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SIMULATION AND OBSERVATION OF THE FRACTURE
PROCESS ZONE

T. Steiger, H. Sadouki, and F.H. Wittmann,
Laboratory for Building Materials, Swiss Federal Institute of Technology
Ziirich, Switzerland

Abstract

The determination of the extension of the fracture process zone in
composite materials such as cement or polymer mortar is rather difficult.
Non destructive techniques must be applied in order to observe the
evolution of the deterioration of the material. Fracture tests carried out in
an environmental scanning electron microscope allow us to observe the
development of the fracture process zone and crack propagation under
increasing load. The experimental results will be compared with results
obtained by numerical simulation based on the fictitious crack model.

1 Introduction

Today the fictitious crack model (FCM) is widely used to predict crack
formation in composite materials such as concrete. One basic assumption
of this approach is the formation of a fictitious crack. It is assumed that
within the fictitious crack depending on the the actual width, tensile
forces can still be transmitted. So far few attempts exist to observe the
existence of a fictitious crack in order to validate numerical predictions.
Knab (Knab et al. (1986)) has summarized some useful techniques
which had been applied to observe the fracture process zone. Hu (1990,
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Fig.2.  Measured load-displacement curve of polymer mortar with
points indicating the states at which micrographs of Fig. 4
have been taken
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Fig. 3. Measured load-displacement curve of cement mortar with
points indicating the states at which micrographs of Fig. 5
and Fig. 6 have been taken

3.2 Widening of the fictitious crack

To observe the widening of the fictitious crack in polymer mortar it was
decided to follow the crack evolution at a point approximately 1.8mm
apart from the notch tip. Immediately after the maximum in the force-
displacement diagram had been passed a first photo is taken (Fig 2.1). A
continuous crack can be observed. It is quite obvious that, per unit of
length of the fictitious crack an average load can be transfered by the still
existing bridges. A further stage of deterioration is marked with point 2 in
Fig. 2. The corresponding opening is shown in Ffig. 4.2. The micrographs
shown in Fig. 4.3 and 4.4 correspond to the situation marked with 3 and 4
in Fig. 2
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2.3 Preparation of specimens

We prepared mixes with two different types of binder: an epoxy resin
hardener system and a portland cement. Crushed grains of a maximum
size of 200um were embedded in the cement and polymer mortar. For
both mortars the volume concentration of aggregates was chosen to be
35%. This corresponds to the composition of fine mortar in concrete.

The specimens used to carry out in-situ experiments have been cast in
standard moulds (160*160*40mm). With a diamond bladed saw the final
geometry of the WOD-specimen (30*30*5mm) was cut. Using a special
saw the notch was cut (notch width of 0.5mm). The ligament has a length
of 10mm. In Fig. 1 the geometrical shape of the specimens is given.

5mm
F
30mm
Fig. 1.  Schematic representation of WOD-specimens for polymer and
cement mortar

3 Experimental Results

3.1 Force-displacement diagrams
In Fig. 2 the force-displacement diagram of a polymer mortar as being
tested under electron microscopical observation is shown. The indicated
numbers point out the corresponding levels along the softening branch at
which microphotos have been taken.

In Fig. 3 the equivalent force-displacement diagram as observed on
cement mortar specimen is plotted. From these experimental results the
fracture energy and the strain-softening relation have been determined by
inverse analysis.
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1993) has successfully applied the multi-cutting technique in order to
determine the effective length of the fracture process zone. By optical
interferometry Rastogi and Denarié (1994) have also observed the
extension of the fracture process zone. A similar technique has been
applied by Hack et al. (1995).

Mindess and Diamond (1980) and Diamond et al. (1983) were probably
the first to observe crack formation directly in an electron microscope. In
this way characteristic features along the crack path can be observed.

With the aim to observe mechanisms of load transfer and mechanisms
of energy consumption in the fracture process zone and to quantitatively
follow the evolution we carried out tests on polymer and cement mortar in
an Environmental Scanning Electron Microscope (ESEM). We applied
the load by a specially developed device which allows us to fracture
specimens under wedge opening displacement (WOD). The experimental
results should serve as a basis for comparison with results of numerical
simulations. The numerical model used in this comparative study is based
on the (FCM) according to Hillerborg et al. (1976).

2 Experimental set-up and preparation of specimen

2.1 Low vacuum scanning electron microscopy

The specimen chamber of the microscope is operated with a controlled
environment (Danilatos and Robinson (1979)), while the optical column is
kept under high vacuum. The relatively high gas pressure in the specimen
chamber allows us to work without additional preparation of the surface
(Ollivier (1985)). In this instrument non-conductive surfaces can be
observed. During testing the specimen chamber was kept at about 1-2
Torr and about 25°C. The primary electrons were accelerated by 17keV
in the case of the cement mortar specimens and 18 keV in the case of the
polymer mortar specimens.

2.2 In-situ testing machine

Wedge splitting tests were run on a special in-situ testing machine
mounted on a coordinate table in order to control the position of
observation. The test device consists of a stiff frame to support the
specimen and the loading wedge (wedge angle a=15°), a strain gauge and
a load cell. Loading and unloading of the specimen is carried out by
remote control. The position of the specimen is approximately kept
constant due to a contrarotating system. The splitting force and the
displacement were continuously recorded during testing.

160



position: X = -460um
y =

I
—h
@
o
o
=
3

Vy

Fig. 4.  Microphotos corresponding to load points 1 to 4 shown in the
force-displacement diagram of Fig. 2

In Fig. 5 three different stages of crack formation in a cement mortar
are shown. The corresponding points on the force-displacement diagram
are marked with 1-3 in Fig. 3. In addition the crack width has been
observed at a stage of higher damage (points 4 and 5). The place of
observation and the micrographs are shown in Fig. 6.
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Fig. 5. Microphotos corresponding to load points 1 to 3 shown in the
force-displacement diagram of Fig. 3

position: x = -80um
y = 4010um

Aicrophotos corresponding to load points 4 and 5 shown in
1e force-displacement diagram of Fig. 3
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3.3 Determination of crack length

In order to be able to determine the length of both the real and the
fictitious crack, microphotos have been taken along an existing crack path.
A typical example is shown in Fig. 7. The crack tip can be clearly seen.
The transition from real to fictitious crack is located where no bridges can

been seen any more.

positions of observation

Fig. 7.  Crack path with the transition from real to fictitious carck (1),
an intermediate state (2) and the crack tip (3)

163



4 Numerical analysis and simulation

For the simulation of the formation of fictitious and real cracks we applied
a cohesive crack model. The strain-softening behaviour is modelled by a
bilinear curve defined by four material parameters (ft, 61, w1 and wp).
The area under the diagram is the fracture energy (Gf) given by the
following equation:

G=0.5 (ff wi+01 w2) (D)

In principle the strain-softening diagram can be directly obtained by
uniaxial tension tests, but these tests are often difficult to be performed.
For that reason, the softening diagram is derived from load-displacement
diagrams obtained on WOD-specimens combined with an adequate
inverse analysis (Roelfstra and Wittmann (1986)). Table 1 gives the
relevant mechanical properties obtained for polymer and cement mortar.

Table 1. Fracture energy and strain-softening parameters

Material E Gf ft o1 w1 )
N/mm?2 N/m | MPa | MPa mm mm
polymer mortar 5000 237 16.8 1.83 | 0.025 | 0.03
cement mortar 20000 34 4 1.4 0.01 0.02

In order to take the heterogenous character of the composite material into
account we introduced a statistical distribution of the Young's modulus E
and the tensile strength f;.

The numerical analysis of crack formation of a WOD specimen was
performed by means of the customary non-linear FE-package MARC
(MARC 1994). Linking a special user subroutine 'TENSOF' the
numerical treatment of the cracking process is possible. The mesh
generation is carried out automatically taking the realistic boundary
conditions into account.

In Fig. 8 and Fig.9 the strain-softening curves of polymer and cement
mortar are shown. This result can be used for the comparison with
experimental results.
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Fig. 9. Strain-softening of cement mortar
5 Comparison of experimental and numerical results and discussion

In Fig. 8 and Fig. 9 of the previous section the numerically determined
strain-softening relations for polymer and cement mortar are shown.
Along the descending branch the figures indicate the degree of damage
which corresponds to the micrographs presented earlier. The points 4.1
and 4.2 for example correspond to the micrographs 1 and 2 shown in
Fig. 4. In this way the degree of damage can be visualized.

The crack opening at a given point along the crack path has been
calculated numerically by using the experimentally determined
parameters. In Fig. 5 a typical example is shown. The crack opening
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(fictitious and real) as numerically predicted is compared with
observations in the ESEM. A fair agreement is found, as it can be seen in
Fig. 10. In Fig. 11, it is not the width but the length of the fictitious and
the total (fictitious and real) crack which are shown. Again a reasonable
agreement can be observed. It must be stated, however, that this
comparison is not yet based on a statistical evaluation of many cracks.
Therefore this contribution has to be considered as an attempt to develop a
new method for the validation of numerical predictions.
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Fig. 10 Numerical and observed values of crack opening
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Fig. 11 Calculated and observed fictitious and total crack lengths
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6. Conclusions

Basic assumptions of numerical models need to be experimentally
verified. The extension, the width of the fictitious crack can be visualized
by means of an electron microscopical observation. Results of a
corresponding numerical simulation are in good agreement. This means
that a numerical model based on the concept of the fictitious crack has a
sound physical basis. The experimental results validate the main
assumptions of the fictititous crack model.

The observation of the evolution of crack formation allows us to
distinguish between different energy consuming mechanisms in the
fictitious crack. Strain energy in remaining solid bridges, friction and
interlocking all contribute to the energy consumption.
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Fracture Mechanics of Concrete Structures,
Proceedings FRAMCOS-2, edited by Folker H. Wittmann,
AEDIFICATIO Publishers, D-79104 Freiburg (1995)

SIZE EFFECT AND STABILITY OF FRACTURE

B. Trunk, H. Sadouki, and F.H. Wittmann,
Laboratory for Building Materials,
Swiss Federal Institute of Technology Zurich, Switzerland

Abstract

The effect of the specimen length on the tensile strength and on the stability
of the fracture process in direct tension is investigated. Tests have been
carried out on cylindrical specimens with a constant cross section but with
different length. It was found that the tensile strength decreases with
increasing specimen length. The influence of the strain softening behaviour
on the stability of fracture is discussed.

1 Introduction

Tensile strength, specific fracture energy, and strain softening have proved
to be material parameters which allow us to describe crack formation and
propagation in concrete in a realistic way. Soon it was found, however,
that these parameters depend on both specimen size and geometry.
Weibull (1939) proposed a statistical theory that applies the weakest link
concept to the strength of solids. Freudenthal (1968) linked this theory
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with the Griffith crack instability criterion (Griffith (1921)). A stochastic
theory for concrete fracture under different types of loading, in which, not
only the stochastic characteristics of the process, but also the statistical
stress distribution due to the material defects are taken into consideration
was proposed by Mihashi and Masanori (1977) and Mihashi and Wittmann
(1980). Another concept is the size-effect law proposed by Bazant (1983)
that is applicable for geometrically similar structures of different size. It
describes the transition from the strength theory, according to which failure
occurs at a constant stress level, to the LEFM. The failure criterion is
expressed in terms of the energy consumed per unit crack length. The
multifractal scaling law as proposed by Carpenteri et al. (1993) and
Carpenteri and Ferro (1994) is based on the assumption of multifractality
for the damaged microstructure of the material. However, all these models
do not consider the limit of stability.

For practical applications a clear distinction must be made between
stable and unstable failure. Direct tension tests with the same cross section
but different specimen length were carried out to determine the limit of
stable fracture.

2 Background

In order to characterize the ductility of a material Petersson (1981)
introduced a characteristic length 1, and a critical length 1., as material
parameters:

E-G
lg, = f and [

f2

2-E-Gy
g

=21y = (1)

crit

When the maximum load in direct tension is reached and the elastic strain
energy stored in the specimen exceeds the capability of energy
consumption of the fracture process zone, the material will fail in a brittle
way. This means that in a specimen with a constant cross section and a
length of 2 - 1, brittle failure will occur. The stability limit given by eq. 1 is
based on the assumption that the loading system is infinite stiff.
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Fig. 1. Instability and snap back in direct tensile tests

We can assume that instability will occur when the slope of the softening
diagram is equal or greater than the stiffness of the total loading system.
Fig. 1 illustrates a direct tension test. The displacement is recorded by the
four displacement transducers A, B, C and D. In the critical state when the
slope of the decreasing part of the stress displacement diagram tends
towards minus infinity the material will fail in a brittle way (displacement
transducers C). The corresponding specimen length is called the critical
length 1. For a known softening diagram o(w) (see Fig 1) as obtained
from a stable test and an infinite stiff loading system the critical length lo
can be calculated by eq. 2:

% E
lcn‘r - ao_(w) (2)

ow

Where E is the modulus of elasticity of the specimen and w the crack
opening displacement. If we assume a bilinear softening diagram (see
Fig. 1) eq. 2 can be rewritten as:

* EWI
crit —
fr —0

! (3)
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Fig. 2. Schematic illustration of the direct tension test with parallel
stretched steel bars

For direct tension tests Petersson (1981) proposed among others not only
the use of a stiff testing machine but also the use of steel bars attached
parallel to the specimen to increase the stiffness of the total loading system.
In Fig. 2 the schematic illustration of the direct tension test set-up used in

this project is shown. The specimen load F(Al) can be determined from
the measured load Fy,,(Al), the displacement Al, and the stiffness of the steel
bars k;, by the following equation:

F(Al)=F, (Al)—k,,- Al 4)

The crack opening w after peak load can be calculated by the following
equation:

k.

w=Al-5T%. poan 5)
k.+k. ;

Where ———"- F (Al) represents the displacement of the undamaged

parts of the specimen and the reinforced high strength concrete cylinders.
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To determine the critical length 1. using the finite stiff loading system
shown in Fig. 2 the critical length lerie (see eq. 2) must be corrected by the
following terms according to Petersson (1981):

m_p _EA_E
crit crit kb+k Ef T

m

(6)

Where Eg is the modulus of elasticity and A the cross section of the
specimen, E; the modulus of elasticity of the high strength concrete, and I
the length of the reinforced high strength concrete cylinders. To determine
the critical length gt from the test data eq. 6 leads to the following
correction factor 1., that represents an additional virtual specimen length:
- E,- A E, .
corr-'kb+k +Ef lf

(7)

m

Fig. 3 shows the correction factor as a function of the stiffness of the total
loading system for a specimen diameter of 100 mm and a Young’s modulus
of 40000 N/mm?® The length of the reinforced high strength concrete
cylinders is neglected.

600 T i
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Fig. 3. Correction factor as a function of the stiffness of the loading system
for a specimen diameter of 100 mm according to eq. 7
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3 Experiments and results

3.1 Test set-up

The aim was to load cylindrical specimens with different length in a
uniaxial direct tensile test. To achieve a homogeneous uniaxial stress
distribution all over the specimen it was necessary to avoid stress
concentrations at the loading interface. The attachments to the loading
machine have to be restrained against rotation. Otherwise the post peak
path of the load deflection curve bifurcates (Bazant et al. (1993)).
However, due to the relative brittleness of concrete a very stiff testing
machine has to be used for determining the strain softening behaviour
(Petersson (1981)).

The test specimens were glued to reinforced high strength concrete
supporting cylinders with approximately the same contraction of the
endface to avoid shear stresses. Both, the specimen and the high strength
concrete cylinders, have the same diameter. An epoxy resin based
bicomponent adhesive was chosen. The reinforced high strength concrete
cylinders were glued into flanged fittings as shown in Fig. 4. Here the
same adhesive was chosen. The flanged fittings were screwed on steel

supporting plates for rotational stiff attachment to the testing machine.
F

inductive displacement
transducers

adhesive

flanged fittings

P steel supporting plates

oo

F/2 F/2

Fig. 4. Specimen bearing for direct tensile tests

Fig. 5 shows the set-up for the direct tensile tests. Steel bars were
attached parallel to the specimen in order to increase the stiffness of the
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machine. The tests were run under displacement controlled conditions
0Al / ot = const. using a servo-hydraulic testing machine.

e

steel bars —— flanged fittings
et .
[~
reinforced high strength
-\‘\ concrete cylinders

cylindrical specimen

steel plate — [ { : - \

N 7 ‘l inductive displacement

L ][ _|.... transducers

Fig. 5. Set-up for direct tension tests with a servo-hydraulic testing
machine

3.2 Preparation of specimens

The concrete used for casting the specimens was made with a maximum
grain size of 32 mm, a cement content of 300 kg/m® and a water/cement
ratio of 0.5. The resulting compressive strength after 28 days was
49.7 N/mm?, the modulus of elasticity was 38800 N/mm? and the density
2430 kg/m*. The specimens were stored three and a half years at 70 %
relative humidity and 20 °C. The diameter of the specimens was kept
constant at 100 mm and the length varied between 50 and 400 mm.

3.3 Results

Direct tension tests were carried out in order to determine the material
fracture mechanics parameters and the critical length of stability of fracture.
The mean stress-displacement curves for stable tests and all curves for the

instable tests are shown in Fig. 6. The results of the tests are summarized
in Table 1.
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Table 1. Test results

specimen length [mm] 50 | 100 | 200 | 300 | 400
tensile strength f, [N/mm?®] | 3.82 | 3.58 | 3.55 | 3.44 | 2.95
fracture energy [N/m] 220 | 170 | 160 | 140 | 170
number of stable tests 2 3 3 2 1
number of unstable tests 0 0 1 2 2

4 Evaluation of results and discussion

Fig. 7 shows the experimental softening curves and the bilinear
approximation. In Table 2 the bilinear fracture mechanics parameters as
determined from all stable tests are given.
approximation were obtained by a non-linear least square fit. In Table 2
the characteristic and the critical length 1, and l.;; calculated by eq. 1 and

the critical length I calculated by eq. 3 are given in addition.

614

The parameters of the



1.2 ‘ 1.2

& i o= ——bilinear §-

B — measured softening B softening

2 diagramms o

£ o8 —

w w

& &

Z R | N S E— -

] =

) o

8 g

E Rl

T 1

B B
e 0 el

0 200 400 600 0 200 400 600

crack opening displacement [[tm] crack opening displacement [pm]

Fig. 7. Experimental softening curves and bilinear approximation

Table 2. Fracture mechanics parameters

Bilinear softening characteristic and critical lengths
fi O Wi w2 Lo Lerit lcrit*
[N/mm?] | [N/mm?]| [mm] | [mm] | [mm] [mm] [mm]
3.12 044 | 0.046 | 0.428 568 1136 597

The values of the measured tensile strength f; are plotted in Fig. 8 against
the specimen length. In accordance with the Weibull theory, tensile
strength decreases with increasing specimen length. Under simplifying
assumptions the following expression can be obtained from Weibull theory:

1
Si =[l_o]¥ g
(fr,{)] [ ( )

The parameters in eq. 8 have been determined by a least square fit to be:
m=11.8
lp =50 mm
f.o = 3.82 N/mm*

The probability for brittle fracture as a function of the corrected
specimen length calculated by eq. 7 is shown in Fig. 9.
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The pre-peak damage energy G, introduced by Sadouki (1995) also
increases with increasing specimen volume (i.e. length). To eliminate the
influence of the differing tensile strength the pre-peak damage energy is
calculated for each specimen length by using a stress corresponding to the
lowest mean tensile strength (1 = 400 mm). The results are shown in Fig.
10. The dependence on the specimen length can be described by the
following linear function:
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p
with k = 0.0572 N, G; is the pre-peak damage energy, and | the specimen
length. It can be assumed, that within the experimental scatter the pre-peak

damage energy is homogeneously distributed all over the specimens
volume.

5 Conclusions

It has been shown that the critical length 1. not only depends on the
fracture energy Gy the tensile strength f; and the modulus of elasticity E, but
also on the shape of the softening diagram. That means, that the slope at
the inflection point of the strain softening diagram is responsible for the
stability of crack propagation. The slope of the first branch of the bilinear
diagram can be used as a first approximation. The specimen length not
only influences the stability but also the tensile strength and the pre-peak
damage energy.
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4. Internationales Kolloquium
Werkstoffwissenschaften und Bauinstandsetzen
Technische Akademie Esslingen, 17.-19. Dez. 1996

Numerisches | Modell zur Beschreibung der Eigen-
“spannungen und der Rissbildung in Beschichtungs-
systemen |

_ G. Martinola, H. Sadouki und F.H. Wittmann
Institut fiir Baustoffe, ETH Ziirich.

Zusammenfassung

Wenn eine zementgebundene Beschlchtung auf einen Betonuntergrund aufgetragen
wird, bildet sich ein komplexer Eigenspannungszustand aufgrund hygrischer und ther-
mischer Gradienten. Im vorliegenden Beitrag werden die theoretischen und numerischen
Grundlagen eines Modells vorgestellt, das in der Lage, ist die Mechanik solcher Be-
schichtungssysteme zu berechnen. Die zeitabhingige Feuchtigkeitsverteilung wird mit
Hilfe der nichtlinearen Diffusionstheorie beschrieben. Bei der folgenden Spannungs-
und Verformungsanalyse wird das endogene Schwinden und das Trocknungschwinden,
das Kriechen und die Rissbildung mit der nichtlinearen Bruchmechanik beriicksichtigt.
Mit diesem Modell kénnen die relevanten Kenngrossen fiir die Bemessung solcher
Beschichtungsysteme bestimmt werden.

A numerical model for the description of the eigenstresses and the crack formation
in coating systems :

Abstract

The application of a cement - based overlay on a concrete substrate leads to the for-
mation of a complex state of eigenstresses due to hygral and thermal gradients. In
this contribution the theoretical and numerical elements of a model are presented
with the aim to calculate the mechanical behaviour of such coating systems. The non-
linear diffusion theory is applied to describe the time dependent humidity distributi-
on. Crack formation and delamination are predicted by means of non-linear fracture
mechanics. The formation and growth of cracks is considered with a combination of
discrete and smeared crack models. This model allows us to determine quantities
which are relevant for the design of such coating systems.
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1 Einleitung

Das Aufbringen von Mdrtel oder Neubeton auf Beton ist bei einer Instandsetzung
von beschidigten Bauwerken ein besonders heikles und aktuelles Problem. Ublicher-
weise werden solche Probleme empirisch und nicht systematisch ingenieurmaéssig
angegangen. Im Rahmen dieser Arbeit wird das Verhalten vom System Beschichtung-
Betonuntergrund unter hygrischer Beanspruchungen untersucht. Da diese Problemstel-
lung sehr komplex ist, wird ein nichtlineares Finite Elementen Modell verwendet. Die
Messungen von hygrischen und mechanischen Eigenschaften an verschiedenen Repa-
raturmorteln dienen als Basis fiir eine realistische Spannungsanalyse.

Die Grundlage fiir die physikalische und numerische Beschreibung eines solchen Sy-
stems wurde schon in [1] ausfiihrlich beschrieben. Im Vergleich zum Modell, das in [1]
beschrieben wurde, werden in diesem Beitrag neue konstitutive Werkstoffgesetzte
implementiert. Die Grenzfldche Mortel - Untergrundbeton wird nicht mehr mit zweidi-
mensionalen Elementen sondern mit Grenzflichenelementen modelliert (diskretes
Rissmodell). Es hat sich gezeigt, dass das hier benutzte FE-Programm DIANA [2]
geeignet ist, solche komplexe Probleme realistisch zu 16sen [3,4]. Die Rissentstehung
und Ausbreitung im Mértel und im Untergrundbeton wird mit dem Modell der ver-
schmierten Risse simuliert [5,6]. Fiir die Berechnung der Feuchtigkeitsverteilung wird
auch die endogene Trocknung beriicksichtigt. Der Diffusionskoeffizient ist abhédngig
vom Mbrtelalter. Die Abhingigkeit des hygrischen Ausdehnungskoeffizienten von dem
Feuchtigkeitspotential wird mit einer Gaussfunktion beschrieben. Das viskoelastische
Verhalten des Systems wird mit einer Serie von Kelvinketten simuliert, d1c unter a.nde-
- rem das Grund- und Austrocknungskriechen beriicksichtigen. '

2 Reahsnsche Beschreibung des Werkstoffverhaltens
2.1 Werkstoffgesetzte
2.1.1 Hygrisches Verhalten :

Zementgebundene Werkstoffe sollten idealerweise nach dem Ausschalen mit einer
relativen Luftfeuchtigkeit von etwa 100% umgeben werden. Meistens sind sie aber
Luft mit einer deutlich niedrigeren relativen Feuchtigkeit ausgesetzt. So beginnt héu-
fig unmittelbar nach dem Ausschalen ein langanhaltender Austrocknungsprozess.

