respect to the temperature
distribution (cf. section 3.1.). This can only partly be
explained by structural changes in the cement paste, and pre-
sumably 1s due to factors caused by the aggregate (crack for-
mation in the bonding regilon during thermal expansion). This
is discussed in section 3.4,

Fig. 47 shows the pore volumes (U g) and changes in the
same measured with the mercury porosimeter on the matrix mortars
of beams 1-6., The greater the water/cement ratio, the greater
the pore volume. For all water/cement ratios, it decreases
similarly with increasing age. Due to the heating begun on
the 28th day, the age-induced decrease in pore volume is in-
terrupted. In the reglon of higher temperatures, the pore
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volumes (Uge) at first increase again, but then later decreases.
The increas® in pore volume caused by the local rise in tempera-
ture 1s also especially large for the matrix mortars of the

calcite concretes (see above).

3.3.2. Pore Size Distribution

¥ —_ a5 4
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3.3.,2.0, Evaluation of the Measurement Method

The aim of the pore size distribution tests discussed in
section 2.3.4. was to characterize the change in pore sizes of
the concretes as a function of age and local changes in tempera-
ture and molsture conditions in the beams. In analyzing the
test data, the error effects peculiar to the mercury porosimeter
method had to be taken into account.[87]. In particular, we
had to bear in mind that the pore radius distribution maximum
in the region of the smallest measured pores 1s only apparent
because the detection iimit of the method is in this region.
This can be shown by measns of sorption measurements [82, 92].
To be sure, Jung [92] assumes that a portion of even smaller
pores of the gel pore range is co-detected in the maximums.
However, thils proportion cannot be large.

i ¢
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Under normal hardening conditions, the caplllary pore
space decreases because the hydration products penetrate into
or form in this space and in this way the gel pore space is
simultaneously enlarged (c¢f. section 1.1.). The re~arrangement
of the pore space portions 1s incompletely reflected by the {5
mercury porosimeter method. So the decrease in pore volume L R
(Uyge) shown in Fig. 47 1s also a speclal feature of the mea-
surément method. Diamond [114] estimates the pore volume which ;
can be measured by mercury porosimetry to be 83%-55% depending o
on the maturation state of the cement paste (also see [16]). .
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It 1s not to be assumed that different development stages
of the pore space are of considerable influence on the lower
limit of the measurement method determined by pore radii of L e
about 4 nm. In this regard, the relative changes in frequency -
distributions can be regarded as typical for the pore spectra.

3.3.2.1. Cement Paste and Aggregates

For cement paste samples with different water/cement ratios
and stored in saturated Ca(OH), solution, Fig. A 19 of the appendix 3
shows that considerable changeg in pore structure are to be ex- I
pected even at an age of 180-470 days. Furthermore, it is ob- i
vious frcm these two graphs that the greater the water/cement
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ratio, the greater the (capillary) pore-volume measured with
the mercury porosimeter. Since at lower water/cement values
only a slight shift in pore radius distributions towards

smaller radil occurs, it is to be expected under normal hard-

ening conditions that the excess water--not required for hy- /gg

dration--in the main causes the formation of capillary pore
space and that the gel pore volume is not influenced by
this.

As we can assume on the basls ¢f the data plotted in
Fig. A 20, for both types of aggregate even the smallest
pores lie within the detection range of the mercury porosimeter.
The pore volumes relative to the sample weight measure between
10%-20% of the measurable pore volume of cement paste. The
graphs show that the calcite material has a very uniform
pore volume frequency distribution, whereas parts of the gravel-
sand material also have very large pores. Apart from these,
the gravel-sand material, like the limestone used, obviously
has a high denslty level.

3.3.2.2. Matrix Mortar

Naturally the pore volume frequency distribution for the
matrix mortars of both types of concretes fluctuate more than
the frequency distributions for pure cement paste. Therefore,
to examine the development tendencies of the mortar for
different temperature and moisture conditions, a large as
possible number of samples must be used. Although the points
on the pore volume frequency distribution curves in Fig. A
17 of the appendix were determined in each case from three
individual measurements, the development processes demonstratable
for cement paste can be detected only indirectly. In addition,
however, the mortars have pore volume frequency distributions
which differ considerably from those of the cement paste due
to a volume component in the region of larger pore radii.
Moreover, the shape and range of sizes differs for the two
types of matrix mortar. This i1s illustrated in the bottom
graphs of Fig. 46, in which, using 180-day-old samples from
window 8 as an example, a distribution of the pore volumes
is plotted. Accordingly, the pore volume frequency distribu-
tions are composed of the following:

A - a volume component, due to the cement paste in the
range of the smallest measured pores, for the calcite mortars
with radii <ry=40 nm and for the gravel-sand mortars with
radil <ry=52 nm., The considerably larger weight-related pore
volume of the calcite mortar is primarily due to the higher
concentration of cement paste.
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B - the inherent porosity of the aggregate, which in both
4 cases 1s formed of pores with radii <10 nm and has only a small
14 proportion of the total porosity.

C.- the structurally-induced porosity, i.e. the pore

%; volume directly caused by geometrical arrangement, particle

=3 shape and surface quality of the aggregates, which in the

& case of the calcite mortars mainly encompasses pore radii

3 between 40 and 500 nm, and in the case of the gravel-sand :
& mortars covers a rddius range between 52 and about 1000 nm, {
- 4 The estimate of the weight-related pore volumes shows that !
. this structurally-induced porosity of the calcite mortar ;.§
= may be about 30% greater than that of the gravel-sand mortars. B
b

5 Naturally, a quantitative distribution of the measured

. pore volume as shown in Fig. 46 can yield only reference values. b
A All of the pore volume frequency distributions measured E

on the matri) mortars were analyzed with the method illustrated
in Fig. 46 (cf. section 2.3.4.2.). In so doing, we characterize
the change in cement paste porosity (A) due to the pore volumes
(ur) as well as the accompanying central pore radii (rmr), and
the change in structurally-induced porosity (C) due to the

pore volumes (uII) as well as the accompanying central pore

radii (ryr1).
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Since, as expected, the frequency distributions deviated
sharply, it was necessary to combine the results 1In each
case corresponding to both types of aggregate.
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Fig. 51, right, shows the devélopment tendency of the
structurally-induced porosity (pore volumes uyr) prior to
the start of heating. To be sure, the develcpment ranges E:
for the two types of concrete differ in size , but they show : 5
i the same decreasing course, 1.e. in both cases the pore space &
1€ becomes smaller, In Fig. 51, left, the changes in cement
i paste porosity (pore volumes uy) are compared for the same
period of time. To be sure, at an age of 28 days the pore
volume for both types of concrete reaches the same order of
magnitude, but the changes at an early age run in opposite
directions. 8Since the structurally-induced porosity in both
cases changed in the same way, thls did not have to be ex- o
plained to begin with and--moreover, since otherwise the same ¥
condition existed--was presumably due to the expansion be- L B
havior of the calcite aggregate during the rise in temperature -
after the concrete was poured (Fig. 9) which led to crack
formation (cf. section 3.4,1.). Moreover, it must also be
taken into account that in both cases a direct effect on
cement paste porosity at temperatures below 60°C cannot be
excluded. The change in cement paste porosity after the
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start of heating is plo+tted in Figs. 48 and 49 on the basis

of changes in pore volumes (uy) as well as central pore /84

radii (umr), where the results for each two adjacent windows
(corresponding to different temperature regions) are combined
in a fitted curve. In the case of the mortars with gravel-
sand aggregates (Filg. 49), a slight reduction in pore volumes
(ur) occurs which is obviously only slightly influenced by
the increase in temperature. Moreover, after the start of
heating and up to an age of about 100-150 days, the pore
volumes are shifted towards smaller central pore radii (uyy)
depending on the locatlon iIn the beam. This 1s not true

for the concretes with the calciteaggregates (Fig. 48).
Rather, in this case, the cement paste porosity sharply in-
creases, espe2ilally at higher temperatures, and then slowly
falls off. Also the central pore radii (rmr) plotted in the
top graph of Fig. 48 rirst increase in size after the start
of heating and then dezrease. It is worthy of note, however,
that the greatest shift¢ results at the pore radii for the
lowest temeperature range (windows 7/8). Altogether, both
the pore volumes and the accompanying central pore radii
shew a slightly decreasing tendency up to an age of 471 days.

In comparing the graphs of Figs. 48 and 49, the impression
arises that in the case of the calcite concretes the change
in cement paste porosity had been superimposed by an obviously
temperature-dependent 1lncrease in pore volume. Fig. 50 shows
that the structurally-induced porosity in the case of both
concretes after the start of heating experienced only in-
significant changes and the change in cement paste porosity
can hardly have discriminately affected the change in cement
paste porosity. Since the same development conditions existed
for both concretes after the start of heating, here tco (as with
the changes before the start of heating) the cause 1s precbably
to be sought in cracking as a result of the variable thermal
expansion behavior of the aggregate and cement paste (cf.
section 3.4.1.).

