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Abstract: A series of four dynamic centrifuge model tests was performed to investigate the effect of foundation densification on the
seismic performance of a zoned earth dam with a saturated sand foundation. In these experiments, thickness of the densified foundati
layer was systematically increased, resulting in a comprehensive set of dam-foundation response data. Herein, Class-A and Class
numerical simulations of these experiments are conducted using a two{gbhideand fluid fully coupled finite element code. This code
incorporates a plasticity-based soil stress—strain model with the modeling parameters partially calibrated based on earlier studies. Tt
physical and numerical models both indicate reduced deformations and increased crest accelerations with the increase in densified lay
thickness. Overall, the differences between the computed and recorded dam displacements are under 50%. At most locations, tt
computed excess pore pressure and acceleration match the recorded counterparts reasonably well. Based on this study, directions
further improvement of the numerical model are suggested.
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Introduction (Fig. 1) was investigated under moderate levels of dynamic exci-
tation. The effect of various parameters on the seismic behavior
Soil structures such as river dikes, highway embankments, andof the dam, such as the thickness, width, and depth of liquefiable
earth dams have been frequently damaged during past majorlayer, was studie@Adalier and Sharp 2002aln all tests, the final
earthquakes. This damage was often mainly due to liquefaction ofP€rmanent displacement field was carefully mapped. Such re-

the embankment and/or foundation safeed 1968; 1970; Mat- corded deformation patterns provide insights towards the devel-
suo 1996; Krinitzsky and Hynes 20pan most cases, large de- OPment of cost-effective remediation measugésn 2000; Ad-

formations occurred due to liquefaction of the supporting loose alier and Sharp 2002a ) .
cohesionless foundation saiSeed 1968; Tani 1996: Krinitzsky The complementary data sets generated from this test series

and Hynes 200 resulting in cracking, settlement, lateral spread- shed I'gh.t on the underlying physmgl response m.echanlsm.s and
. . . . deformation patterns, and offer an ideal opportunity for calibra-
ing, and slumping of the overlying soil structures.

. . ) tion and verification of numerical procedures. Herein, numerical
Such earthquake liquefaction hazard necessitates the develop- P

t of iat diati i dbetter et al predictions are performed for four tests, with different thickness
mentof appropriate remediation coun ermef':ls(lre .e er'e al of densified foundation layer. A two-phaésolid and fluid fully
1994; Marcuson et al. 1996Recently, a series of highly instru-

” coupled finite elementFE) program(Elgamal et al. 2002b; Yang
mented centrifuge model tests was conducted at Rensselaer Poly; - Elgamal 200Ris employed in the numerical analysis. This

technic Institute(Adalier and Sharp 20023,bto experimentally program incorporates a soil stress—strain model that has been cali-

assess the performance of countermeasure techniques for liquefip5taq earlie(Elgamal et al. 2002bfor Nevada No. 120 sand at

able earth dam foundations. In this experimental series, seismicy re|ative densityD, of about 40%. The same sand was used in

behavior of a zoned earth dam with a saturated sand foundationis test series at two differem, values(35 and 70% Hence,

the earlier calibration process served as a basis for defining mod-
%Ass!stant Proje(_:t Scientist, Dept. of Structural Engineering, Univ. of eling parameters in the current study. Initially, bligGlass-A

California at San Diego, La Jalla, CA 92093. - numerical predictions were conducted, only knowing the physical
Professor, Dept. of Structural Engineering, Univ. of California at San model configuration and the input motion. Based on comparison

Diego, La Jolla, CA 92093. . s . .
SAssistant Professor, Florida State Univ., Panama City, FL 32405. of the blind prediction results with the recorded data, an addi-

“Director, Centrifuge Research Center, U.S. Army Engineer Researchtional effort (Class-B simulationwas undertaken to adjust the
& Development Center, Vicksburg, MS 39180. soil modeling parameters.