Das Austrocknen und die damit verbundene zeitabhingige Feuchtigkeitsverteilung
im Bauteil lassen sich mit Hilfe einer Diffusionsgleichung gut beschreiben [7]. Hier-
bei muss beachtet werden, dass der Feuchigkeitstransportkoeffizient stark vom
Feuchtlgkeltsgehalt abhingig ist. Dies hat zur Folge, dass die Diffusionsgleichung
durch einen feuchti gkeltsabhinglgen lefustonskoefﬁment nichtlinear wird.

h= div[D(h) : grad(h)]+ q(t) ' | | (D

Die in Gl. (1) benutzten Symbole bedeuten :

h: Feuchtigkeitspotential

D(h): Feuchtigkeitsdiffusionskoeffizient, abhanglg von h ‘

g(t) : Feuchtigkeitssenke, die eine innere chemische endogene Austrocknung
des jungen Werkstoffes beschreibt



395

Fiir die Gleichung (1) gelten die folgenden Rand - und Anfangsbedingungen :

q,=H,-(h,~h,) | (2)
mit
h,: Feuchtigkeitspotential an der Oberfldche bei Kontakt mit der
Umgebungsluft

h,: Feuchtigkeitspotential der umgebenden Atmosphére
H,: Feuchtigkeitiibergangskoeffizient zwischen Werkstoff und Umgebung

Dieser Koeffizient H, ist stark abhzngig von verschiedenen Faktoren, wie z.B. Tem-
peratur, relative Luftfeuchtigkeit, und Stromungsgeschwindigkeit der Umgebungsluft

h(r=0’xnyi'zi)=hi . | . (3)

h;: Feuchtigkeitspotential im Punkt I(x;.y;.Z.-) zu Beginn des Austrocknungspro
- zesses | | |

Durch eine Anderung Ah des Feuchtigkeitspotential in einem hypothetischen finiten
Volumen des trocknenden Werkstoffes wird eine hygrische Dehnung hervorgerufen.
Dieser Mechanismus kann durch folgenden Ausdruck formuliert werden :

Ag, 5 =05 (R)- AR @

Ae, o, ist die infinitesimale hygrische Schwindverformung, Ah ist die Anderung des
Feuchtigkeitspotentials und e, g, (h) ist der hygrische Ausdehnungskoeffizient. Der

hygrische Ausdehnungskoeffizient ist stark vom Feuchtigkeitsgehalt abhingig. Wird
das externe oder interne hygrische Schwinden des Werkstoffes behindert, so entste-
hen Spannungen.

2.1.2 Mechanisches Verhalten

Das mechanische Verhalten eines zementgebundenen Werkstoffes kann in realisti-
scher Weise durch ein Elasto - Entfestigungsmodell wie das koh#sive Rissmodell von
Hillerborg et al. beschriecben werden [8). Das Versagen der Grenzfliche wurde mit
dem diskreten Rissmodell modelliert. Fiir den Mortel und den Untergrundbeton wur-
de das "multi-directions fixed smeared crack model” eingesetzt [2,5].

Im implementierten konstitutiven Modell wird das gesamte Verformungsfeld € in
elastische und riss- , kriech- und feuchtigkeitabhéingige Komponenten zerlegt:

e= g 4 ghis 4 gkrie- 4 ghSch (5)

Die Komponenten £*** und & sind zeitabhiingig, die erste Komponente wird von

der Feuchtetinderung beeinflusst (Gl. 4), die zweite ist von der Spannungsgeschichte
abhingig.

-Das Spannungs - Dehnung Diagramm in Zugrichtung des Kontinuums besteht aus

- einem linear elastischen Teil, charakterisiert durch Elastizititsmodul und Zugfestig-

keit. Das ,,post-peak* Verhalten ist vom Entfestigungsdiagramm und der Bruchener-
gie abhiingig (Abb. 1a).



396

a) Kontinuum b) Grenzflache
tn 4
f

diskretes

schmiertes ,
e ont Rissmodell

Rissmodell

Abb. 1 : Mechanisches Verhalten eines ,,verschmierten“ und eines diskreten Risses
Fig. 1 : Mechanical behaviour of a smeared and a discrete crack

Die Offnung der Grenzfliche wird aktiviert, wenn f'erreicht wird. Nach der Rissoff-
nung wird das Entfestigungsverhalten als linear betrachtet (Abb. 1b).

Das Kriechverhalten von zementgebundenen Werkstoffen kann als viskoelastisch
beschrieben werden. Fiir die Berechnung der Dehnung muss die Spannungsge-
schichte beriicksichtigt werden. Die folgende Integralgleichung beschreibt diesen Zu-
sammenhang (Superpositionsprinzip) :

&(1)= L J(t,7)Co(t)dt 6)
wobei .

£ Zeit

73 Belastungsdauer

J@t,7): Kriechfunktion

C: Nachgiebigkeitsmatrix

cr(:r): globale Spannungsrate

In DIANA wird die Kriechfunktion durch eine Dirichlet - Reihe entwickelt:

=1
o 1 " : n
= ] 1 - A =-1a
J(t, 1) Z‘, E [1 e ] , mit A, E: )
wobel

E,: Steifigkeit des a-ten Kelvin Elements

A Retardationszeit des o-ten Kelvin Elements

Nyt Viskositit des o-ten Kelvin Elements

Diese Reihe kann physikalisch durch eine Serie von rhgologischen Kelvin Elementen
interpretiert werden. In Bild 2 ist eine Kelvinkette gezeigt.
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Abb. 2 : Ideale Kelvinkette
Fig. 2 : Ideal Kelvin chain

Die Parameter der Gleichung (7) werden aus den experimentellen Kriechkurven
durch eine inverse Analyse automatisch in DIANA generiert. Auf diese Weise, kon-
nen die Feuchtigkeitseinfliisse auf das viskoelastische Verhalten, wie zum Beispiel
das Grund- und Austrocknungskriechen beriicksichtigt werden.

2.2 Werkstoffeigenschaften fiir die numerische Analyse
2.2.1 Hygrische Eigenschaften

Es hat sich gezeigt, dass der feuchtigkeitsabhiéngige Diffusionskoeffizient durch
eine inverse Analyse numerisch aus den Austrocknungsdaten bestimmt werden kann
[9]. Es werden zur Beschreibung der Abhdngigkeit des Diffusionskoeffizienten von
der Feuchtigkeit unterschiedliche Funktionen verwendet. Nach unserer Erfahrung, hat
sich die Exponentialfunktion fiir die Beschreibung der Abhingigkeit des Diffusions-
koeffizienten bei mehreren pordsen Werkstoffen (wie z.B. Beton oder Mortel) als
geeignet erwiesen:

D(h)=a-exp(b-h) (8)
hierin bedeuten

a, b : Parameter
h: Feuchtigkeitspotential

Die Diffusionskoeffizienten der Werkstoffe, die in den folgenden numerischen Si-
mulationen untersucht werden, sind in Abbildung 3 wiedergeben.

Der Feuchtegehalt im jungen Mortel wird durch die einsetzende Hydratation redu-
ziert. Besonders bei tiefen w/z-Werten, fiihrt dies zu einer deutlichen inneren
Trocknung. Dies wurde mit Hilfe von kapazitiven Sonden an versiegelten Probekor-
per gemessen. Abbildung 4 zeigt die Ausgleichfeuchte im Mortel als Funktion des
Alters. Im betrachteten Mortel reduzierte die endogene Trocknung die innere Feuchte

auf 80%. In einer fritheren Arbeit wurde das endogene Trocknen bereits auf solche
Art beriicksichtigt [10].
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Abb. 3 : Diffusionskoeffizient fiir Beschichtung und Untergrundbeton
Fig. 3 : Moisture diffusion coefficients of the overlay and the substrate
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Abb. 4 : Feuchtigkeitsabnahme h, durch endogene Trocknung
Fig. 4 : Decrease of humidity due to self dessication

Die daraus resultierende Feuchtigkeitssenke g(z) der Gleichung (1) erhilt man durch
Ableiten der dargestellten Kurve :

_dn, 108 - -
0= Fia (40 +1) ' ©)

Bei einem alten weitgehend hydratisierten zementgebundenen Werkstoff wird die-
ser Term g(t) vernachlissigt.

Die gesamten Schwindverformung setzt sich aus dem externen Austrocknungs-
schwinden und dem endogenen Schwinden zusammen. Der Verlauf des End-
schwindmasses ist in Abbildung 5a als Funktion des Feuchtigkeitspotentials gezeigt.
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Abb. 5 : a) Endschwindmass und b) hygrischer Ausdehnungskoeffizient
Fig. 5 : a) Final shrinkage and b) hygral shrinkage coefficient

In diesem Fall konnte man die experimentellen Punkte mit einer Gaussfunktion
fitten. Der hygrische Ausdehnungskoeffizient o, (k) (Abb. 5b) resultiert aus folgen-

der Gleichung :
de'™"(h) _
dh (10)

O, ()=

2.2.2 Mechanische Eigenschaften

Die Bruchenergie und das Spannungsdehnungsdiagramm wurden mit dem
Keilspaltversuch bestimmt [11,12].

Die Ergebnisse fiir einen herkommlichen und einen kohlefaserverstirkten Mortel
und den Betonuntergrund sind der Tabelle 1 zu entnehmen.

Tabelle 1 : Mechanische Eigenschaften fiir die numerische Berechnung
Table 1 : Mechanical Properties for the numerical Analysis

G| B o sl ewl w2
_[N/m) | [GPa] | [MPa] | [MPa] | [mm]|* [mm]
MorelA'| 55. | 200 | 444 | 053 | 0.019] 0.062
MorelB-| 288. | 200 | 444 | 053 {0090 0350
‘U.Beton ] 95. | 300 | 354 | 058 | 0.021] 0.200

Um den Rissprozess zu aktivieren, wurde die Zugfestigkeit mit statistisch vertellten
Werten eingefiihrt [13].
Die Adhesionfestigkeit und die Bruchenergie der Grenzfliche betragen 1 0 MPa
beziehungsweise 25 N/m in Fall 1 und 3.0 MPa beziehungsweise 95 N/m in Fall 2.
Die gemessene Kriechfunktionen sind in der untenstehender Abbildung darge-
stellt.
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Abb. 7 : 2-dimensionales Netz fiir das betrachtete Bauteil
Fig. 7 : 2D finite element mesh of the investigated composite system

3 Beispiel fiir die Verwendung der Werkstoffkenngréssen im numerischen Mo-

dell
3.1 Modell

Das implementierte 2-dimensionale Netz ist in Bild 7 dargestellt. Die Beschich-
tungsdicke betrigt 60 mm, der Untergrund ist 150 mm dick. Auf der rechten Seite hat
man eine Symmetrieachse und somit ist die gesamte Bauteil 1.50 m.
3.2 Feuchtigkeitsverteilung

Fiir die Berechnung der Feuchtigkeitsverteilung wurden zwei Anfangsbe-
dingungen gewihlt. Im ersten Fall ist der Untergrundbeton im Gleichgewicht mit
70% relativer Feuchtigkeit. Wihrend der Oberflichenvorbereitung wurde Wasser
durch Kapillaritit aufgesaugt. Die zeitabhdngigen Feuchteprofile sind in Abbildung 8
dargestellt. Die relative Umgebungsfeuchte betréigt dabei 60% und der Feuchteiiber-

gangskoeffizient 0.5 mm/d.
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Abb. 8 : Feuchtigkeitsverteilung nach unterschiedlichen Trocknungszeiten a) ohne

endogenes Trocknen b) mit endogenem Trocknen (Austrocknung nach
rechts)

Fig. 8: Moisture distribution at different drying times a) without endogeneous

drying b) with endogeneous drying

In Abbildung 9 sind die Ergebnisse der Feuchteanalyse gezeigt wobei der Untergrund-
beton als feucht gesittigt angenommen wurde.
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- Abb. 9 : Feuchtigkeitsverteilung nach unterschiedlichen Trocknungszeiten, U.-Beton

zu Beginn gesittigt a) ohne endogene Trocknung b) mit endogener
Trocknung

Fig. 9: Moisture distribution of a saturated drying system at different times

a) without endogeneous drying b) with endogeneous drying
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Abb. 10 : Feuchtigkeitsverteilung fiir die erste Anfangsbedingung nach unterschiedli-
chen Trocknungszeiten unter Beriicksichtigung des Windeinflusses -

Fig. 10. Hygral distribution for the first initial condition at different drying times
subject to the action of wind

Im letzten Beispiel wurde der Einfluss vom Wind untersucht. Zu diesem Zweclﬂc
wurde ein sehr grosser Feuchteiibergangskoeffizient von 3.5 mm/d eingesetzt. Das
Ergebnis ist in Abb. 10 dargestellt. '

3.3 Verformungen und Rissbildung
3.3.1 Niedrige Haftzugfestigkeit

Im folgenden soll der Einflul der wichtigsten Parameter anhand einer Parameter-
studie untersucht werden. Die in Tabelle 1 charakterisierten Mortel werden im Ver-
bund mit den ebenfalls in Tabelle 1 charakterisiertem Beton untersucht. Fiir die fol-
gende Berechnungen werden die hygrischen Bedingungen der Abb. 8b zu Grunde
gelegt. Zunichst wird angenommen, daB die Haftzugfestigkeit 1 MPa betrégt. Die
RiBbildung bzw. die Delamination bis zu einer Trocknungsdauer von 150 Tagen sind
in der Abb. 11 dargestellt. Zunichst entstehen nahe der Oberfléiche viele kleine Risse.
Nach 61 Tagen haben sich im Mértel A zwei Risse entwickelt. Man sieht daher, daf8
an der Stelle der Risse die Beschichtung abgeldst wird. Ebenso ist am Rand des Ele-
mentes zu diesem Zeitpunkt bereits Ablosung festzustellen. Nach 150 Tagen
Trocknungsdauer erreicht ein dritter Rif im Mortel A den Altbeton. Das Abldsen ist
bereits im Ansatz zu erkennen. Mortel B hat im Vergleich zu Mortel A eine deutlich
hohere Bruchenergie (siche Tab. 1). Dies verhindert bis zu einer Trocknungsdauer
von etwa 60 Tagen das Ausbilden durchgehender Risse. Nach 150 Tagen hat sich je-
doch die Beschichtung am Rand gelést und schiisselt auf. Zu diesem Zeitpunkt ist
auch ein durchgehender Riss zu beobachten.

Das Ablésen am Rand ist in Abb. 12 noch einmal detailierter und als Funktion der
Trocknungsdauer aufgetragen. Im oberen Teil (Mortel A) ist dargestellt wie sich ein
fiktiver Riss bildet, d.h. die Grenzfliche ist in diesem Fall noch in der Lage Kraft zu
iibertragen. Im unteren Teil dagegen ist gezeigt, daB sich beim Mortel B nach etwa
110 Tagen ein realer Riss ausbildet. Danach schiisselt die Beschichtung rasch auf.
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Abb. 11:  Zeitlicher Verlauf der Verformungen in x- und y- Richtung fiir Mortel A
und B

Fig. 11 :  Evolution of the total deformation in x and y direction of mortar A and B
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Abb. 12: Zeitabhingige Offnung der Grenfléche a) bei Verwendung von Mdrtel Aund
b) bei Verwendung von Mortel B

Fig. 12 : Evolution of the delamination at the interface of @) mortar A and b) mortar B

3.3.2 Hohe Haftzugfestigkeit

Im nichsten Beispiel wird angenommen, daB die Grenzfléche eine Haftzugfestigkeit
von 3MPa aufweist. Zunichst bilden sich nahe der Oberfléche wieder viele kleine fik-
tive Risse. Nach etwa 60 Tagen Trocknungsdauer laufen drei Risse bis zum Beton durch
den Mortel A. Auch nach 150 Tagen 16st sich die Beschichtung weder im Bereich der
durchgehenden Risse noch am Rand vom Beton ab. In der Beschichtung B tritt erst viel
spiter ein durchgehender RiB auf. Auch in diesem Fall kommt es nicht zur Abldsung.
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Abb. 13 : Zeitlicher Verlauf der Verformungen in x- und y- Richtung fiir Mortel A
und B mit einer Haftzugfestigkeit von 3 N/mm?

Fig. 13 : Evolution of the total deformation in x and y direction of mortar A and B with
an adhesive strength of 3 N/mm?
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3.3.3 Niedriger hygrischer Ausdehnungskoeffizient

Im dritten Beispiel wurde wieder angenommen, da8 die Haftzugfestlgkelt bei3 MPa
liegt. Bei den beiden vorgenannten Beispiel wurde der experimentell bestimmte Ver-
lauf des hygrischen Ausdehnungskoeffizienten als Funktion des Feuchtigkeitspotentials
eingesetzt (siehe Abb. 5). Jetzt wird angenommen, daB ein konstanter hygrischer Aus-
dehnungskoeffizient von 0.001h™! nachgewiesen wurde. Unter diesen Voraussetzungen
verformt sich das zusammengesetzte Bauteil nach 150 Tagen Trocknungsdauer wie in
Abb. 14 dargestellt. An keiner Stelle wird die Zugfestigkeit der Werkstoffe erreicht. Es
kommt auch nicht zur Abldsung.

-.‘T—‘-7-:-1‘-:..:-‘:'-|- '.'E

t=150 d

Abb. 14 : Totale Verformungen fiir den Mortel B mit einem konstanten hygrischen
Ausdehnungskoeff. von 1.0 %c1/h

Fig. 14 : Total deformation of a mortar with a constant hygral shrinkage coefficient
Of 1.0 %ol/h

4. Folgerungen

Mit Hilfe eines numerischen Modells kann die RiBbildung an einer trocknenden
zementgebundenen Beschichtung und die Ablosung berechnet werden. Der Einfluf3 un-
terschiedlicher Werkstoffparameter oder Randbedingungen kann wirklichkeitsnah be-
riicksichtigt werden. Mit diesem Ansatz kénnen Beschichtungen fiir gegebene An-
wendungsfille optimiert werden.
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ABSTRACT

RESUME

In this paper, results of numerical simulations of a
repaired concrete structure are presented. A repair layer
of mortar was cast on top of a substrate of old concrete.
The repair mortar was saturated with water, and allowed
to dry at the top surface. The moisture distribution was
determined using the finite element code DIANA. The
moisture gradients lead to shrinkage cracking. Using the
smeared crack model available in DIANA, and from the
effect of decreasing the thickness of the overlay of repair
mortar (from 60 to 15 mm), and by decreasing the bond
strength between repair mortar and substrate from 3 to
1 MPa, it is shown that the number of hygral shrinkage
cracks depends largely on the thickness of the repair
layer. Moreover, in analyses with high interfacial
strength, the cracks were found to propagate into the
substrate. However, at lower bond strength, debonding
was observed. The analyses show that hygral strains may
cause severe damage in a repaired concrete system.
Problems may decrease when the overlay thickness
increases or when the bond between substrate and over-
lay is improved. In addition, applying reinforcement in
the repair layer, either as discrete bars or as distributed
fibres, may decrease the spacing and width of the shrink-
age cracks, thereby reducing the probability of delamina-
tion. The numerical programme is shown to be a viable
tool for damage analyses not only under mechanical load,
but also under hygral gradients (and thermal gradients).

Dans cette contribution on présente les résultats de simula-
tions numériques pour une structure en béton formée d’un vieux
béton et d’une couche de mortier de réparation. Le mortier de
réparation a été saturé d’eau ; on en a laissé sécher la surface
supérieure. La distribution hydrique a été déterminée au moyen
du code DIANA a ¢léments finis. Les gradients hydriques résul-
tent en une fissuration de retrait. Au moyen du modele de la
bande microfissurée de DIANA pour étudier les effets d’une
diminution de Uépaisseur de la couche de mortier de réparation
(de 60 a 15 mmy), et d’'une diminution de Uadhérence entre le
mortier de réparation et le substrat de 3 a 1 MPa, il a été montré
que le nombre de fissurations induites par le retrait de séchage
dépend largement de U'épaisseur de la couche de matériaux de
répararion De plus, lors des ana!yses o il existait une forte
résistance interfaciale, on_a trouvé que les fissurations se propa-
geaient dans le substrat. A de plus faibles adhérences, une décohé-
sion a été observée. Les analyses montrent que les contraintes
hydriques peuvent entrainer de graves endommagements dans un
systeme en béton réparé. On peut les diminuer en augmentant
épaisseur de la couche de réparation ou en améliorant Uadhé-
rence entre le substrat et le matériau de éparation. L'application
de renforcement dans la couche de réparation, soit par des treillis
d’armatures soit par des fibres, peut diminuer Uespacement et la
largeur des fissurations de retrait, véduisant ainsi la probabdt(e de
décohésion. On a montré que I programme numérique est un
outil viable pour analyse des endommagements non seulement
sous charge mécanique, mais également sous gradients hydriques
et thermiques.

1. INTRODUCTION

The repair of concrete structures has become increas-
ingly more important over the past few years. Durability
problems, for example due to ingress of moisture and chlo-
rides, or carbonation may lead to corrosion and subse-

Editorial note:

quently damage the outer parts of the concrete structure.
Much research is carried out to find repair methods that
are capable of improving, or at least restoring, the earlier
situation. One of the methods 1s to make an overlay of new
concrete on top of the old concrete. The durability of such
systems 1s then studied in long-term exposure tests. The

Dr. Jan G. M. van Mier is a RILEM Senior Member. He is Secretary of TC 148-SSC on Test methods for the Strain Softening responses of Concrete
and a member of TC 159-ETC on Engineering of the interfacial Transtion zone in Cementitious composites. In 1987, Dr. van Mier was awarded the
Robert L'Hermite Medal for outstanding research work. Dr. van Mier is also a member of the RILEM Management Advisory Committee.

0025-5432/97 © RILEM
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repair layer may fracture under any mechanical, physical or
chemical loading. Physical loadings include hygral and
thermal effects, for example caused by drying-out of the
concrete or by exposure to sunlight, respectively. Hygral
and thermal gradients that develop in the structure may
cventually lead to crack growth and delamination. Tools
for modelling the behaviour of repair overlays have gradu-
ally become available in numerical codes. In this paper, the
DIANA finite element code [1] was used to simulate
moisture transport and the effect on crack growth in a sim-
ple binary system composed of two different porous mate-
rials as shown in Fig. 1. The top layer 1s assumed to be cast
on top of the older substrate. Only the top surface is
exposed to a dry atmosphere, therefore leading to unidi-
rectional moisture flow from the concrete to the atmos-
phere. After the analysis of the moisture flow in the sub-
strate and overlay, a stress-analysis is carried out using the
smeared crack model [2] in DIANA, which is based on the
Bazant and Oh crack band model [3]. In this paper, first
the theoretical background of moisture flow in porous
media is treated, including a description of the numerical
aspects and the material parameters needed. Subsequently,
the smeared crack model is outlined, again elucidating the
numerical implementation and the parameters needed in
the model. Both moisture flow and stress analysis are con-
sidered un-coupled, which is a simplification from the real
behaviour. Nevertheless, the results described in Section 4
are quite realistic. The sensitivity of the macroscopic analy-
ses to a number of model parameters, such as the thickness
of the new concrete overlay and the bond strength of the
new to old concrete is discussed as well.

drying atmosphere

L2

Fig. 1 - Schematic representation of the concrete repair system
being considered.

At present, this work is being continued and moisture
flow and fracture are being analyzed using a meso-level
numerical lattice model [4]. The lattice model has proven
to give realistic simulations of crack patterns in concrete and
other brittle disordered materials. The extension to allow
for moisture flow, and the incorporation of eigen-stresses
caused by hygral gradients, is considered important to come
to a better understanding of fracture of cement-based com-
posites. A comparison between the macro- and mesoscopic
simulations will be the topic of a future publication.

2. MOISTURE FLOW IN POROUS MEDIA
2.1 Background

Moisture variations in a cement-based composite may
result from internal drying induced by the hydration reac-
tion of cement and water at an early age (self-desiccation),
or from climatological conditions during the life-span of
the structure. Alternating wet and dry periods may lead to
hygral gradients in the structure. Understanding the time-
dependent development of hygral gradients is of utmost
importance for analyzing crack growth. In the present
paper, as mentioned, the analyses are limited to the macro-
level. Moreover, only moisture changes induced by the
interaction between the porous system and its surrounding
atmosphere are considered.

