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Abstract. Cracks propagating deep inside gravity dams camiosisly affect their
structural safety. Due to the potential catastrapBcenarios associated to the collapse
of large concrete dams, it is a fundamental issuadalistically predict the eventual
crack profiles and the ultimate structural resisten associated to the failure
mechanisms.

This work investigates tensile crack propagationconcrete gravity dams by using
some new recently developed numerical techniguesKegath field and strain injection
techniques) [1-3] associated to a Rankine-type ¢ty model. The work carefully
addresses aspects related to mesh independenceh (lmas and stress locking),
robustness, and computational cost, which are th&nmssues in material failure
modeling.The numerical simulations presented in the pap@wsthe advantages of the
presented approach.

1 INTRODUCTION

Nowadays, structural safety of large dams remairgat concern due to the high potential
risk associated to this kind of structures. A daitufe, followed by a sudden flood wave, can
result in large life losses and in strong environtak and economic impacts as it was
reported for several catastrophic failure cases 9M, Historically, the main causes of
significant dam failures are related to foundatidefects (erosion, sliding on its rock
foundation, etc.) [6-8]. Structural failures, wharot directly caused by foundation
movements, are less frequent but its importancelldhoot be minimized in the design
neither in the safety control of the dam. Due te timportance of these structures, it is a
worldwide standard practice to monitor continuallgms as a part of the safety control
process [9], which supports afterwards the safstgssment and decision. On the other hand,
guantifying realistically concrete dams safety dastis a complex engineering question that
depends on a multiplicity of phenomena affecting plerformance and resistance of the dam
and its foundation.
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In this work attention is focused in crack propagatthrough the dam body. Cracks
progressing deep inside gravity dams can seriaffygt its structural safety. Computational
failure analysis can be an effective tool for petidg, realistically, the eventual crack profiles
and the ultimate structural resistance, allowingrioved estimation of the structural safety
factor.

The importance of computational methods for modgltoncrete dams was soon
recognized by some authors in the 1980s, which haedlinear elastic fracture mechanics
[10-14] to perform the first computational simutats of fracture in concrete dams. These
authors argue that, due to the large scale of ddm@dracture process zone is small in front of
the overall structure and therefdneear elastic fracture mechaniasan be applicable with
limited errors, since failure occurs in a brittle Quasi-brittle) manner. On the other hand,
other authors argue that, due the specific charatits of dam concrete (that can have
characteristic length up to 10 times greater thammon concrete), the non-linear effects
should not be neglected, even for large dams [@p, 1

Apart from this theoretical and important questiom, the 1990s, nonlinear fracture
analysis starts becoming further used for fractumaeling of concrete dams, in the finite
elements framework. Depending on the manner thatd#rcohesion process at the crack
interface is modeled, two major descriptions wesed

1. In the ®hesive(or discretelapproach[17] [18] the non-linear mechanical behavior is
described by introducing a traction separation (eehating the traction vector and the
vector of displacement jump) along the surface wlibe de-cohesive process occurs
(typically coincident with the element sides).

2. In the continuum approach19, 20] the non-linear mechanical behavior at the
interface is described by a standard stress-stamstitutive model equipped with
softening such that strains tend naturally to cotreg¢e in narrow bands (strain
localization). Then the assumption consists in #imgi that the displacement jump
can be captured in smearedmanner throughout the localization band. The faat
this numerical phenomena can be observed by justduncing strain softening in a
constitutive model (damage, plasticity, smeareadkad) made this approach widely
used for modeling material failure.

In both approaches fracture energy plays a fundaheale in order to make results
physically meaningful (ensuring correct energy igisgon and overcoming the mesh size
dependence). Despite the simplicity of these amghresthe main flaw of these methods is the
spurious dependence on the mesh alignment. Thige iss critical for the reason that
different meshes can deliver different resultsterms either of the crack trajectory or in
terms of the dissipated energy. The main conse@seotmesh dependence phenomena
are well documented in the literature, and congissentially, in two types of undesirable
behavior:

« Mesh bias flawsRefers to the spurious tendency of the crackoltod certain
preferred direction related to the mesh alignmeat,the crack tends to propagate
parallel to the element sides avoiding zigzaggifilge main inconvenience of this
dependence is that it can lead to unrealistic\usjgiay failure mechanism with
consequences also in the ultimate structural l@adyimg capacity, which may be
over or under-estimated.