Note. Associate Editor: Roger G Ghanen. Discussion open until In the following, after a brief description of the experimental
March 1, 2005. Separate discussions must be submitted for individual and numerical modeling procedures, the blind prediction results
papers. To extend the closing date by one month, a written request musty g presented and compared to the corresponding experimental

be filed with the ASCE Managing Editor. The manuscript for this paper . . . . . .
was submitted for review and possible publication on May 6, 2003; ap- data. In addition, simulation results using the adjusted modeling

proved on March 17, 2004. This paper is part of feirnal of Engi- parameters are briefly discussed. _AII computational and experi-
neering Mechanics Vol. 130, No. 10, October 1, 2004. ©ASCE, ISSN ~ mental results are reported below in prototype scale, unless oth-
0733-9399/2004/10-1168-1176/$18.00. erwise specified.
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Fig. 1. Typical centrifuge model configuratiaiLD case and instrument deploymeifdalier and Sharp 2002a

Centrifuge Testing Program base excitation would result in a peak ground accelergiA)

of 0.2g for the LLL and LLD foundation profiles, 0.25for LDD,
The liquefaction countermeasure experimental siddialier and or 0.4g for DDD. The 0.4 PGA (on stiff ground is an excitation
Sharp 2002a, Yowas conducted at a 1@Qravitational accelera-  level that would be hazardous to loose, saturated foundation soils
tion. Under this gravity field, the centrifuge modéfsg. 1) simu- as documented in case history studies., Krinitzsky and Hynes
lated a prototype earth dam of 10 m in height and 39.5 m in 2002. Finally, in all cases, the associated vertical excitation was
width, resting on a sand foundation deposit of 9 m in thickness. less than 10% of the lateral input, and was not considered in the
The earth dam core was composed of Kaolin clay compacted atnumerical simulations for simplicity.
about 33% water content, with a dry unit weight of 13.4 kN/m
and an estimated unconfined shear strerigfh of 16—18 kPa.
Clean Nevada No. 120 sand atDa of about 70% was used to  Numerical Modeling Procedures
construct the embankment slopes. The same sand was also used
as the foundation material, atty of gpout 35%for the nondgn- Finite Element Model
sified zong and 70%(for the densified zone The foundation
layer was saturated with a fluid at a prototype permeability of To study the dynamic response of saturated soil systems as an

about 1.3< 104 m/s (D,=35%) and 1.0 104 m/s (D,=70%), initial-boundary-value problem, a two-dimensional plane-strain
within the range of fine sanLambe and Whitman 1969Water FE program was develope(Parra 1996; Yang and Elgamal
was used as the reservoir fluiflig. 1), resulting in a prototype ~ 2002. The program implements the two-phdselid—fluid) fully
permeability of about & 1072 m/s within the embankmer(in coupled FE formulation of Chafil988 and Zienkiewicz et al.
the range of coarse sand (1990. This implementation is based on the small-deformation

The four experimentgFig. 1) were different only in thickness ~ theory, which does not account for nonlinearity effects due to
of the densified foundation layer, in order to evaluate overall per- finite deformation or rotation. In order to maintain focus on the
formance of the dam—foundation system as a function of this conducted numerical study, the employed FE formulation is de-
parameter. The first case loose, loose, logseL), was the  scribed in the Appendix.
benchmark test with the entire foundation composed of loose sand A typical element employed in this formulation is shown in
(35% D,). The other three models loose, loose, deflseD), Fig. 3, with nine nodes for the solid phase and four nodes for the
LDD, and DDD, represented an increasingly thicker densified fluid phase, so as to reduce numerical difficulties associated with
foundation layef70% D,) of 3, 6, and 9 m, respectivelfig. 1). the nearly incompressible fluid phag€han 1988 Each solid
Soil dynamic response was monitor@g. 1) by a large number ~ node is associated with two-degrees-of-freed@OF) for the

of miniature accelerometexin the lateral directioy pore pres- lateral and vertical displacement, and each fluid node is associ-
sure transducers, linear variable differential transformers ated with 1 DOF for pore pressure. This 9-4-node element is
(LVDTs), and a dense mesh of disp|acement markers. employed in all numerical simulations presented herein.