At the macroscopic level, the moisture flow in a porous
material (such as a cement-based composite) can be
described phenomenologically by a diffusion equation [5,
6]. It has been recognized that the moisture transport coef-
ficient (moisture diffusivity) of the above-mentioned
materials is strongly dependent on the actual potential (i.e.
the humidity or moisture concentration). The moisture
diffusivity increases strongly as the moisture content
increases. Different mathematical formulations describing
the dependence of the diffusion coefficient upon the
moisture potential can be found in the literature, e.g. [5-9].
An exponential diffusivity function will be assumed in this
contribution [9]. If the pore humidity, rather than the
moisture content concentration, is used as the potential,
the transient moisture flow problem can be described by
the following non-linear partial differential equation:

Ohydt = div (D(h) V1) in vol Q (1)

where h is the pore humidity (0 < h < 1), D(h) the mois-
ture-dependent diffusivity and f the time. In addition, the
solution to equation (1) has to satisfy the boundary condi-
tions of the problem (see Fig. 1). It has been assumed that
the exchange of humidity between the exposed surfaces
and the surrounding atmosphere is dependent on convec-
tion. The convective boundary conditions (free surface I’
in contact with the atmosphere) can be expressed as:

4, =B (hy-hy)onT (2)

where g, is the moisture flux normal to the exposed sur-
face T, B is the hygral convection coefficient, hp- is the
humidity on the surface T and hj, is the humidity of the
atmosphere. In general, the coefficient B depends on
many factors, such as the actual humidity, the tempera-
ture and the speed of the wind at the convective surface.
In the present analyses, a constant mean value of  will
be used. When symmetry is assumed, or when the sur-
faces are completely sealed, the corresponding fluxes
(equation (2)) are zero.

To solve the diffusion equation (1), the initial condi-
tions describing the spatial potential field in the system
at the start of the flow process are required. This can be
described by means of the following set of equations:

(P, t=0) = h, (3)
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in which P; is localisation of a point in the volume and h;
1s its potential value at the start of the analysis.

2.2 Numerical modelling

The advanced non-linear finite element programme
DIANA [1] has been used to simulate the moisture flow in
the drying porous system of Fig. 1. In DIANA, a special
module is available for solving equation (1). The finite ele-
ment discretization of the bi-material system is shown in
Fig. 2. Four-noded flow elements are used to calculate the
moisture distribution in the porous system. The top sur-
face (A-A’" in Fig. 1) 1s the convective surface. All other
surfaces (i.e. CC’, AC and A'C’ in Fig. 1) are assumed to be
sealed. Special two-noded convective finite elements have
been used to simulate the humidity exchange between the
porous system and the surrounding atmosphere.
Symmetry has been assumed along line AC, and the half-
length of the system 1s L/2 = 500 mm. The height of the
substrate 1s 200 mm (distance BC in Fig. 1), whereas the
thickness H of the repair layer varies from 15 to 60 mm.

drying atmosphere
T N1
] | | repair
| | | overlay
N2 {mortar)
Y
_) &
N3 sealed
surface
sealed surface

I,

Fig. 2 - Finite element discretisation of the bi-material system of
Fig. 1.

2.3 Material parameters

Besides the dependence on the moisture potential, the
moisture diffusion coefficient D(h) is strongly dependent
on the composition of the porous material. In the present
study, the substrate is assumed to be an old concrete with a
wic ratio of 0.5. In order to obtain the moisture diffusivity,
saturated concrete specimens were exposed to different
environments. During the drying tests, the moisture losses
(weight) were measured as a function of time. An inverse
numerical technique, combining the moisture diffusion
equation (1) with the theory of the least-squares method,
was developed to determine the moisture diftusivity of the
material from the experimental data [9]. For the aforemen-
tioned concrete for the substrate, the following moisture
diffusivity was found:

D (h) = 0.22 >4h (4)

where the subscript ¢ stands for concrete and the dimen-

sion of D, is [mm?/day]. For the repair mortar, the fol-
lowing was assumed:

D, (h) = 5D,(h) (5)

For the convection coefficient of the exposed sur-
face, p = 0.3 mm/day was assumed.

3. FRACTURE UNDER HYGRAL GRADIENTS
3.1 General remarks

In the present paper, hygral gradients were consid-
ered as the only driving force behind crack growth. Any
other loading, such as mechanical stresses or thermally-
induced strains, were excluded. During the drying of the
porous system, hygral gradients develop over the height
of the (repaired) structure, thus causing differential
deformations. If a hypothetical fibre of any cross-section
of the material is free to shrink under an infinitesimal
drop Ah in humidity, the resulting unrestrained shrink-
age strain can be computed as follows:

AEJF: = Oy, Ah (6)

where Ag is the unrestrained hygral shrinkage and o is
the so-called shrinkage coefficient. o depends on the
composition of the material and on the humidity. In the
range of humidities from 0.6 - 1.0, & can be roughly
considered to be constant [10].

The internal restraint-to-volume changes across a
section will generate eigen-stresses. In order to empha-
size the importance of these induced eigen-stresses, a
fibre of material subjected to a moisture variation Ah is
considered. If the fibre is restrained to shrink, the result-
ing tensile stress 6 can be calculated using,

6 = Eo,, Ah (7)

where E is the Young’s modulus of the material. For
mortar with E = 25 GPa, o, = 0.003 mm/mm.h, it fol-
lows that ¢ = 7.5 MPa when Ak = 0.1. Thus, the stress
largely exceeds the tensile strength of the material. In
cementitious materials subjected to drying, the tensile
strength f, is generally exceeded. Shrinkage can be
restrained due to contact with any other material, e.g.
[11]. For instance, in a concrete repair system, the
shrinkage of the newly poured mortar (or concrete) can
be restrained by the old concrete on which it was cast. If
the bond between the repair material and the substrate is
not sufficient, and the hygral gradient is large enough,
delamination or surface cracking may occur in the repair
mortar. In general, the hygral gradients are large enough
to cause cracking, and adequate fracture mechanics tools
must then be applied. For a continuum-based analysis,
the application of a macroscopic elastic-softening model
seems adequate. For example, a specimen subjected to
uniaxial tension does not fail suddenly when the tensile
strength is reached, but rather a gradually decreasing
stress is measured with increasing axial deformation.
This so-called softening behaviour is caused by crack
nucleation and growth processes at the meso-level, e.g.
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Fig. 3 - Schematic representation of the Fictitious Crack Model.

[12]. The gradually fracturing cross-section of the tensile
specimen gradually loses its load-bearing capacity.
Macroscopic models incorporating macroscopic soften-
ing are mostly based on the Fictitious Crack Model
(FCM) developed by Hillerborg and co-workers [13,
14]. It is an appropriate macroscopic description of the
fracture process. The stress-deformation diagram under
tension is split into a pre-peak stress-strain diagram,
which is characterised by the Young’s modulus E of the
material and the tensile strength f,, and a post-peak
stress-crack opening diagram (or softening diagram).
The post-peak relation is fully characterised by the shape
of the softening curve. The area under this curve 1s the
fracture energy G;[N/m). The model is shown schemat-
ically in Fig. 3. The Crack Band Model developed by
BaZant and Oh [3] is quite similar, except that it assumes
that crack growth occurs in a band, rather than in a line.
The Crack Band Model forms the basis for the smeared
crack model in DIANA. There are still quite a few prob-
lems in defining and determining the parameters for the
FCM, but as an approximation of crack growth phe-
nomena at the macro-level it seems quite suitable.

3.2 Numerical tools

As mentioned before, the combined flow-stress
analysis is performed with DIANA. The calculated
time-dependent humidity distribution from the tran-
sient flow analysis (Section 2) is stored in a file for every
time step At. For the stress and fracture analysis, the
incremental hygral load Ah is converted to a strain field
via the hygral shrinkage coefficient 0., The two analyses
are uncoupled, i.e. it is assumed that the moisture diffu-
sivity is not affected by crack growth. This hypothesis
seems justified by recent experiments demonstrating
that the rate of drying increases very shightly only when
hygral cracks develop [15].

The multiple fixed smeared crack model developed
by Rots [2] has been used to simulate crack growth in
the repair layer and the substrate. As mentioned, the
smeared crack model is a band model in the spirit of the
Bazant and Oh model. The strain is decomposed into an
elastic part and a crack strain. The crack strain is
obtained by dividing the crack opening by the crack
band width, which is generally the size of the fimite ele-
ment or of the distance between two Gauss points in a
finite element. Crack initiation is governed by a (2D)
tension cut-off criterion and a threshold angle between
two consecutive cracks. A detailed description of the
model can be found in [2].

continuum element
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Fig. 4 — Finite element mesh for the repair system for the stress
and fracture analysis.

element

The interface between the repair layer and the substrate
is modelled using the interface elements available in
DIANA. After the initiation of a (discrete) interface crack,
again a softening relation is assumed between stress and
crack opening. Under crack growth, the tangential stiffness
is reduced by means of a shear retention factor [2]. The
finite element mesh used for the stress and fracture analysis
is shown in Fig. 4. The continuum elements are eight-
noded isoparametric elements, and are fully compatible
with the elements used in the transient flow analysis. The
interface elements have six nodes.

A softening relation proposed by Reinhardt and
Moelands (i.e. see [16]) was used for the fracture analyses
and is given by:

i
) f; [E‘::x ult } (8)

where 6" and €9 are the stress and strain in the direc-
tion normal to the crack, and €¢, ; is the ultimate crack
strain. ¢ is a constant equal to 0. 31. The ultimate crack
strain is related to the size of the finite element [, as well
as to the model parameters G, and f; according to:
G
mr u!'.r =4. 226% (9)

3.3 Material parameters

As mentioned, the FCM requires the Young’s modu-
lus E, the tensile strength f, and the fracture energy Gy as
mput parameters. Furthermore, for the shrinkage ana]y—
sis, Oy, must be specified. All parameters must be given,
both for the substrate and for repair layer materials. In
Table 1 these values are summarized.

Two different values for the hygral shrinkage coeffi-
cient were considered, namely 2.25 and 1.25%0
mm/mm.h. In the overlay, statistically-distributed
mechanical properties were introduced, otherwise the
entire overlay would fracture instantaneous because the
state of stress 1s rather homogencous. The Young’s mod-
ulus and the tensile strength were assumed to be ran-
domly distributed over the columns of elements (this
implies that all elements in each column get the same
strength, but there are differences between columns). A
scatter of 10% of the mean values of E and f, was
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Table 1 - Input parameters for the mechanical analysis assumed. The random variables E and f, are adequately

Substrate | Repair layer | Bond layer C(_)rre_‘latcd by forcing t}_lem o fo_llc_aw th(? S §tatls_tlc_al

distribution. Introducing a statistical distribution is in

Young's madulus £ [GPa] 3 48 R good agreement with the heterogeneous nature of the

Tensile strangth f; [MPa] ; 4 13 concrete. The bond strength between substrate and

Fracture energy Gy [N/m] 100 160 25 repair layer was varied, as shown in Table 1. No statisti-

*) The bond layer elements are interface elements for which a spring stiffress cal strength distribution was used for the bond strength.

must be specified. This is always a relatively high value, i.e. > 10° N/mm. The fracture energy for the bond layer was similarly
small.

£ 943
I 886
I 829
1771
714
1657
le

LB B BN
(=)
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Fig. 5~ Computed moisture distributions in the bi-material structure. The situations after

3 months (a), 6 months (b) and 1 year (c) are shown. The thickness of the repair layer is 60 mm.
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4. NUMERICAL RESULTS

4.1 Moisture distribution in
the bi-material system

At the start of the analysis, it is
assumed that the overlay is fully
water-saturated, i.e. h = 1. A gradual
increasing initial humidity from the
bottom to the interface between sub-
strate and repair mortar is assumed; a
higher humidity of h = 0.95 was
given to the upper row of elements
(i.e. closest to the interface), reflect-
ing the moisture suction from the
repair mortar when it is cast, and the
possible humidification of the old
concrete substrate before the repair
mortar is applied. The lower parts of
the substrate have the same humidity
as assumed for the atmosphere,
namely & = 0.6. The moisture distri-
bution at ¢ = 0 can be seen from Fig.
6. The top of the repair layer is
exposed to the atmosphere with a
constant humidity & = 0.6. In Fig. 5,
the simulated hygral contours at
three different drying times (3, 6 and
12 months) are plotted. The thick-
ness of the repair mortar is in this
case 60 mm. Fig. 6 shows the mois-
ture profiles across a vertical section
at different drying intervals. It can be
seen that the imtially moisture satu-
rated repair layer gradually loses
moisture from its exposed surface
through convection. The moisture
loss also occurs at deeper parts of the
structure, as can be seen from these
two figures. In particular, the last
profile at 480 days in Fig. 6 shows
that most of the moisture gradients
have disappeared. This 1s even more
pronounced when the moisture-his-
tories of three nodes in the repair
layer and the substrate are consid-
ered. The locations of the nodes N1-
N3 are shown in Fig. 2. N1 and N2
are in the repair mortar and at the
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Fig. 6 - Moisture profiles in a cross-section of the repaired system
at different drying times: f = 0 (initial state), 1.25, 11.3, 26.5,
61.25, 141, 240, 340 and 480 days. The thickness of the repair
overlay is 60 mm,

interface respectively, whereas N3 is in the substrate. In the
beginning, largely varying humidities are found, whereas at
the end of the simulation equilibrium 1s almost achieved.
For comparison, the simulated moisture histories at
the nodes N1-N3 are shown in Fig. 8 for the case where
the repair layer has a thickness of 30 mm only. In this
case, because of the reduced thickness of the repair mor-
tar, equilibrium is reached much faster. In the next sec-
tion, it will be shown that the structure with a reduced
overlay thickness is much more prone to cracking.

4.2 Crack formation and propagation

4.2.1 High-bond interface

In the case of a repaired structure with an overlay of
60 mm thickness, the first cracks appear at the top sur-
face of the repair material at t = 14.3 days. Note that
these cracks can still transfer load; they must be regarded
as a fracture process zone where microcracking and crack
face bridging occurs. During the next time steps, the
process zone gradually increases in width, until a second
zone develops at t = 27 days. As the drying process pro-
ceeds, cracking 1s governed by two phenomena, namely:
(1) a number of distributed cracks will close, whereas
other distributed cracks appear at certain integration
points in the repair layer, and (2) simultaneously, the
width of the two vertical cracks increases. In Fig. 9a the
crack deformations are plotted at t = 273 days, clearly
showing the two vertical cracks penetrating the sub-
strate. No other “spectacular” events can occur after that
due to the gradual drying of the structure. The system
evolves to a state of hygral equilibrium. The final
deformed state of the structure is shown in Fig. 9b (f = 273
days). It should be mentioned here that for a bond strength
greater than 2 MPa, no delamination occurred. The sub-

Fig. 7 - Computed moisture histories at the nodes N1, N2 and
N3 (see Fig. 2 for the location of the nodes). The thickness of the
repair overlay is 60 mm.

humidity h [-]
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Fig. 8 - Computed moisture histories at the nodes N1, N2 and
N3 (Fig. 2), when the repair layer thickness is 30 mm.

strate and the repair layer worked as a single concrete ele-
ment. Note that no crack developed at the right side of the
structure. This edge of the structure can deform freely.

In the second analysis, the thickness of the repair layer
was reduced to 30 mm. All the other parameters were
kept the same. The crack process can now be summa-
rized as follows. The occurrence of the first crack is simi-
lar to the first analysis with H = 60 mm. However, crack-
ing occurs at an earlier stage (f = 8.75 days). The reason is
that, because of its lower thickness, drying-out proceeds
at a faster rate. This can be clearly observed from compar-
ing Figs. 7 and 8 where the results of the flow analyses
were summarized. In the case of the thin overlay, two
process-zones develop next, at t = 11.3 and 13.8 days,
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Fig. 9 - Crack deformation distribution at ¢ = 273 days (a), and
total deformed shape of the structure after 273 days of drying (b)
for the repaired structure with H = 60 mm. The deformations in
Fig. (b) have been exaggerated for better visualisation of the frac-
ture process.

respectively. Again, during the analysis, a number of dis-
tributed microcracks close and others appear. However,
the main fracture process is characterized by the widen-
ing of the three crack zones. Fig. 10 shows the state of
cracking after a drying time of 200 days. In Fig. 10a, the
deformed shape of the structure is shown, in Fig. 10b, the
crack deformations £¢/,.

Upon further decreasing the thickness of the overlay, i.e.
to H = 15 mm, the first damage is observed after = 4.75
days. In this case, the fracture process is becoming more
complex. Between ¢ = 4.75 days and 11.3 days, several crack
bands develop, all of them, however, with a very small crack
opening. Ulumately, only a small number of cracks survive
and dominate the behaviour of the structure. At further
drying, eventually only four open crack zones survive,
while all the other cracks close (f = 291 days). Again, due to
the relatively high bond strength for the interface between
repair mortar and concrete substrate (i.e. 2 MPa), the cracks
propagate into the substrate concrete. The number of
macro-cracks is determined by the geometry of the struc-
ture and the boundary conditions. In the present analyses,
the thickness of the repair mortar is the main controlling
parameter. Similar crack growth histories are found in con-
crete slabs subjected to thermal gradients {e.g. [17]), but also
in bond-slip tests between steel and concrete, where similar
phenomena are observed (e.g. [18]). In the above analyses,
debonding effects were insignificant because of the rather
high bond strength of 2 MPa. Next, the effect of varying
the bond strength is simulated.
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Fig. 10 - The state of damage in the structure with a 30 mm thick
overlay at t = 200 days. The total deformed mesh is shown in Fig.
(a), the crack deformations in Fig. (b). Note that the cracks also
grow into the substrate concrete.

4.2.2 Low-bond interface

The analysis with H = 60 mm was repeated. The bond
strength of the interface between substrate and repair mor-
tar was reduced to 1 MPa, and a coefficient of hygral
shrinkage o, = 1.25 %0 mm/mm.h was assumed. All other
parameters were kept the same. The initial distinct crack
band developed at = 11.25 days. Note that the crack
appeared earlier as in the previous analysis (f = 14.3 days),
which can be explained from the differences between the
shrinkage coefficients. Debonding was initially observed at
t = 15.25 days. A symmetric, horizontal crack grew along
the interface starting from the location where the shrink-
age crack hit the substrate (Fig. 11). A second shrinkage
crack developed later, and here again delamination
between the repair layer and the substrate was ultimately
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- Fig. 11 - Deformed mesh of the structure with a repair mortar

overlay of H = 60 mm, after the appearance of the first debonding
crack at a drying time ¢ = 15.25 days. The bond strength of the
interface was reduced to 1 MPa.
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Fig. 12 - Deformed mesh for the structure with a low interfacial
strength of 1 MPa, after f = 41 days. Delamination near the
shrinkage cracks and at the far right end of the structure is clearly
visible.

observed. In Fig. 12, the deformed mesh is shown at ¢ = 41
days. Note that delamination also occurred at the far right
end of the structure. Upon further drying, the cracking
remains limited to the two main shrinkage cracks, and the
debonding between the substrate and repair mortar. Some
numerical instabilities were observed during the analyses,
in particular when the interface cracks developed.
Moreover, stress-locking (as found earlier by Rots [2]) was
found to occur in the smeared cracks. Such problems
might be circumvented in lattice-type analyses, at the cost
however of longer computational times.

Finally, Fig. 13 shows the displacement in the y-direc-
tion at the interface at the right-end side of the structure
(i.e. the vertical displacements between nodes E and E’ of
the last interface element). It can be seen that decohesion
occurs after approximately 24 days of drying. The figure
reveals a large drop in displacement at f = 31 hours, which
corresponds to the development of the second shrinkage
crack. At t = 90 days, the opening of the debonding
crack EE’ was approximately 35 pm. It might be con-
cluded that an interface strength of 1 MPa 1s still too high.
For example, Zimbelmann [19] performed numerous
bond tests in which a cement mortar was cast against dif-
ferent types of rock. In his tests, the bond strength was
usually below 1 MPa. In this case, delamination would be
expected at even earlier stages, thereby resulting in a more
severe damage after extensive periods of drying out.

5. CONCLUSIONS

In this paper, simulations of damage induced by dry-
ing shrinkage in cementitious repair systems are pre-
sented. A repaired concrete structure consisting of a
concrete substrate and a repair mortar overlay is consid-
ered. Based on the simulations, the following conclu-
sions can be drawn:

(1) The flow module of the finite element code DIANA
and the smeared crack model are viable tools for the
analysis of coupled flow/strength problems in concrete
structures at the macro-level.

(2) Due to drying of the bi-material structure, hygral
strains develop which cause crack growth in the structure.

displacement [10°2 mm]

E

0 1 i L i L I L L L
T T T T T T T | |

0 20 40 60 80 100
time [days]

Fig. 13 - Vertical displacements of the two nodes of the interface
element at the far right end of the structure (delamination crack)
as a function of drying time.

(3) Damage consists of a limited number of narrow crack
bands perpendicular to the surface exposed to drying.
The number of these shrinkage cracks is directly related
to the geometry (thickness) of the mortar overlay.

(4) Shrinkage cracking 1s delayed when the thickness of
the overlay increases.

(5) When the bond strength is sufticiently high, the dam-
age is limited to the development of these vertical shrink-
age cracks, which may also propagate into the substrate.

(6) When the bond strength decreases, delamination of
the mortar overlay may occur. The delamination cracks
initiate from the vertical shrinkage cracks.

(7) Using the numerical tools, the effect of different
repair geometries can easily be simulated. An improved
insight in the durability of repaired concrete structures
can thus be obtained.
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Combined Experimental and Numerical Study
to assess Shrinkage Cracking of Cement-Based
Materials
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Abstract

In this contribution, a combined experimental and numerical study to assess the
cracking resistance of cement-based materials subjected to desiccation is
outlined. Experimentally, the tendency to hygral cracking is determined by means
of mortar ring specimens exposed to drying atmosphere. A numerical model
based on the nonlinear theory of diffusion and nonlinear fracture mechanics is
developed. The relevant hygral and mechanical parameters and laws needed for
the model have been determined by means of adequate experiments analyzed by
inverse analyses. The hygro-mechanical behaviour of two different types of mor-
tar is studied. Numerical results have been compared to experimental findings.
Furthermore, a parametric study has been carried out with the aim to characterize
the relevant material parameters influencing shrinkage cracking. It can be conclu-
ded that a combination of experimental and numerical methods can play a deci-
sive role in optimizing mortars or concretes with respect to predefined and requi-
red material properties. In this way, the durability of concrete structures can be
significantly enhanced.

Key words: Shrinkage, diffusion, drying, endogeneous shrinkage, humidity profiles,
cracking, numerical model, material parameters, material laws
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Kombinierte experimentelle und numerische Studie zur schwindinduzierten
Rissbildung zementgebundener Werkstoffe

Zusammenfassung

In diesem Beitrag wird eine experimentelle und numerische Studie zum Riss-
widerstand von zementgebundenen Baustoffen unter Austrockungsbedingungen
vorgestellt. Die Tendenz der hygrischen Rissbildung ist experimetnell mit Hilfe
eines unter trocknenden Bedingungen gelagerten Mortelringes ermittelt worden.
Ein Modell, dessen Grundlage die nichtlineare Diffusionstheorie und die nicht-
lineare Bruchmechanik sind, wurde entwickelt. Die wichtigsten hygrischen und
mechanischen Parameter und Werkstoffgesetze, die fiir das Modell benditigt wer-
den, sind mit Hilfe angepasster Messmethoden in Verbindung mit der inversen
Analyse bestimmt worden. Das hygro-mechanische Verhalten von zwei unter-
schiedlichen Morteltypen wurde untersucht. Die numerischen Ergebnisse wurden
anschliessend mit den experimentell ermittelten verglichen. Zusdtzlich wurde eine
Parameterstudie mit dem Ziel durchgefiihrt, die fiir die Rissbildung empfindlich-
sten Werkstoffparameter zu finden. Es wurde gezeigt, dass kombinierte experi-
mentelle und numerische Methoden eine entscheidende Rolle bei der Optimie-
rung von Mortel oder Beton spielen konnen und so einen Beitrag zu verbesserter
Dauerhaftigkeit von Tragwerken leisten.