« Stress locking flawsRefers to the lack of ability of finite elements capture
strain localization, in a one-element-with locatinpa band, without spurious
stress transfer to the neighboring elements. Thecipal inconvenient of stress
locking is the extra dissipation that occurs innedamts outside the localization
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band which results in a stiffer behavior that leadsan overestimation of the
ultimate structural load carrying capacity, whishiot on the safety side.

The flaws of these “classical methods” have mogdatarge efforts from numerous
authors for enhancing and developing new numennehods to improve the failure analysis
of general structures, e.g., [21-28]. However, ag fmost of them have been assessed
uniquely with academic benchmarks and few casesabdlife structures have been reported
[29].

This work investigates tensile crack propagationancrete gravity dams by using some new
recently developed numerical techniques (crack-pelth and strain injection techniques) [1-
3] associated to a Rankine-type plasticity modehe Tconsidered methodology is
implemented in the finite element framework usiogtthuum constitutive models equipped
with strain softening. It consists of a procedureirisert, in proper parts of the domain,
specific strain fields (constant strain and disowrdus strain modes) that will enhance the
performance of the underlying standard finite eletsdor capturing and propagating strain
localization. The necessary data to inject the afisnuous displacement modes into the
appropriated position inside the finite element olstained by an auxiliary technique
conceived to identify the crack path: the crackadagld technique.

The methodology enjoys the benefits of the inteaveintal methods, E-FEM [30] or X-
FEM [22], for capturing complex propagating disgaeent discontinuities in coarse meshes,
without resorting to global code invasive crackhpticking algorithms.

2 STRAININJECTION TECHNIQUES

Strain injectionrefers to a general numerical technique that st®ign inserting, in
selected parts of the domain and during differeéagjes of the simulation, specific strain
fields, that have the goal of enhancing the peréorce of classical finite elements. The key
point of this technique is the split of the domaito two disjoint subdomains: the injection
domain, 53,;, where the enhanced strain modes are injectethangmaining part of the body

where no improvement is intended (see Figure 1).

Figure 1 Discretized domain of typical size h.

Considering a finite element discretization anddbmain split of Figure 1, the variational
equation of the mechanical problem (equivalenthirtual work principle) can be written
as:

f 0" $@%"NdB+ 3 0% " 2EQ)d8 =W n,b,t') va' (1)
B\ VB© By (t)
Strain injection term
Where the work produced by the internal forcesomputed by the sum of two terms. The
first one, the standard term, corresponds to thetqf the domain where no enhancement is

done and, therefore, strains are computed diréaity the symmetric gradientys, of the

BE©

Standard term
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displacement fieldx (compatibility equation), as it is done in startldisplacement based
finite element formulations. The second term, ttrails injection term, corresponds to the
part of the domain where a specific strain fiedff), is injected in the constitutive equation

> () of those elements belonging to the injection domai,; (t). Here the strains are not

computed from the compatibility equation, so, neyuaions defining the enhanced strain
modes ¢ , should be added to the system.

REMARK: It is out of the scope of this paper to yde full mathematical details of the
strain injection technigue. However, in order topde the readers a general insight about the
basis of the methodology, the main ideas and basittvation of the techniques are briefly
presented. In [1] a rigorous presentation of tlohreue and its implementation details can
be consulted by interested readers. More informatam also be found in [2, 3].

3 STRAININJECTION FOR FAILURE ANALYSIS

The domain split illustrated in Figure 1, and supgd by equation (1), requires the
definition of the strain injections modeg? , and the injection domaif,; (t) . This definition

should be oriented to address the specific featanes challenges of the problem we are
dealing with. In the context of material failure dading, the injected strain modes have the
goal of enhancing the performance of classicaldirlements in capturing strain localization.

3.1 Straininjection modes

In previous work of the authors [1], two strainldi® were proposed to be injected in
guadrilateral elementsthe constant strain mode (CSM) and the discontisudisplacement
mode (DDM).