If we assume that the gravel-sand material has influenced
the processes in the pore spaece and the development process
of the cement paste only to a small extent, then Fig. L9 admits
of other explanations, In the region of the heated side (curves
1/2 and 3/4 in the upper graph) the shift in cement paste porosity
towards smaller central pore radii is especially sharp within
the heatling-up phase, but subsides soon after reaching the
straight-line temperature curve. By contrast, the change in
the region of the beams only slightly affected by the temperature
increase (curve 7/8 of the tor greph) takes place more slowly,
but comes to a stop only at a considerably greater age. For
this curve, smaller central rore radli on the whole are obtained
in the case of curve 1/2. These events are confirmed by the
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pore volume curves plotted in the bottom graph of Fig. 49,
Curve 7/8 reaches the lowest pore volume, i.e. the number

of small pores has increased the most in the cooler region
of the beams.

3.3.3. Comparison of Results

The results of the pore structure tests can be summarized
as follows:

Pore Volume

- The total porosity (Ug) of cement paste (kept in saturated
calcium hydroxide solution) increases as the water/cement ratio
increases. With increasing age, the total porosity decreases,

At higher water/cement ratios (>0.4) the development comes to
a stop earlier than at lower water/cement ratios.

- The total porosity (Ut) of the matrix mortars from cal-
cite and gravel-sand concrete is considerably smaller than that
of cement paste with a corresponding water/cement ratio. The
decrease in total porosity within the first 28 days is analogous
to that of the cement paste.

- For both types of mortars, the age-induced decrease in
total porosity (Ui ) 1s influenced by the temperature increases
associated with the heating. The total porosity in the range
of higher temperatures at first increases by about 5% to 10%
and decreases agaln with increasing age. In the case of the
caleite mortars, an increase in total porosity is also found,
the cause of which may be sought in the formation of cracks
due to variable thermal expansion of aggregate and cement paste.

- The greater the water/cement ratio, the greater the pore
volume (Uy,) of the matrix mortars measured with the mercury
ponosimete% Up to the 28th day, 1t increases in the same
way for all of the mortars, The age-induced decrease in pore
volume is interrupted by the heating. The increase in pore
volume in the region of the heated surface, which occurs during
the increase in temperature, is especially prcnounced in the
case of the calcite matrix mortar. With increasing age the
pore volumes then again decrease.

Pore Size Distribution

- The pore slze distributions measured with the mercury
porosimeter on cement paste (kept in saturated calcium hydroxide
solution) show that as the water/cement ratio increases, above
all the volume of the large pores increases, They also show
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that even at an advanced age the pore volume 1s shifted to
still smaller pore sizes. From this 1t can be concilluded that
the number of small pores increases as hydration progresses,

i.e. the gel pore space 1s increased at the cost of the capilllary
pore space.

- The aggregates used have very uniform pore size distri-
butions. The proportion of aggregates in the total pore volume,
however, is comparatively small in/'both cases.

- Beslides the cement paste porosity measurable with the
mercury porosimeter gs well as the inherent porosity of the
aggregates, the pore size distributlions of the matrix mortars
show pore volume components, the production of which is
directly dependent on the aggregates. In the case of the
calcite matrix mortars, this "structurally-induced porosity"
lies in the pore radius range between about 40 2nd 500 nm,
for the matrix mortars from the gravel-sand concr2tes this
range 1s greater, namely about 52-1000 nm.

- Prior to the start of heating, the structurally-induced
porosity of bobth mortars decreases in the young concretes. The
cement paste porosity of the two mortars changes in opposite
directions in the same period (up to the 28th day). It becomes
larger for the gravel-sand mortars, while it decreases for the
calcite mortars, It 1s assumed that in the case of the calcite
mortars, the development curve 1is superimpored ty temperature-
dependent deformations which are caused by the behavior of the
aggregates.

- After the start of heating, the structurally-induced
porosity no longer undergoes substantial changes. By contrast,
the change 1n cement paste porosity 1s influenced by the tem-
perature increase. However, this also accelerates the hydration
processes. The pores produced as a result of these events
appear to be larger than is the case with normal hardening
temperatures. In the case of the calclite mortars it is assumed
that changes with respect to cemerit paste porosity are super-

imposed by temperature-induced cracking between the aggregate
and cement paste.

Even recently published articles on the pore structure
development of cement paste have on the whole confirmed the
ideas of Powers (cf. sectlon 1.1.). For example, Winslow and
Diamond [20] show that the total porosity decreases with age
under normal hardening conditions, while the gel pore space
increases because of the number of gel pores. Auskern and Horn
[90] confirm that as the water/cement ratio increases, the
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excess water causes the increase in caplllary pore space,

The gel pore space seems to remaln largely unaffected by this,
The changes in pere structure dependent on the water/cement
ratio are by far more important than the developmental events
caused by hydration [20]. Our experimental findings are 1n
agreement with the fundamental data.

As temperature increases, the hydration products become
coarser [silc.]. Only rcently have articles been published
on the problem:of the influence of temperature on pore
structure. In experiments on hydrated tricalcium silicate,
Skalny and Odler [115] have found by means of sorption measure-
ments that when the concrete 1s young the change in the con-
centration of non-evaporatable water as well as the change
in specific surface due to the increase in temperature could
be accelerated. Then the hydration rate dropped very rapidly
at temperatures of 75° and 100°C, and the reactlons came to
a stop even before the 28th day. At about 25°C, hydrated samples
finally showed a smaller total poroslity with greater speciflec
surface. Sellevold [91] observed the same effect on cement
paste, which was kept at room temperature in saturated calcium
hydroxide solution and subsequently heated to 97°C, namely
that--due to the temperature treatment--the speciflc surface
became smaller and the pores coarser. Diamond [114] found
that initlial developmental differences at hydration tempera-
tures between 6° and 40°C are evened out in the following
period. From this can be concluded that significant changes
in pore structures can be expected only at temperatures above
about 40°cC.

The rise intemperature not only increases the reaction
rate, but 1t also influences the existence conditions, described
by partial vapor pressure and temperature, of the hydration
products. This leads to new formations and adjustments of
existing faces to altered equilibrium conditions. Since all
of these reactlons In some way or another affect the flow
of heat in the beam, the heat flux densities in Fig. 14 and
the calculated heat conductivity values iIn Fig. 60 provide
information on the structural changes over time in the cement
paste Initiated by heating the beams. In this connection, it
turns out that--similar to the changes in central pore radii
as shown in Fig. 49--the processes in the high-temperature
reglon come to a stop at an age as early as about 90 days,
while they last longer in the reglon of low temperatures.

As a rule, the permeabllity of concrete with & dense
structure 1s considerably greater than that of mature cement
paste [11]. The gas permeability of cement paste and cement
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mortar depends, for example, not only on the degree of compaction
and the water/cement ratio, but it is also influenced by curing /86
[24, 116], so that reduced permeability is to be expected as

a result of longer storage in water. This 1s a criterion for

the fact that the pore space components must be differentiated
depending on thelr origin (cement paste porosity, inherent
porosity of the aggregates, structurally-induced porosity).
Moreover, according to Czernin [117], defects in the bonding

of aggregate and cement paste cannot always be completely avoided
even 1in careful laboratory experiments. In thls connection, the
appearance of capillary cavitles depends on the nature of the
aggregates; limestone aggregate seems to guarantee a better

bond than material containing quartz.

With respect to structurally-induced porosity, the pore
size distribution of the matrix mortars with calcite or gravel-
sand aggregate differ distinectly from one another, as expected.
Even the observations of Kroone and Crook [118], according to
which the pores with radii >200 nm became smaller in young
cement mortar after curing at 1008 relative humidity, while
the volume of small pores ("cement paste porosity") increased,
Is at least qualitatively confirmed by the development of
matrix mortars with gravel-sand aggregate up to the start of
heating. In experiments on cement mortars containing different
amounts of sand and with different water/cement ratios, the
same authors [119] found that by increasing the sand content,
the pore cross-sections became less uniform which, for example,
might help explaln the different sized pore components. No
parallels could be found in the literature for the assumption
made on the basis of our own experiments that the cement paste
porosity of the calcite matrix mortars 1s increased by cracking
due to variable thermal expansion of the cement paste and
aggregate (cf. the following section, 3.4.1.).

3.4. Change in Technological Properties

3.4.1. Shrinkage, Contraction and Thermal Expansion

In sectlon 2.5.2. we discussed length changes measured on
the beams in light of the graph plotted in Fig. 58.

