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The identification of the three types of beam in the Delft-BLM: matrix-beams (m-beams),
bond-beams (b-beams) and aggregate-beams (Schlangen 1993).

Tensile stress — strain relation of cement paste (matrix- and bond-beams) in the Delft-BLM.
f, = tensile strength matrix beams, fi, = tensile strength bond beams

Geometry of the two-dimensional equilateral triangle beam lattice model (BLM) with beam
length lpeam.

Lattice beams with length-height scale (1:0.58) in the triangular geometry of a 2D-BLM.

Schematic representation of calculation procedure: cement paste beams are ‘loaded’ with a
shrinkage strain increment. Output: eigenstresses in m- and b-beams, number of broken m-
and b-beams (microcracks) and the crack pattern.

Imposed strain increments Asoi (i.e. Aeop,sh,i) in the matrix-beams and bond-beams at each
time t; (schematic).

The imposed strain increment A€’ is introduced by pairs of forces F’ on the ends of all the
matrix- and bond-beams (further discussion in section 3.4.2).

Schematic representation of the superposition of stress increments
Building procedure of a beam lattice specimen

Flow chart for calculation of eigenstresses and microcracking in concrete exposed to imposed
deformation, i.e. shrinkage of the cement paste, with a BLM.

Schematic representation of the relaxation over time of an (eigen)stress due to an imposed
strain increment Ag(tp) at to.
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Schematic representation of the proposed morphological model of cement paste (Sanahuja et
al., 2007).

Evolution of the activation energy U(t) over time according to eq. (4.4). U-values for Uy are
10, 12 and 20 kJ/mol and AU, = 0.3 kJ/mol.

Stress relaxation due to a constant imposed strain g, controlled by the strain rates
(dee/dt) = - (de/dt) (eq. 4.6).

Evolution of the relaxation factor 1(t,ty), calculated with basic relaxation formula 4.8 and the
simplified formula 4.9. For details of the calculation, see Appendix 4-1.

Evolution of the shrinkage stain rate in the shrinkage curve used in this study (chapter 5,
section 5.4, Fig. 5.6) during the first month (30 days).

Relaxation factors for cement paste, calculated with eq. 4.8. Three strain rates are considered,
i.c. 8107 m/mh (rapid), 810" m/mh (moderate) and 8:10"° m/mh (slow).
Stiffness: Eq = 7.8-10° N/mz; stress: Initial stress: Gy = 3.0-10° N/m?.

Concrete wall (5.1a) used to define the input parameters and boundary conditions for (5.1b) a
detailed BLM analysis of the surface layer.

Surface layer of concrete wall. Fig.5.1a: without (macro)-cracks and Fig. 5.2.b: with two
macro-cracks.

Boundary conditions in the BLM for structural eigenstress (a) and material eigenstress (b).
The different types of mix composition - schematic
Continuous particle size distribution in specimens denoted CG (see Table 5.1)

Cement paste shrinkage (g,,) used in the analyses: 0 < g4, < - 1099-10°° m/m after 365 days
(left) and in detail the evolution of the shrinkage in the first 22.25 days (right).

BLM-specimen with the structural eigenstress at macro-level (Osemacro) and the distribution
of the structural eigenstresses in a cross-section

The structural eigenstress at macro-level, Ogemacro, N @ cement paste specimen for different
stiffness of the cement paste. Stresses without relaxation and with moderate stress relaxation
(Up = 12 kJ/mol).

The structural eigenstress at macro-level, Ogemacro» (2), damage ratio D¢y (b) and crack pat-
terns (c) in specimen C008-SP-16 (see Table 5.4) for different stiffness of the cement paste.
Stresses without relaxation and with moderate stress relaxation (Up = 12 kJ/mol).

The structural eigenstress at macro-level Oge macro (@), damage ratio Dy, (b) and crack pattern
(c) in specimen with continuous aggregate grading C060-CG for different stiffness of ce-
ment paste. Stresses without and with relaxation (Uy =12 kJ/mol).
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Structural eigenstress Ose macro (@), damage ratio Dy, and crack pattern at maximum imposed
strain 1.1-10™ m/m (c) for specimens C075-CG with bond/matrix tensile strength ratios fy/f;,
=0.75, 0.50 and 0.25, calculated without and with (moderate) relaxation.