Stichwérter: Schwinden, Diffusion, Austrocknung, endogene Trocknung, Feuchtig-
keitsverteilung, Rissbildung, numerisches Modell, Werkstoffparameter,
Werkstoffgesetze
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1 Introduction

The durability of concrete structures is strongly related to the penetration of water
into the concrete structure. Water often contains substances which once transpor-
ted into the porous system of concrete can damage the concrete structure by va-
rious external or internal mechanisms. To increase the durability of concrete
structures means essentially to abate the penetration of water into the structure.
This means also a reduction of the number of cracks and in case of cracks a mini-
mal crack opening. Because of their specific applications in service, some concre-
te structures like cellars or water containers need to be completly free of cracks. In
the domain of building restauration deteriorated or contaminated concrete layers
have often to be removed from existing structural elements and subsequently re-
placed by new concrete or mortar. In most cases an empirical approach is chosen
instead of an engineering analysis and rigorous design, so that failures of some
systems, e.g. cracks in the overlay and delamination of the overlay, occur requi-
ring the repair of repair systems.

Fresh concrete is mixed with typically 120 to 170 litres of water per cubic
meter. Part of this water is consumed during hydration; the remaining part is still
enough to supply the young porous concrete with a moisture content which is in
hygral equilibrium with 95-100 % relative humidity. Concrete structures are
usually exposed to much lower humidities. As a consequence a long-lasting
drying process starts immediately after demoulding. A concrete layer contracts
during the drying process. In this layer a hygral gradient originates a stress field if
the concrete layer is restrained in a statically undeterminated system. Tensile ei-
genstresses can overcome the tensile strength even for moderate environmental
drying conditions. In this case crack formation occurs. So cracking in concrete
structures due to shrinkage is a complex matter involving the shrinkage rate, the
restraint level, creep properties, Young’s modulus of elasticity and fracture me-
chanics parameters of concrete. All of these material properties develop with
time. The aim of concrete designers is to generate a concrete mix with reduced
shrinkage in order to guarantee a low probability of crack formation [1].

In this contribution a restrained shrinkage ring test [2,4,5,6] which allows to
quantifiy shrinkage behaviour is presented. A sensitivity analysis of the material
properties is carried out in order to identify the influence of these properties on
shrinkage cracking. The analysis and the evaluation of the test results give us the
possibility to optimize shrinkage of cement-based materials.
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2 Theoretical basis of the hygro-mechanical behaviour of cement-based
materials

2.1 Physical description of drying

Moisture variations in cement-based materials may result from internal drying in-
duced by the hydration reaction of cement and water at early age (self-desiccati-
on) , and from drying caused by climatological conditions of the environment du-
ring the life-span of the structure. The knowledge of moisture distributions in spa-
ce and time in a structure is of utmost importance for analyzing crack formation
and further crack growth.

The size and the shape of pores present in a porous material exert a direct
influence on the transport mechanism of water. Despite the knowledge of the ba-
sic individual phenomena involved, like capillary transport, diffusion, surface dif-
fusion, etc., it is not yet possible to assess quantitatively the influence of each of
them on the global moisture transfer in a porous material such as concrete or mor-
tar. At the macroscopic level (i.e. in a representative finite volume of the porous
and heterogeneous structure), the aforementioned difficulty can be circumvented
by defining a concentration-dependent transfer coefficient, which integrates all
contributions of the different mechanims in the global mass transfer . In this phe-
nomenological description, the transient moisture flow can be described accor-
ding to the second Fick’s law [7,8]. If h represents the relative humidity held in
the pores, then Fick’s law is described by the following partial differential equati-
on :

dh
ot

in which D(h) is the moisture transfer coefficient depending on the pore hu-
midity h and on the composition of the cement-based material.

Equation(1) describes in a realistic way the transient moisture flow in nor-
mal matured concretes with relatively high water-cement ratio in which self-de-
siccation can be neglected (w/c 2 0.5). However, for young cement-based materi-
als with low w/c ratio, the available water is less than required to maintain equili-
brium with a relative humidity of around 100%, self-desiccation than plays an
important role. In order to take into account the contribution of the endogeneous
drying in the description of the drying process, a moisture-sink term q(t,t) as
function of the hydration time t_is added to the right-hand side of Equation 1. The
extended equation governing the global drying process is then written as follows:

= div[D(h) : gr;zd(h):| (1)

Brought to you by | Ecole polytechnique fédérale de Lausanne
Authenticated
Download Date | 12/4/16 7:49 PM



483

oh
ot

For calculating the drying process of a porous system exposed to a given at-
mosphere, equation (2) must be solved coinjointly with adequate boundary condi-
tions and initial conditions.

In general, convective boundary conditions are used to describe the ex-
change of humidity between the exposed surfaces of the system and the surround-
ing atmosphere. This condition is expressed as follows:

- div[D(h) - gr_c)zd(h)] +q(t,,1) (2)

jo=7:(he=hy)-A onT (3)
with  j = moisture flux normal to the exposed surface I"

Y = hygral convection coefficient

h. = humidity on the surface I

h, = humidity of the surrounding atmosphere

In general, vy depends on many factors, such as the actual humidity, the tem-
perature and the speed of the wind at the convective surface. In this analysis, a
constant mean value of y will be used, this is justified in our case because the spe-
cimens are assumed to be exposed to a constant atmosphere.

The initial condition describing the spatial humidity field in the porous
structure at the beginning of the exposure to a drying atmosphere is given by
means of the following set of equations:

h(t=0,x,y,,z)=h, “4)

with (x,y,z)= localisation of a point in the volume
h. = corresponding humidity potential value at the
beginning of the analysis
This value takes into account the moisture loss induced by the autogeneous
desiccation before the structure is exposed to the atmosphere.

2.2 Description of the hygro-mechanical behaviour

In this contribution, hygral variations induced by endogeneous or/and exogene-
ous desiccation are considered as the only driving force for crack formation and
propagation. During drying of a cement-based material, hygral gradients will de-
velop, inducing differential deformations in the specimen. If a hypothetical fibre
of the material is free to shrink under an infinitesimal drop Ah in humidity, the
resulting shrinkage strain can be expressed as follows:
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Ag, . =, (h)- Ah (S)
with Ag = infinitesimal free shrinkage
o, (h) = coefficient of shrinkage depending on the material

composition and on the actual pore humidity.

If the drying material is restrained with respect to shrinkage, tensile eigen-
stresses will develop. Often, these tensile stresses are large enough to cause
cracking, and adequate fracture mechanics tools must then be applied. Elastic-
softening models can describe crack formation and crack growth in cement-based
materials in a realistic way. Models incorporating softening are mostly based on
the Fictitious Crack Model (FCM) originally developed by Hillerborg and co-
workers [9]. In this model, the stress-deformation diagram under tension is split in
a pre-peak stress-strain diagram, which is characterized by the Young’s modulus
E of the material and the tensile strength f , and post-peak behaviour. After the
maximum stress is reached bifurcation occurs. Within the fracture process zone
(FPZ) strain softening takes place while outside this zone the material continues
to react linear elastic. The post-peak relation is fully characterised by the shape of
the softening curve. The area under this curve is the fracture energy G,. The model
is shown schematically in Figure 1.

The Crack Band Model (CBM) as developed by Bazant and Oh [10] is quite
similar, except that it assumes that the crack growth occurs in a band, rather than
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along a line. The CBM forms the basis for the smeared crack model in the finite
element code DIANA [11,3,12] used in this work.

During the period of the hygral loading, the deformations of the material
increase due to creep. Creep can be described by means of visco-elastic models
(Kelvin chains). The visco-elastic relation between strain and stress is derived in
our case from measured creep curves, which describe the instantaneous and tran-
sient strain after a unit force loading. The properties of Kelvin chains are then
obtained by curve fitting of the measured creep function [11].

3 Description of the ring-test model

3.1 Experimental set-up

Different experimental techniques are used to assess the resistance against
cracking of cement-based materials when subjected to restrained drying shrink-
age. The restrained ring type test is used in our case [2,4,5,6].

The technique consists of casting a ring of mortar around a very stiff ring
specimen. Figure 2 shows schematically a 2D representation of the ring specimen.
After a preliminary curing period, the two sides of the mortar ring are sealed. The

_steel ring

46 mm o

s > 500 mm e
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1 Strain gauge

® Thermocouples

Fig. 3: Localization of the strain gauges on the inner surface of the steel ring
and of the thermocouples

ring is then exposed to a given drying atmosphere (T=20°C, 45% R.H). Under
these conditions, drying is allowed only through the outer circumferential surface.
Due to hygral shrinkage, the mortar ring attempts to contract against the restraint
of the steel ring.

The mortar rings are 46 mm in radial thickness and 200 mm in heigth. The
internal and external diameters of the steel ring are 508 and 519 mm respectively.
Several strain gauges are placed at different positions on the inner surface of the
steel ring. Figure 3 shows the positions of the strain gauges and positions of ther-
mocouples. Deformations on the steel are then recorded automatically as function
of the drying time.

3.2 Numerical modelling

As mentioned before the non-linear finite element programme DIANA [11] has
been used to simulate the combined flow-stress analysis. The analysis is perfor-
med in 2D (radial moisture diffusion only). Figure 4 shows the finite element
idealization of the steel-mortar ring specimen. During the flow analysis, finite ele-
ments representing the steel are removed and no moisture flux is allowed through

the inner surface of the mortar ring.
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steel ring

Fig. 4: FE idealization of the ring specimen

In DIANA, the global deformation field € is split up in four components as
follows:

£= eel. + gcrack +£creep 3 8h.sh. (6)

with € :elastic strain
g™k : crack strain
g : creep strain
ghsh- : hygral shrinkage strain

The calculated time-dependent humidity distribution from the transient analysis is
stored in a file for every time step At. For the stress and fracture analysis, the
incremental hygral load Ah is converted to a strain field (¢"") via the hygral shrin-
kage coefficient a(h). The two analyses are un-coupled, meaning that it has been
assumed that the moisture flow is not affected by cracking.

The multiple fixed smeared crack approach developed by Rots [13] is used
to simulate the crack formation and growth in the mortar ring. As mentioned, the
smeared crack model is a band in the spirit of the Bazant and Oh model [10]. The
strain is decomposed in an elastic part and a crack strain. The crack strain is obtai-
ned by dividing the crack opening by the crack band width, which is the size of
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the finite element. Due to the cracking of the material the shear stiffness is usually
reduced, this is taken into consideration by correcting the shear modulus G by a
reduction factor . Crack initiation is governed by a linear tension cut-off criteri-
on and a threshold angle between two consecutive cracks. A detailed description
of the model can be found in Rots [13]. The shape of the stress-crack opening is
assumed to be bilinear, the parameters are obtained by an inverse analysis of the
load-displacement diagram measured on wedge-splitting test specimens. The
main characteristics of the used crack modeling are schematically shown in Figu-
e,

As it has been mentioned, creep is described by the visco-elastic theory. In
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calculating time dependent strains, the history of the stresses must be taken into
account. By assuming the principle of superposition (Boltzmann), one obtains the
classical Volterra integral equation:

s(r)=j_' J(t,T)Co(1)dT (7)
where t : time
T  :loading duration

J(t,7): creep function
C :compliance matrix
o(t) : stress rate

The material behaviour is characterized by the creep function J(t,7). This can
be expressed as a sum of exponential functions (Dirichlet series). Physically the
Dirichlet series can be interpreted as a Kelvin chain model.

v | "2 n
J(t,7)= l—-e ™ ith la= @ ]
Xk, Wit g, 2
where E_  :equivalent stiffness
A, :retardation time

n, :viscosity

The stiffnesses E_and retardation times A_ of the units in the chain are esti-
mated from the measured creep curve by a nonlinear least squares method. More
details on this approach can be found in [11].

In this numerical simulation statistically distributed mechanical properties
of the mortar are introduced. This leads to realistical localization processes. The
Young’s modulus (E) and the tensile strength (f ) are assumed to be randomly dis-
tributed over all finite elements representing mortar. A scatter of 10% and 20 % of
the mean values of E and f respectively are assumed, in accordance with the mea-
sured standard deviations of these properties. The random variables E and f are
adequately correlated by forcing them to follow the same statistical distribution
over the finite elements.
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4  Material properties for the numerical analysis

4.1 Composition of mortar

In this contribution two different mortars are investigated. The first one is a stan-
dard mortar with 0-4 mm aggregate size. The second one is a special mortar de-
velopped for repairing concrete structures. In this case the mechanical properties
are optimized in order to reach low elastic modulus and high fracture energy. Car-
bon fibers, superplastizers (SP), air entraining agents (AEA), polymer dispersions
(PD) were added. The mix-design of the two mortars is shown in table 1.

4.2 Hygral properties

Cylindrical specimens were drilled after two days of hydration and prepared for
radial drying. These specimens were stored in different ambient humidities with
constant temperature. The moisture loss was measured periodically as function of
drying time. The experimental data was used for the determination of the diffusi-
on coefficient by means of an inverse analysis [14]. The moisture diffusivity is
described by an exponential function of humidity with two parameters a and b:

D(h)=a-&&M 8)
with  a, b :Parameters

h  :Humidity potential

The moisture diffusion coefficients of the two mortars are given in Fig. 6.

Table 1: Composition of standard and optimized mortar

aggregate  w/c  cement Aggregate Fibers P.D. HPP. AE.A.
size (mm]  [[]  [kg/m’]  [kg/m’]  [%]* (%] [%]* (%]

Stan. mortar 0-4 0.5 500 1500 - - - -
Opt. mortar 0-6 0.36 375 1620 1 15 1.2 0.2
* of the cement weight
with P.D. : polymer dispersion
HP.P. : high performance plastizer
A.E.A. : air entraining agents
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Fig. 6: Moisture diffusion coefficients of the standard and optimized mortar

Mortars with a low w/c ratio are subject to internal drying. This phenomenon was
measured on sealed specimens with capacity sensors. The standard mortar does
not present this characteristic of self-desiccation, because of its comparatively
high water-cement ratio. Figure 7 shows the evolution of the pore humidity as
function of the age for both mortars. In the optimized mortar, the endogeneous
drying will finally reduce the internal humidity to approximately 75%.
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Fig. 8: a) Final shrinkage and
b) hygral shrinkage coefficient as function of humidity

The moisture sink term q(t,t) is obtained by derivation of the time depen-
dent humidity decrease function (see Figure 7):

(odh___ 0358 0358
M= = T @38+1) " 438+1 )

The total hygral deformation is induced by external drying shrinkage and
internal autogeneous shrinkage. The humidity dependent final shrinkage was
measured on cylindrical specimens exposed to different relative humidities. The
obtained experimental data are fitted. The results are given in Figure 8 a).

The hygral shrinkage coefficient (Figure 8 b) is calculated by the first deri-
vation of the final shrinkage curve with respect to humidity potential h :

de'”"(h)

dh (10)

ash.(h) —
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Fig. 9: Bilinear stress crack-opening diagram

4.2 Mechanical properties

The moduli of elasticity of the mortars are measured on cylindrical specimens te-
sted under compression.

The determination of fracture parameters such as fracture energy and strain
softening has been performed by means of the wedge splitting test described in
[15]. An inverse analysis allows the computation of the parameters of the bilinear
softening diagram [16]. These parameters f, 6,, w,, w, are indicated in Figure 9.

The mechanical properties of the two mortars measured at the age of 7 days
are shown in Table 2.

Creep functions were measured on prismatic specimens. The mortars were 3
days old at the time of loading. Half of the number of the specimens were comple-
tely sealed, the others are exposed to a drying atmosphere of 70% relative humi-

Table 2: Mechanical properties of standard and optimized mortar

Gf E fy sl wl w2
[ N/m] [GPa] [MPa] [MPa] [mm] [mm]
Stand. mortar 52. 290+29 21x039 0.37 0.026 0.134
Opt. mortar 288. 200x19 44+042 0353 0.090 0.350
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Fig. 10: Basic and drying creep functions

dity. The specimens were then loaded in compression with a stress level of 35 %
of their expected compressive strength and the deformations were recorded as
function of loading time. The measured basic creep and drying creep curves are
given in Figure 10.

5 Numerical simulation and validation of the proposed model

5.1 Humidity distribution

Figures 11 a) and 11 b) show the simulated radial humidity profiles in the two
mortar ring specimens for six drying times. In the case of the standard mortar
(Figurella), the pore humidity at the beginning of exposure to the drying was in
equilibrirum with a relative humidity of 100%. In the case of fiber reinforced
mortar, this value was 97.5 % only, due to the self-desiccation during the curing
period (see Figure 11b). By comparing the profiles of the materials, one can clear-
ly see that in case of the standard mortar the hygral gradient, at a given drying
time, increases slowly from the inner to the outer surface. In the second case, be-
cause of the self-desiccation of the material (low w/c ratio), humidity distributi-
ons show a large plateau region, but high hygral gradients occur at the outer layers
near the exposed surface.
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Fig. 11: a) Moisture distribution at different drying times of the standard mortar
b) Moisture distribution at different drying times of the optimized mor-
tar (with endogeneous drying)

5.2 Crack formation and propagation

5.2.1 Standard mortar

Results of the numerical simulation are shown in Figure 12. In the standard mor-
tar ring, the first fictitious cracks appear on the outer layer of the ring, the region
with the highest hygral gradients, already at t = 0.9 day after the exposure. Note,
that these cracks still can transfer load, they must be regarded as local fracture
process zones where microcracking and crack bridging occur. During the next
time steps the fictitious cracks gradually increase in width. As the drying process
proceeds, cracking is governed by two phenomena, namely a number of cracks,
closely positioned with respect to one another disappear (close), whereas other
more distantly distributed cracks continue to grow at certain integration points of
the elements of the outer layers of the ring. At t = 5.6 days a well defined micro-
cracked band is formed and runs radially from the outer surface of the mortar to
the inner steel ring surface. From this cracked band the first macrocrack is
developed. About 2.2 days later (t = 7.8 days), a second macrocrack is formed in
another region of the ring nearly opposite the first crack. After that the two macro-

cracks increase gradually in width and microcracking occurs in the inner layer of
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Figure 12: Evolution of cracking at different drying times of a) standard mortar
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the mortar where the macrocracks hit the steel ring. This type of crack evolution is
similar to that obtained for a concrete repair system subjected to drying [12]. Fi-
gure 12a shows crack strains at Gauss points obtained by numerical simulation at
three different drying times, 2, 5.6 and 8 days.

In the corresponding experiment, the first macrocrack appeared at 5.2 days
and a second one at 11 days. Unfortunately, with the used experimental set-up it
was not possible yet to follow the evolution of the crack opening, only an estima-
tion of the width of the visible cracks was possible. The exact occurrence of the
two real cracks was made possible by analyzing the time evolution of the strains
recorded at different positions on the inner surface of the steel ring.

5.2.2 Optimized mortar

A similar numerical analysis has been performed for the fibre reinforced mortar
ring. Figure12b) shows schematically the distribution of the crack strains at Gauss
points at 3 different drying times, t = 12, 17.8 and 19 days. The evolution of the
cracking process is analogue to the former case (standard mortar). Nevertheless,
the first dispersed fictitious cracks appeared later, namely 7 days after the start of
the drying of the specimen. This can be explained by two main reasons: (1) lower
moisture diffusivity, and (2) higher tensile strength and lower E-Modulus as com-
pared to the standard mortar. The first real macrocrack (band of real cracks) oc-
curred at t=17.8 days (see Figure 12b). Two days later a second fictitious crack
grow up significantelly, but only 9 days later becomes a real crack (see also Figure

40 — Apparition of the 1st crack
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Fig. 13:  Evolution of the tangential strain of the steel measured by means of strain
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macro crack —»

;

Fig. 14: Photography of the macrocrack after 20 days of drying for the optimized
mortar

15). At further drying, most of the dispersed fictitious microcracks close and the
two real macrocracks increase in width. In the case of the corresponding experi-
ment, one macrocrack occurred only and suddenly after a drying time of 17.5 days
with a measured width of 2 mm. The second crack was not observed as was the
case in the numerical simulation because the experiment came to an end before its
apparition.

Figure 13 shows the steel strains recorded as function of drying time, for the
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test of optimized mortar. The brutal jump in the curves has to be related to the ap-
parition of a macrocrack (unloading of the steel ring), in this case this jump ap-
peared at 17.8 days. A photography of this macrocrack, after a drying time of
about 20 days is shown in Figure 14. The opening of this macrocrack agrees quite
well with numerical results (see Figure 15). Figure 15 shows the simulated crack
opening as function of the drying time for the two analyzed rings.

6  Parametric study

Based on the quite good agreement between the experimental results performed
on two mortars with totally different hygro-mechanical properties and the corre-
sponding numerical results obtained by the proposed model, a numerical parame-
tric study has been carried out.

The main aim of this study is to define the most relevant material parameters
influencing shrinkage cracking and consequently to be able to decide which mate-
rial parameter(s) must be optimized in order to try to reduce the risk of damage as
far as possible.

Because of the large number of the material parameters involved in the
cracking process and their mutual interaction, in each simulation one or two mate-
rial parameters only are varied while the others are kept constant equal to the refe-
rence values. As far as possible, the material parameters, considered as variables,
are changed in a reasonable way, meaning that a ,,real* mortar having these hypo-
thetic propreties can be made.

The reference values of the hygro-mechanical properties are listed below:

* Young modulus B = 25 GPa
» Tensile Strength f = 30 N/mm?
* Fracture energy G = 975 N/m
* Softening parameters s, = 0.5 N/mm?
w, = 004 mm
w, = 0.15 mm
 Diffusion coeff. D(h) =  aj-exp(by-h) cm?d
3 = 0.00005
bo = 10
* Coeff. of shrinkage oy(h)=  -a:(h-c)/bZ-exp(-0.5-((h-¢)/b)2) %c/h
a = 0.953
b = 0.204
o = 1.042
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In the following parametric study, the varied material parameters are given in the
corresponding figures. The final result of each study consists of curves showing
the evolution of the crack opening of the most dominant crack in the mortar ring
as function of the drying time.

In a first analysis, the influence of the moisture diffusivity on the crack evo-
lution has been studied. Three different moisture diffusivities are considered as it
can be seen in Figure 16a. In Figure 16b, the resulting crack opening as function
of drying time is shown. It is evident from this figure that the moisture diffusivity
plays an important role in the crack formation. These main conclusions can be
drawn: the apparition of the first damage (first fictitious cracks) is delayed at low
moisture diffusivity and for a given drying time, the crack opening is an increa-
sing function of the moisture diffusivity.

In order to measure the importance of the moisture-dependent coefficient of
shrinkage a(h) with respect to the risk of cracking, the peak value (a)) of the
function a=a(h) has been varied, the resulting curves are shown in Figure 17a. In
Figure 17b, the corresponding results regarding the cracking evolution as function
of the drying time are shown. It can clearly be seen as it can be anticipated that the
coefficient of shrinkage has a very strong influence on the crack formation. For
low values (a < a /4) of this material parameter, cracking becomes insignifiant.

In a next study, two parameters are varied at the same time, the Young’s
modulus E and the coefficient of shrinkage a(h). In Figure 18a, a is equal to the
reference value a, and three different values are assumed for the Young’s modu-
lus. As it can be seen in this figure, in all cases the cracking is extremly severe, de-
pending on the Young’s modulus at least one real crack (crack-opening w higher
than w, of the bilinear diagram) is formed after a drying time between 45 and 60
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Fig. 16: a) Moisture diffusivities as function of humidity
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Fig. 17: a) Three different functions for the coefficient of shrinkage as function
of humidity
b) Crack opening as function of drying time for the three shrinkage
function shown in Figure 17 a)

days. As the drying process progresses, the cracks become wider and wider.

In Figure 18b the same analysis has been performed, but after reducing the
maximum coefficient of shrinkage to 50% of its reference value (a = a /2). In this
case, the risk of cracking is strongly reduced. If the Young’s modulus is lower
than 25 GPa, the previously formed fictitious cracks tend to close gradually as the
drying process advances.

If a is further reduced to 25% of its reference value (a = a /4), the simulations
carried out showed that the cracking is insiginifiant (see Figure 17) even for high
Young’s moduls (E=35GPa).