With respect to the lasting contractions before the start
of heating on the 28th day as a result of shrinkage and con-
traction (Aly_xq), which were derived from the data plotted
in Fig. 34, £§ Aust be borne in mind that, above all, the
volume changes occurring immediately after the concrete is
poured are very difficult to measure. The contraction of
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cement paste due to shrinkage, which depends on the water/cement
ratio and is usually measured in a volumonometer td characterize
the degree of maturity, 1s practically of no consequent with
normal concretes. This grocess can be regarded as largely
completed at an age of 28 days for the water/cement ratios

in question here [120]. For both types of concrete, a value

of 100 um/m was determined (corresponds to 240 um change in
length of the beams). DIN 1045 ([1], Table 12) gives degrees

of final shrinkage on the same order of magnitude for curing

in very moist air.

In comparison to the lasting length changes prior to the
start of heating, the amount of counteracting thermal expansion
happening before this (at an age of 24 hours) ceused by heat
of hydration 1s considerably lar%er and for the calcite con-
cretes will have measured about 450 um and about 750 um for
the gravel-sand condretes. While for the gravel-sand concretes,
we can expect about the same thermal expansion behavior of
the individual components, this cannot be assumed for the
calcite concretes. As shown in section 2.4,1.2., the thermal
expgnsion coefficient of the calcite aggregate 1s about 4.7 .
10=°/°C, that of the gravel-sand aggregate about 11.5 - 10-6/°cC,
and according to Dettling [54] the value gor the cement paste
should be set between 10.0 and 23.0 . 10-Y%/°C., The expansion
of the cement paste inhiblted by the limestone by increasing
the temperature to about 60°C leads to tensile stresses es-
pecially in the area of bonding zones which, accordlng to
Czernin [117] show defects from the outset., In spite of high
strenght levels at an age of 24 hours (according to Fig. 55,
the flexural tenslle strength of mortar prisms then measures
about 2/3 of the final strength), strain relief cracks obviously
form. It was assumed that the counter-trending cement paste
porosity curves (Fig. 51, pore volume u,) are due to such
processes (section 3.3.2.2.). Perhaps i "healing" of the
cracks is to be expected i1f hydration products are formed
in them. This could be inferred from the further progression
of the cement paste porosity curves up to the 28th day (Fig.

51, left).

In conjunction with losses iIn strength during temperature
treatment of concretes with different sized aggregates, Browne
and Blundell [121] report that stresses are to be expected because
of the "thermal incompatibility" of limestone and cement paste.
On the basis of thelr own experimental data and those of others,
the authors show that precisely at a young age the temperature
increase due to heat of hydration leads to high losses in
strength in limestone concrete. Wischers [122] has studied
the influence of temperature changes on the strength properties
of filve-month-old cement mortars hardened under water and for
temperature increases up to 60°C he did not find any strength
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Impairment due to different thermal expansion coefficients,
although calculations based on elasticity theory suggested

that, above all, the flexural tensile strength would be
strongly affected.

In the reglon of the closed end of the beams, temperature
increases up to a maximum of 60°C were reached after the start
of heating. In the case of the calcite concretes, in these
reglons at this time even higher structural stresses are to
be expected, as a result of which the complicating larger
applicable thermal expansion coefficient of the hardened
cement paste, due to the lower moisture content, should
make itself felt. The stress relief cracks resulting be-
cause of the inherent stress state in the already pre-damaged
bonding regions, cause a considerable increases in the porosity
of the hardened cement paste (pore volume uy in Fig. 48), a
process which was not observed in the case of the matrix mortars
from gravel-sand concrete (cf. section 3.3.2.).

H}"’fulﬁ;’.'/ il o :._/. et 3] (e

e After the start of heating, theraml expansion contributes

. most to the total change in length of the beams (cf. section
2.5.3.). Fig. 52 shows that the thermal expansion coefficients
of the concretes depend, as expected, mainly on the nature of
the aggregates. DBesldes the difference due to the aggregate,

& for all of the concretes the expansion coefificient in the -6

$ "moist state" (with the unused excess water) 1is about 1:10™"/°C

p higher than in the "dry state"™. This is in keeping with

3 the relationships discussed in section 1.2.3., according to

% which the proportion of "apparent thermal expansion" initially

becomes larger with decreasing moisture content. At equilibrium

moisture levels between 70% and 45%, this proportion reaches
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a maximum agds according to Dettling [123], is to be set at fﬁ}

about 2+10-Y/°C for both types of concrete. It becomes smaller 2

as the age of the concrete increases. Taking into consideration e
the "real thermal expansion”™ measured in the dry state (Fig. TR
52), we obtain the following mean thermal expansion coefficients S
i for the period of about éne and a half years after the start §§
- of heating depending on the moisture content of the concretes P
& examined in this study: s
3 calcite concretes a=(4.7-6.7)-10'6/°c X

N

gravel-sand concretes a=(10.1—12.1);10-6/°c.

The measurements of local length changes in the concrete
beams after the start of heating could not yet be included in
this paper (cf. section 2,2,4,2,), so that the strains occurring
as a result of the heat/moisture processes in the concrete were
discussed only in light of the total length changes and of the
drying shrinkages shown in Fig. 53 (section 2.5.3.). The
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determined drying shrinkages, as a result of dwmying at 105°C,
of 200 uym/m for the calcite concretes and 450" um/m for the
gravel-sand concretes are certainly greater than the values
to be expected in the reglon of the heated end after many
vears of heating at 80°C. The recommendation to assume a
degree of shrinkage of 300-400 um/m for the inside after the
start of heating over a range of 30-50 ecm [41] is obviously
realistic and guarantees sufficient reliability. In the case
of the calcite concretes, about 200 um/m are sufficient.

The influence of the water/cement ratio on the total
length changes of the 2.40 m long beams after the start of"
heating is shown inm Figs. 31 and 32. If the calcite beams
are extended on the order of 400 um, the value for beam 3
(vater/cement ratio = 0.50) is about 100 um with respect to
beam 1 (water/cement ratio = 0.50) [sic.]. If the gravel-sand
concrete beams are extended on the order of 750 um, the values
for beam 6 (water/cement ratio = 0.63) and beam 4 (water/cement
ratio = 0.52) differ by about 200 um. It is also obvious fer
tke curve of total length changes that the changes in pore
structure, which occur very slowly, obviously do not have a
drastic effect on the shrinkage behavior of the concretes--
disregarding the heating-up phase.

3.4.2., Compressive Strength

The change in strength of the mortar prisms (Fig. 55, &
section 2.4.2,) matches expectations for a PZ 450 F cement $:4
as per DIN 1164 [3]. At an age of one day (extrapolated by
values) the flexural tensile strength ias reached about 60% L
of the value at an age of about two years, and the compressive R
strength has reached about 30% of the two-yesr-old value.
While after 28 days the compressive strength increases by
about another 20%, the flexural tensile strength, which is
more closely linked to structural stresses, does not show
any more significant increases beyond this age.

The age-dependent increase in compressive strength de-
termined on concrete cubes (c¢f. Fig., 56, section 2.4.2.) re-
veals clear changes determined by the type of curing and the
wvater/cement ratio., With long-term "moist curing", all of
the concretes show the expected logarithmic dependency of
compressive strength on age [124]., In the case of "cry
curing" started at an-age of 7 days, an apparent increase
in strength initially results which is due to the rearrangement
of stresses as a result of the release of moisture from the
pore space. During these processes, the moisture centent in
the concrete falls below the level necessary for hydration
(cf. section 1.1.4.), and the increase in strength comes to
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a stop. Taking into consilderatlion these findings as well as
the compressive strength levels measured on core samples from
split—-off sections 6f beams 3 and 6 (cf. Fig. 38, section
2.2.5.), the change in compressive strength of the concrete
In the beams is characterized as follows:
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In the temperature ranges up to about 50°C,
a temperature-dependent effect cannot be detected.
The change in compressive strength in the reglon
of the open end is only insignificantly affected
by the drylng processes.
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While the gravel-sand concrete at temperatures
above about 50°C shows a distinct 1ncreases in
strength (about 15% maximum) wilth respect to the
cooler i1cgions of the beam, this is not found in
the case of the calclte concrete. Rather, for this
concrete the compressive strength decreases (about
30% maximum) with increasing temperature.
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The increase in strength of the gravel-sand concrete 1is
caused by a temperature-dependent acceleration of the hydration
processes in the hardened cement paste given a sufficient
moisture content (c¢f. [125] and [126]). This strength-increasing
influence 1s cancelled out in the calcite concrete by the
strength-reducing processes of crack formation due to the
considerable differences in the thermal expansion coefficients
of limestone and hardened cement paste (e¢f. section 3.4.1.).