Structural eigenstress Oge macro (@), damage ratio Dy, and crack pattern at maximum imposed
strain 1.1:10” m/m (c) for specimens C045-CG with bond/matrix tensile strength ratios fy/f;,
=0.25,0.50 and 0.75, calculated without and with (moderate) relaxation.

Structural eigenstress Osemacro and crack patterns in specimen C075-CG with and without
relaxation. Aggregate stiffness: E, = 35, 70 and 120 GPa.

The structural eigenstress Oge macro IN Specimens with aggregate volume fraction 0.08 m%/m>
with different particle configuration (a), microcrack damage ratio Dy, (b), and crack pat-
terns (c). Calculations with and without relaxation. Activation energy Uy = 12 kH/mol. Spec-
imen code: see Table 5.1.

Structural eigenstress Oge macro 1N Specimens with aggregate volume fraction 0.60 mz/mz, with-
out and with moderate stress relaxation for specimen C060-SP-3/16, C060-MP-4, C060-MP-8
and C060-CG. Activation energy Uy = 12 kJ/mol

Structural eigenstress Ogsemacro 1IN cement paste specimen without relaxation, with low stress
relaxation (Up = 20 kJ/mol) and increasing stress relaxation (Uy = 12 and 10 kJ/mol).

The structural eigenstress at macro-level (Osg(macro)) in specimen C008-SP-16 without relaxa-
tion and with stress relaxation (U = 20, 12 and 10 kJ/mol).

Evolution of structural eigenstresses and microcracking in specimens C060-MP-3/16 and
C060-CG without relaxation and with relaxation. Low relaxation for Uy, = 20 kJ/mol, and
higher relaxation for Uy =12 and 10 kJ/mol.

Schematic representation of distribution of eigenstresses in an arbitrarily chosen cross-section
of a concrete specimen at different values of the imposed shrinkage, i.e. €sh A, €sh.B> Esh.C-

a. Specimen C045-CG with cross section for stress analysis.

b. Structural eigenstress in specimen C045-CG under imposed strain. f,/f;, = 0.75.

c. Distribution of stresses in the matrix for imposed strain ¢ = 398 10" m/m.
Damage ratio: Dy, = 0% (no cracking).

d. Distribution of stresses in the matrix for imposed strain e = 495-10"° m/m.
Damage ratio: Dy, = 1.4% (minor cracking).

e. Distribution of stresses in the matrix for imposed strain € = 68210 m/m.
Damage ratio: Dy, = 6.5% (progressive cracking)

a. Specimen C045-CG with cross section for stress analysis.

b. Structural eigenstress in specimen C045-CG under imposed strain. fy/f,, = 0.25.

¢. Distribution of stresses in the maxtrix for imposed strain & = 126-10°° m/m.
Damage ratio: Dy = 0% (no cracking).

d. Distribution of stresses in the matrix for imposed strain & = 183-10°° m/m.
Damage ratio: Dy, = 4.1% (cracking started).

e. Distribution of stresses in the matrix for imposed strain € = 1043-10°° m/m.
Damage ratio: Dy, = 17.9% (severe cracking).
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Figure 6.1

2D-specimen (C0562) used for analysis of the evolution of stresses in matrix beams 1568 and
323 of the lattice model. Specimen size Ly = 30 mm and L,y = 31.2 mm. Imposed shrinkage
curve according to Fig. 5.6.

a) Eigenstresses and b) damage ratio D, in beams 323 and 1568 in specimen C0562 (Fig.
5.22) due to imposed shrinkage without relaxation and with stress relaxation (Up =12
kJ/mol). Full external restraint. f;;, = 5.0 MPa, E,,, = E, = 7.8 GPa, E, = 70.0 GPa.

Evolution of stresses (a) and damage ratio Dy, (b) in beams 323 and 1568 in specimen C0562
(Fig. 5.22). Analysis without and with stress relaxation (Uy =12 kJ/mol). No external re-
straint. f, = 5.0 MPa, E,,, = E, = 7.8 GPa, E, = 70.0 GPa.

Original shrinkage curve (1) with two additional curves 2 and 3, used as input for numerical
analysis of the effect of the rate of shrinkage development on stresses and cracking.

The structural eigenstress at macro-level (Osemacro) in specimen C075-CG, without stress
relaxation, due to imposed shrinkage according to three different shrinkage curves 1, 2 and 3
(Fig. 5.25).

Microcrack damage ratios in specimen C075-CG without stress relaxation.

