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ABSTRACT disciplines, the authors have developed a vision of

Concrete dams, by virtue of the lack of reinforca¥hat a modern analysis should entail. They seek not
ment, and the potential for well predefined cracily to advance the State of the Art, but as impor-
(along lift joints and the rock/concrete interfacedantly, to transform it into their State of the Practice,
or in-between monoliths, not to mention within th€Jchita, Noguchi and Saouma 2005).

solid concrete or rock mass) are indeed prime can- Few organizations have previously embraced
didates for fracture mechanics. This paper will higisuch a broad and challenging set of objectives. In the
light laboratory tests, numerical models, validatiod.S., the Electric Power Research Institute (EPRI)
experiments, and case studies. Numerous laboratbag indeed funded for five years the third co-author
tests have been conducted to characterize fractutedlevelop a fracture mechanics based methodology
concrete under varying conditions (such as dynanticassess dam safety. However, the impact of this re-
load, effect of water pressure inside the crack, cyckearch remained minimal. More recently, the Euro-
loads) and will be reported. Other laboratory tespean Community has funded a five years network
were conducted on a concrete dam model mountggram on the integrity assessment of large dam
on a shaking table inside a centrifuge to assess (hN&V-IALAD), but its objective was limited to the
accuracy of our numerical predictions. Finally, a nudentification of the State of the Art/Practice as op-
merical model (Merlin) for the nonlinear (implicitposed to focused research.

and explicit) 3D nonlinear transient analysis of con- Building on the American experience developed
crete dams has been under continuous developmgptthe first author, and the seismic expertise and
for the past 15 years. The computational challenggseds of the Japanese dam owners, an international
encountered will be highlighted. collaboration was initiated seven years ago. Our ap-
It will also be pointed out that, though nonlineagroach is one which takes a holistic approach to a
fracture mechanics has an important role to play very complex and coupled multi-physics problem.
the seismic safety assessment of a concrete danfiiét we identify the State of the Art, advance it need
is only one major player amongst many other impase, publish those results in the scientific literature
tant ones whose participation is equally essentialttpshare it with others, develop a computational tool

the comprehensive analysis. which can effectively and efficiently analyze the sim-
plest and most complex structures, and last but not
1 INTRODUCTION least assess the reliability of this tool through com-

Japan, which is geographically located on the intdfex model testing.

section of three major faults, is one of the most seis- This paper will share our collective experience
mically active regions in the world and as such has this adventure. However, before we proceed, it
taken a leadership role in research and developmshould be emphasized that a peculiarity of concrete
to mitigate the destructive forces unleashed by a saisims is the simplicity or complexity with which they
mic tremor. Recognizing the computational powean be analyzed. In the simplest case, a spreadsheet
currently available, the advances in various relatedall what is needed, at the other end of the spec-
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trum a supercomputer (or massively parallel one) is Another example of tests particularly relevant to
essential. What causes this dichotomy is simple. Asncrete dams is the response of joints subjected
for most structures, design is limited to linear elastio reverse cyclic loads, Figure As the earthquake
analysis, generous safety factors, and simple calstrakes the rock/concrete interfaces, there is a degra-
lations compounded by engineering common sendation of the interface resistance to crack forma-
Risk analysis on the other hand, is much more cotmn/propagation. These tests are essential prior to the
plex. The Federal Energy Regulatory Commissiatevelopment of a constitutive joint model to be used
(FERC) for instance stipulates that a potential failune strong earthquakes.

mode analysis (PFMA) must be undertaken. Hence, a

nonlinear finite element analysis must be conductgd MATHEMATICAL MODELING

to determine whether the dam can sustain a given
flood, earthquake, blasting, aging of its concrete

a combination of the above. The stakes hinging

thematical modeling of a double curvature arch

m subjected to a strong earthquake is indeed one of
the outcome of such an evaluation are enormMous. the_ most challenging C.IVI| engineering problems. Itis
a tightly coupled multi-physics problem. One must

e Unfo;tt:)natic;ecentfeivents (_Tsl\llmarrcl)l ;n the Eahrhderstand the 1) thermally induced initial stresses
ast, and breakdown of levees in New Orleans) &he arch dam, 2) nonlinear mechanical response of

shown the_ gles_tructlve nature of unle_ashed water. Athts and cracks, 3) hydrodynamic forces exerted on

responsibility |s.to make sure that this does not oc s dam, 4) staged construction and residual stresses,

through dam failure 5) dynamic flow of water inside a crack, 6) Wave
propagation from the epicenter to the dam, 7) “Soil-

