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ABSTRACT

In an effort to better assess the potential for slidin 8 and liquef'ac-
tion failure of earthen dams when subjected to earthquake loadings, a

dynamic finite element approach focusing on these two failure mech-
anisms as well as on the vital role of the pore water pressure was
undertaken.

The constitutive response of the granular soil skeleton and its

coupling with the fluid phase is formulated based on the Biot dynamic

equations of motion. The constitutive model for the soil material was
assumed to be linear with nonlinear terms included in the hysteretie

damping terms. Despite the linear character of this theoretical model,
one can still draw important conclusions regarding the stability and

the liquefaction resistance of the cross-section.
As an example, s hypothetical earth dam constructed over a sat-

urated soil layer was considered. The steady state conditions of i,.situ

stress and pore pressure distributions in both the embxnkment and
the foundation are evaluated and implemented in the stability and

liquefaction criteria in conjunction with the dynamic analysis. The
latter is carried out in the frequency domain and it reflects the re-

sponse of the dam-foundation system to a seismic excitation. The

computational aspect of the study,is performed with Knife element
analysis. A transmitting boundary formulation for the two phase ma-
terial was used to treat the in.Kuite space problem.

It is anticipated that the intensity of the earthquake input and
certain soil properties have a profound effect on the failure suscepti-

bility of the dam section. To address the uncertainties regarding the
true values of such parameters, the analysis considered them para-

metrically.

* This work was performed under the auspices of the U.S. Department
of Energy.
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INTR.ODUCTION s Soil properties within the embankment
that dictate both the amount of seepage as
well as the inherent strength of the struc-

During an earthquake event of consider- ture.
able duration and intensity an earthen dam
can experience partial or total failure that • Driving forces along potential failure sur-
stems from either loss of soil strength due faces that determine the level of safety
to liquefaction or reduction of the inherent against slope sliding and failure for the en-
resistance to sliding along a potential failure tirety of the seismic event.
surface. In order to evaluate the response of • Selection of the appropriate earthquake in-
n typical dam section and from it assess the put which best represents the seismic haz-
failure potential, the model shown in Figure 1 ard t the particular site.
was chosen as a case study. Specifically, the • Evaluation of the soil profile in the em-
tailings dam consisting of a core and upstream bankment and the foundation layer in
and downstream shells is constructed atop a terms of its liquefaction potential through
soil layer which in turn lies over the bedrock, approF late laboratory tests.
The upstream pool of water induces seepage A realistic assessment of the integrity
flow through the embankment and the foun- of the dam and its ability to remain func-
dation layer. During a seismic event, the pore tional during and after possible seismic events,
pressure increases while the effective stress in should consider the complete set of the afore-
the soil decreases leading to considerable loss mentioned influential parameters with empha-
of strength (shear strength is controUed by el- sis on the coupling between them.
fective stress). The computational part of the study must

address and evaluate the conditions that exist
prior to the anticipated earthquake, the dy-
namic response of the dam-foundation system
and, on the basis of these two steps, the po-
tential for failure. The evaluation process is
outlined below,
a. The seepage forces induced by the steady

flow of water through the dam and the
foundation are evaluated. By utilizing the

core soil permeability profile for the site, the
steady-state pore water pressure field is
determined with a finite dement seepage
analysis. Such evaluation is vital in assess-
ing the effective stress conditions that ex-
ist in the embankment and the foundation

bedrock foundation layer before any dynamic event occurs. The lo-
cation of the phreatic surface through the
dam section, a critical parameter in the
stabi_ty aspect, is also determined.

N
N

b. The ini_tLal effective stress conditions in
Figure 1. Model of Dam Cross Section. the dam c#oss section which represent a

key component in the definition of stabil-
It is apparent that any analysis of earthen ity is calculated. With dastic soil prop-

dams should address the seismic stability con- erties extrapolated from test data for the
cerns by considering all the mechanisms that site and the use of finite element analysis,
seem to play a role, namely the steady state stress field is evaluated.

