Zeitschrift: IABSE reports = Rapports AIPC = IVBH Berichte
Band: 54 (1987)

Artikel: Constitutive relations for transient conditions
Autor: Wittmann, Folker H. / Roelfstra, Pieter E.
DOI: https://doi.org/10.5169/seals-41935

Nutzungsbedingungen

Die ETH-Bibliothek ist die Anbieterin der digitalisierten Zeitschriften auf E-Periodica. Sie besitzt keine
Urheberrechte an den Zeitschriften und ist nicht verantwortlich fur deren Inhalte. Die Rechte liegen in
der Regel bei den Herausgebern beziehungsweise den externen Rechteinhabern. Das Veroffentlichen
von Bildern in Print- und Online-Publikationen sowie auf Social Media-Kanalen oder Webseiten ist nur
mit vorheriger Genehmigung der Rechteinhaber erlaubt. Mehr erfahren

Conditions d'utilisation

L'ETH Library est le fournisseur des revues numérisées. Elle ne détient aucun droit d'auteur sur les
revues et n'est pas responsable de leur contenu. En regle générale, les droits sont détenus par les
éditeurs ou les détenteurs de droits externes. La reproduction d'images dans des publications
imprimées ou en ligne ainsi que sur des canaux de médias sociaux ou des sites web n'est autorisée
gu'avec l'accord préalable des détenteurs des droits. En savoir plus

Terms of use

The ETH Library is the provider of the digitised journals. It does not own any copyrights to the journals
and is not responsible for their content. The rights usually lie with the publishers or the external rights
holders. Publishing images in print and online publications, as well as on social media channels or
websites, is only permitted with the prior consent of the rights holders. Find out more

Download PDF: 21.02.2026

ETH-Bibliothek Zurich, E-Periodica, https://www.e-periodica.ch


https://doi.org/10.5169/seals-41935
https://www.e-periodica.ch/digbib/terms?lang=de
https://www.e-periodica.ch/digbib/terms?lang=fr
https://www.e-periodica.ch/digbib/terms?lang=en

A 239

Constitutive Relations for Transient Conditions
Lois constitutives pour des conditions transitoires
Werkstoffgesetze unter nichtstationdren Bedingungen

Folker H. WITTMANN
Professor

Swiss Fed. Inst. of
Techn.

Lausanne, Switzerland

Folker H. Wittmann, born
1936, habilitated in Physics of
Building Materials at Munich
Institute of Technology. For 4
years he was professor for
Building Materials at Delft
University of Technology, The
Netherlands. He is now pro-
fessor and director of the La-
boratory for Building Ma-
terials at the Swiss Federal
Institute of Technology, Lau-
sanne.

Pieter
1946, got his civil engineering
degree at Delft University of

E. Roelfstra, born

Technology, The Nether-
lands. For 12 years he was in-
volved in structural engineer-
ing at the Ministry of Public
Works. Actually he is head of
the group Modelling and
Numerical Analysis of the La-
boratory for Building Ma-
terials at the Swiss Federal
Institute of Technology, Lau-

Pieter E. ROELFSTRA
Civil Engineer

Swiss Fed. Inst. of
Techn.

Lausanne, Switzerland

sanne.

SUMMARY

In order to link material properties with their structure, three structural levels are introduced. First of all, the
ageing of the cement-based matrix under transient conditions is modeled. Then the time-dependent deforma-
tions of a composite material are determined by applying the concept of numerical concrete. A quasi-homo-
geneous material with statistically distributed properties is used to elucidate the influence of strain
softening and crack formation on total deformation. Thermal incompatibility of the composite structure is
taken into consideration.

RESUME

Dans le but de lier les propriétés du matériau a sa structure, trois niveaux structuraux ont été introduits. Le
vieillissement de la matrice de pate de ciment a éte introduit dans le modéle sous des conditions non sta-
tionnaires. Puis, I'application du concept du béton numérique permet de déterminer les déformations en
fonction du temps d’une structure composite. Un matériau quasi-homogéne avec une distribution statistique
des propriétés a été utilisé pour élucider I'influence du radoucissement et de la formation de fissures sur la
déformation totale. L’incompatibilité thermique de la structure composite a été prise en compte.