It 1s obvious from Fig. 59 that the concrete, already damaged
by the temperature cycle due to heat of hydration, experiences
a drop in compressive strength of about 10% as a result of
heat treatment at 70°C. Browne and Blundell report experiments
in which losses 1n strength of even 35% were found due to a
temperature lncrease on the same order (53°C) [121].

3.4.3. Thermal Conductivity

Fig. 61 shows the dependence of thermal conductivity on
molsture content -at temperatures between 20° and 80°C ex-
pected for the calcite and gravel-sand concretes. The curves
are based on equations discussed by Krischer [59], according
to which not only the solid structure and the pore space
filled with water and air conduet heat, but also vapor diffusion
processes contribute to heat conduction. The extent to which
thls occurs is a function of moisture content and temperature.
Taking into consideration moisture content and temperature,
the followlng heat conductivity ranges can be given on the
baslis of our own experiments:
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calcite concrege 1.4<r<ca. 2.8 [W/m.K] /88
Pf = 2,3 kg/dm )

gravel-sand concrete 1.8<i<ca. 3.5 [W/m-K]
Pp = 2.2 kg/dm3

The dependence on the water/cement ratio is ebviously in-
significant within the range in question (cf. also Fig. A 39
in the appendix). While the literature contains reference
values for the thermal conductivity of concretes in the dry
state [41], comparable data do not exist on the influence

of the moisture cortent. Only Marechal [62] indicates de-
pendéncies for gravel-sand concretes (not further identified),
according to which when the moisture content is in equilibrium
with the respective saturation vapor pressure at temperatures
around 60°C, a thermal conductivity maximum (2.4-3.3 W/m'K) is
to be expected.

4, Summary

The temperatures arilsing during operation in thickwalled
concrete reactor vessels alter not only the heat/moilsture
equilibrium state in the concrete, but they also influence

the technilogical properties of the concrete. In this work

we have examined the conduction of heat and moisgture and the
developement processes and changes in concrete associated with
heat and moisture conduction.

The test specimens used were 6 concrete beams (cf. Fig. 3)
measuring 40 em x 40 ecm x 240 em, which were exposed on one end

at an age of 28 days and heated on the opposite end. The nominal
temperature on the heated end was 80°C, The prevalling temperature
at the open end was 20°C with a relative humidity of 45%. To

make it so that the heat and moisture were conveyed only in the
direction of the long axis of the beams, the test apparatus was
fitted with vapor seals, thermal insulation layers and compensa-
tion heating bands. Test specimens of so-called matrix mortar
were distributed in cavities on the top of the beams in direct
contact with the concrete. These were removed at different
Intervals for structure tests. Three concretes were made with
crushed calcite aggregate with water/cement ratios of 0,50, 0.565
and 0.63 and three concretes were made with uncrushed Rhine gravel-
sand aggregate with water/cement ratios of 0.52, 0.575 and 0.63.

PA 450 F portland cement was used as the binding agent. Test
speclmens of hardened cement paste, cement rortar and of various
concretes used in the experimental program were used for
supplementary tests. This study contains measurements made up
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to an age of about U450 days for all of the concretes. Electric
resistance elements and a neutron probe were used to determine
the water content, including the evaporatable and non-evaporatable
portions. In ddditions conventional gravimetric analysis methods
were also used. A mercury porosimeter as well as other instru-
ments were used to characterize the changes in pore space.

As a result of the heat of hydration, the temperatures in
all of the beams reached maximum values of about 60°C within
24 hours after the concrete was poured. In spite of a relatively
low heat of hydration of only 273 J/g, the use of cement with
high initial strength proved to be a drawback in the case of
the calcite concretes.

After the start of heating, an:approximately straight-line
temperature distribution was established along the long axis
within about 30 days in all beams. To be sure, changes in
thermal processes over time cannot be distinguished until mea-
sured heat flux densities are available. After about 110 days
of heatlng, the temperature fields may finally be regarded
as free of heat sinks and heat sources. The movement of
molsture beginning after the start of heating 1s characterized
by means of moisture loss curves and balances of the total
water content as a function of age and also by means of local
changes in the drying curve. In thls connection, it turns out
that the "large-scale" moisture conductlon is at first pre-
sumably superimposed by local changes in the concentration of
evaporatable water. The drying curve at the open end at first
corresponds to the familiar drying equations for capillary-
hygroscopic substances and is mainly a function of the constant
environmental conditions. For drying under the effect of in-
creased temperature, a dlagram was designed, taking into con-
sideration the data available, which expresses the change in
time as a function of temperature (i.e. distance from the
heated end), the concentration of evaporatable water and the
pore structure.

The heat/molsture processes influence the pore structure.
The age-lnduced decrease in total porosity 1s interrupted after
the start of heating. Depending on the local increase in
temperature, the total porosity first of all increases and
then later decreases. In contrast to the matrix mortars of
the gravel-sand concretes, for which the total porosity finally
drops to 15%, for the equivalent calcit mortars, with initially
higher total porosities, a considerably "more lasting" increase
is found. In the course of more than a year, total porosities
of about 19% are reached. The pore size distributions measured
with the mercury porosimeter also show specific differences.
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While the iInherent porosity of the aggregates and the hardened
cement paste porosity contribute equally to the pore size
distributions of both types of concg#te, on the other hand

a "structurally-induced porosity" can be shown to exist which
depends on the nature of the aggregate. For the calcite
mortars, thls includes the pore volume within a radius range
between about 40 and 500 nmj; and for the gravel-sand concrete
mortars, between about 52 and 1000 nm. Before the start of
heating, the structurally-induced porosity of both types of
concrete decreases sharply and the temperature Increase due

to heatling results only in insignificant changes. The de-
velopment of the hardened cement paste porosity (pore volumes
within radius rarges between about 4 and 40 or 52 nm) of the
matrix mortars of the gravel-sand concretes is characterized
by an increase in pore volume up to the start of heating.
After the start of heating, the hydration processes are, to

be sure, accelerated as a function of the respective temperature
increase,; but at higher temperatures (>40°C) coarser pores
form than under normal hardening conditions. In the case of
the calcite mortars, this development 1s obviously superimposed
by the formation of cracks in the bonding regions between
aggregate and hardened cement paste. This is caused by the
Increase in temperature produced by the heat.of hydration as
well as the externally applied heat. Such processes are due
to differences in the thermal expansion coefficients of the
calcite aggregate and the hardened cement paste. Already
during the temperature increase as a result of the heat of
hydration, high levels of structural stress seemed to lead

to deformations which, during another temperature increase,
appear in the form of defects. This also leads to significant
drops in compressive strength in the temperature range of the
beam '‘above about 50°C. These losses make up about 30% of

the compressive strength of the cooler region of the beam.

In contrast to this, the gravel-sand concrete reaches strength
increases in the same temperature region up to a maximum of

15%.

The changes in total length measured on the beams are com-
posed of components due to the influence of shrinkage, contrac-
tion and thermal expansion. These changes were examined in
additional tests on test specimens. Depending on the moisture
58 content, the ghermal expansion coefficient should be set at
g (4,7-6.7) 10-%/°C for the calcite concretes and (10.1-12.1)

i 10-6/°C for the gravel-sand concretes. In the region of the g
heated end (80°C), degrees of shrinkage have to be taken into =
account, which in the case of the calcite concretes are no 7
more than about 200 um/m, and in the case of the gravel-sand
concretes no greater than about 450 um/m, assuming complete
drying.
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The heat conductivity of the concretes depends to a con-
siderable extent on the moisture content and temperature. For
the concentraticn range of evaporatable water up to about 12%
by volume, values between 1.4 and about 2.8 W/m*K are to be /90
expected for the calcite concretes, and values between 1.8 and
about 3.5 W/m'K for the gravel-sand concretes.

In contrast to popular opinion, the results show that
changes in the heat/moisture equilibrium with structural
development can also significantly prodetermine the technological
properties in the temperature range study. Since in this connec-
tion the investigation of the course of drying over time is
especially important, it is intended to continue making measure-
ments on the beams still in the experiment up to an age of three
years. Then, on the basis of moisture loss curves for the beams
as well as local drying curves, we wlll work out the experimental
principles for testing heat/moisture models.
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Key, Figs. Al-A 12: Water content
Beam
Days

A
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C
D. Age

Captions, Figs. A 1-A 12

Figs. A 1 and A 2. Solid-line curves: change in total water con-
tent as a function of age at different distances from the heated
end (space coordinates in cm); cf. section 2.2.3.3.2. Dotted-line
curves: change in evaporatable water content as a function of age
for measurement planes A to Q (distance from ihe heated end given
in parentheses); cf. section 2.2.3.2.2.