All models were subjected to similar lateral excitation of about  The FE mesh for the dam-foundation system is shown in Fig.
30 cycles, 0.8 peak amplitude, and 1.5 Hz dominant frequency 3. Boundary conditions for all simulations were:

(Fig. 2). A free field site response analygissing the FE numeri- 1. For the solid phase, lateral input motion was specified along
cal procedure to be discussed in the next segtbowed that this the container boundargbase and two lateral sidesas the
- T T ® Solid node .
0.2r LLD OFluid node

Acceleration (g)
<

-0.2
0 5 10 15 20 25
Time (sec)
Fig. 3. Finite element mesh and employed solid—fluid coupled ele-
Fig. 2. Typical input base excitatio(LLD case ment
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Fig. 5. Model simulation of stress-controlled, undrained cyclic shear
loading: (a) without and(b) with static shear stress bhiégBarra 1996;

recorded container acceleratigRig. 2). All nodes on this Elgamal et al. 2008

boundary were fixed in the vertical direction.
2. For the fluid phase, the base and the two sides, the

container boundarigsvere impervious. The free water sur- undrained triaxial response under anisotropically consolidated,

face (phreatic surfacewas assumedor simplicity) to vary cyclic loading conditions, showing the cycle-by-cycle accumula-

linearly within the clay core between the upstream side and tion of liquefaction-induced deformation.

the downstream sidéashed line in Fig. B At each node

along the model surface, the acting hydrostatic pressure wasModel Parameters

specified. The main modeling parameters include typical dynamic soil prop-

A static application of gravitymodel own weight was per- erties such as low-strain shear modulus and friction angle, as well
formed before seismic excitation. The resulting fluid hydrostatic as calibration constants to control pore-pressure buildup rate, di-
pressures and soil stress states served as initial conditions for théation tendency at large shear strains, and the level of
subsequent dynamic analysis. liquefaction-induced shear deformation. Specific values of the
major modeling parameters are listed in Table 1. For loose Ne-
vada sand35% D,), the modeling parameters were essentially
those identified from the earlier extensive calibration efforts for
The FE program incorporates a plasticity-based soil stress—strainD,=40% (Elgamal et al. 2002b For dense Nevada sand
constitutive model(Elgamal et al. 2003; Yang et al. 2003n (70% D,), no data were available for calibration, and the model-
which a number of conical yield surfaces reproduce the nonlinearing parameters were chosen mainly based on extrapolating the
shear stress—strain response and the confinement dependence Bf=40% calibration results, available empirical formulae
shear strengtliFig. 4). A more detailed description of the model (Kramer 1996, and engineering judgment. Thus, the selected set
formulation is included in the Appendix. This soil model was of parameters produces higher shear strength and stiffness, stron-
calibrated earlier for the sand employed in the centrifuge tests, atger dilation tendency, and lower pore pressure buildup rate, com-
a D,=40%. The calibration phas¢Elgamal et al. 2002bin- pared to theD,=40% parameters.
cluded results of monotonic and cyclic laboratory sample tests  For the clay core, a simplifie¢pressure-independgntersion
(Arulmoli et al. 1992, as well as data from level-ground and of the constitutive model was used, withsgof 17 kPa and zero
mildly inclined infinite-slope dynamic centrifuge model tests friction angle. This shear strength was selected based on reported
(Dobry et al. 1995; Taboada 1995 laboratory testing datéAdalier and Sharp 2002a
As mentioned in the Introduction, liquefaction-induced defor-