3.1.1 The Constant Strain Mode (CSM)

The constant strain mode consists of assumingttams constant within the quadrilateral
finite element:

(9
= &9 =eldy=v"  vBUCB,;®) (2)

In equation (2), the notatioﬁ(e) stands for the spatial average(pfon the elemenge).

The main goal of this injection is to provide extiexibility to those finite elements that
are amenable to develop discontinuities, there&meancing their propagation capabilities
and avoid mesh bias dependences.

We would like to remark that, for the used quatkeilal elements, the proposed constant
strain mode injection is equivalent to performingduced integration of the standard
displacement-based finite element formulation at itjected elements. The key difference
between both methodologies is that the CSM is adgd in very few elements (those
belonging to the injection domain — typically thartpof the body where the fracture is being
processed) while reduced integration techniquegpéed in the entire domain.

3.1.2 The Discontinuous-Displacement Mode (DDM)

The Discontinuous-Displacement Modensists of enriching the element kinematics with
the strong discontinuity kinematics [30] (summadzat Box 1) such that the mechanical
behavior of the crack can be perfectly captureddenshe finite element without spurious
stress transfer to the neighboring elements (skoekeéng phenomena).
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Strong discontinuity kinematics:
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Box 1 Summary of the strong discontinuity kinematsese([21]).

Inspired in the strong discontinuity kinematics, elament-wise constant discontinuous-
displacement mode was proposed:

€)

— —(9 . .
g =ePy =VSa — (Vo' ®lul®)S+65@uald an®) S vBOee B (t) ()

3.2 Injection domains

After defining the strain modes to inject, the sadigent questions to be posed alere
and when these strain modes should be injected in ordereffectively improve the
performance of classical finite elements for capgistrain localization. The answer to these
guestions is given by selecting proper injectiomdms. In the context of material failure
modeling it is intuitively reasonable that the prepd strain modes should be injected in that
part of the body where the fracture is being preeds By this reason the definition of the
injection domaing(t) is grounded on consistent mechanical criteria,hsas the

discontinuous bifurcation analysitbat qualifies a stress/strain state as compatiliie the
onset of a discontinuous displacement field.
Theinjection domain 3, , is that part of the domain where several strangeninjections

can be performed (it has common conditions forpasible injections). In the preceding
section two strain modes were proposed: the CSMlam®DM. Therefore two sub-domains
of B, (B, andBys) where these strain modes are respectively injevigst be defined, such
that: anj (t) = Boc (t) U Byis (1)
« the injection domain,3,(t), contains all the bifurcated elements which are in
loading condition at the current time

« the discontinuity domains,(t), contains all the elements that have bifurcated and

in addiction, are effectively developing a straindlization process. Notice that not
all the bifurcated elements develop cracks; sonteetlements initially bifurcated
unload elastically in subsequent time steps. Irotd successfully determine this
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domain thediscontinuity path should be identified in advanoethe context of the
strain injection techniques this is done by thecki@ath Field technique.

* the localization domains,.(t) includes all the in-loading bifurcated elements

(belonging therefore to the injection domain) whidb not verify, yet, the
conditions for belonging to the discontinuity domaie.: Bq(t) = By (t) \ Bys(t) -

All the injection domains can evolve very quicklyeo time. In fact, part of the elements
that initially bifurcate, tend in a subsequent stég unload elastically leaving, therefore, the
injection domain, while others, crossed by the aisiouity, remain developing strain
localization until being crossed by the discontiywuin Figure 2, a typical load process is
depicted.

Binj = Bloc

Figure 2 Evolution of the injection domains for thitypical stages of loading.

3.3 Summary

With the definition of the strain modes and thepezgive injection domains in hand, equation
(1) can be specified as follows:

fB\ D" £@%NdB+ 3 fg@ 0% M 3E8,)dB +
Fin VB By (1)
Standard term CSM injection

4)
2 fg<e>DS"h32(éga|)am)dB=+We“(?7,b,f*) vpheyh
vB(S)CBclis(t)

DDM injection

where the strain modes to injeef2,, and ¢&),, , are defined by means of expression (2) and

(3) respectively. Equation (4) summarizes how titernal forces work is computed at each
injection domain of Figure 2.