ZUSAMMENFASSUNG

Drei Gefligeniveaus werden definiert und eingefiihrt. Dann wird zunéchst die Alterung der Zementsteinmatrix
unter nichtstationaren Bedingungen simuliert. Unter Anwendung des Konzepts ‘der numerische Beton’
werden die zeitabhangigen Verformungen eines zusammengesetzten Werkstoffes beschrieben. Ein quasi-
homogenes Material mit statistisch verteilten Eigenschaften wurde generiert, um den Einfluss der Verfor-
mungserweichung und der Rissbildung auf die Gesamtverformung unter Beweis zu stellen. Die thermische
Inkompatibilitit eines zusammengesetzten Werkstoffes wird berlicksichtigt.
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1. INTRODUCTION

Basic creep of concrete that means creep without moisture exchange can be pre-
dicted within a reasonable confidence interval. Based on experimental results
basic creep can be predicted for a wide range of different concrete composi-
tions. A power function describes the time-dependence of basic creep sufficient-
ly well. It is also known for a long time that creep under sealed conditions is
high compared to creep of dry concrete. Many authors have even stated that creep
of dry concrete can be neglected.

It is somewhat more difficult to describe shrinkage of concrete correctly.
Nevertheless there are again sufficient experimental data which allow us to pre-
dict the time-dependence, the final value, and the influence of geometry
reasonably well if the concrete composition and the environmental conditions are
given (see for instance [1].

Controversal views still exist, however, on the most common type of time depen-
dent deformation, i.e. simultaneous creep and shrinkage [2]. Some authors
believe that creep under these conditions is magnified while others prefer to
attribute the observed increase of the total deformation to an increased shrin-
kage. In these discussions it has not always been fully realised that simulta-
neous creep and shrinkage have to be considered to be a transient hygral defor-
mation.

In most codes creep under drying conditions is indicated to be considerably
bigger for all durations of load than basic creep under sealed conditions. If it
is true that this time-dependent deformation is a transient process creep of a
drying specimen must become negligibly small once a structural element is dried,
than on the long run basic c¢reep may become bigger.

One reason for the fact that this important aspect of concrete behaviour is
stil1 under discussion is that the different and interrelated processes are so
complex that most experimental data cannot be interpreted straight away. So far
numerical simulation methods are the only means to come to a better understand-
ing. It has been outlined elsewhere in which way the concept of numerical
concrete can be applied to simulate elastic deformations of a composite material
and drying of a composite material with a porous matrix [3]. In this paper it is
also shown that the interfacial zones have an important influence on the time-
dependence of drying and on the moisture distribution within a drying specimen.

Results described in [3] will be used here as a basis for further investiga-
tions.

The major aim of this contribution is to point out that the concept of numerical
concrete [4,5] can be applied to describe transient hygral deformations of a
composite material such as concrete. Special emphasis will be placed on the
significance of strain softening and crack formation for hygral deformations.
Finally it will be shown that thermal transient conditions can be dealt with in
a similar way.
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2. CONSTANT AND TIME DEPENDENT STATE PARAMETERS IN THE 3L-APPROACH
2.1 General remarks

Concrete is a composite material with a porous matrix. Ouring the hardening of
the cement based matrix and before a load is applied a complex state of stresses
is created in the structure due to thermal and chemical shrinkage [6]. When the
formwork is removed drying of a concrete element begins. As a consequence two
types of additional stresses are created : (a) tensile stresses in zones near
the surface and compressive stresses in the humid center caused by the time-
dependent moisture gradient, and (b) tensile stresses in the drying matrix and
compressive stresses in the inert aggregates. In reality the situation is fur-
“ ther complicated by the fact that the properties of the cement based matrix
change (aging effect) as the hydration continues. In the dried outer zones,
however, hydration is soon stopped. This leads to an inhomogeneous porous
matrix.

It has been pointed out earlier that the structure of concrete can be subdivided
at least in three different hierarchic structural levels [2]. The basic ideas of

Eh}s concept, which is now called 3L- Approach, are outlined in detail elsewhere
3.