The structural eigenstress at macro-level (Oge, macro) in specimen C075-CG, with
stress relaxation (activation energy Uy = 12 kJ/mol).

Microcrack damage ratios in specimen C075-CG with stress relaxation
(activation energy Uy = 12 kJ/mol).

Schematic representation of the BLM (material restrained) with shrinkage deformation with-
out microcracking (D, = 0) and with microcracking (Dy, > 0).

Calculated shrinkage and stresses in specimens C075-CG and C045-CG. No microcracking
a. Calculated shrinkage. No relaxation considered.

Maximum free cement paste shrinkage €,¢, = 1.1 107 m/m.
b. Calculated stresses, without and with relaxation of stresses (relaxation: Uy = 12 kJ/mol).

Influence of microcracking on concrete shrinkage in specimens C075-CG (a) and specimen
C045-CG (b). Maximal free cement paste shrinkage e, = 1.1 107 m/m.

Concrete shrinkage in specimen C045-CG with aggregate E, = 70 GPa and 35 GPa (Table
5.10, Mix 4 and Mix 5). Maximum free cement paste shrinkage €,¢, = 1.1- 10 m/m.

Calculated concrete shrinkage as function of aggregate volume fraction. Calculations with
and without microcracking and with and without relaxation.

a. concrete shrinkage as function of the AVF

b. shrinkage ratio as function of the AVF.

Set-up of large-scale experiment. A concrete beam (right) is exposed to thermal and hygral
loads, simulating the exposure condition of a marine concrete structure (after Taheri-
Motlagh, 1998)
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Imposed temperature distribution in the beam (right) and its components AT,,, ATq and AT,
Stresses in the top layer of the beam are hardly affected by the end restraint conditions of the
beam.

View of the test set-up with the thermal isolated beams 1 and 2 and the control-beam 3 in the
front, used only for alternate wetting and drying (AWD) (Taheri-Motlagh 1998, Van Breugel
2000).

Top surface of the test beams with the unrestrained pre-drilled specimens and the restrained
specimens.

Top and side view of test beams (after Van Breugel 2000)
One complete 48 h exposure cycle applied to the top of the beams (Fig. 6.5) in the test.

Measured chloride profiles for NWC and LWAC (Lytag) after | month under structural re-
straint and material restraint (‘free”) conditions (Van Breugel 2000).

Relation between the normalised chloride migration coefficient Drcm . and the UPV damage
degree Dy, (Wang et al., 2016).

Position of beam lattices in concrete cores parallel with the concrete surface.
Calculated RH-profiles in concrete under drying conditions. Drying period 42 hrs.

Calculated strain profiles in the top 25 mm of the concrete beam

a. Drying shrinkage during period of 42 hrs. Calculations with eq. (6.8) for RH-values pre-
sented in figure 6.10.

b. Temperature-induced strain, inferred from Taheri-Motlagh’s thesis (1998).

Calculated shrinkage-induced microcrack damage ratio Dy, of NWC and LWAC specimens
after 42 hrs drying (material restraint) and drying plus temperature strain (structural re-
straint). Stress relaxation is taken into account with Uy = 12 kJ/mol.

Measured and calculated chloride profiles in NWC (left) and LWAC (right).



Summary

For the dimensioning of concrete structures it is customary to determine the forces and
stresses occurring in construction elements on the basis of the prescribed loads. In an
iterative process, the final dimensions of the elements and reinforcement are then determined.
This process becomes less simple if not only the external loads, but also the deformations
imposed by shrinkage and temperature change are the cause of forces and stresses. The
determination of stresses in the concrete becomes even more complicated if we not only want
to know the distribution of forces and the associated stresses in the structures, but also the so-
called eigenstresses, which are the result of non-linear temperature and shrinkage fields in
concrete cross-sections. These eigenstresses can give rise to microcracks, often in the surface
zone of concrete elements. These microcracks can jeopardize the durability of the concrete.
With the methods for calculating the force distribution in a concrete construction, these
eigenstresses remain out of sight. In current design practice, these eigenstresses are almost
never taken into account. The assumption is that as a result of relaxation the eigenstresses
largely disappear and will have no influence on the behavior and durability of concrete
structures. This research examines whether this assumption is justified.