• Seepage forces generated by the steady The effective soil stress profile that exists
state flow of water through the dam and prior to a dynamic event is vital in deter-
its foundation, mining the resistance against sliding over



potentialsurfacesand theliquefactionsus- placeinconjunctionwithextrapolatedval-
ceptibilityofthesoil.Effectivestressesare uesofcohesionand frictionalangleofthe
theresultantofthesoiloverburdenstresses soil.

and theporewaterpressure, e. The liquefactionpotentialin the dam is
finallyevaluated.The drivingforcesinthe

c. The dynamic responseof the embank- liquefactionprocessisthed amic(cyclic)
ment/foundation system is obtained, shearstressthatisgeneratedin the soil
Since the concernover the integrityof layersand the associatedbuildupofpore
thedam stemsbasicallyfromitsabilityto
withstandearthquakeloads,the way the pressures.While a linearanalysiscannot
modeleddam respondstosuchloadsisthe predictthe increase,itcan providethe

levelofshearingthatthesoilexperiences
most vitalstepindeterminingitsintegrity, duringtheseismicevent.Thisinturncan
The dynamic analysisshouldbe ableto thus become the basisfor assessingthe
providethestresstimehistoriesthrough- susceptibilityto liquefactionusingmore
outthestructureduringanearthquake.In empiricalrelationships.
turn,thestresshistorycombinedwiththe
steadystatestressconditionswillbecome
the basisof the safetycriteriafor both ANALYSIS OF AN EARTHEN DAM
slopestabilityand liquefaction.A realis- The variousphasesoftheanalysisare car-
ticdescriptionofthe oilconditionsand of riedoutwiththehelpoffiniteelementanaly-
the appropriateforthesiteseismicinput sea.An exarapleofa discretizeddam section
isneeded. From the soilpropertiesdeft- isshown in Figure1. The objectiveisto
nitionstandpoint,thehystereticdamping evaluatethesteady-stateporepressuredistri-
isa key parameterindeterminingthedy- bution,theinitialeffectivestressstateand the
namic response.Becauseofuncertainties dynamic stressesresultingfromanearthquake
surroundingthetruelevelofdamping,it excitation.
iswiseto treatthispropertyparametri-
cally.The finiteelementanalysisutilized Seepage
intheevaluationofthedynamic response The distributionoftheporewaterpressure
islinearincharacterbut ittreatsthesoil inthe embankment and thefoundationlayer
as a two-phasemedium. While the draw- priortoan earthquakeisevaluatedthrougha
backoflinearityissomewhat compensated stec,_ystateseepageanalysis.The porepres-
with the equivalenthystereticdamping, suredistributionwillhelpdefinetheeffective
itisthe two-dimensionalporewater/soil stressdistributionthroughoutthemodel,en-
sceletoninteractionthatprovidesa realis- ablesthe evaluationofthe effectivestressin
tic description of the behavior of the soil the soil. The governing equation of steady
in a dynamic mode. The harmonicanal- unconfined seepage canbeseenintheform, _
ysisinvertedwiththeuseofFastFourier
Transform techniques provides the inter-
granular stress as well as the pore water k _h_z,y jE_ + icy_h(z,y ) = _ _L}
pressurefluctuationdevelopedthroughout _z2 _y_
thesectionduringtheseismicevent.

where, h(z,y) = total head and k_,_ - _.<_
d. On the basis of the steady state and dy- permeabilities.

namic solution the slope stability is as- The term unconfined refers to '_he u_:,rle-
sessed. The failurepotentialviewed in finedlocationof the phreaticsuz_'gc_,An
the form of a factorof safetyagainst iterativeprocessisusedtolocatesucLgt_:_!_:e
slopefailureisevaluatedby incorporat- The seepageanalysiswas performed_i-:_:)i',_
ing the initialand the resulteddynamic helpoftheANSYS generalpurposeftni't¢.._ic-
stresses.Along variouspotentialsurfaces ment program and thedistributionoftheto-
where slidingcan occur,thedynamicfac- talheadisgraphicallyshown inFigure2.The
torsofsafetyarecomputed and the criti- porepressureisdeducedfrom the totalhead
calsurfacesidentified.Thisprocesstakes distributionaccordingtotherelation,



The profile of the shear stresses developed
Pl = h - y (2) from both overburden and steady state seep-

age is shown in Figure 3. It can be seen that
where Pf,Y are the pore pressure and the ver- a zone of high stress exists under the down-
tical elevation respectively, stream face of the dam. The effective over-

burden stress is finally deduced from the total
overburden stress and the steady state pore
water pressure.