4 REPRESENTATIVE NUMERICAL SIMULATION: A GRAVITY DAM MODEL

Carpinteri et al. [31] have tested experimentatigls-down models of a gravity dam. The
models have a horizontal notch on the upstreamasidethe experimental test was driven by
controlling the crack mouth opening at that noféigure 3 illustrates the experiment setup,
including the model dimensions, the position of tiaéch and the equivalent hydraulic loads.
The finite element mesh and mechanical propertgesdun the numerical model are also
shown in this figure.



I. F. Dias, J. Oliver, J. V. Lemos and O. Llobek&alis

7.2 248 168 cm
M= | oy E VvV G
[MPa][GPd  [N/m]

I
/} 36 357 0,1 184
6.25%//»} —
I
I
[
18.75% ! _
[
I
/ } 168 cm
31.25%/—J‘ 199.92
// } 146.64
/ \
/ | .98
43.75%/—j
/ |
L ‘
200 cm

Figure 3 Dam model; finite element mesh; mecharpoaperties used in the numerical model, being the
yielding stressE the Young’'s modulus, the Poisson’s ratio an@; the fracture energy.

In the numerical simulations, the loading process werformed by applying, in a first
stage, the self-weight loads and, in a second sthgehydraulic loads. The second stage is
carried out through a step by step Newton-Raphsdemse in which the crack mouth
displacement at the notch is controlled by usimgl@ngth techniques.

The material behavior was simulated by using a Rentype plasticity [2, 3, 32] model
that allows modeling fracture opening in mode |. i®pasons of robustness, that is a very
important issue when modeling material failure JMPLEX scheme [33] for the integration
of the constitutive equation was used.

In Figure 4 quantitative responses for three diffieroptions are depicted in terms of the
force—CMOD (Crack-Mouth-Opening Displacement) cgtvEhe “strain injection” curve was
obtained by using the strain injection techniquesscdbed in this work, while the
“experimental” and “cohesive model curves” werean¢d by Carpinteri et al, being the
former experimentally measured and the later nuwakllyi computed by using a cohesive
crack model supported in an automatic remeshinggsses, at each crack grow step, so that
the crack lies in the finite element mesh sides.

It can be observed an excellent agreement betwettnnimerical solutions. The obvious
advantage of the strain injection technique is tltatemeshing process is needed. Relatively,
to the comparison with the experimental solutidns inoticed some level of discrepancy in
terms of the post peak behavior, which is moreipidse for the experimental case. That
might be attributed to some issues of the experiaheet-up that are missed in the numerical
modeling.
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Figure 4 Force displacement curves: hydraulic loadugeCrack Mouth Opening Displacement (CMOD).
In terms of crack propagation patterns, Figure dwsha good agreement between the

experimental and the numerical results obtainetl wie strain injection techniques. Finally,
Figure 6 shows the deformed configuration and thekcpath at the final stage of loading.

Numerical
g

Experimental

Figure 5 Crack trajectories. The numerical solutiatk pattern is plotted in terms of the equivaleaspt
deformation. The experimental trajectories have lzekted to the figure through the white lines coresiing
to both sides of the experimental 3d model.

Figure 6 a) Deformed configuration; b) Crack p&bsults obtained by the strain injection techniquelseat
final step of the computations.
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4.1 Mesh dependency analysis

When modeling material failure, mesh dependenca itical issue since different
meshes can deliver different results, in termsegithf the crack trajectory or in terms of
the dissipated energy.

In order to access if the results obtained by udhey injection techniques are mesh
independent, comparative analysis were carried bguusing two different meshes: one
structured and another unstructured (Figure 7).ithailly, the obtained results are also
compared with the ones coming from standard digptent-based (irreducible) formulations,
which are known to suffer from mesh dependence.

PN

SLPCTN N
SRS,
RS
A

Figure 7 Finite element meshes; a) structured mesmdtjuctured mesh.