In these last analyses, fracture energy G, and the coefficient of shrinkage
ou(h) have been varied simultaneously. Figure 19a shows the two stress-crack-
opening bilinear diagrams adopted in these analyses. For both softening dia-
grams, two values of the shrinkage coefficient a(h) are used. Figure 19b shows
the simulated crack evolution as function of drying time. For a = o, an increase
of the fracture energy G,, to 350 N/m retards the apparition of the cracking, but
the severity of the damage (evolution of the crack opening) remains roughly the
same for more advanced drying times. In case of a reduced shrinkage coefficient,
the situation is different. For both fracture energies, the cracking severity is redu-
ced as compared to previous cases. But if in case of a reduced a(h) = o (h)/2, the
fracture enegy is increased to G, =350 N/m the risk for a real crack becomes prac-
tically Lt Brought to you by | Ecole polytechnique fédérale de Lausanne
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Fig. 18: Crack opening as function of drying time for three different Young mo-
dulii a)a=a, b)a=05a,

During drying and autogeneous shrinkage, which are displacement control-
led phenomena, the tensile strength plays a minor role only with respect to crack
formation. In fact this tendency was also confirmed by the sensitivity analysis
performed later on. A relation between tensile strength and crack developement
was not found.

With the combination of several numerical simulations it is possible to defi-
ne a diagramm that shows the risk of crack formation as function of fracture ener-
gy, Young’s Modulus and the mean coefficient of shrinkage . This mean value is
defined as follows:

2 ¥ Gyo= 97.5 N/m
E 4 f = Gu=350Nm
E E
n
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o
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Fig. 19: a) Two softening diagrams with different strain softening and fracture
energie
b) Crack opening as function of drying time for 4 different variations of

the COUPIC of Param%taé@})m@ﬂ Ecole polytechnique fédérale de Lausanne
Authenticated
Download Date | 12/4/16 7:49 PM



503

o=

1
. h)-dh
o (i
with h=0.5(50% R.H.)
h,= 1.0 (100% R.H.)

A 3-dimensional representation of this diagramm is shown in Figure 20.

In many standards codes the shrinkage is defined by the strain measured on a
specimen during drying from 100% to 50% R.H., its corresponding value accor-
ding to the presented theorie can be approximated by the following expression:

Epeas (100% — 50%) = £/ =@ - (h, — hy) (12)
with £=(9%0% " final shrinkage shrinkage strain

measured when the test specimen
is in hygral equilibrium with 50%
R.H.
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Fig. 20: Risk of crack formation as function of fracture energy, coeff. of shrink-
age and Young Modulu
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The shrinkage strain is also indicated on the z-axis in Figure 20. Figure 21 shows
a 2-dimensional contour plot of the plane fracture energy - shrinkage from Figure
20. In order to guarantee a safte factor for the interpretation and the utilization of
the diagram which covers the variation of the results, a transitional area between
the cracking and the crack free zone is defined. Using this 2-dim. representation a
minimization of the risk of shrinkage cracking of a particular cement-based mate-
rial is achieved. For instance a mortar with a Young-Modulus of E=25 GPa, a
fracture energy Gf=200 N/m and a final shrinkage strain of 0.8 %o (see point A1l in
Figure 21) will crack during the drying period, in the case of restrained mechani-
cal boundary conditions. In order to avoid crack formation the properties of this
mortar have to be changed. Point Al has to be moved from the critical zone
(cracking) to the safe zone (no cracking). In fact there are 3 different possibilities:
a) either to reduce the shrinkage strain to 0.6 %o (see point A2 in Figure 21) or b)
to increase the fracture energy to 300 N/m (see point A3 in Figure 21) or c) to
reduce the the Young“s-Modulus to 15 GPa. In practice it is possible to achieve
these 3 modifications a) by reducing the cement content b) by addition of fibres c)
by using air entraining agents or low Young-Modulus aggregates. All combinati-
ons of these parameters, that will lead to a shift of point Al into the safe zone, are
possible of course.

T 2.8 14 =
§ 2.4 cracking 1.2 2
8 2 1 §
g 16 3 08 ¢
£ | o
£ 1.2 | 0.6 %
&= X
§ 0i35 | 0.4 E
§ 0.4 no cracking .2 F
E 0 o -

0 100 200 300 400 500
fract. energy [N/m]

Fig. 21: Risk of crack formation as function of fracture energy, coeff. of shrink-
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Conclusions

A numerical model based on realtistic materials laws has been developed.
This model allows us to study crack evolution in concrete structures sub-
jected to hygral gradients. Time and moisture dependent materials laws
can be taken into consideration.

This numerical model was validated by results from the ring test carried
out with two qualities of mortars having totally different hygro-mechani-
cal materials laws.The model can capture the main features observed expe-
rimentally, especially the drying time at which the macrocracks will occur.

By applying this numerical model, an intensive parametric study has been
carried out. The relevant results are reported in this contribution.

In general all parameters have a significant influence on the cracking due
to shrinkage.

A low moisture diffusivity retards the crack formation and slows down the
crack opening but it can not avoid cracking.

Among all materials parameters, the coefficient of shrinkage is the most
sensitive parameter with respect to the crack formation and crack extensi-
on. A high coefficient of shrinkage will always lead to severe damage.

The ring test is a powerful technique to study the tendency of cement-ba-
sed material with respect to hygral cracking.

The described method, i.e. a combination of experimental and numerical
studies is a powerful tool for optimizing cement-based materials in parti-
cular to avoid shrinkage cracking.
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Damage and Crack Formation in
Wood under Mechanical Action
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Abstract

Wood and wooden structures can be damaged or destroyed by a series of
different actions. The influence of micro organisms and insects has been
studied in detail. In this contribution non-linerar fracture mechanics are
applied to describe damage and crack formation as induced by
mechanical action. The term mechanical action implies external load as
well as eigenstresses. Wood is a strongly anisotropic material and therefore
the fracture mechanics parameters have to be determined for each
orientation. Prediction of damage and crack formation is possible by
means of appropriate numerical models. In this contribution a simple
example is given only. It is the aim to point out the potential of application
of non-linear fracture mechanics to anisotropic material such as wood
in general. More detailed studies are to be performed.
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1. Introduction

Wood is generally known to be a very durable material. There are historical wooden structures which
date back several hundreds of years and they are still in a remarkable condition. Nevertheless, if wood js
exposed to humid conditions for instance it can be destroyed in a comparatively short period by the
action of micro organisms. There are also a series of insects which may induce serious damage to woodeq
structural elements. Both of the just mentioned mechanisms have been studied in the past and we know
more or less how to counteract these attacks.

In this contribution damage and crack formation due to mechanical action shall be studied. The ficticioys
crack model [1] allows us today to simulate damage and crack formation in materials under the influence
of high load. Wood is in contrast to other building materials such as concrete very anisotropic. Thg
means that the fracture mechanics parameters depend strongly on the orientation in a wooden element . y,
this contribution characteristic values for the fracture energy and strain softening as obtained on Spn;ce
(epicea) are presented. These values will be compared with a tropical wood i.e. iroko.

Mechanical damage can be induced by locally acting high stresses. The origin of these stresses can be ap
external load. In this contribution however emphasis is placed on the action of eigenstresses in dryin
wooden elements. g

2. Basic elements for the prediction of damage and crack formation
under drying conditions

2.1.Moisture diffusion and shrinkage

If we want to predict shrinkage and shrinkage induced eigenstresses the first step is to determine the
moisture gradients during the drying process. This can be simulated numerically if the diffusion coefficient
in the main directions is known. Drying experiments have been carried out. From the moisture loss g5
function of time the diffusion coeffient can then be determined by inverse analysis [2]. In Fig. 1 the radig)
and tangential diffusivity as observed at a temperature of 20°C is plotted for four different types of wood.
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Fig. 1: Hygral diffusivity of four types of different wood as function of the moisture content
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It is quite obvious that the diffusion coefficient decreases sharply with moisture content for all types of
wood and that the diffusion coefficient of spruce in the humid region is much higher than the diffusion
coefficient of the tropical wood.

Knowing the diffusion coefficient enables us to predict moisture profiles in drying samples of wood. In
Fig. 2 the moisture profiles are plotted for 5,10,30,60 and 90 days. In this case it is assumed that the
initially saturated wood dries out in an environment of 50% RH.
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Fig. 2: Moisture profiles as numerically simulated for a drying wood sample after 5,10,30,60 and 90 days,

At any given moisture potential a characteristic moisture content is in equilibrium at constant temperature,
This relation is called sorption isotherm. The sorption isotherm is not unique but it depends on the path a
jven moisture potential is reached. Typical desorption and adsorption isotherms are shown in Fig. 3 a

and Fig. 3 b [3].
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Fig. 3 a: Sorption isotherm for spruce. Fig. 3 b: Sorption isotherm for iroko.
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Similar to the sorption isotherms exist length change isotherms. In the following we will only present
measured equilibrium values for radial shrinkage as observed on four different types of wood if drying
occurs from 100 to 0 % RH. Typical results are shown in Fig. 4 [3].
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Fig. 4: Shrinkage of four different types of wood as measured on samples which dried from 100% RH down to 0% RH.,

2.2.Crack formation under mechanical stress

In a simplified analysis crack formation is sometimes predicted by means of a strength criteria. The nop.
linear behaviour of wood under high tensile stresses leads to a failure behaviour which cannot be described
by a simple strength criteria however. Linear elastic fracture mechanics has also been applied to woog
and wooden structures. In case structural elements are very huge linear elastic fracture mechancis may pe
considered as reasonable approximation. For many standard dimensions however it is mandatory o
apply non-linear fracture mechanics.

a)

Fig. 5: (a) Geomeiry of a wooden sample as prepared for the wedge splitting test, (b) two metal plates with two ball bearings
each are placed on the test specimen, (c) the wedge is pressed between the two opposite ball bearings.
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There are a series of test methods to determine fracture mechanics parameters. The wet splitting test [4]
has proved to be particularly suitec'i for the d-etermination of fracture energy and strain softening of wood.
The principle of this test metho'fi is shown in Fig. 5. A cube or a prism with a central notch is mounted
with two metal plates. Both having two ball bearings. A wedge is pressed by means of a well-controlled
testing machine between two opposite ball bearings and thus forced the notch to grow. In this way a
damage zone and finally crack formation is imposed to the wooden element under strain controlled

conditions.

In this test set-up the wooden specimen can be placed in different orientations. In Fig. 6 two examples,
ie. RLand TL are shown. .

A typical example again for spruce and iroko tested under the mode RL is shown in Fig. 7. The surface
under the measured curve is equivalent _10 the fracture energy while strain softening is determined from
the measured relation by inverse analysis [5]. The obtained strain softening diagram is shown in Fig. 8.

,
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Fig. 6: Schematic representation of the orientation of wooden specimens in the wedge splitting test Jor mode RL and TL.
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Fig. 8: Strain softening for spruce and iroko as obtained by inverse analysis from experimental data shown in Fig. 7.

3. An example: Simple numerical model for investigating drying of

wood.

In the preceding sections we have presented all necessary data for a numerical simulation of damage and
crack formation in wooden elements. The first step is to determine the moisture distribution. For this
numerical calculation the diffusion coefficient as function of moisture content has to be determined. The
next step is to attribute to each moisture potential along the moisture profile the corresponding shrinkage
value. As shrinkage is restrained the result will be a three-dimensional state of eigenstresses. In a realistic
analysis creep has to be taken into account, too. Here we want to demonstrate the principle of simulation
of damage and crack formation and therefore, we have selected a simplified model. The F.E. code DIANA
is used to perform the numerical simulation [6].

In Fig. 9 the structure of wood is simulated in a 2D representation. The finite element mesh consists of
wide rows which represent the strong fibres in the composite material. They are seperated by narrow
rows which are assumed to be much weaker. Therefore, crack formation in this orthotropic simplified
model will only take place along the weak plains. A representation of this simple model is shown in Fig,
9. Properties of individual elements are randomly distributed around average values.

Fig. 9: Simplified representation of wood as an orthotropic material.
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Now let us assume that the model material as shown in Fig. 9 is allowed to dry in the vertical direction
through the upper surface only. In this case the upper layers have the tendancy to warp upwards and
damage is originated in the outer vertical surface. In Fig. 10 the behaviour of the drying model element
after 10 days and 90 days of drying is shown. It can be seen that afier 10 days drying has introduced
damage in two weak layers. The damage in this case is expressed by a local widening of the layer. These
layers happen to be the weakest. After 90 days a real crack is observed at about half height of the'drying
element.

In a subsequent numerical experiment the same orthotropic model material has been studied. but in this
case anotch (pre-crack) has been introduced before the drying process starts. It can be seen th;t the notch
concentrates Stresses and leads to delamination after 10 days already. Afier 90 days the delamination is
even more pronounced and additional damage is induced in lower regions of the model element.

t: 10d

I

t:ﬂﬂd’J

Fig. 10: Damage and crack formation of the model maierial shown in Fig. 9. Widening of the weak layers indicates the
damaged ZONES.
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Fig. 11: Damage and crack formation of the model material shown in Fig. 9 but with an additional notch. After 10 days
already delamination starts.

4. Conclusions

It has been shown that non-linear fracture mechanics is a powerful tool to simulate damage and crack
formation of wood under mechanical load. If all material parameters have been determined adequate]y
the drying process can be predicted in a realistic way. Crack formation under imposed eigenstresses cap
be simulated. This method can also be applied to find environmental conditions which will not lead tq
serious damage during the drying process.
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NUMERICAL MODEL FOR MINIMIZING RISK OF DAMAGE IN
REPAIR SYSTEM

By Giovanni Martinola,' Hamid Sadouki,” and Folker H. Wittmann®

ABSTRACT: New cement-based repair overlays are subject to restraint and eigenstresses that can lead to crack
formation and delamination. The origin of this complex state of stresses is found in the dimensional instability
of the new coating. Drying shrinkage, autogeneous shrinkage, and temperature gradients are the most important
loads acting on the system. In most cases the design of such coating systems is carried out in an empirical way.
In this paper a new approach based on a numerical model is proposed to determine the relevant key parameters
for the design of repair systems. By means of this model time-dependent moisture distributions and crack
evolution in a drying concrete repair system can be simulated in a realistic way. Crack formation and delami-
nation is described, with the smeared and discrete crack models, applying nonlinear fracture mechanics. The
relevant material parameters influencing shrinkage cracking and delamination are identified by means of a
sensitivity analysis. Finally, this approach is applied to analyze in a rational way the repair measures on a
concrete bridge. This study primarily aimed to decide which repair material is more suitable with respect to
shrinkage-induced damage and consequently which one provides the highest durability for the rehabilitated

structure.

INTRODUCTION

One of the present challenges in civil engineering is the
maintenance and the restoration of already existing reinforced
concrete structures. In the last 50 years a large number of
structures have been built; many of these are now deteriorated
and have to be repaired.

In a traditional reinforced concrete element, concrete has to
take over two totally different assignments (Wittmann 1998).
First, concrete has to provide a structural element with the
required strength and stiffness. At the same time, the concrete
cover has to prevent corrosion of the steel reinforcement.
Whether this second nonmechanical assignment is really ful-
filled is rarely checked. As a consequence, many concrete
structures have to be repaired after a relatively short service
life, although the structural load-bearing capacity is hardly di-
minished. In many cases, carbonation depth reaches the rein-
forcement and the chloride content in the vicinity of the steel
reinforcement reaches critical values too rapidly. Usually in
these cases, the contaminated concrete cover is removed me-
chanically or by high-pressure water jetting. The reinforcement
is freed from corrosion products, and finally the concrete sur-
face is restored. To ensure a mechanical reliability and a long-
term durability to the repaired concrete structure, the mechan-
ical and nonmechanical assignments must be fulfilled.

Experience shows that the design of durable concrete repair
measures can be more complex than the design of new struc-
tures because each damaged structure imposes its own set of
necessities. New technology and methodology are in devel-
opment to provide solutions for this delicate problem. Unfor-
tunately, in most cases, an empirical approach is chosen in-
stead of an engineering analysis and rigorous design. This way
too often leads to early failure. Mistakes in design, selection
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of materials, and execution lead to crack formation, with a
drastic reduction of the durability of the repaired structures.
One basic problem is that engineers so far have no quantitative
tools to evaluate if a proposed repair design is appropriate in
a given situation. The use of durable repair materials does not
ensure the durability of the system substrate (old concrete) and
overlay (repair material), because the effectiveness of a repair
measure is also related to the dimensional compatibility be-
tween overlay and substrate. If the two components of the
system are not compatible, failure in the overlay or debonding
at the interface will occur (Emmons et al. 1993). Overlay and
substrate are subjected to different external or internal loads
or both. If the resulting deformations of both components are
different, restraining action will give rise to stresses in the
composite system. Failure of the repair system will occur when
the stresses due to restraint cannot be absorbed by the system.
In this case, crack formation will appear. The capacity of the
materials of the system to absorb restraining actions is con-
tained in its elastic deformation, creep deformation, and strain
softening. The complex competition between loads and the
material is illustrated in Fig. 1.

The most important factor influencing the state of restraint
of the system is the hygral load. Usual structural loads can
provoke failure of the system only in combination with phys-
ical loads. For this reason structural load plays only a second-
ary role in the mechanism of failure of a repair system. The
chemical load can be avoided by the correct choice of the mix

response of

internal and external loads "
repair system

I

A safe
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salkali-aggregate
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* temperature variation
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FIG. 1. Analysis of Principal Loads Acting in Repair System
and Failure Criteria [&g, €5, and &, Are Elastic, Crack (Strain
Softening), and Creep Strains, Respectively]
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components of the overlay material and a detailed analysis of
the environmental conditions.

In this paper the behavior of repair systems under internal
and external drying conditions is investigated first. A numer-
ical model that allows one to calculate time-dependent mois-
ture distribution, crack formation, and crack propagation is
proposed. The analysis of thermal loads can be treated in an
analogous way. The numerical model is applied for a para-
metric study. Results of the sensitivity analysis are pointed out
to show the relevant material parameters influencing shrinkage
cracking. A new approach, which is able to provide solutions
for the design of repair of concrete structures, is proposed.
Finally the efficiency of the proposed approach is shown by
describing a case study.

DAMAGE MECHANISMS IN RESTRAINED
CEMENT-BASED MATERIALS INDUCED BY DRYING

If a moist mortar or concrete element is placed in an at-
mosphere with a low relative humidity (RH), the porous ma-
terial starts immediately to lose moisture through its exposed
surfaces. This drying process generates moisture gradients in
the material along cross sections normal to the exposed sur-
faces. Fig. 2(a) shows a drying concrete element and its trans-
versal (normal to the drying direction) moisture profiles at dif-
ferent drying times. Moisture loss leads to a volume change
of the element. The differential drying will cause differential
deformations in the material. If the drying element is regarded
as a hypothetical superposition of infinitesimally unbounded
thin layers, then each layer is free to deform independently
from its neighboring layers. Under this condition of unre-
strained shrinkage, no stresses can be generated. This hypo-
thetical situation is schematically shown in Fig. 2(b) (Bazant
1988). In reality the layers in the element are monolithically
interconnected. Because of the differential shrinkage along the
vertical cross section of the element and to the restraint im-
posed by the bond between layers, internal stresses (eigen-
stresses) will be induced. Fig. 2(c) shows the state of the in-
duced eigenstresses after a short time of drying. The highest
tensile stresses occur in the exposed surface layer where the
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FIG. 3. (a) Schematic Representation of Drying Repair System
and Moisture Distributions at Different Drying Times; (b) Hygral-
Induced Cracking and Delamination and Stress Distributions

moisture gradients are the highest. As the drying process pro-
ceeds, the generated tensile stresses increase. Depending on
the mechanical properties of the material and on the severity
of the hygral gradients, the tensile stresses can easily overcome
the tensile strength of the material. As a consequence, cracks
will occur in the upper layers of the element. As the drying
process continues, cracks will propagate further along the
cross section of the element. Fig. 2(d) shows schematically
some cracks formed in the upper layers and the corresponding
stress distribution after a longer drying time, as compared with
the case shown in Fig. 2(c). As can be seen in Fig. 2(d), the
highest tensile stress (peak of the stress-depth curve) is grad-
ually shifted to the inner part of the concrete element, leading
to a further propagation of the existing cracks. Simultaneously,
the cracked upper layers unload progressively.

In the case of a composite cement-based material, such as
a concrete repair system, besides the shrinkage-induced cracks,
another type of damage can take place. A typical concrete re-
pair system consisting of a superposition of an old concrete
element and a new concrete or mortar repair layer is shown
in Fig. 3. Initially, the new material layer is in a quasi-moisture
saturated state. Generally the upper surface of the composite
system is in contact with the environment. If the surrounding
relative humidity is low enough, compared with the pore hu-
midity of the material of the new layer, the system begins
immediately to dry out. As has been mentioned above, cracks
can occur in the upper layer because of the hygral gradients
generated during the drying process. Simultaneously, the entire
new layer is subjected to a ““global” volume change. Depend-
ing on the composition of the cement-based material used for
the repair layer, the volume variation can be much larger if
the material is subjected to endogeneous drying. This volume
variation is generally restrained by the old concrete element.
It must be emphasized that the degree of restraint depends not
only on the compatibility of the hygromechanical parameters
of both materials but also on the actual moisture gradient be-
tween the two materials and on the thickness of the new layer.
As a consequence of the restraint, normal tensile stresses o,
and bond shear stresses T,, will be induced in the interfacial
zone. Fig. 3(b) shows schematically the state of the stresses
and the possible damages, cracking of the overlay, and deco-
hesion of the interface. If the stresses are higher than the bond
cohesion, then delamination will occur.
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NUMERICAL MODEL AND ITS
EXPERIMENTAL VALIDATION

Basic Concept of Model

Shrinkage damage induced by moisture variations in a dry-
ing cement-based material element is a rather complex prob-
lem. This is mainly due to the highly heterogeneous nature of
the structure of the material. Material properties and laws are
often coupled in various ways, and they depend on many fac-
tors such as the age of the material, duration of loading, and
actual state variables such as strains, stresses, temperature, and
moisture content. An ideal model taking into account all pos-
sible phenomena, their mutual interaction, and their influence
on the material parameters seems to be utopistic and is beyond
the scope of this paper. The proposed numerical model dealing
with crack formation and crack propagation in a concrete el-
ement subjected to drying will be briefly presented (Martinola
et al. 1996; Martinola and Sadouki 1998). The relevant ma-
terial properties and laws and their fundamental mutual inter-
actions only will be considered; for instance, the influence of
temperature will not be taken into consideration.

The drying process is a phenomenon to which most concrete
structures are subjected during their life spans. The different
drying mechanisms force the water initially held in pores of
the material to migrate toward the surfaces exposed to a dry
atmosphere. To analyze the mechanical behavior of a structural
element under moisture changes, the moisture distributions in
space and time must be determined first. Nowadays it is well
recognized that the transient moisture transfer in porous ma-
terials can be described by the nonlinear diffusion equation in
a realistic way. The drying process is then given by the fol-
lowing partial differential equation:

%v = div(D(w) - Vw) + q,(t) (1)

in which w = actual moisture content; D(w) = moisture-de-
pendent diffusion coefficient; q,(t) = rate of the moisture loss
due to the endogenous drying. Combined with appropriate
boundary and initial conditions, (1) can be solved numerically
to obtain the moisture profiles at any drying time. Note that,
in (1), moisture content W is used as driving potential. The
humidity values h can, in principle, be calculated from the
corresponding moisture content values W by means of the de-
sorption isotherm, w = w(h).

The mechanical behavior of the system under hygral loading
can be described at any time by the total strain g(t), which
may be subdivided as follows (DIANA 1996):

&) = ea(t) + en(t) + eclt) + &s(t) 2)

in (2) eg = instantaneous elastic strain; €, = shrinkage (or
swelling) strain induced by a hygral variation; €c, = creep
strain (stress-dependent); and &g, = strain that can be attributed
to strain softening. The elastic strain €, is related to the locally
acting stress by means of the elastic properties of the material.
This relation may be linear or nonlinear. The shrinkage strain
€, induced by a moisture variation 8w is given by the follow-
ing expression:

€sn(t) = asn(W) - dw 3)

in which ag, = hygral coefficient of shrinkage (or swelling),
which depends on the material composition and on the actual
moisture content (or on the actual pore humidity). The creep
strain €, is described by the viscoelastic theory. By assuming
the principle of superposition, € can be expressed by the
classical Volterra integral equation

ecdt) = f J(t, 7)-C-&(7)-dr 4)

in which t = time; T = duration of load; J(t, T) = creep function;
C = compliance; and &(t) = stress rate. In this analysis, the
creep function is approximated as a sum of exponential func-
tions (Dirichlet series) (DIANA 1996).