The microlevel serves to describe the processes in and the properties of the
porous matrix. Advanced numerical simulation methods can be applied to introduce
realistic state parameters such as degree of hydration, moisture content, mois-
ture capacity and permeability. The mesolevel has been introduced to take the
composite structure of the material into consideration. If the composite struc-
ture of concrete is simulated in a realistic way and if the point properties are
sufficiently well known the response of structural elements can be predicted
under arbhitrary conditions.

This systematic study can be considered to be a rational way to develop material
laws. The macrolevel of the 3L-Approach is finally used to formulate these
relations in such a way that they can be directly applied in computerized struc-
tural analysis.

2.2 Modelling of the microstructure

2.2.1 Formation of the structure and aging

In this chapter we describe briefly new developments of modelling the formation
of the microstructure of hardened cement paste with the heip of numerical
methods. A1l mechanical and physica! properties of hardened cement paste are
linked directly with its microstructure. Thus, if we are able to simulate the
formation of the microstructure and build in real micro-mechanisms, then it is
possible in principle at least to deduce constitutive relations which describe
mechanical and physical behaviour of hcp under simple and very complex condi-
tions. The first step in this direction has been done at NBS [24]. They simula-
ted the formation of the microstructure in 3D of cement compound C3S with a
shrinkage core model and obtained in this way useful information on the pore
size distribution and the contact zones between C3S5 particles.

Extension of this model for different types of cement (cements having a diffe-
rent clinker composition) is possible if we can describe the different hydration
rates of each compound and their mutual interaction in realistic way. Research
on this level has therefore to be focused on reaction kinetics [7,8,9].
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Terms like aging may probably be replaced in the futur by for instance contact
surface between hydrating particles or time-dependent bond density [10].

For the mechanical analysis of such a simulated structure, which we might call
numerical HCP, we have to investigate whether continuum or discrete mechanics is
most appropriate. We should mention here also an earlier developed model from
which some basic concepts can possibly be implemented [11].

2.2.2 Degree of hydration in a drying sample

The hydration process under transient conditions can be described in
principle by three differential equations [25].

Cyh + pa =V » (AHHVh + AHTVT)

CTT = qa =V o+ (Apvh + ApVT) (1)

TH
Fi(a)-Fy(T)F3(h)

where Cy and Cy are hygral and thermal capacities respectively, h is the
relative humidity, T is the temperature, Ayy and Ayt are cross permeabili-
ties and a is the degree of hydration. Coefficients p and q depend on the type
of cement. This system of differential equations is highly nonlinear, because
all materials properties depend strongly on actual temperature, humidity and
degree of hydration. Functions Fy(a), F,(T) and F3(h) have to be determined from
experimental results. A relatively small computer code has been developed to
solve this system of equations under constant or variable boundary conditions
[4]. Two typical results are shown in Figs. 1 and 2.

a

In Fig. 1 we can see that the degree of hydration remains low in the region near
the surface which is exposed to drying. This means that mechanical properties
such as modulus of elasticity, which are linked directly with the degree of
hydration, vary also under these conditions as function of the distance to the
surface. At the same time permeabiltity is higher in the surface region.

Fig. 2 shows that due to self dessiccation moisture content in the center part
decreases and hence moisture gradients are built up with respect to the wet
boundary. These gradients cause the observed water uptake of specimen stored
under these conditions.

With this model the evolution of state parameters such as temperature, humidity
and degree of hydration as function of time and space can be described. This is
an essential step in the so-called point property approach.
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Fig. 1 Evolution of evaporable water content (a) and degree of hydration (b)
as function of time and distance from the surface of a wall with a
thickness of 200 mm exposed to a relative humidity of 50 %.
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Fig. 2 Evolution of the evaporable water content (a) and degree of hydration (b)
as function of time and distance from the surface of a wall with a
thickness of 200 mm stored under water.