In chapter 1 the occurrence of eigenstresses due to temperature changes and drying
shrinkage is described. A distinction is made between the eigenstresses caused by a non-
linear strain field in the concrete cross-section (structural restraint) and the eigenstresses due
to the restrained cement paste shrinkage caused by the aggregate (material restraint). In this
study , the emphasis is on eigenstress and microcracking as a result of drying shrinkage. The
eigenstresses in the cement paste and the possibly occurring microcracking are reduced by
relaxation. This dissertation focuses on the influence of relaxation on eigenstresses and
microcracking in concrete. The research question is therefore:

What is the effect of relaxation on the resulting eigenstresses and microcracking?

Chapter 2 contains a review of the literature regarding eigenstresses and microcracking in
concrete structures. Crack criteria are discussed, as well as the effect of microcracking on the
permeability and diffusion resistance of concrete. It discusses which methods are available
for calculating stresses due to structural restraint and material restraint. In this context,
attention is given to finite element programs and lattice models.

Chapter 3 describes the (two-dimensional) beam lattice model (Beam Lattice Model -
BLM) used in this study. With this model, concrete is modeled as a 3-phase material,
consisting of circular aggregate particles embedded in a cement paste matrix with a boundary
layer (ITZ) at the interface between matrix and aggregate particles. The three components are
represented by 'beams' with different properties. It describes how the stresses in the beams in
the BLM are calculated as a result of an imposed shrinkage strain. In the calculation of the
stresses in the beams, relaxation is applied or not.
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Chapter 4 deals with the time-dependent behavior of cement paste and concrete.
Subsequently, it is discussed how time-dependent behavior, i.e. relaxation, can be taken into
account. The calculation rules for relaxation in concrete, as described in Eurocode 2, part 1-1,
are suitable for calculating the effect of relaxation on the force distribution in a concrete
structures, but are not suitable for the calculation of stress relaxation at cement paste level. In
this study, the activation energy concept is used to calculate time-dependent behavior at paste
level. Relaxation coefficients are derived based on this concept. The relaxation of stresses
partly depends on the speed with which the strains are applied.

In chapter 5 the results of an extensive numerical parameter study are described. An
imposed shrinkage curve is defined, with which most calculations have been carried out. The
tensile strength and stiffness of the cement paste beams is specified. The magnitude of
microcracking is indicated by a Microcrack Damage Ratio (D). Calculations were made
with BLM specimens with one single-particle (SP), with multiple particles of the same
diameter (MP) and with continuous particle size grading (CG). The aggregate volume
fraction in the BLM specimens varies from 0.08 to 0.75 m*/m? (8 to 75%). The calculations
were performed with and without relaxation of stresses. The magnitude of relaxation is
thereby varied (i.e. different values for the activation energy). The development of
eigenstress and microcracking has been investigated for variations in, among other things, the
following parameters: stiffness of the cement paste, ratio between the tensile strength of the
bond beams (representing the ITZ) and the matrix beams, stiffness of the aggregate, size of
the aggregate particles and the particle grading, the speed with which the shrinkage strains
are imposed and the magnitude of the activation energy. The influence of microcrack
formation on the magnitude of the drying shrinkage of concrete was also investigated.

In Chapter 6 it was investigated whether the simple calculation model used in this thesis
could describe the influence of microcracking on the transport properties of concrete. The
results of a study about chloride penetration in concrete were available. In that experiment,
the concrete was subjected to temperature and moisture cycles during the penetration process.
In the experiments it was shown that temperature and moisture cycles resulted in increased
chloride penetration in the concrete. This was attributed to microcracking that had developed
during the temperature and moisture cycles. With the BLM the microcracking in the concrete
is determined according to the temperature and shrinkage strains to which the concrete was
subjected in the experiment. On the basis of literature data, a relationship has been
established between the magnitude of the apparent diffusion coefficient and the extent of
microcrack formation, i.e. the Microcrack Damage Ratio Dp,.. The values of the apparent
diffusion coefficient thus calculated are used for comparison with the values of the apparent
diffusion coefficient derived from the test results.

Chapter 7 contains the conclusions and recommendations. The main results of the study
can be summarized as follows.
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Eigenstresses in concrete, caused by an imposed shrinkage deformation, will almost
always lead to (micro-)crack formation. This applies to conditions of both structural
restraint and material restraint.

Due to relaxation (in the cement paste) stresses caused by an imposed shrinkage
deformation increase less rapidly and the intensity of microcracking is reduced compared
to a situation without relaxation.