2 TESTING Structure” interaction, 8) Structural model, and last

Nonlinear finite element analysis is much dependdmt not least 9) the dynamic structural response of

on the constitutive models (stress-strain or stre$Bis massive concrete structures.

displacements) adopted. These must not only be rig- Whereas a thermal transient analysis may not be
orously derived, but must be based and validated farticularly challenging, determination of the ther-
laboratory tests. mally induced thermal stresses, simulation of the

Material testing for dam much differs from “tra-construction process, and of the joint grouting is a
ditional” material testing for buildings. Major differ-delicate computational task which may not be easily
ence is in size of specimens, and in type of applicascomplished with commercial codes.

tion specific tests. The resistance to crack growth of joints and cracks do constitute the primary, if not
concrete, and concrete-rock joints in large specimefg only source of nonlinearity in the stress analy-
(5 by 5 ftand 3" MSA), Fig.1 was first investigated, sjs of a dam. Whereas most commercial codes, as
(Bruhwiler, Broz and Saouma 1991). Also investiye|l as researchers, focused on the so-called smeared
gated was the relationship between crack openiggck model, we felt all along that the discrete crack
and internal uplift pressures during both static amflodel should be one adopted. In the smeared model,
dynamic loads, (Slowik and Saouma 2000). Finallfse mesh is fixed, and Gauss points constitutive mod-
prevailing ourselves of the existing testing capbilels are modified to reflect the presence of a crack. A
ties, a large scale direct tension test was conductljor limitation of this model, and despite years of
on a 762 by 254 mm section, (Slowik, Saouma amglsearch, is the difficulty to capture the localization
Thompson 1996) and yielded an unexpectedly highthe crack. In the discrete crack model, the mesh
fracture energy of 280 N/m, Fig. 3. topology reflects the presence of the crack/joint and a
It is often desirable to extract directly in-situspecial interface element is inserted along the crack.
key physical parameters of the concrete; this wasthe context of dam, where few cracks/joints ex-
attempted through the use of special probe whiwt, and which location is known a priori, there is
records radial displacements while it pressurizeditle doubt that the discrete crack model should be
borehole. First, laboratory tests were conducted, theaopted. Hence, much of our effort dwelt on improv-
field tests performed, Figui& ing this model. When used along the concrete/rock