2.3 Modelling of the composite structure

Composite structures with arbitrarely shaped aggregates grains can be simula-
ted with a computer [12]. Aggregate volume content and particle size distribu-
tion can be taken into consideration [5,13]. A typical example is shown in
Fig. 3a. For the analysis the generated structure has to be idealized by a
finite element mesh. It has turned out that the interface between matrix and
aggregate grains with its characteristic properties has to be taken into account
separately. In this contribution we used for simplicity a composite structure
with 27 circular aggregate grains as shown in Fig. 3b.
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Fig. 3a Computer simulated composite Fig. 3b Finite element idealization of
structure of normal concrete. the composite structure used
in the analysis.

3 BASIC CREEP AND DRYING OF A COMPOSITE MATERIAL
3.1 Basic creep of a composite material

The complex state of stress in the simulated structure of concrete (see Fig. 3b)
under loading conditions is shown in [3]. This structure is used here to study
the time-dependent behaviour under sustained load and under isohygral conditions
(basic creep). It is assumed that the aggregate grains in the structure behave
perfectly linear elastic and that the small contributions of creep of the inter-
faces to the global {macroscopical) creep may be neglected. Due to creep the
complex stress distribution in the material will change in time. The non linear
rate type creep law we used for this situation is given in eq. (2)

1 aja, sinh ba ™ 1 (2)

. m-1
me, bE [i‘eldr]

-
£ —

where o is the actual stress, b = 1.8/fc” is a measure for nonlinear creep, fc~
is the compressive strength, a;, = exp[Q/R(l/Fo—l/T)] is Arrhenius’s equation
to take the influence of the actual temperature T into consideration, Q is the
activation energy, R is the universal gas constant, T, is the reference tempe-
rature (usually T, = 293%), a, = {(12h-5)/7 1is the expression to take the
influence of the actual pore humidity h into consideration (in case of basic
creep a, is a constant), E is Young’s modulus and zp is the time in days after
loading at which the creep strain is equal to the elastic strain for aja, =1
and ¢ is constant. m is a positive number representing a material constant and
t .
[/ ieldT] is the actual path length of the creep strain (intrinsic time). For a
t
constant stress, temperature and pore humidity this equation can be integrated
analytically and one will find a power law according to eq. (3)
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1
t-t " m aja, sinh (bo)

-t
) bE

e(t-t7) = (3)

It should be noted that eg. (2) does not take into account aging and creep reco-
very. Aging effects on mechanical and physical properties can be modelled by
means of the concept described in chapter 2. Creep recovery needs, however, not
to be modelled as a separate phenomena. The origin for creep recovery is caused
by the residual potential energies in the elastic components of the composite
structure after unloading and is the logic result of an appropriate analysis and
application of numerical concrete.

In the example given here we used the same distribution of Young’s modulus of
the mortar matrix elements as described in [3]. In addition time tp of eq. (2)
was varied according to a Gaussian distribution (Tp = 31 days, p = 10
days, cut off at 1 and 61 days). The positive materials coefficient m has been
chosen to be 3 and the product a;-a, was fixed to be 1. The composite structure
was submitted to an external compressive load of o, = -10 N/mm?. Fig. 4 shows
the total strain as function of duration of load (t-t~”). The macro-creep strain
as function of the duration (t-t°) is plotted on a log-log scale in Fig. 5.

In Fig. 5 it can be seen that the "effective" basic creep strain of the compo-
site structure describes almost perfectly a power law. The effective compliance
function is given in eq. (4) :

. 0.324
g t-t
ety T @)

ET(t—t') =

where E = 29874 N/mm? is the effective modulus of elasticity as calculated in

[3].
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Fig. 4 Calculated total strain Fig. 5 Calculated basic macrocreep as
as function of duration function of duration of load

of load (linear ordinate). (t-t°) (logarithmic ordinate).
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Fig. 6 shows the redistribution of potential energies in the different compo-
nents of the composite material as function of the duration of load (t-t~).
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Fig. 6 Distribution of potential energies stored in the different components
and the total value as function of duration of load (t-t7).

As can be seen in Fig. b there is a transfer from potential energy of the mortar
matrix to the aggregate grains. After unloading this energy is freed again an
thus this internal redistribution of energy can be considered as the driving
force for partial creep recovery. The model has still to be extended with elas-
tic components in the mortar matrix and even in HCP. From analysis performed
with the extended model a generalized macro-creep law or algorithm will be
deduced. It is doubtfull whether such a creep law on the macro-level can be
expressed in one simple compliance function. We should mention here a mathemati-
cal expression for macro-creep strain which gives qualitatively correct devia-
tions from the Tinear superposition principle [14].