mations are among the most important criteria for evaluation of
related hazard. In this regard, the employed soil constitutive Results and Discussion
model was developed with emphasis on simulating the
liguefaction-induced shear strain accumulation mechanism in Extensive discussion of the experimental results can be found in
clean medium-to-dense san@gamal et al. 2002a,b, 2003, Yang Adalier and Sharg2002a,b. In this section, we first summarize
and Elgamal 2002; Yang et al. 200Fig. Ha) displays the char-  the overall deformation pattern of the dam—foundation system
acteristics of undrained model performance under symmetric (both experimental and computatiopaand compare the com-
stress-controlled cyclic shear loading conditions, in terms of shearputed displacements at key locations to the experimental re-
stress-strain and effective stress path. The model response showsponse. Thereafter, the computed acceleration and excess pore
(1) an initial phase of gradual loss in effective confinement and pressure are presented and compared to the corresponding experi-
thus gradual increase in pore pressgsbear-induced contrac- mental data at a number of representative spatial locations.
tion); (2) considerable shear strain accumulation within each load
cycle, as the effective confinement approaches @exq liquefac-
tion); and (3) increase in effective confinement at large cyclic
shear strain excursiorishear-induced dilationcausing increased  Fig. 6 shows the measured and computed final deformed configu-
shear stiffness and strength. Figbpdepicts the characteristics of  rations, for the benchmarkLLL) and the lightly remediated

Constitutive Model

Deformation
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Table 1. Employed Major Modeling Parameters

Nevada sand

Nevada sand Nevada sand atD,=70%
Parameter at D,=35% atD,=70% Kaolin clay (adjustedl
Low-strain shear modulu§, (at 33.3 MPa 80.0 MPa 13.0 MPa 60.0 MPa
80 kPa mean effective confinemgnt
Friction angled 31.4° 35.5° 0.0° 35.5°
Cohesion 0.0 kPa 0.0 kPa 17.0 kPa 0.0 kPa
Liguefaction yield strainy, 1.5% 0.0 0.0 0.0
(Fig. 16, phase 12
Contraction parameter; 0.17 0.1 0.0 0.1
(Fig. 16, phase 01
Contraction parameter, 0.05 0.05 0.0 0.05
(Fig. 16, phase 01
Phase transformation angle 26.5° 22.0° 0.0° 26.5°
Dilation parameted, 0.4 0.8 0.0 0.2
(Fig. 16, phase 233
Dilation parameted, 10.0 10.0 0.0 10.0
(Fig. 16, phase 233
(LLD) models. The overall deformation pattern of LLD is also In both physical model§Figs. @a and b], the clay core ex-
representative of the LDD and DDD modefsot shown herg perienced a nearly uniform lateral expansion along the founda-

In all cases, due to combined action of the imparted lateral tion. This expansioiiabout 10% of the core widjtwas probably
excitation and surcharge weight of the embankment, foundationdue to confinement reduction as the liquefied foundation sand
soil migrated laterally towards the free fie{thteral spreading migrated laterally towards the free field. Numerically, this nearly
Lateral foundation displacement attained maximum values atuniform core expansion was reproduced in the form of a barrel
ground surface, and decreased with depth. In the benchmark casehape[Figs. @a and B]. This barrel shape is a consequence of
[Fig. 6@)], extensive liquefaction in the foundation resulted in: specifying all the bottom nodes to displace according to the input
(1) large shear strains throughout the foundation layer @d excitation, thus precluding the observed slippage between the clay
severe distortion of the overlying dam bogyith slope instability core and container base.
observed experimentally In LLD [Fig. 6b)], presence of the
densified layer restrained the foundation from such excessive de-Settlement
formation. This in turn helped to maintain integrity of the over- Fig. 7 depicts computed vertical displacement along with the cor-
lying embankment. responding LVDT data on the dam slopes and dam crest. In all
cases, settlement is seen to accumulate on a cycle-by-cycle basis.
Both the numerical and physical models indicate decreased settle-
ment with the increase in densified layer thickness. However, the
actual crest settlement was seen to accumulate at a gradually de-
creasing rate, in contrast to the linearly increasing settlement pre-
dicted by the numerical models. The experimentally observed de-
creasing settlement rate may be attributed to foundation
densification and finite deformation effects that were not repre-
sented by the employg@mall-strain FE formulation. In the LLL