discontinuity in a dynamic analysis, this model infmodeling of the so-called free-field as the seismic
deed captures the nonlinear response of the joidve will artificially and numerically be reflected
through crack opening and normal stress distriboy the lateral edges of the model. This problem was
tions which account for possible (small) cohesiMeng recognized. In the context of a finite element
tensile stresses, Figube (as opposed to boundary element) analysis, this prob-
Our focus on discrete crack may have startéein is most efficiently addressed through application
with (Saouma 1980), really took roots in moderaf boundary conditions which would absorb these
plasticity approach through the model developed waves (thus we often talk of “Silent” boundary con-
(Cervenka, Chandra and Saouma 1998) which wdisons, or of radial damping). The classical (and par-
extensively used for actual nonlinear dam analyst&gl) solution to this problem is the application of
and culminated most recently with the extension bffsmer dashpots. However, in this model, the free
our previous model to account for reverse cycliteld is assumed to be rigid. A more rigorous model,
loads, (Puntel, Bolzon and Saouma 2006). developed by Miura and Okinaka (1989) consists in
During an earthquake, joints open and cracksseparate analysis of each of the free fields (2 in
may form. Currently, there is much controversy as &b and 4 in 3D) for each of the 3 components of
whether water can flow into the newly formed crackhe earthquake record. The determined velocities are
and what the dynamic uplift is. There is some strorigen applied as initial boundary conditions to the
experimental evidence that during crack opening addm which must also have the traditional lysmer sup-
closure, we have respectively a decrease or an port, Figure8.
crease of uplift pressure. Hence during crack prop- Free field modeling require that there is no ver-
agation, not only is the new crack surface subjectadal support below the foundation (to avoid the ver-
to an internal uplift pressure, but the magnitude t€al reflection of waves), hence in our analysis we
the pressure is a function of the rate of crack openifigst perform a static analysis with gravity load, and
displacements (as a first approximation), Fg. then the program can automatically replace the ver-
Earthquake records (accelerograms) are usudlbal reactions by equal nodal forces for the restart in
measured or determined at the surface. Yet the andhe Dynamic analysis.
sis requires modeling the rock foundation (and its While conceptually simple, this can be a poten-
mass), at the base of which accelerations are appligally “labor intensive” task as velocities must be ex-
Again, in simpler analyses the surface acceleratitmacted for each time steps from many different files
is simply applied at the base; however a more rignd then inserted in the main analysis input file.
orous approach would require deconvolution of the Amongst the many “fine-grain” issues in the
signal under the assumption of a linear elastic roskuctural model (and not previously discussed), we
foundation. This is done by first applying the (sutist the need to have an initial static analysis, fol-
face) recorded signal at the base, through a prelingwed by a Restart (and resetting of displacements
nary finite element analysis compute the induced d@o-zero) of the dynamic analysis with dynamic elas-
celeration on the surface, transfer those two accelic-properties. In the dynamic analysis, one needs to
ations from the time to the frequency domain, aravoid the effect of “rocking” (reflection of the elas-
compute the transfer function. In the general thréde waves with the vertical supports of the gravity
dimensional case, there will be 9 transfer functiomsad) by replacing static reactions with point loads in
which constitute the convolution matrix. The inverséhe dynamic analysis. Concrete and rock should also
of that matrix times the input accelerations will givlhave different Rayleigh damping coefficients. Differ-
the deconvoluted one. Hence, we the deconvolutedt joint models should be used if we expect a pure
one is applied at the base of the foundation, the imode | (simpler) or mixed mode crack propagation.
duced acceleration at the surface will be nearly idedighly fissured and fragmented rock (as is the case
tical to the one recorded, Fig. in Japan) should have a nonlinear model, and major
Whereas many simpler analyses ignore the fouock joints should be modeled.
dation mass, this must be accounted for in a rigorous Whereas until fairly recently, transient analy-
nonlinear analysis. A major complication becomess was considered to be computationally impossi-
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ble (and hence most analyses were linear and panle features previously discussed, and others (such
formed in the frequency domain) , this is clearly nas a comprehensive model for AAR largely based on
longer the case. With modern computers, time hige experimental work undertaken at the Laboratoire
tory analysis of even small dams is becoming tl&entral des Ponts et Chausss in France).

norm. Time integration can be either implicit or ex- Whereas much of the earlier emphasis was on
plicit. Dynamic crack opening and closures can imliscrete crack models, Merlin can combine local-
duce numerical problems, and integration schenigesd failure (discrete cracks) with distributed failures
may have to be refined. In Figit is apparent that the (smeared cracks).

both the Newmarks and Hughesy methods yield Not surprisingly, computational time on a Pen-
identical results as long as the discrete crack is rioim [V of a 3D nonlinear analysis with dam
activated, when it is Hughes time integration methadservoir can take well over two weeks. Hence,
is more suited to dissipate the high frequency coto address this severe constraint, an explicit ver-
tent of the response. More recently, we have modion of the program was developed, and the
fied our code to accommodate explicit (which beingarallelized using the MPI library (http://www-
conditionally stable requires very small time stepsnix.mcs.anl.gov/mpi/). Hence, not only seismic
method. A major advantage of the explicit time inanalysis of a dam with reservoir could be per-
tegration is that the global structural stiffness mérmed in a matter of hours, but also analysis
trix need not be assembled, and hence the caifedams subjected to impact or explosives could
can be relatively easily parallelized to run on mube possible. In turn, the preprocessor can perform
tiple CPU’s. This was done through the MPI librarydomain decomposition using METIS (http://www-
whereas we used METIS for domain decompositionsers.cs.umn.edu/ karypis/metis).