Figs. A 3 and A 4. Solid-line curves: change in total water con-
tent as a function of age at different distances from the heated
end (space coordinates in cm); cf. section 2.2.3.3.2. Dotted-line
curves: change in evaporatable water content as a function of age
for measurement planes A to Q (distance from the heated end given
in parentheses); cf. section 2.2.3.2.2.

Figs. A 5 and A 6. Solid-line curves: change in total water con-
tent as a function of age at different distances from the heated
end (space coordinates in cm); cf. section 2.2.3.3.2. Dotted-line
curves: change in evaporatable water content as a function of age
for measurement planes A to Q (distance from the heated end given
in parentheses); cf. section 2.2.3.2.2.

Figs. A 7 and A 8. Solid-line curves: change in total water con-
tent as a function of age at different distances from the heated
end (space coordinates in cm); cf. section 2.2.3.3.2. Dotted-line
curves: change in evaporatable water content as a function of age
for measurement planes A to Q (distance from the heated end given
in parentheses); cf. section 2.2.3.2.2.

Figs. A 9 and 10. Solid-line curves: change in total water con-
tent as a function of age at different distances from the heated
end (space coordinates in em); cf. section 2.2.3.3.2. Dotted-line
curves: change in evaporatable water content as a function of age
for measurement planes A to Q (distance from the heated end given
in parentheses); c¢f. section 2.2.3.2.2.

Fige. A 11 and 12. Solid-line curves: change in total water con-
tent as a function of age at different distances from the heated

end (space coordinates in cm); cf. section 2.2.3.3.2. Dotted-line
curves: change in evaporatable water content as a function of age
for measurement planes A to Q (distance from the heated end given

in parentheses); cf. section 2.2.3.2.2. 171
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Fig. A 17. Pore volume frequency distribution for matrix mortars
of calcite concretes (beams 1-3) and gravel-sand concretes (beams
L-6) at an age of 3, 7 and 28 days (cf. section 2.3.4.2.).
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Fig. A 31 and 32. Water content balances over beam length; the
upper limit of the dot-shaded fields corresponds to the mean
initial water content (c¢f. section 2.5.1.).

Key: % by volume
Evaporatable water
Non-evaporatable water
Beam
Days
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Fig. A 33 and 34. Water content balances over beam length; the
upper limit of the dot-shaded fields corresponds to the mean
initial water content (cf. section 2.5.1.).

Key: A. % by volume
B. Evaporatable water
C. Non-evaporatable water
D. Beam
E. Days
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Fig. A 35 and 36. Water content balances over beam length; the
upper limit of the dot-shaded fields corresponds to the mean
initial water content (ef. section 2.5.1.).

Key: A. % by volume
B. Evaporatable water
C. Non-evaporatable water
D. Beam
E. Days
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Fig. A 37 and 38. Water content balances over beam length; the

upper limit of the dot-shaded flelds corresponds to the mean initial

water content (ef. section 2.5.1.).
Key: A. % by volume
B. Evaporatable water
C. Non-evaporatable water
D. Beam
E. Days
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Fig. A 39. Thermal conductivity
(A) as a function of water content
with smoothed curve for beams 1,

3 and ? (ef. Fig. 59 in section
2.5.3.).

Key: A. Thermal conductivity
B. Total water content
in 9 by volume
C. Beam




The following books have been published since 1945 in the series
sponsored by the German Commission for Reinforced Concrete:

No. 100: Experiments on Reinforced Concrete Beams to Determine
the Reinforcin EImIE, Sy WiIIy Gehler,‘ﬂermann Amos
and krich FrIeercﬁ.

Experimental Results and the Dresden Calculation Method
Tor the Plastic Range of Concrete (1049), by Willy
Gehler. out of print

No. 101: Experiments to Determine the Degree of Cracking and
Strength of Relnforced concrete rlates with Different
Reinforcing Bars with lncrementally lncreased Load,

by Otto Graf and Rurt walz.

Experiments on the Swell Tensile Strength of Snaked
ginforcing pars, by Otto Gral and Gustav weil.

Experiments on the Behavior of Cold Worked Structural
Steels When Bent Back After Treating the specimens in
Various Ways, by Otto Graf and custav Weil.

Experiments for Determining the Interaction of Precast

einforced concrete structural Members for Rools (1040),
by Hermann Amos and Walter Bochmann. out of print

No. 102: Concrete and Cement in Seawater (1950) and further
editions, by Alfred Eckhardt and Walter Kronsbein. 8.50 DM

No. 103: The n-free Method of Calculating a Simple Reinforced,
Rectangular Steel Concrete Beam (1951), by K.B. Haberstock.
out of print

No. 104: Binders for Mass Concrete. Studies on Hydraulic Binders
Made from Cement, Lime and Trass (1951), by Kurt walz.
out of print
No. 105: The Experiment Reports of the German Commission for
Reinforced Eoncrege (1951), by Otto araf. out of print
No. 106: Calculation Tables for Right-Angled Roadway Plates for
HI;hwax Eriages (1952), by Hubert Rusch. 6h revised
edition.

out of print

No. 107: The Ball Impact Test for Concrete (1952), by Kurt Gaede.
out of print

No. 108: Compaction of Lightweight Concrete by Vibration (1952),
by Rurt Walz, - - ~ out of print
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S0, Concentration of Aggregates (1952), by Kurt Gaede.
) 6. DM

Crushed Brick Concrete (1952), by Karl Charisius,
a er Drichs an 1fred Hummel. cut of print

Model Experiments on the Influence ol Torsional
RIgidity for a T-beam Bridge (1952), by Gerhard Marten.
out of print
Prestressed Concrete Railroad Bridges (1953 and 1961)
2nd enlarged edition, by Rudolf Buhrer. 14.50 DM

Buckling Tests with Reinforced Concrete Columns, by
WiTIy Gehler and Alfred Hutter.

Strength and Elasticity of Concrete with High Strength
(1958), by Otto arar. out of print

Heaped Concrete Made from Various Aggregates, by
Alfred Hummel and K. Wesche.

A
Determination of the Granular Stability of Crushed
Brick and Other Lightwelght Concrete Aggregates (1954),
by Alfred Hummel. 7. DM

The Federal Railway Experiments on Prestressed Concrete
Beams in Kornwesthelm (10%%), by Ulrich Ulehrach and
Christian Sattele. 10. DM

Compaction of Concrete with Immersion Vibrators and
Vibration Tables, Quallty Control of Structural Floor
Units (1950), by Rurt Wals. out of print

Aerated and Porous Cement: Bearing Capacity of Walls
and Contraction, by Otto Graf and Hermann Schaffler.

Ball Impact Testing of Porous Concrete (1954), by
Kurt Gaede. out of print

Sulfur Bonding in Cinder Concrete (1954), by Adolf Stois,
Franz Rost, Helene Jinnert, Fritz Henkel. 13. DM

Experiments on the Bond Between Precast Reinforced Con-
crete Beams and In-situ Concretes, By Otto (rar and
Gustav Weil,

Experiments on Lightweight




Experiment

8 on the Strength of the Bendin Pressure

Aerated and Porous Concrete: (1956)
Experiments on Shearin Protection for Beams Made of >
Hegnforcea Aerated and Forous Concrete, by Hubert b
Ruseh, ' '
Compensation Moisture of Va or-Hardened Aerated and
Forous Uoncrefe. by Hermann SchatTler.

E

nkage and

Xperiments to Test the Degree of Shri Swelling

o erated and Fo Lone € by Otto ‘ ermann
Schafflier. out of print

No. 1:

)
5]

e

Shape Stability of Concrete Bodies, by Kurt Wal:.

Hot Tensile Tests wi

lth Reinforecing Bars,
eutschmann an

or.

by Dannenbersg
- bb

Concentrated Load Recording in Concrete (1957), by

Woifgang Pohle. 14, DM

No. 123: Air Entraining Agents for Concrete (1956), by Kurt
Waleg, ' out of print

No. 124: Concrete in Seawater (1956), by Alfred Hummel and
K. Wesche. 5. DM

No. 125: Studies on Spring Joints (1957), by Karl Kammuller
and ottrried JesLo. out of print

No. 126: SOq Concentration of Aggregates--Long-tern Experiments,
by Rurt Gaede. (Supplement to No. 100).

Concrete Penetration Depth in Lightwelght Wood Fiber
Bullding Fanels (10577, by Rurt daede. 10, DM

No. 127: Weather Rasistance of Concrete (1957), by Kurt Wale.
9, DM

No. 128: Ball Impact Testing of Concrete (Influence of the Age
of the Concrete) (1857), by RKurt Gaede. out of print

No. 129: Reinforced Concrete Columns Under Short-term and Long=-
term Load (1I9RF), by Rurt Gnede. ' a4, DM

No. 130: Safety Against Fracture during Prestressing without
Bond (IQLP}, by Hubert Rusch, Karl Rordina, Coelestin
elger, 10, DM




No. 131:

No. 13

ro
..