B 1 T
LUV B\ I T
VAVWNNWNYNYTY 777777 T 5
(a)
C
. 1, ) = EEL LDD
| / \ : % =—sCrest =—aCrest
& —2|~—*Upstream Slope 2—aUpstream Slope
g-l LLD DDD
1 { —aC) o—aC
C TT-H LL [ =2 HDgifltrlstream Slope A—ADi)ev?/tnstream Slope
A un /777 0 10 20 0 10 20
(b) Time (sec) Time (sec)
Fig. 6. Recorded and computed deformed configuratigas:.LLL Fig. 7. Recorded linear variable differential, transform@énicker)
and(b) LLD and computedthinnen vertical settlements
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case, computed and recorded crest settlements show a good
agreement throughout the shaking event. In the other three cases,
the numerical models initially under predicted but eventually over
predicted the crest settlement. Finally, the predicted settlement
history along the dam slopes was surprisingly good in all cases.
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Lateral Deformatlt_)n .. Fig. 9. Shear stress—strain and effective stress path at upstream under
The final lateral displacements at the dam toes are shown in Fig.y,, toe:(a) LLL case, (b) DDD case, andc) DDD using modified
8 for all cases. In general, lateral movements are seen to decreasgense sand parametérs '

upon implementation of the foundation densification countermea-
sure. The final displacements were predicted reasonably well in
the LLD and LDD cases, but were under predicted by 40-50% in terparts, with the differences under 50% for all cases. It is clear
the LLL and DDD cases. As mentioned above, a considerable that additional constitutive relation and numerical analysis refine-
portion of lateral displacement in the LLL case was due to em- ment (e.g., finite-deformation formulatigmneed to be incorpo-
bankment slope instability, which was not captured by the com- rated to more accurately capture the deformations associated with
putational model. Better numerical results may be achieved by soil densification and geometric nonlinearity. Most notably how-
using a more refined FE mesh. On the other hand, the mismatchever, the computational models were found to reproduce the pre-
in DDD suggests the need for adjusting the extrapoldied dominant cycle-by-cycle lateral-spreading deformation mode of
=70% sand propertiggo allow for more deformation as will be the dam-foundation system. This response mechanism dictated
further discussed belowwhile comparing the acceleration and the pattern of acceleration and pore pressure response, as pre-
pore pressure responses sented below.

It is of interest to observe that the experimental as well as the
computational results show larger downstream lateral movements ,
compared to the upstream side. This may be attributed to the
presence of the laterally varying phreatic surface. The variable The acceleration and excess pore pressure responses are discussed
water table induced:) a fluid seepage force inside the clay core with focus on three key locationgl) downstream below the dam

cceleration and Excess Pore Pressure

in the upstream—downstream directid and Ming 2003 and toe where lateral spreading displacement was most signifi@nt;
(2) a higher initial(static shear stress distribution on the down- upstream below the dam body where significant lateral elongation
stream side of the mode{#dalier and Sharp 2002a).b occurred; and3) below the dam crest, as an indicator of seismic

energy imparted to the dam body.

Stress-Strain Response Below Downstream Dam Toe

As mentioned above, the observed deformation patterns areFig. 10 depicts computed and recorded acceleration histories

mainly due to the cyclic-liquefaction mechanigfFig. 5 devel- (A10) below the downstream dam toe. The asymmetric phases of
oped in the saturated foundation soil. This is manifested in the dilative response discussed aboffig. 9) instantaneously in-

computed shear stress—strain and effective stress (Fagh 9) creased the soil shearing resistance, resulting in a pattern of
below the upstream dam toe, for the two extreme césesLLL strong asymmetric acceleration spikes as exhibited both compu-