In this approach, the cohesive crack model (Hillerborg et al.
1976; Bazant and Oh 1983) is used for simulating crack for-
mation and crack propagation. The crack strain is then given
by the stress-strain softening diagram of the material. Fig. 4
shows schematically the incorporated fracture mechanics con-
cepts. The multiple-crack model as proposed by Rots (1988)
is used. The FEM-Code DIANA has been used as a basis in
this modeling (DIANA 1996).

Material parameters and laws needed in this model are de-
termined by means of various adequate experiments. Some of
them, such as moisture diffusivity (Wittmann et al. 1989) or
stress-strain softening diagram (Roelfstra and Wittmann 1986)
are determined indirectly from experimental data by means of
appropriate inverse analyses. A detailed description of this nu-
merical approach and the experimental determination of the
material laws can be found in Martinola and Sadouki (1998).

Validation of Model

The model described briefly above has been already vali-
dated by means of two different experiments, namely, a ring-
test specimen (Martinola et al. 1998) and a concrete repair
system (Martinola et al. 1997). The first experiment is the so-
called instrumented ring-test generally used to assess the risk
of shrinkage cracking of cement-based materials (Shah et al.
1992). The test specimen consists of casting a mortar (or con-
crete) ring around a stiff steel ring. Fig. 5 shows a 2D repre-
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FIG. 4. Characteristics of Fracture Mechanics Model

FIG. 5. Ring-Test Setup
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sentation of the ring-test setup. After a preliminary wet curing
period, the outer form of the ring is removed and the concrete
ring is exposed to radial drying. Because of the generated hy-
gral gradients during the drying process and the high degree
of restraint by the steel ring, cracking of the concrete ring will
generally occur. By means of an appropriate experimental
setup, crack formation and crack growth can be followed as a
function of drying time. Two mortars with totally different
hygral and mechanical properties have been used to validate
the numerical model, namely, a normal mortar and a high-
performance mortar (fiber-reinforced mortar). The essential
material parameters of both materials have been determined
experimentally and then used in the numerical model. By com-
paring the experimental results obtained by the ring test with
the numerically predicted results, it can be concluded that the
numerical approach can capture, at least qualitatively, the main
features of the shrinkage cracking observed experimentally.
The experimental and numerical results are given in detail in
Martinola et al. (1998).

The second experiment used to validate the numerical
model is a concrete repair system, as shown in Fig. 3(a). A
4-cm-thick layer of fresh mortar has been cast on top of an
old concrete beam with a length of 150 cm. After a curing
period, the composite system was exposed to a drying atmo-
sphere of 45% RH. Measurement devices have been used, al-
lowing the recording of vertical displacements of the exposed
surface of the overlay as a function of the drying time. As
usual, the hygral and mechanical parameters of the repair mor-
tar and of the concrete substrate have been experimentally de-
termined. The proposed numerical model was then used to
simulate the hygromechanical behavior of this composite sys-
tem. A good agreement has been found between the numerical
and the observed results (Martinola 1997). As an example, a
comparison of the measured with the calculated vertical dis-
placement profiles along the exposed surface at three selected
drying times is given in Fig. 6.

APPLICATION OF MODEL FOR OPTIMIZING
REPAIR SYSTEMS

Repair Material —Criteria for Minimizing Risk of
Shrinkage Cracking

Based on the reasonable agreement between the observed
results obtained from different experiments performed on dif-
ferent materials and the numerical results, the proposed model
has been used to carry out a parametric study. The chosen
“numerical specimen” is a mortar-steel ring (Fig. 5) subject
to radial drying. The objective of this study is to identify the
most relevant material parameters influencing shrinkage crack-
ing and consequently to be able to decide which material pa-

0.9 ¢
E 0.8 L - external relative humiéity 45%)(: drying times
oz o conets [T % __exp. 3d.
c BE substrate) friiiirtiriies v q4d
Q0.6 1 - i
e : . 28 d.
o051 —--num. 3 d.
L — " 14d.
& 0.4 g __ v o284.
© 03
3
£ 02|
> 0.1 ¢

ot ‘ —— = -

0 20 40 60 75
distance from the free edge (cm)

FIG. 6. Experimental and Calculated Profiles of Vertical Dis-
placement along Exposed Surface

rameter(s) must be optimized to try to reduce the risk of dam-
age as far as possible.

The analysis showed that the shrinkage coefficient, the frac-
ture energy, and the Young’s modulus are the most important
parameters influencing cracking. Note that the tensile strength
plays a minor role only in the damage process.

By compiling the obtained numerical results, a diagram that
shows the risk of crack formation as a function of the above-
mentioned material parameters can be plotted as shown in Fig.
7. In this figure, the z-axis represents the mean value of the
coefficient of shrinkage «, defined as follows:

1 "
o — Ll a(h)-dh ®)
with h, = 0.5 (50% RH); and h, = 1.0 (100% RH)

In many standard codes, the shrinkage is defined by the
strain measured on a specimen during drying from 100 to 50%
RH, and its equivalent value according to the presented theory
can be approximated by the following expression:

Emen(100% — 50%) = &(t — ) = a-(h, — h)) (©6)

with €(t — ) being the final shrinkage strain measured when
the test specimen, initially at 100% RH, reaches a hygral equi-
librium with 50% RH.

Fig. 8 shows a 2D contour plot of the plane fracture energy
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Cracking of Repair Layer as Function of Fracture Energy, Coef-
ficient of Shrinkage, and Young’s Modulus
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FIG. 8. Two-Dimensional Representation of Risk of Crack For-

mation as Function of Fracture Energy, Coefficient of Shrinkage,
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versus shrinkage obtained from Fig. 7. To introduce a safety
factor for the interpretation and the utilization of the diagram
that covers the variation of the results, a transitional area be-
tween the cracking and the crack-free zone is defined.

Using this 2D representation, a minimization of the risk of
shrinkage cracking of a particular cement-based material can
be achieved. For instance a mortar with a Young’s modulus of
E =25 GPa, fracture energy G; =200 N/m, and final shrinkage
strain of 0.8% (Fig. 8, point A1) will crack during the drying
period, in the case of restrained mechanical boundary condi-
tions. To avoid crack formation, the properties of this mortar
have to be changed. Point A1 has to be moved from the critical
zone (cracking) to the safe zone (no cracking). In fact there
are at least three different possibilities to reach this goal: (1)
the shrinkage strain is reduced to 0.6% (Fig. 8, point A2); (2)
the fracture energy is increased to 300 N/m (Fig. 8, point A3);
or the Young’s modulus is reduced to 15 GPa. In practice it
is possible to achieve these three modifications by (1) reducing
the cement content or application of a shrinkage reducing
agent or both; (2) addition of fibers; or (3) using air entraining
agents or low Young’s modulus aggregates. All combinations
of these parameters that will lead to a shift of point Al into
the safe zone are possible, of course.

Interface between Overlay and Substrate

Parametric Study and Relevant Results

By means of the numerical model, different repair systems,
such as the one shown in Fig. 3, have been analyzed. The
main objective of this study was to determine the relevant
material parameters influencing debonding between the sub-
strate and the repair layer.

It has been found that, if the material parameters of the
repair material are optimized with respect to the crack for-
mation in the overlay, the risk of the debonding at the interface
is also reduced. This can be explained as follows: a low degree
of cracking in the overlay means that the induced stresses in
the layer are not so high as to affect the interfacial zone. Nev-
ertheless, this assertion is not any more valid if the bond
strength (cohesion) is too low. The performed analyses show
that, for given hygromechanical properties of the overlay and
of the substrate, the decohesion process is governed only by
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the mechanical parameters of the interface, namely, the co-
hesion strength and the fracture energy (Sadouki and van Mier
1997). The resulting conclusion that can be drawn from the
analyses can be formulated as follows: the higher the cohesion
strength and the fracture energy of the interface, the lower is
the likelihood of an interfacial decohesion. Typical results of
the analysis are given in Fig. 9 (Martinola and Sadouki 1998).
This figure shows the deformed shapes of a repair system at
three chosen drying times. As it can be seen in Fig. 9(a), if
the bond strength and the fracture energy of the interface are
relatively low, 1 MPa and 25 N/m, respectively, then serious
debonding occurs along the interface. The delamination is par-
ticularly severe at the end faces of the repair system. The anal-
ysis was repeated with the same hygromechanical parameters
and the same thickness of the overlay, but the bond strength
and the fracture energy of the interface were increased to 3
MPa and 95 N/m, respectively. The obtained results are shown
in Fig. 9(b), representing the deformed shapes of the repair
system at the same drying times as those given in Fig. 9(a).
As can be seen, in this case no debonding takes place at the
interface, even after a long drying period. These numerical
results are confirmed experimentally in a recent research
project (Martinola and Sadouki 1998). High mechanical per-
formance of the interface of a concrete repair system can be
reached in several ways (Trausch and Wittmann 1996) (for
instance, by enhancing the roughness of the old concrete sur-
face).

It must also be emphasized that delamination is not only
influenced by the properties of the overlay and of the inter-
facial zone but also by the properties of the underlying old
concrete.
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FIG. 10. Risk of Delamination of Overlay as Function of Frac-
ture Energy G; ., of Interface and of Coefficient of Shrinkage a,.,
and Fracture Energy of Overlay G;,...: (a) Young’s Modulus of
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Criteria for Minimizing Risk of Delamination

The above parametric study shows clearly that decohesion
of the interface is an extremely complex problem. This com-
plexity is because the delamination process depends not only
on the mechanical parameters of the interface itself but also
on the hygromechanical properties of both materials compos-
ing the repair system, namely, the repair and the substrate ma-
terials.

Based on the performed parametric analysis, which aimed
to identify the most important effects on the delamination pro-
cess of relevant materials, some criteria for minimizing the
probability of delamination can be derived. As an example,
one can define a delamination criterion based on the required
minimum fracture energy of the interface as a function of the
fracture energy and of the coefficient of shrinkage of the over-
lay material. Fig. 10 shows schematically a 3D representation
of the transitional area between the delamination and delami-
nation-free zones for two different Young’s moduli of the re-
pair material. The region above the critical surface represents
the safe region.

PROPOSED APPROACH FOR DESIGN OF
DURABLE REHABILITATION

Based on the combined experimental and numerical method
described above, the proposed step-by-step rational approach
for a durable concrete repair system is given by the flowchart
shown in Fig. 11.

CASE STUDY
Description of Problem

The columns of a 25-year-old concrete bridge, as shown in
Fig. 12, have to be repaired. Because of intense traffic and a
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FIG. 11. Schematical lllustration of Proposed Approach for
Durable Repair System

chemically aggressive surrounding atmosphere, the outer lay-
ers of the columns are carbonated and totally contaminated by
chlorides and other aggressive ions. The steel reinforcement is
no longer protected against corrosion; the load-bearing capac-
ity of the structure is jeopardized. It has been decided to re-
store the initial state of the structure by removing a 5-cm-thick
concrete cover from the damaged columns and then to apply
a new mortar (or concrete) as a repair layer.

In a preliminary analysis, the design engineer proposed
three variants:

e Variant A: Polyvinyl acetate fiber reinforced mortar with

a maximum aggregate size of 3 mm and a water-to-ce-

ment ratio of 0.38. The thickness of the layer should be

60 mm. The mortar is to be applied by shotcreting.

Variant B: Concrete with a maximum aggregate size of 8

mm and a water-to-cement ratio of 0.36. The thickness of

the layer should be 70 mm. The concrete is to be cast on

the substrate with sliding formwork.

e Variant C: The repair concrete is identical to the one in
the case of variant B, but stainless steel reinforcing bars
with a cross section of 0.4 mm’/m are embedded in the
repair layer at a distance of 20 mm from the outer surface.

A sketch of the three variants is given in Fig. 13.

Application of Proposed Approach and Results

To decide which of the different variants is most suitable
with respect to crack formation under hygral variation, the
approach described above is used to analyze and then to com-
pare the cracking of the three variants.
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FIG. 12. Schematic Representation of Structure To Be Re-
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FIG. 13. Three Variants of Pier Repairing System
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TABLE 1.

Material Properties of Overlays and Substrates

Young Fracture Tensile Coefficient of
modulus E energy G¢ strength f; Sy W,y W, shrinkage «
Material (GPa) (N/m) (MPa) (MPa) (mm) (mm) (%)
(1) (2) (3) 4) (5) (6) () (8)
Mortar (A) 14 +3 97 3.0 * 0.6 0.53 0.036 0.164 1.6
Concrete (B) and (C) 40 + 4 105 5.0 = 1.0 0.6 0.03 0.105 2.0
Old concrete 41 = 6 112 3.8+ 1.2 0.5 0.037 0.17 1.0
TABLE 2. Mechanical Properties of Interface stress x-direction [MPa] 11.6
1.5
Maximum [TTT e
Fracture Tensile crack 12
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Interface (N/m) (MPa) (mm) B :.9
Q) @) ®) (4) L 0
Variant A 85 20 = 08 0.085 -
Variants B and C 95 2.5 *09 0.076 ! ] 431
I 2
1
n mechanical b.c. i A ?A
hygral b. c. - - K

6 5 O

£ O

BENEESEEREEEEEEE

Ill EESEESSSEEBESEmE L

e R EeEas::

interact

material fri ST .
BEBsEER> | o s
SRS T et | B

? drying

external hygral potental 60 %

FIG. 14. Finite-Element Modelization of One-Fourth of Col-
umn

First, all the relevant material parameters of the repair ma-
terials and of the old concrete that are needed in the numerical
model have been determined by means of appropriate exper-
iments and subsequent inverse analyses. The determined prop-
erties are given in Table 1. Composite specimens consisting
of the repair materials were cast on top of a prismatic element
of the old concrete of the bridge columns in the laboratory.
The mechanical properties of the interface have been deter-
mined on these specimens. The measured properties of the
interfaces are given in Table 2.

For symmetry reasons, only one-fourth of a horizontal cross
section of the column will be considered. Fig. 14 shows the
finite-element idealization of the structure to be analyzed. The
outer surface of the structure has been exposed to an average
RH of 60%, whereas the inner surface has been assumed to
be sealed. Furthermore, both materials are assumed to be ini-
tially in hygral equilibrium, with 100% RH. The moisture ev-
olution in the structure has been simulated.

Based on the calculated time-dependent moisture distribu-
tions, stress and crack analyses have been carried out.

Variant A

Fig. 15 shows the induced hygral stress distribution in the
X-direction after a drying time of roughly 4 months. As can
be expected, the highest tensile stresses are located in the outer
layers of the overlay, regions subjected to the highest hygral
gradients.

In Fig. 16 the calculated stress profiles along a cross section
are shown for six selected drying times. As can be seen, the
tensile strength of the overlay material (3 MPa) was never
reached. During the performed analysis, tensile stresses were
always <1.6 MPa. The peak value has been reached after a
drying time of around 40 days. As the drying process proceeds,

PR

ppepb e b e

FIG. 15. Stress Distributions o, for Variant A after 4 Months of

Drying
interface
3 —
mortar| structural
25 | concrete
drying time —4 d
’E 24 — iog
—40
= —4m
o —6m
[] - g
= 14
»

|

0 :
¢ 20 40 80 80
-0.5 S—

Depth y [mm]

FIG. 16. Stress Distributions o, for Variant A at Six Different
Drying Times

the peak value of the tensile stresses decreases slowly. This
can be explained by the fact that the steepness of the hygral
gradient is decreasing. For the case of variant A, cracking and
delamination can not occur under the assumed conditions.
Damage is avoided because of the relatively low Young’s mod-
ulus and coefficient of shrinkage, as has already been dem-
onstrated in the sensitivity analysis.

Variant B

The results of the analysis in the case of variant B are totally
different. Roughly 7 days after the beginning of the drying
process, the first fictitious cracks distributed along the outer
layer of the overlay appear. Fig. 17 shows stress profiles along
the most damage affected cross section of the system at six
different drying times, and Fig. 18 shows the corresponding
crack-opening profiles. Some days after the occurrence of the
first damage, a limited number of well-defined fracture process
zones (FPZs) are formed. As can be seen in Fig. 18, after a
drying period of 20 days, a 19-mm-deep FPZ is formed in the
overlay. The front of this FPZ corresponds to the peak of the
stress curve shown in Fig. 17. The tensile stresses in the FPZ
are reduced because of softening of the material. As the drying
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proceeds, the FPZ becomes wider and wider and moves grad-
ually toward the old concrete. After an advanced drying time
(roughly 45 days), a real crack starts to develop in the outer
layer of the overlay. As can be seen in Fig. 18, a real crack,
approximately 20 mm deep, is created after 4 months. The real
crack is a stress-free zone, as can be seen from the correspond-
ing stress profile shown in Fig. 17. At the same period, the
total length of the damaged zone (real crack and FPZ) is
roughly 55 mm. This length increases to roughly 70 mm after
a drying period of 1 year. The maximum crack-mouth opening
is 0.27 mm. Fig. 19 shows crack pattern (crack distribution)
after a drying time of 120 days.

It can be concluded that the risk of damage in case of var-
iant B is extremely high. The comparatively high Young’s
modulus and coefficient of shrinkage of the repair layer are
responsible for the severity of the damage. Note that the rel-
atively high tensile stress (5 MPa) of this repair material is no
advantage with respect to cracking.

Variant C

Because of the identical hygromechanical parameters of the
repair concrete of variants C and B, the first damage occurs
at roughly 7 days. Because of steel reinforcement, the crack
evolution at advanced drying times differs strongly from the
previous case (variant B). Stress distributions and crack-open-
ing profiles along the most damaged cross section of the repair
system are shown for different drying times in Figs. 20 and
21, respectively. At low drying times (i.e., 25 days), stress
distribution and crack opening are nearly the same as in var-
iant B. At this stage of drying, the reinforcing bar is only
lightly activated, tensile stresses in the bar are 1.2 and 7.8 MPa
at 20 and 25 days, respectively, and the concrete around the
reinforcement remains in the linear elastic regime (the region
is uncracked). As the crack further propagates and crosses the
bars, the stresses in the near-steel zone of the microcracked
concrete are partially carried by the reinforcement and partially
by the damaged material. After a given state of damage, tensile
stresses generated in the bar increase rapidly; the stress values
are 17, 39.5, and 76 MPa at 30, 40, and 100 days, respectively.
The tensile stresses in concrete at 20 mm from the free surface
at 20 days (1.2 MPa in the steel) are the same (roughly 2.5
MPa) as at 40 days (39.5 MPa in the steel), because at 20 days
this region is still in a linear elastic regime whereas at 40 days
this zone is already microcracked, which means that the ma-
terial is in a softening regime. As can be seen from Fig. 21,
which shows crack-opening profiles, the presence of the re-
inforcing steel slows down considerably the crack propagation
toward the substrate. After a drying period of roughly 4
months, the crack propagation rate is extremely reduced as
compared to the previous case (variant B). A second effect of
the reinforcement with respect to damage is that the maximum
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crack opening is remarkably reduced, roughly by a factor of
2. At the same time the number of macrocracks per unit length
increases. These benefic effects are also observed in practice.
Because of the simultaneous reduction in width and length of
the cracks, their shapes are roughly similar for both variants.
Embedding steel bars in the repair concrete clearly decreases
the severity of the drying-induced damage. It must be stated,
however, that the risk of corrosion of the reinforcement cannot
be neglected. Finally it can be concluded that variant A (fiber-
reinforced mortar) is the most suitable for a durable rehabili-
tation of the columns.

CONCLUSIONS

A numerical model based on realistic material laws has been
developed. This model allows one to study damage evolution
in concrete structures subjected to hygral gradients. Time-de-
pendent and moisture-dependent material laws can be taken
into consideration. This model was validated by two different
experiments (i.e., the instrumented ring test and a concrete
repair system). By applying this numerical model, an intensive
parametric study has been carried out. The relevant results are
reported in this contribution. Based on the performed sensitiv-
ity analysis, criteria for risk of damage are derived. The pro-
posed numerical method can be applied to the design of a
concrete repair layer for arbitrary initial and boundary condi-
tions. This approach was applied to a case study. The described
method (i.e., a combination of experimental and numerical
studies) is a powerful tool for optimizing cement-based ma-
terials in particular to avoid shrinkage cracking and delami-
nation.
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APPENDIX Il. NOTATION
The following symbols are used in this paper:

C = compliance matrix;
D(h) = moisture transfer coefficient;
E = Young’s modulus;

f, = tensile strength;

G = shear modulus;

G; = fracture energy;

h = hygral potential;
J(t, ) = creep function;

q(t) = rate of endogeneous drying;

S, = stress, parameter of softening diagram;
t = time;
W = moisture potential;
w, = crack opening, parameter of softening diagram;

w, = crack opening, parameter of softening diagram;
X, Yy = space variables;
a(h) = hygral coefficient of shrinkage;
B = shear retention factor;
€ = strain;
o = stress; and
T = duration of loading or shear stress.
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Material properties influencing early cracking of concrete
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ABSTRACT: Maintenance free service life of concrete structures is often limited by crack
formation. Hygral and thermal gradients are most often the origin of cracks in concrete. On the
basis of a numerical model it is shown that optimum values for different material properties
such as moisture diffusivity, coefficient of shrinkage, elastic modulus and fracture energy, have
to be identified in order to avoid cracking. Combinations of these material properties, which
certainly lead to crack formation, are determined. Numerical results are verified by means of an
instrumented ring test. A combination of properties of concrete, which will certainly not lead to
crack formation, is obtained. Results are compared with properties of conventional concrete.
This approach can be extended to take into consideration thermal cracking and combinations of
hygral and thermal stresses.

1 INTRODUCTION

The durability of concrete structures is strongly related to the penetration of water into the
porous concrete structure. Water often contains substances, which once transported into the
porous system of concrete can damage the concrete structure by various external or internal
mechanisms. To increase the durability of concrete structures means essentially to abate the
penetration of water into the structure. This means also a reduction of the number of cracks and
in case of unavoidable cracks,, 2 minimal crack opening. Because of their specific applications
in service, some concrete structures like cellars or water containers need to be completely free
of cracks. In the domain of building restoration, deteriorated or contaminated concrete layers
have often to be removed from existing structural elements and subsequently replaced by new
concrete or mortar. In most cases an empirical approach is chosen instead of an engineering
analysis and rigorous design, so that failure of some systems, e.g. cracks in the overlay and
delamination of the overlay may occur requiring further repair of already repaired systems.

Fresh concrete is mixed with typically 120 to 170 litres of water per cubic meter. Part of this
water is consumed during hydration; the remaining part is still enough to supply the young
porous concrete with moisture content, which is in hygral equilibrium with 95-100% relative
humidity. This means that pores with a radius smaller than 100 nm will remain water filled by
capillary condensation, Concrete structures are usually exposed to a much lower humidity. As a
consequence, a long-lasting drying process starts immediately after demoulding. A free concrete
layer contracts drying the drying process. In a drying layer, a hygral gradient originates a stress
field if the concrete layer is restrained in a statically indeterminate system. Tensile eigenstresses
can exceed the tensile strength even for moderate environmental drying conditions. In this case
crack formation occurs. So cracking in concrete structures due to shrinkage is a complex matter
involving the shrinkage rate, the restraint level, the creep properties, the Young’s modulus and
fracture mechanics parameters of concrete. All of these material properties develop with time.
One major aim of a concrete designer should be to generate a concrete mix with reduced
shrinkage in order to guarantee a low probability of crack formation (Alvaredo 1994).



In this contribution a restrained shrinkage ring test, (Shah, Karaguler & Sarigaphuti 1992),
Carlson & Reading 1988, Grzybowski & Shah 1990, Sarigaphutti, Shah & Vinson 1993) which
allows to quantify the risk for crack formation under shrinkage, is presented. A sensitivity
analysis of the material properties is carried out in order to identify the influence of these
properties on shrinkage cracking. The analysis and the evaluation of the test results give us the
possibility to optimise cement-based materials with respect to crack formation.

2 THEORETICAL BASIS OF THE HYGRO-MECHANICAL BEHAVIOUR OF CEMENT-
BASED MATERIALS

2.1 Physical description of drying

Moisture variations in cement-based materials may result from internal drying induced by the
hydration reaction of cement and water at early age (self-desiccation), and from drying caused
by climatological conditions of the environment during the life-span of the structure. The
knowledge of moisture distributions in space and time in a structure is of utmost importance for
analysing crack formation and further crack growth.