No. 133:

No. 134:

No. 135:

No. 136:

The Creep of Unreinforced Concrete (1958), by Otto

agner. out of print
Fire Tests with Heavily Reinforced Concrete Columns,
by Horst Seekamp.

Stability of Steel Concrete Structural Members and
Ribbed F%oors with Hollow Stone Flllers in rires
by Max Hannemann and Heinrich Thoms, (1050). 9 DM

Aerated and Porous Concrete: (1959)

Compressive Strength of Vapor-hardened Aerated Concrete

after various Types of Curing, by Hermann Schaffler.

The Bearing Capacity of Reinforced Panels Made of
Vapor-aerated and Porous concrete, by Hermann Schaffler.

The Interaction of Porous Concrete with Heavy Concrete

In Reinforced Heavy Concrete Beams with Porous Concrete

Shells on the Sides, by Hubert Rusch and Erhardt Lassas.
9. DM

The Behavior of Concrete in Chemically Corrosive Waters
(1959), by Kurt Seidel. out of print

Experiments on the Load Produced on Shuttering during
the Pouring of Concrete, by Otto Graf and Ferdinand
Kaufmann.

Compressive Strength of Concrete in the Upper Regions
after Compacting with an lmmersion Vibrator, by Kurt
Walz and Hermann Schaffler.

Tests on the Compaction of Concrete on a Vibration
Table in a Loosely Erected Form and 1n a Fixed Form
by Hermann Schaitler. out Qf print

Aerated and Porous Concrete: (1960)

Experiments on the Anchorage of Reinforcement in
Aerated Concrete, by Hermann Schafflier.

The Creep of Reinforced Slab Made of Vapor-hardened
Aerated and Porous Concrete, by Hermann Schaffler.
21. DM
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Shearing Tests on Prestressed Concrete Beams without
Shear Reinforcement, by Hubert Rusch and Gunnar Vigerust.

The Shearing Strength of Prestressed Concrete Beams
without shear Reinforcement (1000), by Gunnar vVigerust.
out of print

The Principles of Bonding between Steel and Concrete
(1961), by Gallus Rehm. out of print

Theoretical Evaluation of No. 120--Strength of the
Bending Pressure Zone (196l1l), by Gunter Scholz.
10.70 DM

Experiments with Concrete Shuttering Rods (1963),
by Hubert Rusch and Gallus Rehm. 29.80 DM

The Mirror Optics Method (1962), by Hans Weidemann
and Werner Koepcke. 18.40 DM

Injection Mortar for Prestressed Concrete (1960),
by Walter Albrecht and Hermann Schmidt. 13.50 DM

Aerated and Porous Concrete (1961)

Rust Protection for the Reinforcement, by Walter Al-
brecht and Hermann Schafiler.

Strength of the Bending Pressure Zone, by Walter Al-
brecht and Hermann Schaffler. 28. DM

Tests on the Strength and Deformation of Concrete
during Compressive Repeating Load, by Kurt Gaede.

The Influence of the Size of Test Samples on the
Cube Strength of Concrete 219625, by Kurt Gaede.

27. DM
Shearing Tests on Right-angle Reinforced Concrete
Beams with Uniformly Distributed Load, by Hubert

Rusch, Finn Robert Haugll and Horst Mayer.

Reinforced Concrete Beams under the Simultaneous Effect
of Shearing Force and Moment (1962), by Finn Robert
Haugli. 29. DM
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No.

No.

No.

No.

No.

No.

No.

No.

No.

No.

146:

147:

148:

153

154

155:

The Influence of the Type of Cement, the Water/Cement
Ratio and the Load Duration on the éreepﬁof Concrete,
by Alfred Hummel, Karlhaus Wesche and walter Brand.

The Influence of the Mineralogical Characteristics
of A egates on the Creep of Concrete (10062), by
HuSerg Rushc, Karl Kordina and Humber Hilsdorfé

58. DM

Test to Determine the Transmission Length of Reinforcing

Bars, by Hubert Rusch and Gallus Rehm.

Determination of Latent Stresses and Registered Length
for Prefabricated Prestressed Concrete Parts (1963),
by Kurt Gaede. 22.60 DM

The Influence of Stirrups and Compression Bars on

the Behavior of the Bending Pressure Zone of Reinforced
Concrete Beams (1963), by Hubert Rusch and Siegfried
Stockl. 27.60 DM

The Relationship between Quality and Safety in Concrete
Construction (1962), by Hans Blaut. 15.50 CM

The Behavior of Concrete Joints during Frequently
Repeated Compressive Stress and Bending Stress (1962),
by Johannes Dix. out of print

Tests on Single-field Reinforced Concrete Beams with
and without ear Reinforcement (1902), by Fritz
Leonhardt and Rene walther, 2726 DM

Tests on T-beams with High Shearing Stress (1962),
by Fritz Leonhardt and Rene Walther. 27<50 DM

Elastic and Plastic Compressive Strains of Concrete
due to Repeating Compressive Load and Static Load
(1962), by Alfred Mehmel and Edgar Kern. 25. DM
Stress-Strain Diagram for Concrete and Stress Dis-
tribution in the Bending Pressure Zone with a Constant
Strain Rate (1962), by ghristfried Rasch. 206.30 DM
Influence of the Neat Cement Paste Content and of the
Testing Method on the Characteristic Properties of

the Bending}Pressure Zone of Reinforced Concrete Beams,
by Hubert Rusch and Siegfried Stockl.




Shear Tests on T-beams with Different Shear Rein-
forcement (1003), Dy Fritz Leonhardt and Rene
Valther. 29.60 DM

Studies on the Rupture and Deformation Behavior
of Concrete as & Result of Blaxlial Stress (1903),
y Helmut Welgler and Gerhard Becker. .70 DM

Rebound Tests on Dense-structure Concrete, by
urt Gaede an rnst Schm .

Measuring the Consistency of Concrete (1964), by

Walter KiErechE and Hermann Scharrier. 20.60 DM

The Stress of the Bond between Prestressed Reinforce-
ment Cables in Concrete (190H), by Herbert Ruptrer.
2.30 DM

Tests with Deformed Reinforcing Bars (1963), by
Hubert Rusch and Gallus Rehm. 21.80 DM
Node1A§patistics Study of Point Supported Obtuse-
angle Beams, with Speclal Consideration of the
Yieldingness of the Support (100%), by Alfred
Mehmel and Hans Weise. out of print

The Behavior of Reinforced Concrete and Prestressed
Concrete in Fire (1907) by Horst Seekamp, wolfiran
Becker, Werner Struck, Karl Kordina and Hans-Joachim
Wierig. ST ===DM

Shearing Tests on Continuous Beams (1964), by Fritz
Leonhardt and Rene Walther, 38.00 DM

Behavior of Concrete at High Temperatures (1964),
by Helmut Welgler, Rudolf yiscﬁev and Heinz Dettling.

24,60 DM

Tests with Deformed Reinforcing Bars (Part III) (1964),
¥ Huber usch and Gallus Rehm, 22.60 DM

Calculation Tables for Obtuse-angle Roadway Beams
or Highway Bridges (1907), by Hubert usch, Arnfried
Hergenroder and Ilhsan Mungan. 38.«~=DNM

Frost Reslstance and Pore Structure of Concrete,
elationships and Testing Nethods, by Axel Schafer.
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No. 168:

No. 169:

No. 170:

No. 171:

The Influence of Fine Aggregates on the Properties
of Injection Mortars for Prestressed Concrete Conduits,
njection Tests on Long Prestressed concrete C

s DY Walter

onduits
recht. “27.00 DM

Tests with Gap Gradations, by Walter Albrecht and
Hermann Scﬁagfler.

The Influence of Hardened Cement Paste Pores on the
ResIstance of Concrete in Seawater, by Rarihaus Wesche.

The Behavior of Young Concrete with Respect to Frost,
by Friedrich Henkel.

The Use of Stud Drivers to Determine the Compressive
Strength of Concrete (1905), Dy Kurt Gaede. 2oF.50 DM
Tests on the Influence of Crack Width on the Formation

Oof Rust on the Relnforcing Material of Reinforced

Concrete Sturcutural Members, by Gallus Rehm and Hans
Moll.

The Corrosion of Steel in Concrete (1965), by Hans
Leonhardt Moll. 25.60 DM

Observations on 0ld Reinforced Concrete Structural
Members with Respect to Carbonation of the Concrete
and Rusting of the Reinforcement Material, Dy Gallus
Rehm and Hans Leonhardt Moll.