Figure 8 compares results obtained with the twatdirlement formulations (strain
injection techniques and irreducible formulatiomy footh meshes shown in Figure 7.
Since the Rankine constitutive model is the samebfith formulations, the differences
shown in Figure 8 can be only attributed to thefgrerance of the finite element
formulation.

In fact, the results obtained with the irreduciidemulation show a considerably stiffer
behavior in terms of the post-peak response thatbearelated to spurious extra energy
dissipation due to stress locking defects. Thigadsas also consequences in the peak load
which is miss-predicted for the irreducible formtida when using the unstructured mesh.
Although, for this specific example, the differeage terms of the peak load are not too large
(less than 10%), we would like to remark that tlesuits obtained with the irreducible
formulation are not in the safety side, since tinecsure can fail due to lower hydraulic load,
as it is predicted by the strain injection techegu
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Figure 8 Finite element meshes; a) structured mesimdtjuctured mesh.

It is also remarkable that results obtained byirstirgection technique, for both meshes,
are near the same. This can be appreciated eightbeloverlapping curves of Figure 8 or by
the near coincident crack trajectories of Figure 9.

The results shown in Figure 8 and Figure 9 by ttrairs injection techniques are
strong indicators of their independence relativelyhe finite element mesh.

a) b)

Figure 9 Crack patterns plotted in terms of the emjeivt plastic strain. Results obtained by using thenstrai
injection techniques. a) Unstructured; b) Structurexth; c) overlap of results obtained with both meshes.

Relatively to the results obtained by the irredleibormulation, Figure 10 shows
different results in terms of the crack patterngisTissue is related to the mesh bias
dependence since the crack pattern obtained fostituetured mesh seems to be clearly
influenced by horizontal mesh directions.
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b)

Figure 10 Crack pattern plotted in terms of the egjent plastic deformation. Results obtained by udieg t
irreducible formulation. a) Unstructured; b) Strueti mesh; c) overlap of results obtained with both e®sh

5 CONCLUSIONS

In this work the potential of the recently propos#iin injection techniques, so far with
applications limited to some academic benchmarks, teen explored for studying crack
propagation in gravity concrete dams.

The results show clearly, the improvements obtaimgdising the new methodology in
terms of mesh independence, either avoiding meab br stress locking effects. This
spurious undesirable behavior can lead to unrealifgilure mechanisms or to the
overestimation of the ultimate structural load giag capacity. In the numerical simulation,
the displacement based classical formulation dedivesults overestimating the structural
resistance in about 10%, which is not on the safiels.

The new methodology has several advantages thauthers would like to remark:

Mesh independence.

Low computational cost — the explored approachuwaptthe crack inside the finite
element, which means that coarse meshes can bemmsedcompared with the finer
meshes required by other methodologies (nonloéal28], phase field [23], etc.) that
use several elements across the band for moddtiegctack. Moreover, all the
additional degrees of freedom (related to the ecédustrain modes) are condensed
out at the element level. The final result is a hodblogy that keeps the
computational cost at the level of the standargldcement-based finite element
formulations.

Noninvasive numerical implementation - The straijection technique in
combination with the crack-path-field techniquepia¢ the code invasive global
crack tracking algorithms, usually used in assamatwith other intra-elemental
approaches (E-FEM [21] or X-FEM [22]), with no apgat cost in terms of
robustness. This issue is a strong advantage, 8iecenplementation tasks in a non-
linear finite element code, affects, essentialig, ¢lement level.

Generality — in the sense that the method affegtdusively the finite element
formulation, this meaning that it can be used, mgple, with any continuum
constitutive model equipped with strain softening.
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The strain injection techniques are, due to thegmrtant properties that address the main
issues of material failure modeling (mesh indepande computational cost, robustness), a
methodology particularly efficient for modeling ®e crack propagation in concrete dams.
Moreover, the results obtained in this paper shuat the method is ready for being used in
practice, allowing improved estimation of the stwal safety factor and helping in the
security control of those gravity concrete damsclvhinight be particularly vulnerable for
crack propagation.

The ongoing extension of the presented methoddlm@p cases will open the application
field to large arch dams.
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