and DDD). In Fig. 9, the LLL stress path shows a major reduction tationally and experimentally in all cases. It may be seen that the
in confinement during the first load cycldue to pore pressure computed acceleration response agrees well with the recorded
buildup). The corresponding shear stress—strain curve exhibitsdata in all cases.
significant loss in shear stiffness and strength, with permanent Fig. 11 depicts the computed and recorded excess pore pres-
shear strain accumulating at about 0.5% per cycle in the down-sureu, histories at a nearby locatigi?11). In all casegexcept
slope direction. On the other hand, the much stronger DDD dila- DDD), the experimental results show a typical pattern of lique-
tion tendency resulted in instantaneous regain in shear strengtHaction response with excess pore pressure ratigu,/s, where
and effective confinement. The associated shear stress—straiwr, is initial effective vertical stregsapproaching 1.0 rapidly and
curve shows asymmetric phases of rapid increase in shear stiff-remaining high thereafter. In general, the computed results show a
ness and much less shear strain accumulation. close match with the recorded counterparts. However, in DDD
Remark The models were subjected to a substantially long where u, was recorded in the dense sand layer, the computed
phase(30 cycles of strong excitation(Fig. 2). In general, the results displayed much stronger instantaneous drops. This indi-
numerically predicted displacements at key locati¢asm toes cated that the extrapolated dense sand properties produced a
and crestcompared reasonably well with the experimental coun- stronger dilative response than that actually observed.
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Fig. 12. Recorded and computed excess pore pressure histories at
upstream below dam bodPPT 7

It is worth noting thau, response below the upstream dam toe N Fig. 12. In particularu, response of the LLD and LDD cases
(not shown was similar to the downstream counterpart. On the Showed:(1) gradual reduction i during the shaking phase, as
upstream side, the acceleration response was also asymmetric bif€ Soil expanded laterally ar@) significantu, increase after the
with negative spikes, denoting the accumulation of cyclic defor- shaking(and deformatiopstopped, as pore fluid redistributed into

mation opposite in direction to that of the downstream sigle

gamal et al. 2002a

Below Upstream Dam Body
Directly below the dam body, spreading of the foundation soil
(Fig. 6) led to low or even negativa, buildup (P7), as depicted

100

Excess Pore Pressure (kPa)

— Recorded
— Computed

Oy;=98kPa (all cases)

LLL

LLD

LDD

5 10

15
Time (sec)

20

this area. This distinctive pattern of response was accurately re-
produced by the numerical models. In cases where the response
was monitored within the dense sand layalt except LLL), the
computedu, again displayed stronger instantaneous dfegses-

sive dilation tendengy Finally, due to the low, at this location,

the corresponding acceleration response displayed high ampli-
tudes throughougsimilar to Fig. 10.

Near Dam Crest
Fig. 13 depicts computed and recorded acceleration responses
near the dam cregiA7), within the clay core. It is clearly seen
that the acceleration amplitudes increased in proportion to the
thickness of the densified foundation layer, as the denser founda-
tion was able to transmit more seismic energy to the dam body
(Adalier and Sharp 2002a

In all cases, the numerical model somewhat over predicted the
acceleration amplitudes. In addition, there is a phase difference
between the recorded and the predicted acceleration response
(most noticeable in DD These discrepancies are partially due
to the much stronger dilation effects in the numerical model, as
already indicated above. Furthermore, the hydrodynamic pressure
induced by the upstream reservoir water, which was not consid-
ered in the numerical model, may have also contributed, although
such hydrodynamic pressure is expected to be small for earth
dams due to the mild slope inclinatige.g., Chopra 1967; Hall
and Chopra 1982

Remark Due to the different initial stress states and material
configurations, distinctive response patterns were observed at dif-
ferent locations of the dam-foundation system. Most of these re-
sponse patterns were captured by the numerical models. Differ-
ences existed mainly in that the computed accelerationwand

Fig. 11. Recorded and computed excess pore pressure historiesqgnonses within the dense sand layer displayed larger spikes,
downstream below dam tq®PT 13

indicating that the extrapolated dense sand dilation tendency
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Fig. 15. Recorded and computed lateral acceleration histories at A7
(LDD and DDDj) using adjusted dense sand parameters

may be observed. In particular, the stromgdrops of the blind
predictions(Fig. 12 were significantly reduced in the new simu-
lations (Fig. 14). The computed acceleration responseA&t
0 5 10 15 20 25 which was considerably over predicted befafdg. 13, now

Time (gec) shows a closer match, in both amplitude and ph&sg 15). The
. . o modified parameter set also resulted in as much as 0.2 m of ad-
Fig. 13. Recorded and computed lateral acceleration histories at tOpditional Ia?eral and vertical displacements, improving the results
of clay core(ACC 7) reported in Fig. 8.

should be reduce(lable 1. Additional simulations with adjusted
dilatancy parameters resulted in improved comparisons in mostRemarks
response quantities, as discussed below.