It is our strong expectation that complex 3D nonlin-

ear analysis of dam-foundation-reservoir system can IMPORTANCE of POSTPROCESSING

most effectively be analyzed in parallel on a netwoRk/hether running a simple or complex analysis, En-
of computers connected by 1 GB Ethernet networdineers no longer limit themselves to scrutinizing
A special purpose 2D-3D finite element mesh gengjages of output data file. Not only graphical post-
ator, Kumo-no-su, for concrete dams with the capgrocessors are essential, but those must be “jazzed-
bility of supporting all the above features was develp” to satisfy the wishes of a new generation grown

oped, (Saouma 2007). with electronic games. Last but not least, the Engi-
neer should be able to "data-mine” the information
4 ANALYSIS needed to prepare analysis reports. This was accom-

plished in our case with our in-house program Spi-
The kernel of our computational tools is the finitger, (Haussman and Saouma 2006). As this tool was
element code. I_t is a 3D nonlinear dynamic finite edteveloped by Engineers for Engineers, it truly re-
ement code which has been under continuous devonds to all our needs. Hence, Spider accepts input
opment for over 12 years. Being (as all other preata from:
grams) developed “in-house” we do have the sourge - L
- . . igenvalue analysis:display and animation of

code and the flexibility to easily modify it to ad-

. . . mode shapes. User selects the mode shape, and
dress new needs of the Dam Engineering profession. . S . :

) - . spider will display it in static mode, or through
Merlin, (SaoumaCervenka and Reich 2006) has a . ) . .
. o an animation. Animation can then be saved
library of over 25 constitutive models, 30 element . .
. . . - into an .AVI file.

types, different algorithms for nonlinear analysis (in-
cluding indirect control/Line Search). In addition td@ime History analysis: real time display of dis-
stress analysis, it can also solve transient heat trans- placements and accelerations while the (very
fer analysis (to determine temperature field for AAR long) numerical simulation is under way. User
analysis), and steady state seepage analysis (to de- can select in real time node and degree of
termine initial uplift pressure in complex geological freedom for which accelerations are to be dis-
formation). Implemented in Merlin are all the desir- played (histogram at the bottom, bar chart and
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numerical values on the top), through a graph: Furthermore, a 10 seconds earthquake hitting the
ical user interface. Furthermore, the user camototype should be modeled by a 10/n model excita-

select two accelerograms and seek the evation (hence if n. is 100, that 10 sec. earthquake must
ation of the transfer function between the twbe applied in 0.1 sec!).

signals (FFT and transfer function all being in-  Whereas we do not, yet, advocate the use of cen-
ternally computed), or plot accelerations angifuges to assess the safety of an actual dam, we cer-
FFT's, Fig.11 tainly recognize the values of such a test to validate

.AVI files showing the animation of the dam'qumerical models. Indeed, this may very well consti-
response are also possible. Finally, Spider fl4€ the only safe and reliable way to verify the accu-
also setup to read various analysis resuf@cy of a numerical code for dam engineering. Pre-
and automatically determine the deconvolutdéninary centrifuge tests of dams were performed in

earthquake accelerogram which should be @oulder in the early 90's through our EPRI project.
plied. Most recently, we have examined first the develop-

ment of uplift pressure beneath the dam, and assessed
Nonlinear finite element analysis: Provides prac- the accuracy of our models, Fi5, (Gillan, Saouma
tically all the major and (minor) features weand Shimpo 2004).

found in other finite element postprocessors. Building on the experience gained from the pre-
Aside from the usual displays of meshes, copious test, a new test program was initiated to dy-
tour lines, contour surfaces, carpet plots, vegamically excite and crack impounded dams inside
tor plots and principal plots, Spider provideg centrifuge, (Uchita, Shimpo and Saouma 2005).
a number of other features. Display of inditence, the facility of the centrifuge facility of the
vidual groups, possibility to slice the structurepbayashi Corporation was used. A model, represen-
provide different types of displays for a slicegative of Japanese gravity dams, was cast with a very
structure, and many more options, Fig. Of = shallow foundation, Figl6.

particular relevance to dam engineering, Spi- pgegide strain gages, the dam was instrumented
der can display contour lines for the factors Qfjit crack gages, laser based displacement trans-
safety, surface plots of the joint stresses, digcers and accelerometers. Whereas no attempt was
placements and uplift pressures. made to model uplift, the impounded dam was to
"harotze excited by a series of harmonic excitations (five

wired” to Merlin, and that it can be used as a stanSYCIeS each), with increasing magnitudes. Following

alone post-processor to other finite element codSQ.Ch excitation, a "white-noise” excitation is applied,