Study on the Progress of Carbonation on Concrete
Structures, Conducted on behall of the Waterways
Division of the Federal Ministry of Transportation,
compiled by Hans-Joachim Kleinschmidt.

Depth of the Carbonated Layer in 0l1d Concrete Structures,
Tests on Concrete sam les, performed by the Research
Institute for Blast Furnace Slag, Rheinhausen, and

by the Laboratory of the Westfalian Cement Industry,
Beckum, compiled in the Cement Industry Research
Institute of the Assoclation of German Cement Works,
Dusseldorf (1965). 29.20 DM

Buckling Tests with a Double-hinged Rigid Frame made
or Rein?orced Concrete (1005), by Walter Bochmann

and Siegiried Robert. 19,10 DM
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No. 172: Impact Curve Studies on Relncforced Concrete Supports

and Framing Studs Struck by Vehicles (1905), by
am o Popp. 20,=-=DM

No. 173: Determining the Biaxlal Strength of Concrete, Summary
and Critigque ol Previous Tescsand a Proposal for a
New Test Method, by Hubert Hilsdorf. 15.60 DM

No. 174: The Bearing Capacity of Mesh-reinforced Concrete
Columns (lgbﬁ), by Helmut Welgler and J. Henzel.
15.60 DM
No. 175: Concrete Hinges
Test Report, Design and Construction Proposals,
by Fritz Leonhardt and Horst Reimann.

Critical States of Stress in Concrete during Multi-
axial Static Short-term Load (1905), by Horst
Reimann. out of print

No. 176: The Fatigue Strength of Prestressed Concrete Structural
Members (1960), by Martin Mayer. 7.0 DM

No. 177: Rearrangement of the Cutting Forces in Reinforced
Concrete Structures: Calculation Principles for
Qtatically Indeterminate Support Structures, thinx
into Consideration Plastic Deformations (1900), by
P.S. Rao. -h.BD DM

No. 178: Wall-type Supports (1968), by Fritz Leonhardt and
Rene Walther. 40.-==DM

5
o
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No. 179: Variability of Bending Strength and Shear Strength
in Reinforeced Concrete Support Structures and Their
Influence on the Distribution of Cutting Forces and
Load during Statically Indeterminate Curing (1900),
by Walter Dllger. 24.50 DM

No. 180: Buckling of Reinforced Concrete Posts with a Rec-
tangular Cross-section under Short-term Load (196¢),
calculation using automatic diglital computers, by
Albrecht Blaser. 15,60 DM

No. 181: Burning Behavior of Reinforced Concrete Reams--Influcnce
of' Protective Coatlings, by Karl Kerdina and Paul
Bornemann.

Principles for Determining the Fire Resistance Time
for Reinforced Concrete Beams (19606), by Paul
Bornemann. 20, ===DNM

198




Neo.

No.

No.

No.

No.

No.

182:

187:

Carbonation of Heavy Concrete, by Adolf Meyer,
ans=Joachim Wierlig an aus Husmann.

Influence of Atmospheric Carbon Dioxide and Moisture
on e con on of concrete as corrosion rrotect
Tor Steel Inserts (1007), by Fritz Schroder, Helnz-
Junter Smolczyk, Karl Grade, Reinhard Vinkeloe and
Rudolf Roth. QU ===DM

Creep of Hardened Cement FPaste in Concrete and How
¥t 1s Affected Dy Simultaneous Contraction (1%o0),
by Walter Ruetez. 15.60 DM

The Influence of Secondary Compaction and of a Coating
on the dtrensth, creep ana shrinkage of lConcrete
(19606), by Hubert Hilsdorf and Klemens Finsterwalder.

15.060 DM

The Variable Deformation Behavior of Marginal Reglons
and Core nesions of

~

17.50 DM

sulfate Cement (1906¢),
Manns. 15.60 DM

Aged Concretes made from Slag-
By Karlhaus Wesche and Wilhelm

The Influence of the Form of the Support on the
Shear Force Bearing capacity of Reinforced Concrete
Beams , by Rurt Gaede.

Oscillation Measurements on Reinforced Concrete
Bridges (1900), by Bruno Bruckmann. 17.50 DM

Deformation Tests on Reinforced Concrete Beams with
Highly Refractory Reinforcing Bars (1907), by
Gotthara rranc and Heinrich Brenker. 22.30 DM

The Carrving Capacity of Floors made
Concrete glazing.(1907), by Colestin

of Relnforced
Zelger.20,-==DNM

X
Strength of the Bending Pressure Zone-=Comparison

of Prism and Beam ests o7ty D) usch,
Karl Rordina and Siegiried Stockl. 15.00 DM
Experimental Determination of Stress Distribution in

the Bending Pressure sone, by Chrisutried Rasch.

Supporting Moments of Cross-wise Reinforced Continuous
Rectanguiar concrete beams (1907}, by Helnz Schwarz.
. 17.80 DM

199

Concrete (1900), by Siegfried Stockl.




192

193

194

195:

196

197 <

198:

199:

200:

The Effective Flange Width of T-beams (1967), by
Werner Koepcke and Gunter Denecke. 27.80 DM

Structural Damage as a Result of the Deflection of
Reinforced Concrete Structural Members (1967),
by Horst Mayer and Hubert Rusch. 24.50 DM

Calculating the Bending under Load of Reinforced
Concrete Structural Members (1967), by Horsﬁ Mayer.
e 2 -50 DM

5 Tests for Studying Deformations in the Shearing
Force Region of a Reinforced Concrete Beam (1967),
by Hubert Rusch and Horst Mayer. 22.20 DM

Preliminary Experiments on the Influence of Previous
Long-time Loads on the Short-time Strength of Concrete
(1967), by Siegfried Stockl.

Characteristic Numbers for the Behavior of a Rectangular

Bending Pressure Zone of Reinforced Concrete Beams under

Short-time Load, by Hubert Rusch and Siegfried Stockl.
25.30 DM

Burning Behavior of Continuous Reinforced Concrete
Rib Floors, by Horst Seekamp and Wolfram Becker.

Burning Behavior of Cross-wise Reinforced Concrete
Rib Floors, by Jurgen Stanke.

Increasing the Thickness of Concrete Flcoring as Fire
Protection of Reinforced Concrete Beams, Parts 1 and
2 (1967), by Horst Seekamp and Wolfram Becker.

25.25 DM
Strength and Deformation of Unreinforced Concrete
under Constant Long-time Load (1968), by H. Rusch,
R. Sell, Ch. Rasch, E. Grasser, A. Hummel, K. Wesche
and H. Flatten. 24.90 DM

The Calculation of Flat Continuums Using the Framework
Method--Use of Beams with a Rectangular Opening (1968),
by Albrecht Krebs and Friedrich Haas. 20,---DM

Long-term Oscillation Resistance of Reinforcing Bars
Imbedded in Concrete (1968), by Helmut Wascheidt.

Concrete Hinges Subjected to Repeated Hinge Rotation
by Gotthard Franz and Hans-Dieter Fein. 21.80 DM
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No. 201: Shear Tests on Indirectly Supported, Single-fleld
and continuous Reinforced Concrete Beams (1000),
by Fritz Leonhardt, Rene walther and walter
Dilger. 17.80 DM

No. 202: Torsion and Shear Tests on Prestressed Box Girders
by Fritz Leonhardt, Rene Walther and Otto Volger.

Torsion Tests on a Synthetic Resin Model of a Box
Girder (1968), by Dlethelm Feder. 22.20 DM

No. 203: Strength and Deformation of Concrete Subjected to
Tenslle Stresses (1969), by Hans Georg Heilmann,
Hubert Hilsdorf and Klemens Finsterwalder. 26.70 DM

No. 204: Bearing Behavior of Off-center Loaded Reinforced
Concrete Compression Members (1909), by Alfred
Mehmel, Heinz Schwarz, Karl-Heinz Kasparek and
Joszef Makovi. 22.30 DM

No. 205: Tests on Circular Reinforced Concrete Columns Subject
to Short-time and Long-time Centric Loads (1909),
by Hubert Rusch and Siegfried Stockl. 22.20 DM

No. 206: Statistical Analysis of Concrete Strength (1969),
by Hubert Rusch, Rudolf Sell and Rudiger Rackwit:.
15.60 DM
No. 207: Tests on the Fatigue Strength of Lightwelght Concrete,
by Rudolf Sell and Colestin Zelger.

Tests on the Strength of the Bending Pressure Zone,
Influence of the Crosse=sectlonal Shape (IQOQR,
by Segfried Stockl and Hubert Rusch, 24,50 DM

No. 208: Cracking Caused by Latent and Induced Stresses Due
to Temperature in Reinforced Concrete Structural
Members (1909), by Horst Falkner. out of print

No. 209: Strength and Deformation of Aerated Concrete Subjected
to Blaxlal Compressive-Tensile Stress, by Rudolf Sell.