3.2 Drying and hygral shrinkage of a composite material

In the point property approach we can state that hygral shrinkage depends
linearly on pore humidity h. The real mechanisms of hygral shrinkage such as
change of surface energy and disjoining pressure with changing pore humidity are
explained elsewhere [15]. This implies that in principle the overall shrinkage
of a composite structure can be determined if the evoluticon of the distribution
of the pore humidity as function of time can be calculated. Simulation of the
drying process of a composite material is carried out in [3].

In Fig. 7 the calculated moisture distribution of a composite material, 3 days
after exposing to drying, is shown.

Assuming that the unrestrained hygral shrinkage of the mortar matrix is linked
to pore humidity h linearly as indicated by eq. (5) and using the initial strain
concept in the numerical analysis, the overall (macro) shrinkage can be deter-
mined.

€y = -0-002 +0.00002 h (h in %) (5)
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Fig. 7 Calculated moisture distribution of a composite material 3 days after
exposing to drying (see [3].)

The deformations of the composite structure calculated in this way are shown in
Fig. 8.

In Fig. 9 the corresponding major stress distribution in the mortar matrix is
shown. In this figure the length of the lines is a measure for the major stress
level. From the analysis of the tensile major stresses (max. ~14 N/mm2) it
becomes obvious that without taking crack formation into consideration no
realistic result could be obtained. In earlier codes of numerical concrete we
had already introduced crack formation with a tensile strain softening concept

5,16]. In these codes the direction of the softening behaviour was fixed in the
elements at the moment the major stress exceeded the tensile strength. The
direction of the major stress in the next loading steps, however, did not always
coincide with the fixed direction of softening. This is caused by redistribu-
tions in the very complex state of stresses of the composite material. Conse-
quently, some elements kept a certain rigidity in the major stress direction and
were "locked". This problem can possibly be overcome by using a multiple crack
model. In this context we should mention here a very attractive mathematical
framework which can handle multiple crack formation without vieolation material
frame indifference [17]. The implementation of such a model in the numerical
concrete codes will, however, increases computer time considerably because one
needs to keep track of the state of every crack. Another solution is the use of
an isotropic strain softening model which can be justified on grounds of the
Ee}ative small mesh sizes which are used in the numerical concrete structures
4.
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A concept which is certainly more satisfying from a materials science point of
view is the prediction of multiaxial softening relations by simulating crack
formation and propagation in mortar structures with LEFM [18,19]. It is essen-
tial that these models take care of friction. Further studies are needed to find
out which solution is the most realistic and convenient one. Therefore, the
influence of crack formation on shrinkage is first studied by means of a simpli-
fied model which will be discussed in the next paragraph.
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Fig. 8 Calculated deformations Fig. 9 Calculated major stress distri-
corresponding to the stage bution in the mortar matrix
of drying shown in Fig. 7. corresponding to the stage of

drying shown in Fig.7.

4 DEFORMATION UNDER TRANSIENT HYGRAL CONDITIONS
4.1 Numerical model of a quasi homogeneous material

It has been shown in the preceeding chapter how the drying of a composite struc-
ture can be predicted numerically. We have seen that the resulting stresses in
the material overcome tensile strength of the matrix. As has been pointed out
finally crack formation in the composite structure will be taken into considera-
tion. For the moment being we will use a numerical model of a quasi homogeneous
material to investigate the effect of crack formation on the total deformation
under transient hygral conditions.

A computer code has been developed to predict the time dependent behaviour of
concrete slabs [4]. The length and the thickness of the slab can be introduced.
For the analysis a reqular mesh with simple triangular finite elements is gene-
rated automatically. Coarser and finer meshes can be chosen by the user.