User has to supply a .pst file, .rtv or .eig (standaftid Lhrough ﬂ;e deterr;nnatlon cc|)f the transferkfunc-
post-processor, real time view, or eigenvalue) file 10N Petween base and crest, damage (cracks) was

detected.
6 VALIDATION Again, the objective was not to test a particular

Society can no longer afford the failure of a major incjam, but rather to test a generic and representative

frastructure before it revises its mathematical pred%{aometry which cogld be us ed to assess our com-
tive models. This is particularly true for dams Wher%mer program Merll_n._As with the uplit mvgstlga—
increased sophistication in modeling and narrowirlilon’ numencal_predlctlon of C“’?‘Ck propagation, and
factors of safety (economic hardship) imposes up8 est acceleration was very satisfactory, Hig.

us to verify the accuracy of the mathematical models

through controlled laboratory testing. All model testt CONCLUSIONS

ing must satisfy Buckingham’s laws of similitudeHistorically, Dam Engineering has constituted some
for most ordinary structures, this is seldom a coonf the most complex and challenging engineering
cern however for dams it is. Hence, for a dam modetoblems. Hence, solutions initially developed for
n times smaller than the corresponding prototype, ams were subsequently extended to other Engineer-
must increase the gravitational forces by a factor ioig disciplines. Furthermore, given what is at stake,

It should be noted that Spider is in no way
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we no longer can satisfy ourselves with simple engi-  processor; user's manudkchnical report, Re-

neering approaches, instead we must take advantage port Submitted by the University of Colorado

of the latest developments and lead the way in Civil  to the Tokyo Electric Power Service Company.

Engineering research and development. http://civil.colorado.edu/ saouma/Spider.
Nonlinear fracture mechanics plays a crucial role ) ]

in the seismic safety assessment of concrete daMi!ra. F. and Okinaka, H.: 1989, Dynamic analy-

it is by far the largest source of nonlinearity. Joints SIS method for 3_d soil-structure interaction sys-

are present between monoliths, between the rock and te_ms_ with th? viscous boundary based on the

the concrete and potentially in the rock foundation as  Principle of virtual work, Japanese Journal of

joints or in the dam as cracks. Nevertheless, it should CiVil Engineering pp. 395-404.

be made clear that as important as fracture mech@iiniel E. Bolzon. G. and Saouma. V.: 2006. A frac-
ics is, it is only one “player” amongst many others  ,re mechanics based model for joints under
which should also be accounted for. cyclic loading, ASCE J. of Engineering Me-

chanics 132(11), 1151-1159.
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Figure 1: Large Dry and Small Wet Wedge Splitting Tests



Large Scale (30x10 in.) Direct Tension Test
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Figure 2: Large Scale Direct Tension Test

Figure 3: Use of Pressurized Probes to Determine in-sitctete Properties in a Dam



Figure 4: Large Scale Testing of Concrete Joints Subject&eterse Cyclic Loading
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Figure 5: Special Interface Elements Simulating CohesikeckC Joints During Seismic Excitation. Note
Out of Phase Crack Opening Displacements and Cohesives&res
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Figure 6: Dynamic Uplift in a Joint

Figure 7: Deconvolution of Seismic Record
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Stepl: 1D-model analyze
Step2: 1D-result velocities
transfer to 2D-model

Step3: 2D-model analyze
Step4: 2D-result velocities transfer to
side-face of foundation. (do not

the corner node)

Step5: The corner node of foundation
is transferred from 1D-model
velocities

Figure 8: Finite Element Discretization of the free field;tie of Procedure
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Figure 9: Effect of Time integration Scheme on Dynamic Respawith Discrete Cracks
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Parallelization of Explicit Algorithm: MPI

Figure 10: Explicit Distributed Computation of an Arch Dam
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Figure 12: Postprocessing visualization
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Figure 13: 3D Crack Opening Displacement Profile of a Jomd,@orresponding Nonlinear Uplift Pressures

Figure 14: Example of Joint Sliding During and Earthquake
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hia, Proximity Probe and
Proximity Probe . LVDTs

Figure 15: Aluminum container showing dam model and accawyipg instrumentation
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Figure 16: Centrifuge Facility at Obayashi Corporatiord &ravity Dam model
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