2 Bonding Tests on Reinforced Aerated Concrete (1970),
: by Rudolf Sell and Colestin Zelger. 22.30 DM
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Reinforced Brick Supports (1972), by C. Zelger.
18.90 DM

No. 220: Design of Concrete and Reinforced Concrete Parts
in Accordance with DIN IUUS, Januar! 1072 Rditlon==-

endlng w ongitudinal Force, Shear, Torsion;
uckling Safety Tests 2). 31.00 DM

No. 221: Strength and Deformation of Interior Wall Joints
In Construction Using Panels, by H. Rupier.

The Compressive Strength of Mortar Joints between
Prefabricated concrete rarts, by B. arasser and
F. Daschner.

Carrying Capacity (Shear Strength) of Roof Supports
Using Prefabricated Parts (1972), by R.v. Halasg
and G. Tantow. 26.60 DM

No. 222: Pressure Shocks of Reinforcing Rod--Reinforced
Concrete Supports with Highly ﬁefractogy St 90 Steel
(1972), by Frite Leonhardt and R.-Th. Teichen.
18.00 DM

No. 223: Reinforcement Anchorages in the Interior of Structural

Members, by J. Eibl and G. lvanyi.

Partial Prestressing (1973), by R. Walter and N.S.
Bhal. 22.90 DM

No 224: Interaction of Individual Prefabricated Part in the
“Form of a Large Disc (1973), by G. Mehlhorn.
30,20 DM

No. 225: Microconcrete for Model Statistical Studies (1972),
by A.-Hilmar Burggrabe. 24,70 DM

No. 226: Bearing Caﬁacitx of Tensile Loop Butt Joints, by
. Leonhardt, K. Walter and H. Delterle.

Hook and Loop Joints in Flexurally Stressed Beams,
by G. Frang and G. Timm.

Overlapping Full Butt Joints with Hook-shaped Bent
Ribbed Reinforcing Bars (1973), by K. Rordina
and G. Muchs. 26,20 DM
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Shear Tests on Prestressed Conerete Beams (1973),
¥ Fritz Leonhar » hainer Koch an erdinand-S.

Rostasy. 29.80 DM

23,40 DM
The Behavior of Conerete Subject to Multiaxial

ort-time Loa Wil 7 O axial
Eeaa, by Helmut Rupler,

Construction and Testing of a Test
Dlaxia (a]:} 9@y ;

EeIgeP.

rlestin
36,00 DM

like Reinforced Pnucroto
975), by H. Ehm,
37.80 DM

The Test Reports of the Qe
orced Concrete, sunmarles o
Ey Otto dral and Herbert Deutso

08, 1=, \ 3):
hmann, 18,80 pm
Determining the Physical Properties of Hardened
Cement Paste, by W. wittmann,

Deformation ang Rupture of Forous Structural Materials
vudbtect to Short-time Load and Long-t!mp Load CIOTRY,
by . Wittmann and J. -altsev, S0.00 DM

Random Sample Test Plans and Acceptance Chnrnv:evistiq
Curves for conerete (19737, by Hans Blaut [ TT.70 DR

Finite Elements for Caleulating Reinforced concrete
Reactor Pressure Vessels (1973), by T, Argyrls,
a. FausF, J.R. Roy, Jo Szimmat, R.P, Warnke and
K.J. Willtam. 28,50 DM

Studies on the Hot Liner as the Interiop Wall rop

restressed Conoretle ressure Vessels fon Lishtwat ey
wSactors (13737, by JoachIm Meyer and Walter
wpandaloek. 2075 DM

Bearin; Capacity ang Safety of Relnforeced conerete

ggpports subjected to Eecentric UnlaxIal and Biaxial
hort=time and Long-tTme Toad CLO74) by Robert W,
Warner, 15,50 DM




No. 237: Prestressed Concrete Reactor Pressure Vessels: Study
to Determine Special toncrete Properties in the Con-
struction ol Reactor Pressure vessels, by J. REibl,

aubke, Tingsch, U. Schnelder, G. Rieche.
Parameter Calculations on a Reference Container,by
J. Szimmal and K. Wiilliam.,
Infiluence of Material Properties on Stress States and
Deformation States of a Prestressed Concrete vessel,
by V. Hansson and F., Stangenberg (1974). 24.50 DM

No. 238: Influence of Simulated Material Characteristics on the
Critical Tipping Loads of Narrow Reinforced concrete and
PPestressed oncrete Beams, by G. Mehlhorn.

Calculation of Reinforced Concrete Discs in State II by
Assuming Reallstic Material Characteristics{1974), by
K. D8rr, G. Mehlhorn, W. Stauder and D.Uhlisch. 31.10 DM

No. 239: Torsion Tests on Reinforced Concrete Beams (1974), by

Fritz Leonhardt and Glnther Schelling. 37.80 DM
3,
No. 240: Calculation of Section Sizes and Shape Changes for s
Reinforced Concrete supporting structures in Accordance At
With DIN 1045, January 1907¢ edition, by E. Grasser and 33
G. Thielen. o
No. 241: Scaling Tests on Specimens of Concrete, Reinforced Con- }S
crete and Prestressed Concrete under Different Temperature 1
Stresses (1974), by C. Meyer-Ottens. 17.90 DM {;

2y

No. 242: Characteristics of Galvanized Prestressing Reinforcement
and Reinforcing Rods, by G. Rehm, A. Limmke, U. NUrnberger,
G. Rieche, H. Martin and A. Rauen.
Brazing Concrete Reinforcing Bars (1974), by D. RuBgurm.
37.80 DM
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No. 243: Ultrasonic Pulse Technique on Prefabricated Parts, by
G. Rehm, N. V. Waubke and J. Neisecke. o
Tests on Completed Prestressing Reinforcement (1975), v

v
S

by A. RBhnisch. 28.90 DM ] &

he i

No. 244: Electronic Calculation of the Effects of Creep and Shrinkage b
in Comblination Frameworks Produced In Sectlons (1975), by 1

D. Schade and W, Haas. 13.30 DM 1.5

o

No. 245: The Granular Strength of Synthetic Aggregates and its ‘f

Influence on Concrete Strength, by R. Sell.
Compressive otrength of Eigﬁt Weight Concrete (197u) by
K. B Schmidt-Hurtienne. 32 DM

5 T

No. 246: Tests on the Side Impact on Foundation Posts of Rein-
forced Concrete and Steel When Hit by Vehicles (197 Ly,
by C. Popp. 32.00 DM
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No. 24T7: Temperature and Induced Stress in Lightweight
Construction Concrete as a Result of Hydration, by
H. Welgler and J. Nilcolay.
Long~-tlme Expansion Stability and Operation Stability
of %Ightweight Structural Concrete (1975), by
H. Welgler and W. Freitab. 24.50 DM

No. 248: Scaling on Structural Members Made of Concrete
Subjected to Fire Stresses (1975), by C. Meyer-Ottens.
15.60 DM

No. 249: Impact Bending Tests with Variously Reinforced Concrete

Beams (1975), by C. Popp. 15.50 DM
No. 250: Long-time Experiments on Reinforced Concrete Supports,

by K. Kordina.

Influence of Creep on the Lateral Buckling of Narrow
Reinforced Concrete Supports , by K. Kordina and

R. F. Warner.

No. 251: Tests on Circular Reinforced Concrete Columns Subject
to Eccentric Load (1975), by S. St8ckl and R. Menne.
20.00 DM

No. 252: Stabllity of Different Types of Concrete in Seawater
and in Water Containing Sulfate, by H. Th., Schrdder,
0. Hallauer and W. Scholz.

No. 253: Prestressed Concrete Pressure Reactor Vessels:
Instrumentation, by J. Nemel and Rudolf Angell.
Test to Further Develop a Deformeter (1975), by
CBlestin Zelger. 19,00 DM

No. 254: Stability and Deformation Behavior of Concrete
Subjected to High Biaxial Long-time Loads and Long-
time Expansion Loads
Stability and Deformation Behavior of Lightweight
Concrete, Aerrated Concrete Cement Paste and Plaster
Subjected to Short-time Biaxial Load, by D. Linse and
A. Stegbauer.

No. 255: Permissable Crack Widths and the Concrete Covering
Required in Reinforced Concrete Construction, with

Special Attention to the Carbonation Depth in the 1 Lk TR B
Concrete, by PF. Schiebl, L & *,'\'1‘;
N o s 31 %

No. 250: Heat and Moisture Flow in Concrete as a Function of
Temperature (1975), by J. Hundt, 29,40 DM
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