The size and the shape of pores present in a porous material exert a direct influence on the
transport mechanism of water. Despite the knowledge of the basic individual phenomena
involved, such as capillary transport, diffusion, surface diffusion, it is not yet possible to
determine quantitatively the influence of each of them on the global moisture transfer in a
porous material such as concrete or mortar. At the macroscopic level (i.e. in a representative
finite volume of the porous and heterogeneous structure) the aforementioned difficulty can be
circumvented by defining a concentration-dependent transfer coefficient, which integrates all
contributions of the different mechanism in the global mass transfer. In this phenomenological
description, the transient moisture flow can be described according to the second Fick's law
(Pihalajavaara 1965, Bazant & Najjar 1971). If & represents the relative humidity held in the
pores, then the Fick's law is described by the following partial differential equation:

% = div[D(k)- grad () o

in which D(h) is the moisture transfer coefficient depending on the pore humidity /4 and on the
composition of the cement-based material. : '

Equation (1) describes in a realistic way the transient moisture flow in normal matured
concretes with relatively high water-cement ratio in which self-desiccation can be neglected
(w/c>0.5). However, for young cement-based materials with low wi/c ratio, the available water
is less than required to maintain equilibrium with a relative humidity of around 100%, self-
desiccation then plays an important role. In order to take into account the contribution of the
endogenous drying in the description of the drying process, a moisture-sink term q(fo.1) as
function of the hydration time # is added to the right-hand side of Equation 1. The extended
equation governing the global drying process is then written as follows:

& = anlp) grad )+ o) @
For calculating the drying process of a porous system exposed to a given atmosphere, equation
(2) must be solved taking adequate boundary conditions and initial conditions into consideration.
In general, convective boundary conditions are used to describe the exchange of humidity
between the exposed surfaces of the system and the surrounding atmosphere. This condition is
expressed as follows:

% =§"'(”r""""¢:«)'ﬁ (&)

with j, = moisture flux normal to the exposed surface T, y= hygral convection coefficient, ir=
humidity on the surface I', h, = humidity of the surrounding atmosphere.

In general, ydepends on many factors, such as the actual humidity, the temperature and the
speed of the wind at the convective surface. In this analysis, a constant mean value of y will be



used; this is justified in our case because the specimens are assumed to be exposed to a constant
atmosphere. :
The initial condition describing the spatial humidity field in the porous structure at the

beginning of the exposure to a drying atmosphere is given by means of the following set of
equations:

h(e=0,%,y,2)=h, 4

with (x;,y;,z)) = localisation of a point in the volume, /; = corresponding humidity potential value
at the beginning of the analysis.

This value takes into account the moisture loss induced by the autogenous desiccation before
the structure being exposed to the atmosphere.

2.2 Description of the hygro-mechanical behaviour

In this contribution, hygral variations induced by endogenous and/or exogenous desiccation are
considered as the only driving force for crack formation and propagation. During drying of a
cement-based material, hygral gradients develop, inducing differential deformations in the
specimen. If a hypothetical fibre of the material is allowed to shrink under an infinitesimal drop
Ah in equilibrium humidity, the resulting shrinkage strain can be expressed as follows:

AE, . =0y, (h)- AR ()

with A€, = infinitesimal free shrinkage, o;q(h) = coefficient of shrinkage depending on the
material composition and on the actual pore humidity.

If the drying material is restrained with respect to shrinkage strain, tensile eigenstresses will
develop. Often, these tensile stresses are large enough to cause cracking, and adequate fracture
mechanics tools must then be applied. Elastic softening models can describe crack formation
and crack growth in cement-based materials in a realistic way. Models incorporating softening
are mostly based on the Fictitious Crack Model (FCM) originally developed by Hillerborg and
co-workers (Hillerborg, Modéer & Petersson 1976).

In this model, the stress-deformation diagram under tension subdivided into a pre-peak stress-
strain diagram, which is characterised by the Young’s modulus E of the material and the tensile
strength f, and a post-peak behaviour, After the maximum stress is reached bifurcation occurs.
Within the fracture process zone (FPZ) strain softening takes place while outside this zone the
material continues to react as linear elastic. The post-peak relation is fully characterised by the
shape of the softening curve. The area under this curve is the fracture energy G The model is
shown schematically in Figure 1.

o

flctitious crack opening W\

Figure 1. Basic elements of the fictitious crack model (FCM) according to (Hillerborg, Modéer &
Petersson 1976).



The Crack Band Model (CBM) as developed by Bazant and Oh (Bazant & Oh 1983) is quite
similar, except that it assumes that the crack growth occurs in a band, rather than along a line.
The CBM forms the basis for the smeared crack model in the finite element code DIANA
(Martinola, Sadouki & Wittmann 1996, DIANA 1996, Sadouki & van Mier 1997) used in this
work.

During the period of the hygral loading, the deformations of the material increase due to
creep. Creep can be described by means of visco-elastic models (Kelvin chains). The visco-
elastic relation between strain and stress is derived in our case from measured creep curves,
which describe the instantaneous and transient strain after a unit force loading. The properties of
Kelvin chains are then obtained by curve fitting of the measured creep function (DIANA 1996).

3 DESCRIPTION OF THE RING-TEST

3.1 Experimental set-up

Different experimental techniques are used to assess the resistance against cracking of cement-
based materials when subjected to restrained drying shrinkage. The restrained ring type test is
used in our case (Shah, Karagulaer & Sarigaphuti 1992, Carlson & Reading 1988, Grzybowski
& Shah 1990, Sarigaphutti, Shah & Vinson 1993).

The technique consists of casting a ring of mortar or concrete around a very stiff steel ring.
Figure 2 shows schematically a two-dimensional (2D) representation of the ring specimen. After
a preliminary curing period, the two opposite flat sides of the mortar ring are sealed. The ring is
exposed to a given drying atmosphere (7=20°C, 45% relative humidity (R.H.)). Under these
conditions, drying is allowed through the outer circumferential surface only. Due to hygral
shrinkage, the mortar ring attempts to contract against the restraint of the steel ring.

Figure 2. 2D representation of the ring specimen

The mortar rings are 46 mm in radial thickness and 200 mm in height. The internal and external
diameters of the steel ring are 508 and 519 mm respectively. Several strain gauges are placed at
different positions on the inner surface of the steel ring. Figure 3 shows the positions of the
strain gauges and of the thermocouples. Deformations on the steel are then measured
automatically as function of the drying time.

3.2 Numerical modelling

As mentioned before the non-linear finite element program (DIANA 1996) has been used to
simulate the combined flow-stress analysis. The analysis is performed in 2D (radial moisture
diffusion only). Figure 4 shows the finite element idealization of the steel-mortar ring specimen.
During the flow analysis, finite elements representing the steel are removed and no moisture
flux is allowed through the inner surface of the mortar ring.
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Figure 3. Localization of the thermocouples and of the strain gauges on the inner surface of the steel ring
In DIANA, the global deformation field £ is separated into four components as follows:

€= gd. +£cmk + ecm;.a +£h.:k, (6)

with: & : elastic strain, £7°* : crack strain, £7? : creep strain, £ : hygral shrinkage strain

Figure 4. FE idealization of the ring specimen

The time-dependent humidity distribution, calculated from the transient analysis, is stored in a
file for every time step At. For the stress and fracture analysis, the incremental hygral load Ah is
converted into a strain field (¢"*) via the hygral shrinkage coefficient o(h). The two analyses
are uncoupled, meaning that it has been assumed that the moisture flow is not affected by
cracking. '

The multiple fixed smeared crack approach developed by Rots (Rots 1988) is used to
simulate the crack formation and growth in the mortar ring. The strain is decomposed into an
elastic part and a crack strain. The crack strain is obtained by dividing the crack opening by the
crack bandwidth, which is the size of the finite element. Due to the cracking of the material the
shear stiffness is usually reduced. This is taken into consideration by correcting the shear
modulus G using a reduction factor B. Crack initiation is governed by a linear tension cut-off
criterion and a threshold angle between two consecutive cracks. A detailed description of the
model can be found in Rots (Rots 1988). The shape of the stress-crack opening is assumed to be
bilinear. The parameters are obtained by an inverse analysis of the load-displacement diagram
measured on wedge-splitting test specimens. The main characteristics of the crack modelling are
schematically shown in Figure 5.
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Figure 5. Characteristics of the crack model

As it has been mentioned, creep is described by the visco-elastic theory. In calculating time
dependent strains, the history of the stresses must be taken into account. By assuming the
principle of superposition (Boltzmann), one obtains the classical Volterra integral equation:

e(e)=[ I o )

where t is the time, T is the duration of load, J(1,7) is the creep function, C is the compliance
matrix and & (¢)is the stress rate.

The material behaviour is characterized by the creep function J(r,7). This can be expressed as
sum of exponential functions (Dirichlet series). The Dirichlet series can be physically
interpreted as a Kelvin chain model.

-t

J(:,r)=zEl 1-e* | with /1,,:”—“ (8)
a=0 “a a

where: E, is the equivalent stiffness, A, is the retardation time and 1), is the viscosity.

The stiffness Ejand retardation time A, of the units in the chain are estimated from the
measured creep curve by a non-linear least squares method. More details on this approach can
be found in (DIANA 1996).

In this numerical simulation statistically distributed mechanical properties of the mortar are
introduced. This leads to realistic localisation processes. The Young’s modulus E and the tensile
strength £ are assumed to be randomly distributed over all finite elements representing the
mortar. Scatters of 10% and 20% of the mean values of E and f; respectively are assumed, in
accordance with the measured standard deviations of these properties. The random variables £ -

and f; are adequately correlated.



Table 1: Composition of standard and optimised mortar

Aggregate w/c cement  aggregate fibers PD SP AEA

Size [mm)] [-] (kg/m3]  [kg/m3] [e)* %] [%]*  [%]*
Stand. Mortar  0-4 0,5 500 1500 - - - - -
Opt. Mortar 0-6 036 375 1620 1 15 1.2 0.2

*of the cement weight
[PD is the polymer dispersion, SP is the high performance plasticiser, AEA is the air entraining agents)

4 MATERIAL PROPERTIES FOR THE NUMERICAL ANALYSIS

4.1 Composition of mortar

As an example in this contribution two different mortars are investigated. The first one is a
standard mortar with a maximum aggregate size of 4 mm. The second one is a special mortar
developed for repair of concrete structures. In this case the mechanical properties are optimised
in order to reach low elastic modulus and high fracture energy. Carbon fibres, superplasticisers
(SP), air-entraining agents (AEA) and polymer dispersions (PD) were added. The mix-design of
the two mortars is shown in Table 1.

4.2 Hygral properties

Cylindrical specimens were drilled two days after hydration and prepared for radial drying.
These specimens were stored in different degrees of surrounding humidity with constant
temperature. The moisture loss was measured periodically as function of drying time. The
experimental data were used for the determination of the diffusion coefficient by means of an
inverse analysis (Wittmann, Sadouki & Wittmann 1989). The moisture diffusivity is described
by an exponential function of humidity with two parameters a and b:

D(h)=a-e®" ®

with g, b being Parameters, / being the Humidity potential. The moisture diffusion coefficients
of the two mortars are given in Figure 6.
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Figure 6. Moisture diffusion coefficients of the standard and optimised mortar

Mortars with a low water-cement rare subject to internal drying. This phenomenon was
measured on sealed specimens with capacity sensors. The standard mortar does not undergo
self-desiccation, because of its comparatively high water-cement ratio.



Figure 7 shows the evolution of the pore humidity as function of the age for both mortars. In the
optimised mortar, the endogenous drying will finally reduce the internal humidity to
approximately 75%.
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Figure 7. Evolution of pore humidity under sealed conditions due to self-desiccation

The moisture sink term g(f,?) is obtained by derivation of the time dependent humidity decrease
function (see Figure 7):

dh 0.358 0.358 i
a0) dt (43.8+1) 43.8+1 (10)

The total hygral deformation is induced by both the external drying shrinkage and the internal
autogenous shrinkage. The humidity-dependent final shrinkage was measured on cylindrical
specimens, which were exposed to different degrees of relative humidity. The obtained
experimental data are fitted. The results are given in figure 8(a).
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Figure 8. (a) Final shrinkage and (b) hygral shrinkage coefficient as function of humidity
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The hygral shrinkage coefficient, as shown in Figure 8(b) is given as the first derwatwe of the
final shrinkage curve with respect to humzdlty potential h:

@ (=20 | o

4.3 Mechanical properties

The moduli of elasticity of the mortars are measured on cylindrical specimens tested under
compression. The determination of fracture parameters such as fracture energy and strain
softening has been performed by means of the wedge splitting test, as described in (Roelfsta &
Wittmann 1986). The inverse analysis allows the computation of the parameters of the bilinear
softening diagram (Brithwiler 1988). The parameters f, 0, w), w; are indicated in Figure 9.

Figure 9. Parameters of the bilinear stress crack-opening diagram

Mechanical properties of the two mortars measured at the age of 7 days are shown in Table 2.

Table 2: Mechanical properties of standard and optimised mortar

Gf E ﬁ 5 wy W;

[N/m] [GPa] [Mpa] [MPa] [mm)] [mm]
Stand. Mortar 52 29.0+2.9 2.14£0.39 0.37 0.026 0.134
Opt. Mortar 288 20.0+1.9 4.4+0.42 0.53 0.090 0.350

Creep functions were measured on prismatic specimens. The mortars were 3 days old at the time
of loading. Half of the number of the specimens were completely sealed, the others were
exposed to a drying atmosphere relative humidity of 70%. The specimens were then loaded in
compression with a stress level with 35% of their expected compressive strength and the
deformation were recorded as function of loading time. The measured basic creep and drying
creep curves are given in Figure 10.
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Figure 11. Moisture distribution at different drying times of the standard mortar, (b) Moisture distribution
at different drying times of the optimised mortar (with endogenous drying)

5 NUMERICAL SIMULATION AND VALIDATION OF THE PROPOSED MODEL

5.1 Humidity distribution

Figures 11(a) and 11(b) show the simulated radial humidity profiles in the two mortar ring
specimens for six drying times. In the case of the standard mortar shown in Figure 11(a), the
pore humidity at the beginning of drying exposure was in equilibrium with a relative humidity
of 100%. In the case of fibre-reinforced mortar, this value was 97.5% only, due to the self-
desiccation during the curing period (see Figure 11(b)). By comparing the profiles of the
materials, one can clearly see that in case of the standard mortar the hygral gradient, at a given
drying time, increases slowly from the inner to the outer surface. In the second case, because of
the self-desiccation of the material (low w/c), humidity distributions show a large plateau region,
but high hygral gradients occur at the outer layers near the exposed surface.
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5.2 Crack formation and propagation

5.2.1 Standard mortar

Results of the numerical simulation are described elsewhere (Martinola & Sadouki 1998). In the
standard mortar ring, the first fictitious cracks appear on the outer layer of the ring, which is the
region with the highest hygral gradients, already at = 0.9 day after exposure. Note, that since
these cracks still can transfer load, they must be regarded as local fracture process zones where
microcracking and crack bridging occur. During the next time steps the fictitious cracks
gradually increase in width. As the drying process proceeds, cracking is governed by two
phenomena, (a) a number of cracks, closely positioned with respect to one another disappears
(close) again, (b) other more distantly distributed cracks continue to grow at certain integration
points of the elements of the outer layers of the ring. This is due to the well-known fact that
cracks unload the immediate vicinity depending on their length. At t = 5.6 days, a well-defined
micro-cracking band is formed and runs radially from the outer surface of the mortar to the
inner steel ring. From this cracked band the first macro-cracking is developed. About 2.2 days
later (t = 7.8 days), a second macrocrack is formed in another region of the ring nearly opposite
the first crack.

After that the two macro-cracks increase gradually in width and micro-cracking occurs in the
interface between the mortar and the steel ring. This type of crack evolution is similar to that
obtained for a concrete repair system subjected to drying (Sadouki & van Mier 1997).

In the corresponding experiment, the first macro-crack appeared after 5.2 days and a second
one after 11 days. With the experimental set-up it was not possible to follow the evolution of the
crack opening precisely. An estimation of the width of the visible cracks was possible only. The
exact occurrence of the two real cracks was made possible by analysing the time evolution of
the strains recorded at different positions on the inner surface of the steel ring.

5.2.2 Optimised mortar ;
A similar numerical analysis has been performed for the fibre-reinforced mortar ring. The
evolution of the cracking process is analogue to the former case (standard mortar). Nevertheless,
the first dispersed fictitious cracks appeared later, more precisely 7 days after the beginning of
drying of the specimen. This is due to several reasons, namely lower moisture diffusivity, higher
tensile strength, and lower elastic modulus as compared to the standard mortar. The first real
macro-crack (band of real cracks) occurred at 1= 17.8 days. Two days later a second fictitious
crack has grown significantly, but only 9 days later became a real crack. After further drying,
most of the dispersed fictitious micro-cracks close and the two real macro-cracks have increased
in width.

In the case of the corresponding experiment, one macro-crack occurred only and suddenly
after a drying time of 17.5 days with a measured width of 2 mm. The second crack was not
observed. In the meantime many experiments have been carried out using the ring test.

6 PARAMETRIC STUDY

A numerical parametric study has been carried out based on the good agreement between the
experimental results, performed on two mortars with totally different hygro-mechanical
properties, and on the corresponding numerical results obtained by the proposed model.

The main aim of this study is to define the most relevant material parameters influencing
shrinkage cracking and, consequently, to be able to decide which material parameters must be
optimised in order to reduce the first of damage as much as possible.

Because of the large number of the material parameters involved in the cracking process and
their mutual interaction one or two material parameters are varied only while the others are kept
constant and equal to the reference values in each simulation. The material parameters,
considered as variables, are changed in a reasonable way, meaning that a real mortar having
these hypothetic properties can be made.

13



The reference values of the hygro—mechamcal properties are listed below:
E

- Young modulus = 25 Gpa
- Tensile strength y/ = 3.0 N/mm’
- Fracture energy Gy = 97.5 N/mm
- Softening parameters S = 0.5 N/mm2
W = 0.04 mm
W = 0.15 mm
- Diffusion coeff. D)y = ay exp(by h) em’/d
ap = 0.00005
bg =, 10
- Coeff. of shrinkage ah) =  -a (h-c)b* exp( -0.5- ((h«r)fb)’) %o/h
a = 0.953
b = 0. 204
c = 1.042

In the following parametric study, the material parameters, which were varied, are given in the
corresponding figures. The final result of each study consists of curves showing the evolution of
the crack opening of the dominant crack in the mortar ring as function of the drying time.

In a first analysis, the influence of the moisture diffusivity on the crack evolution has been
studied. Three different moisture diffusivities are considered as it can be seen in Figure 12(a). In
Figure 12(b), the resulting crack opening is described as function of the drying time. It is
evident from this figure that the moisture diffusivity plays an important role in the crack
formation. The apparition of the first damage (first fictitious crack) is delayed at low moisture
diffusivity and the crack opening increases with the moisture diffusivity. In order to measure the
importance of the moisture-dependent coefficient of shrinkage cfh) with respect to the risk of
cracking, the peak value (ao) of the function & = cfh) has been varied. The resulting curves are
shown in Figure 13(a). In Figure 13(b), the corresponding results regarding the crack evolution
as function of the drying time are shown,

1 ¢ D=ap.exp(b.h) 'g 1 ; — D=ap.exp(b.h)
— [ = = = D=ap/2.exp(bh) T - = = D=ap2.exp(bh)
D 08+ — —p-apsexpivh) % 0.8F — — p=ap/4.exp(oh)
E_.o.s-- g 0.6 4
- -3 7
© 0.4 1 0.4 4
2 [ e
> 02- C 024
= g ™
° o 0
0 0 .
0.5 0.6 0.7 08 0.9 1 0 60
humidity [-] drying time [d]-

Figure 12. (a) Moisture diffusivities as function of humidity, (b) Correspondmg crack opening as function
of drying time

It can clearly be seen as it can be anticipated that the coefficient of shrinkage has a very strong
influence on the crack formation. For low values (<o/4) of this material parameter, cracking
becomes insignificant.

In a next study, two parameters are varied at the same time, the Young s modulus E and the
coefficient of shrinkage o (/). In Figure 14 is equal to the reference value and three different
values are assumed for the Young’s modulus. As it can be seen in this figure, in all cases the
cracking is extremely severe, depending on the Young’s modulus at least one real crack (crack-
opening w higher than w; of the bilinear diagram) is formed after a drying time between 45 and
60 days. As the drying progresses, the cracks become wider and wider.
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Figure 13. (a) Three different functions for the coefficient of shrinkage as _funf:tion of humidity; (b) Crack
opening as function of drying time for the three shrinkage function shown in Fig. 13 (a).
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Figure 14. Crack opening as function of drying time for three different Young's moduli: (a) a = ag, (b) a =
0.5 ag.
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Figure 15. (a) Two softening diagrams with different strain softening and fracture energy, (b) Crack
opening as function of the drying time for 4 different variations of the couple of parameters a(h), Gy.
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In Figure 14 the same analysis has been performed, but after reducing the maximum coefficient
of shrinkage to 50% of its reference value (&= 0%/2). In this case, the risk of crack formation is
strongly reduced. If the Young’s modulus is lower than 25 GPa, the previously formed fictitious
cracks tend to close gradually as the drying advances.

If o is further reduced to 25% of its reference value (@ = 0/4), the simulations carried out
showed that the cracking is insignificant (see Figure 13) even for a high Young’s modulus (E =
35GPa).

In the last analyses, fracture energy Gyand the coefficient of shrinkage o(h) have been varied
simultaneously. Figure 15(a) shows the two bilinear diagrams, adopted for stress-crack-opening
in these analyses. For both softening diagrams, two values of the shrinkage coefficient ofk) are
used. Figure 15(b) shows the simulated crack evolution as function of the drying time. For &=
Oy, an increase of the fracture energy Gy to 350N/m retards the formation of the first crack, but
the severity of the damage (evolution of the crack opening) remains roughly the same at later
drying times. In case of a reduced shrinkage coefficient the situation is different.

For both fracture energies, the risk of cracking is reduced as compared to most previous cases.
But if in case of a reduced ofh) = og(h)/2, the fracture energy is increased to G, =350N/m the
risk of a real crack is practically vanished.

During drying and autogenous shrinkage which both are displacement controlled phenomena,
tensile strength plays a minor role with respect to crack formation. In fact, this tendency was
also confirmed by the sensitivity analysis performed later. A relation between tensile strength
and crack development could not be found. ;

7 RESULTS OF AN EXTENSIVE PARAMETRIC STUDY
With the combination of results of numerous numerical simulations it is possible to build a

diagram, which indicates the risk of crack formation as function of fracture energy, Young’s
modulus and mean coefficient of shrinkage. The latter mean value is defined as follows:

= 1 .
a_hz—hl Ta(h) dh (12)

with ;= 0.5 (50% R.H.) and 4, = 1.0 (100% R.H.)

A 3-dimensional representation of this area is shown in Figure 16.

In many standard codes the shrinkage is defined by the strain measured on a specimen during
drying from 100% to 50% R.H. The corresponding value according to the presented theory can
be approximated by the following expression:
£y (100% — 50%) = ¥/~ P* M5 (h, 1) @)

=0

. 1—oo(100 %~ 50%) i ; i i
with E * representing the final shrinkage strain measured when the test specimen
=0

is in hygral equilibrium with 50% R.H.

The shrinkage strain is also indicated on the z-axis in Figure 16. Figure 17 shows these two-
dimensional sections of the area shown in Figure 16 in the plane fracture energy — shrinkage. In
order to introduce a safety factor for the interpretation and the utilization of the diagram which
covers the variation of the results, a transitional area between the cracking and the crack free
zone is defined. Using this 2-dimensional representation a minimization of the risk of shrinkage
cracking of a particular cement-based material can be achieved.

A mortar with a Young’s modulus (E) 25 Gpa, a fracture energy G,=200N/m and a final
shrinkage strain of 0.8%o (see point Al in Figure 17) for instance will crack during a drying
period, in case of restrained mechanical boundary conditions. In order to avoid crack formation
the properties of this mortar have to be changed. Point Al has to be moved from the critical
zone (cracking) to the safe zone (no cracking). There are 3 different possibilities: (a) either the
shrinkage strain is reduced to 0.6% (see point A2 in Figure 17); (b) the fracture energy is
increased to 300 N/m (see point A3 in Figure 17); or (c) the Young’s modulus is reduced to 15
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GPa. In practice, it is possible to achieve all these 3 modifications by (a) reducing the cement
content; (b) by addition of fibers; and (¢) by using air-entraining agents or low-modulus
aggregates. All combinations of these parameters that lead to a shift of point Al into the safe
zone, are also possible.

s
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Figure 16. Risk of crack formation as function of fracture energy, coefficient of shrinkage and Young’s
modulus
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Figure 17. Risk of crack formation as function of fracture energy, coefficient of shrinkage and Young's
modulus

8 CONCLUSIONS

A numerical model based on realistic material laws has been developed, which allows us to
study early crack evolution in concrete structures subjected to hygral gradients. Time and
moisture dependent material laws can be taken into consideration.