It is assumed that the drying process takes place perpendicular to the two
parallel and opposite surfaces of the slab. The nonlinear drying process can
therefore be calculated uniaxially, and all nodes with the same distance to the
surface have the same time dependent humidity.
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Creep and shrinkage have been introduced in a similar way as described in the
preceeding paragraphs. In addition a strain-hardening and softening model has
been introduced. To simulate the localization processes in regions with high
tensile stresses a statistical distribution of the tensile strength has been
assumed. Details of this model are described elsewhere [4,26]. The strain-harde-
ning and softening model used in the following two examples is shown in Fig. 10.

Stress in N/mm2 es = 0.05 %00
A €3 = 0.01 mw/L + e,
ey =.0.05 mn/L + ¢,
L projected length of finite element in mm

hardening oz = according a Gaussian distribution:
3;=3 N/m?, p=0.5 N/mu2, cut off at 1.5 and 4.5 N/mm@

q; o) = 0.75 025 o3 = 0.20 o,

4.5

o

softening

1.5

A Strain in %e

14 »_
/ 57 es/x €,
/f // // unloading and reloading

Fig. 10 Strain-hardening and softening model applied in the analyses.

4.2 Influence of crack formation on total deformation
under hygral transient conditions

As an example we will simulate shrinkage of a slab of a thickness of 120 mm
and a height of 240 mm. The slab is supposed to be exposed at both sides to air
with a relative humidity of 50 %. The unrestrained shrinkage is supposed to be :

e, = -0.0018 + 0.000018 h (h in %) (6)

At 50 % RH this corresponds to a final shrinkage deformation of -0.9 o/0o0.

First the uniaxial distribution of humidity as function of time was calculated
with the nonlinear diffusion equation described elsewhere [20].

In Fig. 11 the calculated deformations, the distribution of damage energy and
the zones where strain softening occurs (localization process) after three
different durations of drying are shown.
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In this model we call damage energy the amount of energy which is consumed in
the tensile strain hardening branch of the diagram shown in Fig. 10. It should
be noted that in this analysis tensile strain hardening and softening behaviour
was fixed in advance in the longitudinal direction of the slab to gain CPU
time. As can be seen in Fig. 11 localization of strain softening has taken place
in 3 regions, but a complete stress-free crack was not created. This is due to
tensile creep behaviour and the assumed distribution of the tensile strength. In
this model the influence of tensile creep on strain softening is not yet taken
into account explicitely. This is a subject which needs to be developed further
in order to simulate realistically subcritical Toading conditions.

The calculated shrinkage curve (a) of the slab is shown in Fig. 12.

As can be seen the final shrinkage of curve a is lower than the assumed unres-
trained shrinkage of -0.9 0/oo corresponding to a relative humidity of 50 %.
This is caused by the residual strain in the softening regions after unloading
(see fig. 10 and fig. 11). Curve b in Fig. 12 represents the calculated shrin-
kage curve for which hardening and softening behaviour was suppressed by
increasing the tensile strength. This curve can be considered to be the shrin-
kage curve under compressive loading conditions. The final shrinkage of this
curve is higher than the unrestrained shrinkage at 50 % RH. This is caused by
the influence of humidity on the creep rate. During the drying process tensile
creep takes place in the dry regions, while compressive creep takes place in the
wetter core. Thus, although the internal stress field (caused by drying) is in
equilibrium, the overall (macroscopic) creep is not zero and increases shrinkage
without crack formation. In Fig. 13 the ratio between curve (b) and curve (a) as
function of duration of drying (t-t°) is shown. From this analysis it can be
concluded that there is a marked difference between shrinkage under load and
free shrinkage reduced by crack formation (which is the shrinkage we generally
measure in our experiments}. This difference will probably still be increased if
we take the heterogeneous structure of concrete into consideration.
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SHRINKAGE WITHOUT CRACKING
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Fig. 12 Calculated shrinkage curves Fig. 13 Ratio of shrinkage without and

with (a) and without (b) shrinkage with crack formation
crack formation as function as function of duration of
of duration of drying. drying.