The properties of the aggregate and the aggregate volume fraction influence the crack
pattern, but have only a limited influence on the probability of cracking under an imposed
shrinkage deformation.

As a result of microcracking, the drying shrinkage measured on concrete test specimen
will be smaller compared to a shrinking specimen that remains free from microcracking.
This reduction can amount up to 10 to 15% of the measured shrinkage values. Without
relaxation, this difference would be even greater (without relaxation more cracking).
Microcracks have an effect on the transport properties of concrete. However, simulations
performed indicate an underestimation of the calculated effect of microcracks on transport
properties compared to experimentally found values. Reason for the differences is
probably that in the simulations (in chapter 6) the microcracks are assumed to be
homogeneously distributed in the concrete. However, the simulations of crack patterns
performed in chapter 5 show that in reality microcracks may become connected and thus
form a continuous transport route.

Lifetime predictions often assume an increasing resistance to penetration of substances in
the concrete over time. However, microcracking due to eigenstresses leads to a decrease
of this resistance. It is presumed that, among other things, selfhealing of microcracks
contributes substantially to the ability of concrete to resist the penetration of aggressive
substances in concrete.
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Samenvatting

Voor het dimensioneren van betonconstructies is het gebruikelijk om de in bouwdelen optre-
dende krachten en spanningen te bepalen op basis van de maatgevende belastingen. In een
iteratief proces wordt vervolgens de definitieve afmetingen en de wapening bepaald. Dit pro-
ces wordt minder eenvoudig als niet alleen de uitwendige belastingen, maar ook de door
krimp en temperatuurverandering opgelegde vervormingen de bron zijn van krachten en
spanningen. Het bepalen van spanningen in het beton wordt nog ingewikkelder wanneer men
niet alleen de krachtsverdeling en de daarbij behorende spanningen in de constructies wil
weten, maar ook de zogenoemde eigenspanningen, die het gevolg zijn van niet-lineaire tem-
peratuur- en krimpvelden in een betondoorsnede. Deze eigenspanningen kunnen aanleiding
geven tot microscheurvorming, vaak aan de oppervlak van een betonconstructie. Deze micro-
scheuren kunnen nadelig zijn voor de duurzaamheid van het beton. Met de methoden voor het
berekenen van de krachtsverdeling in een betonconstructie blijven deze eigenspanningen bui-
ten beeld. In de gangbare ontwerpparktijk wordt met deze eigenspanningen ook vrijwel nooit
gerekend. De veronderstelling is daarbij dat als gevolg van relaxatie de eigenspsanningen
grotendeels verdrwijnen en geen invloed zullen hebben op het gedrag en de duurzaamheid
van een betonconstructie. In dit onderzoek wordt onderzocht of deze veronderstelling ge-
rechtvaardigd is.

In hoofdstuk 1 wordt het optreden van eigenspanningen als gevolg van temperatuurveran-
deringen en uitdrogingskrimp beschreven. Onderscheid wordt gemaakt tussen eigenspannin-
gen veroorzaakt door een niet-lineair rekveld in de betondoorsnede (structural restraint) en
de eigenspanningen als gevolg van door toeslagmateriaal verhinderde krimp van de cement-
steen (material restraint). In het onderzoek ligt de nadruk op eigenspanningen en micro-
scheurvorming als gevolg van uitdrogingskrimp. De eigenspanningen in de cementsteen en
de eventueel optredende microscheurvorming worden gereduceerd door relaxatie. Dit proef-
schift richt zich op de invloed van relaxatie op eigenspanningen en microscheurvorming in
beton. De onderzoeksvraag luidt dan ook:

Wat is het effect van relaxatie op de resulterende eigenspanningen en microscheurvorming?

Hoofdstuk 2 bevat een literatuuroverzicht betreffende eigenspanningen en microscheur-
vorming in betonconstructies. Scheurcriteria worden besproken, alsmede het effect van mi-
croscheurvorming op de permeabiliteit en diffusieweerstand van beton. Besproken wordt
welke methoden beschikbaar zijn voor het berekenen van spanningen als gevolg van structu-
ral restraint en material restraint. In dit verband wordt aandacht gegeven aan eindige ele-
menten programma’s en staafwerkmodellen (Lattice models).