This numerical model was validated by comparison with results from the ring test carried out
with two qualities of mortars having totally different hygro-mechanical material laws.
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Based on the results described in this contribution, the importance of different material
properties for early crack formation in concrete can be quantified. The following conclusions
can be drawn:

- By applying this numerical model, an intensive parametric study has been carried out.
An area separating safe parameter combinations from those which imply high risk for
crack formation has been identified.

- The model can capture the main features observed experimentally, especially the drying
time at which the macro-cracks will occur.

- Alow moisture diffusivity retards crack formation and slows down crack opening but in
can not avoid cracking alone,

- Among all material parameters the coefficient of shrinkage is the most sensitive
parameter with respect to crack formation and crack extension. A high coefficient of
shrinkage will always lead to severe damage.

- The instrumented ring test is a powerful technique to study the tendency of cement-
based materials with respect to their risk of hygral cracking.

- The described method, i.e. a combination of experimental and numerical studies is a
powerful tool to optimize cement-based materials and in particular to avoid shrinkage
cracking,
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Abstract: This paper proposes an innovative methodology for the use of the explicit approach in the
assessment of concrete structures affected by alkali-aggregate reaction (AAR). Efficiency of the
explicit approach has been proven in previous works for the case of large concrete structural models
with high degree of nonlinearity. In the proposed methodology, the strain is decomposed into
mechanical, thermal, creep, shrinkage and AAR strain components. The AAR component is
computed according to Saouma and Perotti model [1] for the anisotropic distribution of the volumetric
expansion and according to Larive model [2] for the AAR kinetics. One advantage of the approach is
that it can be used with any existing concrete model that has undergone a rigorous verification and
validation (V&V) process for the mechanical part. In this work the EPM3D concrete model [2]
implemented as a user-subroutine in Abaqus-Explicit is used. The general methodology is based on
three different finite element analyses: thermal implicit, hygral implicit and the final nonlinear multi-
physical explicit analysis. An innovative formulation to address the problem of time scale difference
between the implicit and explicit approaches is presented. A new incremental numerical formulation
is presented to correctly handle the dependency of the AAR kinetics on the temperature field in case
of cyclic temperature variation. A verification example is presented at the material level, along with
qualitative assessment of the cracking pattern of an existing hydraulic structure affected by AAR.
This last application at structural level demonstrates the efficiency of the suggested methodology and
the feasibility within an industrial context.

1 INTRODUCTION under certain moisture, confinement and

conditions. Structural

Alkali-aggregate reaction (AAR) is an acid-
base chemical reaction known to occur in
concrete for certain types of aggregates and

temperature
manifestation of this reaction is due to the
expansive nature of the alkali-silica gel, product
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of this reaction, when it comes in contact with
moisture. This internal expansion generally
leads to micro-cracking, loss of strength and
stiffness at the material level. Major distortions
can occur at the structural level leading to
functional problems of the onboard installation.
As an example, expansion in hydraulic
structures like dams and powerhouses can
interfere with the operation of the flow gates or
turbines. Macro-cracking and failure may occur
when the deformations are prevented or when
concrete structural components are unable to
accommodate these large deformations.

Numerical models can be carried out to predict
structural displacements, stresses and damage
resulting from AAR. Finite elements linear
analyses have been successfully applied to
predict displacement field in structures and
were validated with field monitored data (e.g.
[4]). The analyses based on fictitious thermal
loading conditions found on a trial-and-error
basis using the past monitored data were
successfully applied in the engineering
community. These analyses predict quite
reasonably the displacement field of structures
affected by AAR but cannot be used to predict
the stress field or the damage pattern. More
recently, a new family of models called coupled
chemo-mechanical models started to emerge
([51,[11, [6], [7], [8]) In these models, kinetics
of the chemical reaction is simulated within the
nonlinear mechanical constitutive model.
Experimental works were performed in order to
characterize the parameters needed in these
models. Among these works, the experiments
of Larive [2] and Multon [9] carried out at the
LCPC Laboratory in France are of great
importance since they characterized for the first
time both the kinetics and the anisotropy of the
swelling process depending on stress and
environmental conditions. AAR in concrete
structures is still considered as a complex
phenomenon mainly due to its multi-physical
nature. The lack of experiments to validate
available numerical models on the element and

structural level is obvious. Based on past
investigations, it can be concluded that the
major influencing factors that need to be
considered within a constitutive model are:
kinetics of the reaction and of gel swelling
process, effects of humidity and temperature
fields, effects of the stress field and confining
conditions on the anisotropy of swelling, effects
of cracking, intrinsic degradation of material
and creep effects. Considering all of these
aspects within a nonlinear finite element
framework and for a real structural model can
result in computational challenges and makes
questionable  the feasibility of these
sophisticated analyses within a real industrial
context. Furthermore, it is known that AAR
results over time in a generalized cracking
pattern and highly nonlinear behavior when
compared to conventional mechanical loading.
Cracking in concrete is handled numerically by
the softening behavior on the stress-strain curve
of the constitutive law which generally results
in numerical difficulties with the conventional
implicit and iterative numerical resolution
algorithms. Non convergence issues can occur
for large concrete models with no or light
reinforcement as it is the case for example for
hydraulic structures [10]. According to authors
past experience, mesh refinement in a concrete
model can result in a numerical damage pattern
very close to the real cracking pattern even
when the smeared crack approach is used.
Convergence difficulties may again arise when
using finer mesh and force analyst to use a
coarse mesh making difficult the comparison
between model and reality. The objective of this
work is to develop a new computational
framework suitable for the multi-physical
simulation of AAR within concrete structures.
For the first time, the explicit quasi-static
approach which was initially developed within
metal forming field is used. The approach is
based on three constitutive analyses: thermal
analysis, hygral analysis and a final multi-
physical analysis. An innovative time scaling
technique is presented in order to deal with the



M. Ben Ftima, H. Sadouki and E. Brithwiler

time scale difference between these three
analyses. The efficiency and feasibility of the
approach are demonstrated via a real industrial
example of a hydraulic structure. This work is a
part of a larger long term research program that
addresses the issue of practical use of nonlinear
finite elements for the assessment of hydraulic
structures affected by AAR.

2 EXPLICIT QUASI-STATIC
APPROACH

The explicit dynamics approach has been
developed and successfully applied in the
industrial field of metal forming, at the
beginning of the nineties [11]. Following this
approach, the nonlinear problem is solved in a
dynamic manner and conventional nodal forces
are converted into inertia forces by assigning
lumped masses into the nodes. With
comparison to the conventional implicit
approach, no iterations are performed, the
algorithm advances explicitly in time using a
very small time increment to ensure stability.
This increment At depends on the smallest
element of the mesh and can be as low as 107
to 107 fraction of the total analysis time. This
approach has been successfully extended to the
case of civil engineering concrete structures
[10] and applied to the industry of hydraulic
structures. The original nonlinear static
problem is solved in a quasi-static manner by
applying all the loads slowly enough with
respect to the first mode, to ensure that kinetic
energy is negligible compared to the internal
strain energy. For a typical civil engineering
structure with a fundamental period T1 ranging
from 0.05 sec to 2 sec, this involves a period of
analysis texp ranging from 1 sec to 40 sec
considering a ratio of 20 for t,,, /T . Hence, the
approach is more efficient for stiff structures
considering the small stable increment time. It
was possible for the first time to analyse
complex nonlinear models  (nonlinear
constitutive model and contact condition with
friction) with more than three millions degrees
of freedom. The parallel computing technique

was investigated and benchmark tests showed
that computation time can be almost inversely
proportional to the number of cores used in the
computation. Unlike implicit approach, the
global model is divided into N domains
corresponding to the number of cores available.
This is possible in the explicit approach since
there is no need to consider the assembly of the
global stiffness matrix as it is the case in the
conventional implicit approach. Figure 1 shows
an example of domain subdivision of the
structural model considered in this work, each
color represents a domain. In this case
computations are done on a conventional quad-
core computer. The model has more than 140
000 elements.
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Figure 1: Finite element model of the
hydraulic structure

3 EPM3D CONCRETE MODEL

The EPM3D concrete model [3] is a 3D
constitutive model that uses the smeared-crack
approach and can model tensile cracking and
concrete crushing of concrete. EPM3D is an
orthotropic 3D strain-rotating crack model. It
was programmed under Abaqus-Explicit [12]
using the VUMAT user-subroutine interface
[13]. It can handle both unreinforced and
reinforced concrete  applications  using,
respectively, a Gf law and tension-stiffening
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law for the post-cracking regime in the presence
of reinforcement. As shown in Figure 2, the
model was originally implemented as a purely
mechanical constitutive law updating at each
increment of time the stress tensor o; and the
state dependent variable vector SDV1, given the
stress tensor g of the previous increment, the
state dependent variable vector SDV, of the
previous increment and the given incremental
strain tensor Ae. Over the past ten years, the
mechanical constitutive law of EPM3D has
undergone a rigorous verification and
validation process (V&V) and was used in the
hydraulic structures and bridge engineering
industries ([14] and [15]). More recently, the
participation using this model was ranked the
second out of sixty six within an international
prediction contest organized by the University
of Toronto on the deepest reinforced concrete
beam ever tested (4 meters). Over the sixty six
participants, only the two first entries predicted
the failure loads of both the east and shear span
and the west span within 10% of the
experimental values [16]. A large coefficient of
variation was observed during this contest
though the simplicity of the geometry which
clearly demonstrates that validation of a purely
mechanical constitutive concrete is still an issue
in the field of lightly reinforced or non-
reinforced concrete structures. This finding
supports the decision to include the AAR model
within the existing mechanical constitutive law.
To the best of author’s knowledge, the only
AAR model that can be implemented with an
existing constitutive model and at the same time
handles the major influencing factors cited in
the introduction is the one proposed in [1]. This
will be developed in the next section.

ABAQUS-Explicit

IN out ¢
Ag Constitutive law  [sDv,
SDV, 0,
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T AT
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Figure 2: User subroutine implementation and
modifications of the existing EPM3D
constitutive law

4 MULTI-PHYSICAL SIMULATION OF
AAR IN CONCRETE STRUCTURES

4.1 Multi-physical approach

The multi-physical approach developed in this
work uses three different analyses as shown in
Figure 3 and involves a sequential coupling
between thermal, hygral and chemo/mechanical
fields. Two transient thermal and hygral
analyses are firstly performed in order to
compute the thermal and relative humidity
fields T(t) and H(t). The thermal analysis is a
conventional heat transfer analysis involving
conduction and convection heat transfer modes
and body heat flux to simulate the exothermic
hydration process. The hygral analysis is
performed in a similar way using the analogy
between heat and hygral flux and using the
concept of diffusivity with unit values of
densities and specific heat [17]. In both cases,
the simulation period of time can be as large as
the lifetime span tiite of the structure. These two
fields are than imported into the final multi-
physical analysis which is actually the
nonlinear structural analysis involving the
modified EPM3D model. This last analysis
involves computation over time of the stress
field o(t) and the AAR kinetic progress
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parameter & (t) using the notation and equations
of Larive [2]. The first two analyses are
performed in a conventional implicit
framework. Even if the constitutive equation of
the heat transfer law is nonlinear in the case of
hygral analysis, due to the dependency of the
diffusivity on the hygral field, no convergence
difficulties are anticipated. In fact numerical
difficulties arise only when a softening
behavior exist in the constitutive law. The final
analysis however is performed in the dynamic
explicit framework. This difference between
implicit and explicit frameworks involves a
challenging problem of difference in time
scales: in the order of several years for the
implicit analyses and of few seconds in case of
the explicit analyses. This problem will be
treated in a later section.

Transient thermal
analysis

Transient hygral
analysis

75 S

Qe

Mechanical loads

L:/ (Y

Nonlinear multi-
physical analysis

£(0),0(t), £lt), ot
Figure 3: Multi-physical approach.

4.2 Strain decomposition

Similarly to the work of Pan et al. [ 18], the total
strain is decomposed into mechanical, thermal,
creep, shrinkage and AAR strains according to
the following equation in the incremental form:

Ae(t,T,H) = A€o (t, T, H) + Ay, (t,T) +
Aecr(t' 0-0) + Aegp, (t,H) +
AEaaT (t, Et T' H: GO) (1)

This equation shows inter alia the coupling
between the four fields considered in the study.
As shown schematically in Figure 2, the
methodology involves at each stable increment
time, the computation of the mechanical strain
increment from the total strain increment given
by Abaqus-Explicit and the remaining thermal,
creep, shrinkage and AAR strains as shown in
Eq. 1. This is performed via the new subroutine
STRAINCH shown in Figure 2. This subroutine
additionally updates the state variables vector
SDV required for the mechanical constitutive
law EPM3D.

The following equations are used for the
estimation of thermal, creep, shrinkage and
AAR strains:

Thermal:
A€y (t,T) = a(T(t) — Tini)d (2)

where « is the coefficient of thermal expansion;
T;pni1s the initial reference temperature and & is
the Konecker’s delta.

Creep:

Kelvin-Voigt viscoelastic model (damper
Nyeand elastic spring E,,,) is used, similarly to
Pan et al. 2013.

—Evpe
Beer(t,00) = (e = 1) (€t = 40) -
[A]ag
e 8
Where [A] =
1 —v —v
[—v 1 —v 0
v —v 1
2(1+v) 0 0
0 0 2(1+v) 0
0 0 2(1+v)

and v is the Poisson’s coefficient.
Shrinkage:
Similarly to [17]:

Aesn(t, H) = asp(H)(H(t) — H(t — At)) §
(4)
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where ag, is the shrinkage coefficient that
depends nonlinearly on the relative humidity
field H.

AAR:
Using the same notations as in [1]:

Aeaarl- (tr fl T' H, GO) =
[ (SDVy).Tc(09). g(H). Wi(00)-A¢ (¢, T, 09)- Eveo
(5)

where 1 is a given stress principal direction, I}
and [, are retardation factors that depend on the
tensile, compressive damage and stress field of
the material point in the previous increment,
g(H) =H® is a reduction function that
accounts for the influence of humidity, W;(a,)
is the weighting for redistribution of volumetric
AAR expansion in the principal direction i,
depending on the stress field as described in [1],
Eyeo 18 the long term volumetric AAR strain and
A&(t,T,o,)is the rate of the AAR reaction
given by the following equation:

t T

AE(L, T, 0p) = XD A (6)

TC(EE+ 1)

where 7, = 7;(T) is the latency time that
depends on temperature field and T, =
7.(T, gy) is the characteristic time that depends
on temperature and stress field as described in
[1]. Hence, an incremental formulation of the
kinetics of AAR in terms of A¢ is used in lieu
of a total or secant formulation in terms of ¢,
as recommended by [19]. However, special care
need to be taken for the case of rapid cyclic
variation of temperature as it will be shown in
section 5.

4.3 Time scaling

Two different time scales are used in the
analyses as shown in Figure 4. The “real” time
scale is used for implicit transient analyses: t €
[O, tlife]. As explained before, a different time
scale is used for the final explicit analysis: £ €

[O, texp]. In order to handle this difference, the

. tyi
time scale factor ag, = —£&

1s introduced and a
exp

change in the stress field variable is done by
introducing () = o(t) = o(ast). Going
back to the differential equations describing the
multi-physical problem (Egs. 1 to 6), it is
possible to define a new system of equations
with regards to the new scaled stress field
variable 6. Hence, it is easy to demonstrate that
new ‘“‘scaled” parameters have to be defined
whenever kinetic of the time is involved: T; =
2 _ MNve

~ T —_— .
—L | f.=-% and 1], = = respectively for
sc Asc Asc

AAR and creep strains.

Transient thermal
analysis (IMPLICIT)

—
—>

Transient hygral Liife
analysis (IMPLICIT) H(t)

&

—>

i t
Multi-physical tlife
structural analysis o"-(f)
(EXPLICIT)
. !

texp
Figure 4: Difference in time scales

4.4 Incremental formulation

Due to the small increment size, the equation 6
can be rewritten as: f (t,T,00) = f(t,T,ap).

A first possible and simple incremental
formulation is to compute the rate of
advancement of AAR ¢ at each increment,
knowing the value of T and stress state g, and
then use the integral to compute the total
amount of AAR advancement:

£ = J7 F(E.T,00) dt’ (7
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This will be called the first incremental
formulation. As it will be seen later, this
formulation ignores the cyclic variation of T
and the high dependency of AAR advancement
on it. Figure 5 demonstrates clearly this
dependency for three different temperature
values and more particularly the effect of
temperature change which causes a shift of the
rate of expansion to the right or left side. This
temperature change can clearly result in an
integral value of the rate (Eq. 7) more or less
than the value of 1.0 that would be obtained in
an isothermal case.

§(t)4

1ol N _
(a) T2>T1 f m

‘)
L

€01 ot

T1
(b) >< T3<T1
\ :

Figure 5: Effect of temperature variation

A new incremental numerical formulation is
presented to correctly handle the dependency of
the AAR kinetics on the temperature field in
case of cyclic temperature variation. It will be
called in this paper the second formulation. The
idea is to compute at each new step t, + At the
increment d¢ of AAR advancement by using
the isothermal curve ¢ at the previous increment
to - A fictitious time t; is computed by equating
the total AAR advancement between the two
isothermal curves at steps t, and t, + At :
E(t5, T(t)) = &(to, T(to + At)). This method
is shwon schematically in Figure 6 for the case
of'a sudden temperature drop between the steps
to and t, + At.

§(t) ,

o T(ty) > T(tg +At)  T(t, + At)

£(to)

0.0 >
t

Figure 6: Effect of temperature variation

5 VERIFICATIONS AT MATERIAL
LEVEL

A verification example is considered at the
material point level of a single cubic element as
shown in Figure 7.a. The example is taken from
[19] page 53 with the same input data. All the
corresponding results are shown in continuous
lines in Figures 7.b to 7.c. A cyclic temperature
field T(t) is used as input to the multi-physical
model. The time span used in the original
reference model was 10 years whereas in the
explicit model a 0.2 s analysis time is used, the
time scale factor is therefore ay. = 1.58 10°.
The variations of the rate of the AAR &(t) and
the total advancement of the AAR &(t), outputs
of the multi-physical model, are shown in
Figures 7.c and 7.d. The results of the first
formulation are represented in black whereas
those of the second formulation are red-colored.
The results using the first formulation match
closely those reported in [19]. The use of the
second formulation did not affect greatly the
results for this case due to the small amplitude
of temperature variation. The conclusions are
different when the amplitude is increased from
1°Cto 20°C which could be the case for
example, for hydraulic structures in northern
regions of Canada. This case is referred as
modified example in Figure 7 and all the
corresponding results are in dashed lines. A
clear difference is seen in this case between the
two formulations (Figures 7c and 7d). It can be
demonstrated that the first formulation gives
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erroneous results by considering simpler
examples of ramped temperatures. The problem
occurs more precisely when the temperature
change is “rapid” comparatively to the change
in the value of the latency time affected by
temperature according to Larive laws [2]. The
change in latency time 7; with respect to high
or low values of temperatures (represented
schematically by horizontal shift in Figure 5b)
is also questionable.

I\ Original

Tit) Hit) =1 example

| example

d—t gy
‘1'10 years)

-,
o'vé_\ﬂ!" S (A0S (] Pty
me Time

(c) (d)
Figure 7: Verification example

6 APPLICATION AT STRUCTURAL
LEVEL

The finite element model is shown in Figure 1
along with some dimensions. It is a portion of
an existing hydroelectric facility that suffers
from AAR. Only portions of the east gravity
dam and the spillway are considered. The
common structural problem in this case is the
abrupt change in the lateral stiffness due to the
presence of the hydraulic passage of the
spillway. The pier of the spillway is subjected
to the thrust action of the dam due to swelling
reaction and behaves as a cantilever beam.
Fixity condition is assumed at the bottom faces
of the model and plain strain conditions are
imposed at the lateral vertical faces of the dam
and the spillway steed. Hydraulic loads are
applied at the upstream faces with the normal
closed condition of the spillway gates. The

Maodified

upstream water level is located 1.2 meters
below the crest of the dam. The total period of
analysis is 100 years. For the explicit model, the
period of analysis was set to 10 s. The
fundamental mode of the model is around 0.05
s (upstream/downstream bending). It was
decided to apply the mechanical loads (gravity
and hydrostatic loads) quasi-statically within
the first 1 s of the analysis, thus assuming a
quasi-linear behaviour of the model in this first
interval. The time scale factor is
therefore a,, = 3.15108.  As a first
approximation, only the AAR strains are
considered additionally to the mechanical
strains in Eq. 1. All other strains were neglected
for this preliminary study. It is important to note
here that preliminary data was used and that
refinement of the model will be performed in
future works. The objective here is to validate
the feasibility of the methodology. For the
mechanical constitutive law, the main input
parameter used was the compressive strength of
concrete of the real structure, all other
parameters were derived accordingly. Table 1
gives some of the input data required by the
STRAINCH and EPM3D subroutines. Latency
and characteristic times were chosen in order to
achieve 100% of AAR advancement within the
analysis period of 100 years, under the
computed temperature and relative humidity
conditions (see Figure 8).

Table 1: Preliminary input data used for the
multi-physical analysis

Property Symbol Value Unit
Mass density D 2350  kg/m3
Young modulus E 25000 MPa
Compressive f! 25.0 MPa
strength
Tensile strength fi 2.3 MPa
Poisson’s ratio v 0.18 -
Mode | fracture Gr 0.2 kN/m
energy
Long term Evoo 0.002 -
volumetric AAR
strain
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Reference To 20 oC
temperature

Latency time T 1150 days
Characteristic T; 350 days
time

Activation energy U, 5400 oK
for characteristic

time

Activation energy
for latency time
Compressive
limiting stress for
AAR

U, 9400 oK

oy 10.0 MPa

Input data required for the implicit transient
analyses correspond to normal concrete in
northern Canada environmental conditions.
They are not exposed herein due to space
limitation. Contrarily to most of previous works
on hydraulic structures, a variable relative
humidity H(t) is considered in this work.
Sensitivity studies showed an important impact
of this parameter on the damage pattern of the
spillway pier. Figure 8 shows the evolution of
the relative humidity and temperature fields
with respect to virtual time for a given node on
the dam. The advancement of the AAR, output
of the multi-physical model is also shown in
Figure 8.b.

()

40,
0.80 |
} 30.
.60 |
—_— -—-20.}
= 20.
= F |
.40 10 f
i
0.20- 0. ol
)
| I //’
0.00 -‘o':h..lJ:.H..m-’f""‘ N LLCCEEEEEERERECERREEER R LA
0.0 2.0 4.0 6.0 8.0 10.0

Figure 8: Evolution of: (a) relative humidity
field; (b) temperature field and advancement
of AAR

Some results are given in the following figures.
The computation time for the multi-physical
model was around eight hours on a standard
quad-core laptop. Figure 9 shows the damage
pattern evolution during the total analysis
period of 100 years. The cracked elements are
blue-colored whereas non-cracked elements are
red-colored. A deformation scale factor of 50 is
used for the deformed shape, which clearly
shows the lateral bending of the pier due to
thrust effect from the dam. Figure 10 shows a
comparison between the real cracking pattern
record (on a 3D virtual geometry) and the
damage pattern of the multi-physical model.
The similarity between the two is interesting
though very preliminary data was used. This
similarity was also observed for other hydraulic
structural applications under study. As stated
before, Figures 9 and 10 show a generalized
damage pattern due to AAR, which is believed
to cause convergence problems for
conventional implicit solvers.

15 years 35 years

50 years 100 years

Figure 9: Damage pattern of the multi-
physical model
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Figure 10: Comparison between: (a) damage
pattern in the multi-physical model and (b)
real cracking pattern record

7 CONCLUSIONS

A new computational framework is developed
in this work for the multi-physical simulation of
AAR in concrete structures using the explicit
approach. A new scaling technique is
developed in order to solve the problem of
small time scale of the approach. The
effectiveness and feasibility of the overall
methodology is demonstrated via a real
application example of a hydraulic structure.
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