In Fig. 14 experimental results of creep and shrinkage tests on sealed and dry-
ing cylinders of HCP are shown [2]]. When we determine again the ratjo between
the shrinkage under Tload = and the free shrinkage ¢ we
obtain the curves shown in Fig. 157 The applied load is indicated as parameter.
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a = 68 Nimn?*

$000
&
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Z 2000
< R.H.
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1000 O sealed 100

& deying 100 40
Q thrinkage 100 —40
1

1 10 100
DURATION OF LOADING—days

Fig. 14 Creep of hollow cylinders of HCP. Results of tests carried out under
sealed conditions (at 100 % RH) and under drying conditions (from 100 %
to 40 % RH). Pure shrinkage is also shown [21].
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1 1 §

1 10 100 days

Fig. 15 Ratio between shrinkage under loading eL and free shrinkage
ec as function of duration of drying. Aép]ied external stress
i% the parameter. (Data after [21]).

A number of results of similar test series has been evaluated in the same way.
At the beginning always a factor of about 2 or slightly bigger has been found
and as drying proceeds this factor decreases and approaches finally 1. The
relation shown in Fig. 15 agrees qualitatively well with the numerical predic-
tion shown in Fig. 13. This relation can be considered to be characteristic for
transient hygral deformation. For longer periods of drying the remaining creep
function corresponds to the lower creep of dried concrete. The result of this
analysis may still be modified once the circumferential stresses around the
aggregates are taken into consideration.

The model has further been used to study geometrical effects on shrinkage. In
our Taboratory very accurate shrinkage measurements have been carried out on
cylinders with different diameters [1?. These cylinders were exposed to a rela-
tive humidity of the surrounding air of 65 %. In Fig. 16 the measured shrinkage
strains at different durations of drying are indicated.

0.6 T T T T

TOTAL STRAIN IN 0/00

1 10 100 1000 10000
(T-T%) IN DAYS

Fig. 16 Comparison between measured shrinkage strains of cylinders with § 150 mm
300 mm and 500 mm, exposed to RH 65 %, and calculated shrinkage curves
based on a nonlinear diffusion equation and a tensile strain-hardening
and softening model with residual strains. Measurements by [1].
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In the model moisture capacities, permeabilities and unrestrained shrinkage were
adopted to get a close fit with the shrinkage measurements of the cylinder with
a diameter of 150 mm. Next the same materials data were used to predict the
shrinkage curves of the cylinders with diameters 300 mm and 500 mm. Results are
shown also in Fig. 16. It should be noted that we used "eguivalent" thickness of
the slabs calculated with the model in order to be able to compare with the
results obtained experimentally with cylinders. As can be seen in Fig. 16, the
predicted final shrinkage with the model becomes less as the geometry increa-
ses. This corresponds well with the results just mentioned [1] as well as with
other experimental findings [22].

Although generally a reasonable agreement between experimental results shown in
Fig. 16 and the numerical prediction can be observed there remains a systematic
deviation. The shrinkage prediction based on diffusion theory underestimates the
hygral deformation at longer durations of drying and for bigger specimens. This
discrepancy can be explained by the fact that aging of the material is not
represented adequately in the model. Aging can have different effects on shrink-
age. The diffusion coefficient decreases, the final value of shrinkage can even
increase due to the presence of more hydration products and finally the increa-
sed tensile strength leads to an accelerated shrinkage due to reduced crack
formation.

5 DEFORMATION UNDER TRANSIENT THERMAL CONDITIONS
5.1 Influence of a sudden change of temperature

on basic creep of a composite material

[t has been shown above that drying creates a complex state of stress in a com-
posite material (see Fig. 9). In case the coefficients of thermal dilatation of
the matrix and the aggregates are not identical any temperature change necessa-
rely must create internal stresses. In Fig. 17 a typical example of a numerical
simulation of this situation is shown [13]. In this case ay for the matrix has
been chosen to be 12-10-®% K-! and ap for the aggregates has been chosen to be
7-10-¢ K-1. The tensile stresses in the aggregates and the compressive stresses
in the matrix are indicated by means of their major stresses.

Now let us suppose that the composite structure shown in Fig. 3b is loaded at
room temperature and the creep is measured until t-t~ = 15 days. Then the tempe-
rature is linearly increased to 70°C in 12 hours and the resulting deformations
are further followed.