In hoofdstuk 3 wordt het in deze studie toegepaste (twee-dimensionale) staafwerkmodel
(Beam Lattice Model - BLM) beschreven. Met dit model wordt beton gemodelleerd als een 3-
fasen materiaal, bestaande uit cirkelvormige toeslagkorrels ingebed in de cementsteen matrix
met een grenslaag (/72) in het grensvlak tussen matrix en toeslagkorrels. De drie componen-
ten worden gerepresenteerd door ‘staafjes’ met verschillende eigenschappen. Beschreven
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wordt hoe de spanningen in de staafjes in het BLM worden berekend als gevolg van een op-
gelegde krimpvervorming. Bij de berekening van de spanningen in de staafjes wordt al dan
niet relaxatie toegepast.

In hoofdstuk 4 wordt ingegaan op het tijdathankelijk gedrag van cementsteen en beton.
Vervolgens wordt besproken hoe tijdafhankelijk gedrag, i.c. relaxatie, in rekening kan wor-
den gebracht. De rekenregels voor de berekening van relaxatie in beton, zoals omschreven in
Eurocode 2, deel 1-1, zijn geschikt voor het berekenen van het effect van relaxatie op de
krachtsverdeling in een betonconstructie, maar kunnen niet zonder meer worden toegepast
voor de berekening van spanningsrelaxatie op cementsteenniveau. In deze studie wordt voor
het in rekening brengen van tijdsafhankelijk gedrag het activeringsenergie concept toegepast.
Op basis van dit concept wordt een relaxatiecoefficient afgeleid. De relaxatie van spanningen
is mede athankelijk van de snelheid waarmee de rekken worden opgelegd.

In hoofdstuk 5 worden de resultaten van een uitgebreid numeriek parameteronderzoek
beschreven. Als opgelegde vervorming is een krimpverloop vastgelegd, waarmee de meeste
berekeningen zijn uitgevoerd. De treksterkte en stijfheid van de cementsteenstaafjes is gespe-
cificeerd. De omvang van de microscheurvorming wordt aangeduid met een microscheurratio
(Dme = Microcrack Damage Ratio). Er zijn berekeningen uitgevoerd met BLM-proefstukken
met een enkele korrel (SP), met meerdere korrels met gelijke diameter (MP) en met een con-
tinue korrelgradering (CG). Het toeslaggehalte in de BLM-proefstukken varieert van 0.08 tot
0.75 m*/m”* (8 tot 75%). De berekeningen zijn uitgevoerd met en zonder relaxatie van span-
ningen. De intensiteit van het relaxatiegedrag wordt daarbij gevarieerd (i.c. verschillende
waarden voor de activeringsenergie). De ontwikkeling van eigenspanningen en microscheur-
vorming is onderzocht voor variaties in onder meer de volgende parameters: stijtheid van de
cementsteen, verhouding tussen de treksterkte van de bond-staafjes (representeren de ITZ) en
de matrix-staafjes, stijfheid van het toeslagmateriaal, grootte van de toeslagkorrels en de kor-
relgradering, de snelheid waarmee de krimprekken zijn opgelegd en de grootte van de active-
ringsenergie. Ook is onderzocht wat de invloed is van microscheurvorming op de grootte van
de uitdrogingskrimp van beton.

In hoofdstuk 6 is onderzocht of met het in dit proefschrift toegepaste eenvoudige reken-
model de invloed van microscheuvorming op de transporteigenschappen van beton kan wor-
den beschreven. Ter beschikking stonden resultaten van een onderzoek naar chlorideindrin-
ging in beton. In dat experiment werd het beton gedurende het indringingsproces onderwor-
pen aan temperatuur- en vochtcycli. In de experimenten was aangetoond dat temperatuur- en
vochtcycli een verhoogde chlorideindringing in het beton tot gevolg hadden. Dit werd toege-
schreven aan microscheurvorming die tijdens de temperatuur- en vochtcycli was ontstaan.
Met het BLM is de microscheurvorming in het beton bepaald behorend bij de temperatuur- en
krimprekken waaraan het beton in het experiment was onderworpen. Op basis van literatuur-
gegevens is een relatie gelegd tussen de grootte van de schijnbare diffusiecoéfficient en de
omvang van de microscheurvorming, i.c. de microscheurratio Dye. De hiermee berekende
waarden van de schijnbare diffusiecoéfficient zijn gebruikt voor de vergelijking met de uit de
proefresultaten gedestileerde waarden van de schijnbare diffusiecoéfficient.
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Hoofdstuk 7 omvat de conclusies en aanbevelingen. De belangrijkste resultaten van het

onderzoek laten zich als volgt samenvatten.

