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NUMERICAL MODEL FOR MINIMIZING RISK OF DAMAGE IN
REPAIR SYSTEM

By Giovanni Martinola,1 Hamid Sadouki,2 and Folker H. Wittmann3

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.

FIG. 1. Analysis of Principal Loads Acting in Repair System
and Failure Criteria [�El, �Ss, and �Cr Are Elastic, Crack (Strain
Softening), and Creep Strains, Respectively]

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

1Res. Engr., Lab. for Build. Mat., Swiss Fed. Inst. of Technol., Zürich,
Switzerland, ETHZ CH-8093 Zürich. E-mail: martinola@ibwk.baug.
ethz.ch

2Sr. Res. Engr., Lab. for Build. Mat., Swiss Fed. Inst. of Technol.,
Zürich, Switzerland, ETHZ CH-8093 Zürich.

3Prof. and Dir., Lab. for Build. Mat., Swiss Fed. Inst. of Technol.,
Zürich, Switzerland, ETHZ CH-8093 Zürich.

Note. Guest Editor: Thomas Triantafillou. Discussion open until Sep-
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Materials in Civil Engineering, Vol. 13, No. 2, March/April, 2001.
�ASCE, ISSN 0899-1561/01/0002-0121–0129/$8.00 � $.50 per page.
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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
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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

FIG. 2. Stress Distribution and Crack Formation in Drying
Concrete Element

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

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 �y

and bond shear stresses �xy 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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FIG. 5. Ring-Test Setup

FIG. 4. Characteristics of Fracture Mechanics Model

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:

�w
= div(D(w) ��w) � q (t) (1)w

�t

in which w = actual moisture content; D(w) = moisture-de-
pendent diffusion coefficient; qw(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 ε(t), which
may be subdivided as follows (DIANA 1996):

ε(t) = ε (t) � ε (t) � ε (t) � ε (t) (2)El Sh Cr Ss

in (2) εEl = instantaneous elastic strain; εSh = shrinkage (or
swelling) strain induced by a hygral variation; εCr = creep
strain (stress-dependent); and εSs = strain that can be attributed
to strain softening. The elastic strain εEl 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
εSh induced by a moisture variation �w is given by the follow-
ing expression:

ε (t) = � (w) ��w (3)Sh Sh

in which �Sh = 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 εCr is described by the viscoelastic theory. By assuming
the principle of superposition, εCr can be expressed by the
classical Volterra integral equation

t

¯ε (t) = J(t, �) �C � �̇(�) �d� (4)Cr �
0

in which t = time; � = duration of load; J(t, �) = creep function;
C = compliance; and = 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-

 J. Mater. Civ. Eng., 2001, 13(2): 121-129 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

Ec
ol

e 
Po

ly
te

ch
ni

qu
e 

Fe
de

ra
le

 d
e 

La
us

an
ne

 o
n 

12
/0

3/
16

. C
op

yr
ig

ht
 A

SC
E.

 F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
rig

ht
s r

es
er

ve
d.



124 / JOURNAL OF MATERIALS IN CIVIL ENGINEERING / MARCH/APRIL 2001

FIG. 8. Two-Dimensional Representation of Risk of Crack For-
mation as Function of Fracture Energy, Coefficient of Shrinkage,
and Young’s Modulus

FIG. 7. Surface Separating Conditions for Cracking and No
Cracking of Repair Layer as Function of Fracture Energy, Coef-
ficient of Shrinkage, and Young’s Modulus

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

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-

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:�̄

h21
�̄ = � �(h) �dh (5)�h � h2 1 h1

with h1 = 0.5 (50% RH); and h2 = 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:

ε (100% � 50%) � ε(t → �) = �̄ � (h � h ) (6)meas 2 1

with ε(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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FIG. 10. Risk of Delamination of Overlay as Function of Frac-
ture Energy Gf,int of Interface and of Coefficient of Shrinkage �over
and Fracture Energy of Overlay Gf,over: (a) Young’s Modulus of
Overlay, 30 GPa; (b) Young’s Modulus of Overlay, 15 GPa

FIG. 9. Evolution of Total Deformation in x- and y-Directions:
(a) Interface with 1-MPa Adhesion Strength and 25-N/m Fracture
Energy; (b) Interface with 3-MPa Adhesion Strength and 95-N/m
Fracture Energy

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 Gf = 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 A1 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

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. 13. Three Variants of Pier Repairing System

FIG. 12. Schematic Representation of Structure To Be Re-
paired

FIG. 11. Schematical Illustration of Proposed Approach for
Durable Repair System

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

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:

• 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.