The centrifuge model test results yielded significant insights re-
Followup Class B Numerical Simulations garding'the dynamic response cha_racteristics of the embankmgnt-
. - foundation system and the effectiveness of various foundation
A set of adjusted model parameters for the densified $&hd  densification schemes. Moreover, the comprehensive data sets
:70%) is listed in Table 1. The low-strain shear modulus was generated are ideal for Ca]ibrating numerical models.
decreased firgwithin the range reported in Kramer 199&{ow- However, caution must be exercised when interpreting the test

ever, no appreciable effect was observed in these highly nonlinearresults, especially for the purposes of comparing these results to
liquefaction scenarios with immense reduction in effective con- field data or for use in design. In particular, the presence of the

finement and shear stiffness. Thereafter, the phase transformationigid container in the centrifuge tests introduces artificial bound-
angle was increased, and the dilation param@tgrwas reduced.  ary effects that do not correspond to actual field conditions.
These adjustments resulted in much less dilation tendency, al"ld'rhereforel it is important to have a good assessment of the Sig_
more permanent shear strain accumulafieiy. 9(c)]. nificance of these boundary effects on the model response. In-
Figs. 14 and 15 show, respectively, the computgénd ac-  deed, additional numerical simulatiofiéang et al. 200 suggest
celeration responses at the locations discussed atfové.DD that, using a flexible laminar container instead of a rigid one
and DDD), using the adjusted dense sand parameters. Compare¢ould result in lower amplitudes of embankment displacements
to the blind prediction results, significant overall improvement and accelerations. The most reduction in response quantities were
observed in the LLD and LDD cases, where the loose bottom
layer serves effectively as a base isolator and prevents the lateral
excitation from upward propagation. In these cases, the resulting
displacements and accelerations were as little as 1/3 to 1/2 of

&

— Recorded
— Computed

[V
(=4

g 0 the rigid container counterpart.
B 20} The employed base excitatiqi30 cycles of 0.8 harmonic
Z_ 4ol LDD motion, Fig. 3 has allowed for tracking the evolution of dam
ﬂ;; 40} deformation under the same level of shaking intensity throughout.
& 20t : However, the consequences of such constant-amplitude shaking
g 0 ] do not replicate those due to a seismic excitation record at the
5_20_ same PGA. Rather, seismic loading effects may be inferred indi-
a0l . . DDD rectly using the numerical model after calibration. In summary,
0 5 10 15 20 25 30 physical and numerical modeling techniques can be considered as
Time (sec) a complement to available field observations and design proce-

dures. Much research is needed to further advance these tech-

Fig. 14. Recorded and computed excess pore pressure histories at P?uques eventually leading to more reliable and economical dam
(LDD and DDD) using adjusted dense sand parameters design/remediation tools.
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Summary and Conclusions

Using the same modeling parameters, a series of four blind nu-
merical predictions were conducted to study the seismic behavior
of an earth dam—foundation system, with different levels of foun-
dation densification. Time histories of displacements, accelera-
tions, and excess pore pressures computed at key locations were
compared to the recorded counterparts. Computed displacements
were close to those recorded on the slopes, and within 50% of the
recorded crest settlement. The distinct observed acceleration and
U, response patterns at different regions of the dam-foundation
system were reproduced reasonably well by the numerical mod-
els. Generally, the numerical models captured the predominant
liquefaction response mechanism exhibited in the physical mod-
els, in terms of lateral spreading deformations and spiky accelera-Fig. 16. Schematic of constitutive model response showing shear
tion response. Further adjustment of modeling paraméteainly stress—shear strain and effective stress path under undrained shear
the dilation parameters of the dense sanas improved the nu-  0ading conditiongElgamal et al. 2008

merical simulation results to some extent. Additional constitutive

relations and numerical techniqués.g., finite deformation for-

mulatiory may be included for more accurate prediction of dam 199¢). The solution is obtained for each time step using the modi-
settlements and slope instability due to soil densification and geo-fieq Newton—Raphson approadparra 199§

metric nonlinearity effects.