Eigenspanningen in beton, veroorzaakt door een opgelegde krimpvervorming, zullen vrij-
wel altijd tot (micro-)scheurvorming leiden. Dit geldt zowel voor de situaties ‘structural
restraint’ als ‘material restraint’.

Door relaxatie (in de cementsteen) nemen spanningen als gevolg van een opgelegde
krimpvervorming minder snel toe en neemt de intensiteit van microscheurvorming af ver-
geleken met een situatie zonder meenemen van relaxatie.

De eigenschappen en het volume van het toeslagmateriaal beinvloeden het scheurenpa-
troon, maar hebben slechts geringe invloed op de kans op scheurvorming onder een opge-
legde krimpvervorming.

Als gevolg van microscheurvorming zal de aan betonnen proefstukken gemeten uitdro-
gingskrimp kleiner zijn dan in het geval geen microscheuren zouden ontstaan. Deze reduc-
tie kan oplopen tot 10 & 15% van de gemeten krimpwaarden. Zonder relaxatie zou dit ver-
schil nog groter zijn (zonder relaxatie meer scheurvorming).

Microscheuren hebben effect op de transporteigenschappen van beton. Uitgevoerde simu-
laties wijzen echter op een onderschatting van het berekende effect van microscheuren op
transporteigenschappen vergeleken met experimenteel gevonden waarden. Reden voor de
verschillen is waarschijnlijk dat in de simulaties (in hoofdstuk 6) de microscheuren homo-
geen verdeeld zijn in het beton. Uit de in hoofdstuk 5 uitgevoerde simulaties van scheurpa-
tronen blijkt echter dat in werkelijkheid microscheuren met elkaar verbonden zijn en zo
een doorgaande transportweg vormen.

In levensduurvoorspellingen wordt vaak uitgegaan van een toenemende weerstand tegen
indringen van stoffen in beton bij toenemende ouderdom. Microscheurvorming door ei-
genspanningen leiden echter tot een afname van deze weerstand. De veronderstelling is dat
o.a. zeltherstel van microscheuren substantieel bijdraagt aan het vermogen van beton om
weerstand te bieden tegen indringen van agressieve stoffen in beton.
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Chapter 1

1. Introduction

1.1 History of structures made with brittle building materials

For more than 100 years the performance of concrete structures has illustrated that concrete is
a durable building material that can resist high compressive forces. Structures primarily load-
ed in compression are known to last even for centuries. Historic examples of centuries old
structures made of concrete or stone-like materials loaded in compression are the dome of the
Pantheon in Rome and the arches of bridges and aqueducts. The Pantheon is about 2000 years
old, but still in perfect shape.

Figure 1.1 Dome of the Pantheon — Rome Figure 1.2 Aquaduct Ponte delle Torri — Spoleto
(photo: G.Chr. Bouquet). (Italy) (photo: G.Chr. Bouquet).

Although strong in compression, concrete is relatively week in tension. In reinforced concrete
steel bars take up the tensile forces. Under ordinary service loads reinforced concrete is al-
lowed to crack. After cracking of the concrete the tensile forces in the cross section of struc-
tural elements are transferred to the embedded steel bars. These cracks are an inherent feature
of reinforced concrete and should not be considered as damage, unless the crack widths ex-
ceed predefined values. The building codes give rules for determining the amount of reinforc-
ing steel needed to resist the imposed loads and for predicting the crack width in the ‘service-
ability limit state’ (SLS). The maximum allowable crack widths are given in building codes
and depend on the ambient conditions to which the structure will be exposed during its ser-
vice life.

For calculating and detailing the required amount of reinforcement and the crack width
codes assume that the concrete is initially stress free and that stresses in the concrete structure
are caused exclusively by the (external) imposed loads, like deadweight, traffic, goods, peo-
ple etc. Besides the stress induced by these imposed loads concrete structures may also con-
tain stresses caused by imposed deformations. These imposed deformations may originate
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from thermal and/or hygral loads, i.e. swelling and shrinkage. In case imposed deformations
are restrained they will cause stresses in the concrete. Already in the early stage of a struc-
ture’s lifetime, i.e. in the stage of hardening, thermal loads are generated as result of the exo-
thermal hydration process. Exposure of a hardened structure to temperature variations and to
drying and wetting also creates strain fields in the concrete, which will cause deformations
and, if these deformations are restrained, com