• 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 mm2/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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TABLE 1. Material Properties of Overlays and Substrates

Material
(1)

Young
modulus E

(GPa)
(2)

Fracture
energy Gf

(N/m)
(3)

Tensile
strength ft

(MPa)
(4)

s1

(MPa)
(5)

w1

(mm)
(6)

w2

(mm)
(7)

Coefficient of
shrinkage �

(%)
(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

Interface
(1)

Fracture
energy Gf

(N/m)
(2)

Tensile
strength ft

(MPa)
(3)

Maximum
crack

opening w
(mm)
(4)

Variant A 85 2.0 � 0.8 0.085
Variants B and C 95 2.5 � 0.9 0.076

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

FIG. 15. Stress Distributions �x for Variant A after 4 Months of
Drying

FIG. 16. Stress Distributions �x for Variant A at Six Different
Drying Times

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,

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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FIG. 17. Stress Distributions �x for Variant B at Six Different
Drying Times

FIG. 18. Crack Opening Profiles for Variant B at Six Different
Drying Times

FIG. 19. Crack Distribution in Global System for Variant B af-
ter 4 Months of Drying

FIG. 21. Crack Opening Profiles for Variant C at Six Different
Drying Times

FIG. 20. Stress Distributions �x for Variant C at Six Different
Drying Times

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 II. NOTATION
The following symbols are used in this paper:

C = compliance matrix;
D(h) = moisture transfer coefficient;

E = Young’s modulus;
ft = tensile strength;

G = shear modulus;
Gf = fracture energy;
h = hygral potential;

J(t, �) = creep function;
q(t) = rate of endogeneous drying;

s1 = stress, parameter of softening diagram;
t = time;

w = moisture potential;
w1 = crack opening, parameter of softening diagram;
w2 = crack opening, parameter of softening diagram;

x, y = space variables;
�(h) = hygral coefficient of shrinkage;

� = shear retention factor;
ε = strain;
� = stress; and
� = duration of loading or shear stress.
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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 
Alkali-aggregate reaction (AAR) is an acid-
base chemical reaction known to occur in 
concrete for certain types of aggregates and 

under certain moisture, confinement and 
temperature conditions. Structural 
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 
([5], [1], [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 
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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 depends on the smallest 
element of the mesh and can be as low as 10-5 
to  10-7 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 . 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. 

 

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  and the 
state dependent variable vector SDV1, given the 
stress tensor  of the previous increment, the 
state dependent variable vector SDV0 of the 
previous increment and the given incremental 
strain tensor . 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. 

 

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 tlife 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  and the AAR kinetic progress 

EPM3D

ABAQUS-Explicit

Constitutive law
IN OUT

oSDV 1
1SDV

STRAINCH

o

oSDV

o

mec
1/2SDV

o
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parameter  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.       

 

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: 

                                  (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: 

         (2) 

where  is the coefficient of thermal expansion; 
is the initial reference temperature and  is 

the Konecker’s delta. 

Creep:  

Kelvin-Voigt viscoelastic model (damper 
and elastic spring ) is used, similarly to 

Pan et al. 2013. 

             (3) 

Where

 

and  is the Poisson’s coefficient. 

Shrinkage:  

Similarly to [17]: 

 
               (4) 
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where  is the shrinkage coefficient that 
depends nonlinearly on the relative humidity 
field H. 

AAR:  

Using the same notations as in [1]: 

     
                                                                     (5) 

where i is a given stress principal direction,  
and  are retardation factors that depend on the 
tensile, compressive damage and stress field of 
the material point in the previous increment, 

 is a reduction function that 
accounts for the influence of humidity,  
is the weighting for redistribution of volumetric 
AAR expansion in the principal direction i, 
depending on the stress field as described in [1], 

 is the long term volumetric AAR strain and 
is the rate of the AAR reaction 

given by the following equation: 

             (6) 

where  is the latency time that 
depends on temperature field and 

 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  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: 

. As explained before, a different time 
scale is used for the final explicit analysis:

. In order to handle this difference, the 
time scale factor   is introduced and a 

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

 ,  and  respectively for 
AAR and creep strains. 
 

 
Figure 4: Difference in time scales 

 
4.4 Incremental formulation 
 
Due to the small increment size, the equation 6 
can be rewritten as: . 

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 and 
then use the integral to compute the total 
amount of AAR advancement: 

                          (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.  

 

 

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 the 
increment  of AAR advancement by using 
the isothermal curve  at the previous increment 

. A fictitious time  is computed by equating 
the total AAR advancement between the two 
isothermal curves at steps  and  : 

. This method 
is shwon schematically in Figure 6 for the case 
of a sudden temperature drop between the steps 

 and . 

 

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  
The variations of the rate of the AAR  and 
the total advancement of the AAR , 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 

to  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  with respect to high 
or low values of temperatures (represented 
schematically by horizontal shift in Figure 5b) 
is also questionable.  

 

 
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 

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 . 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  2350 kg/m3 
Young modulus E 25000 MPa 
Compressive 
strength 

 25.0 MPa 

Tensile strength  2.3 MPa 
Poisson’s ratio  0.18 - 
Mode I fracture 
energy 

GF 0.2 kN/m 

Long term 
volumetric AAR 
strain 

 0.002 - 
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Reference 
temperature  

T0  ◦  

Latency time  1150 days 
Characteristic 
time 

 350 days 

Activation energy 
for characteristic 
time 

 5400 ◦  

Activation energy 
for latency time 

 9400 ◦  

Compressive 
limiting stress for 
AAR 

 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. 

 

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. 

 

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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