Soil Constitutive Model

Acknowledgments The second term in Eqla) is defined by the soil stress—strain
constitutive model. The FE program incorporates a soil constitu-

This work was supported by the Office of the Chief Engineers {iveé model(Parra 1996; Yang 2000; Elgamal et al. 2003; Yang et

through the Earthquake Engineering Research Program of thedl- 2003 based on the original multisurface-plasticitifig. 4)

U.S. Army Corps of Engineers, and by the Pacific Earthquake theory for frictional cohesionless soilBrevost 1985 It is recog-

Engineering Researd®EER Center, under the National Science Nized that soil shear strength is strongly dependent on the Lode

Foundation Award No. EEC-9701568. The writers would like to @ngle. The employed conical yield surfa@ég. 4 may signifi-

thank the anonymous reviewers for their insightful comments. cantly overestimate soil strength along certain load paths. This
discrepancy contributes to the overall uncertainty and approxima-

tions involved in the modeling effort reported herein.

The model was developed with emphasis on simulating the
liquefaction-induced shear strain accumulation mechanism in
clean medium-dense san@slgamal et al. 2002a,b, 2003, Yang

The saturated soil system is modeled as a two-phase materiaf"d E'ga”.‘a' 2.002; Yang et al. 2.0p$pec.|al attention was given
based on the Biot1962 theory for porous media. A numerical to the deviatoric—volumetric strain coupliridilatancy under cy-
formulation of this theory, known as—p formulation [in which clic loading, which causes increased shear stiffness and strength
displacement of the soil skeletan and pore pressurg, are the at large cyclic sh_ear strain excursiof., cyc_llc ”?Ob"'ty)-

primary unknowns(Chan 1988, Zienkiewicz et al. 1980 was The flow rule is chosen so that the deviatoric component of

implementedParra 1996; Yang 2000; Yang and Elgamal 2002 gow |sdassouat|ve;, (?Ind. the volumetrlq compon@htgefines t'hr?
The u—p formulation may be defined in the following FE ma-  d€sire amount of dilation or contraction in accordance with ex-

trix form (Chan 1988 perimental observations. ConsequenRBy, defines the degree of
non-associativity of the flow rule and is given biyarra 1996

Appendix. Description of the Computational
Formulation

MU +fBTo'dQ+Qp—fS=o (1a) P,,:(nlﬁz—l
0 (mim)?+1

wheren=((3/2)s:5)¥?/p’ =effective stress ratios =material pa-
rameter defining the stress ratio along the phase transformation

@

T v —

Q'U+Sp+Hp-fP=0 (10) (PT) surface(Ishihara et al. 197% and ¥ =scalar function con-
where M =total total mass matrixU=displacement vectorB trolling the amount of dilation or contraction depending on the
=strain—displacement matrixi’ =effective stress vectaideter- level of confinement and/or cumulated plastic deformag®iga-
mined by the soil constitutive model described belov® mal et al. 2003 The sign of(n/m)?-1 dictates dilation or con-
=discrete gradient operator coupling the solid and fluid phases;traction. If negative, the stress point lies below the PT surface and
p=pore pressure vector;H=permeability matrix; and S contraction takes placgphase 0-1, Fig. 16 On the other hand,

=compressibility matrix. The vectof§ andfP include the effects the stress point lies above the PT surface when the sign is positive

of body forces and prescribed boundary conditions for the solid— and dilation occurs under shear loadifghase 2-3, Fig. 16 At

fluid mixture and the fluid phase, respectively. low confinement levels, accumulation of plastic deformation may
Eqg. (1) is integrated in time using a single-step predictor mul- be prescribedphase 1-2, Fig. I6before the onset of dilation

ticorrector scheme of the Newmark tyg€han 1988; Parra  (Elgamal et al. 2008
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