This situation has been simulated numerically and results are shown in Fig. 18.
During the initial period modest basic creep is observed. When the temperature
is changed first of all a thermal expansion is noticed and later the thermally
increased basic creep follows. In the left part of Fig. 18 the elastic energy of
the different components is plotted. The aggregates are temporarely partly
unloaded while the surrounding matrix has to take over the corresponding
compressive stresses. Due to the increased creep at elevated temperatures these
stresses are quickly reduced.
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Fig. 17 Calculated major stress distribution in a composite structure due to

a thermal shock.
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Fig. 18

(a) Distribution of potential energies stored in the components and
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total stored potential energy as functionof duration of loading.
(b) Total deformation as function of duration of loading.

The temperature is kept constant at 20°C up to (t-t°) = 15 days; then
the temperature is linearly increased in 12 hours to 70%C and further

kept constant.
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5.2 Influence of sudden change of temperature
on drying and total deformation

In the preceeding section we have supposed that the specimen was tested under
sealed conditions. Let us now repeat the theoretical experiment of 5.1 but this
time under drying condition, i.e. in 50 % RH.

In Fig. 19 the loss of evaporable water is plotted as function of time. For
comparison the drying under isothermal conditions SZOOC) are shown too. For
further details of this calculation we refer to [3,23]. In this same publication
the influence of temperature on the water capacity and the permeability are
given. At t-t° = 15 days the drying rate increases noticebly.

209

70

T e ]
0.1 1 10 100 1000 10000

{T-T*} IN DAYS

EVAPORRBLE WRTER CONTENT IN KG/M3

Fig. 19 Loss of evaporable water as function of duration of drying for two
different temperature histories (see also [20,23]).

The corresponding total deformation is shown in Fig. 20. Initially the time-
dependent deformation 1is bigger because the specimen is stored in a drying
environment. The change of temperature cause first of all again thermal expan-
sion. Then the creep at elevated temperatures sets in at an increased rate. The
drying process and hence shrinkage comes to an end at about 200 days. Then creep
rate must be expected to be considerably slowed down.

For comparison the total time-dependent deformations shown in Figs 19 and 20 are
replotted in Fig. 21. The initial increase of deformation under drying condi-
tions can clearly be seen. While the sealed sample continues to creep at a high
rate after the temperature change the drying sample undergoes a transition which
leads to a significantly reduced total deformation.
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Fig. 20 (a) Distribution of potential energies stored in the components and
total stored potential energy as function of duration of loading.
(b) Total deformation as function of duration of loading.
The drying process starts at the moment the load is applied.

The temperature is kept constant at 20°C up
the temperature is linearly increased in 12

kept constant.
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hours to 70°C and further

Fig. 21 Comparison between the calculated total deformations shown in Fig. 18b

and Fig. 20b.

It should be noted here that the

transition.

increased temperature only accelerates the

Under normal temperatures the same behaviour will be observed at

much longer times. Further the attention is drawn to the fact that any tempera-
increased rate of deformation due to the

ture change

immediately causes an

internal stress concentration.
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6.

CONCLUSIONS

Some basic concepts of numerical simulation of the formation of the
microstructure of HCP are outlined. The aim of this approach is to replace
arbitrary terms 1ike aging by more realistic terms 1like bond density in the
xerogel and bonds between hydrating particles of HCP.

Actual state parameters such as temperature, humidity and degree of
hydration can be determined under transient hygral and thermal conditions by
solving numerically a series of appropriate coupled differential equations
with given boundary conditions.

Shrinkage of a composite structure without crack formation, based on
calculated moisture distributions, has been determined with numerical concrete
codes.

The influence of «crack formation, tensile strain-hardening and softe-
ning on the total deformation of a quasi-homogeneous drying material has been
studied by means of model based on FEM. With this model the difference between
shrinkage without crack formation and shrinkage with crack formation can be
guantified.

As has been shown already earlier drying shrinkage and creep of con-
crete cannot be separated. The total deformation depends on thesuperimposed
stress fields.

Transient hygral deformation can be realistically predicted if the
concept of point properties is applied rigorously.

Transient thermal deformation has to be dealt with in the same way.
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