phreatic line

impermeable layer

Figure 2. Total Head Profile Zones of Maximum Shear

Initial Effective Stress State

The stress field prior to a seismic event Figure 3. Initial Shear Stress Distrlbu-
that exists in the embankment and the foun- tion
dation layer are an important element in the
stability evaluation. The static stress condi- Dynamic analysis of the 2-phase medium
tions are key components in the definition of
the factor of safety against slope failure. Fur- In assessing the dynamic effective stress
ther, the overburden initial stress is vital to state of the embankment-foundation system,
a liquefaction potential analysis because of its the saturated state of the soil must be ac-
relation to the effective stress that controls the counted for. The pore pressure of the water
process of liquefaction. It should also be men- trapped in the soil skeleton will fluctuate dur-
tioned that the initial shear stress field has ing the earthquake and effect the intergranular
been the focus of a number of investigative soil stresses. Since the strength of the soil is
works as an influential mechanism in the liq- governed by the intergranular stresses, it is
uefaction process. It is thus of importance for important that the dynamic pore pressure be
any analysis to obtain a good description of determined. The coupled behavior of pore wa-
the initial stress distribution, ter and soil skeleton requires that the medium

The stress field in the system is the result be treated as a two-phase system with govern-
of the soil overburden and of the hydrostatic ing equations that reflect the coupling.
action of the water in the reservoir. The dis- Further, the ability of the soil to resist liq-
cretized cross section of the embankment and uefaction is dependent on its initial stress state
its foundation are considered to be in a state (effective stress) and on the intensity of the dy-
of plane strain. This computational phase is namic shear stress. The shear stress variation
performed again with the help of the ANSYS at different locations in the embankment and
program, the foundation as well as the number of stress



cycles during the earthquake event determine the totM stress vector to the displacement vec-
whether the soil is susceptible to such failure, tor including the effect of hysteretic damping,

take the form
Therefore, to effectively analyze the sys-

tem, the employed model must incorporate;

a. the description of the domainas a two- ( 0)phase medium. {r} = Ec [D0][D1] + [D_][D1] _ {uz,uy}T+
b. the implementation of actual or represen-

tative earthquake input.
c. the evaluation of the time variation of a2M[D2](uz,uv}T+aM[D2]{wz,w_} T (4)

stresses resulting from the seismic input, where,
In order to perform the dynamic analysis,

which satisfies the above requirements, the [ 1 1--_ 0]_ 1 0
POROSLAM computer code[3] is employed. [Do] = 1-,,The code is a two-dimensional finite element 1-2v
representation of Biot's dynamic equations for 0 0 2(1-v)
both soil and fluid phases. The equations are a
description of the response of the soil skeleton
and of the pore water in the form, [ )_c _1-_, 0 ]

0rzz 0rzy [D3] = l _1-_, )_c 0 10z t 0y - _z + _f_z 0 0 2(1-v)

+ o-T IDol= o [D,I= 7
N N

Op! 1 7/
0y - _lffy + _/w'v + _wv •(3) )_cis the hysteretic damping ratio associatedwith hydrostatic compression while As repre-

where, sents the damping ratio associated with shear

[uz, uv] = components of displacement of strains and ..,,:- (1+_,)(1-2v)"
the soil For the linear problem, the solution of the

[wffi,w_] = components of displacement of discretized equations is obtained in the fre-
the pore water quency domain. The dynamic input, which

represents the ground acceleration time his-
, )T{r _ = ( r zz, r_ rzy = tory for apart, icular seismic event, is expressed

in terms of it,s Fourier components and is ap-
piled as a forcing function to the base model.

aPY'°'zv"T_ The response of the dam cross section to ac--- apf, o'_ -- tual earthquakes is evaluated through the Har-O" zz

monic Unit Response solution of the model.
while, f = porosity, 0 = total mass density, The implementation of transmiting
_f = fluid mass density, a = compressibility boundaries, _hown in Figure 4, on the two
of solid, M = compressibilityof the fluid, 7/= sides of the model allowed for the propagation
fluid viscosity, and k = soil permeability, of waves outward. These boundaries ensure

For linear elastic material behavior of the the continuation of both intergranular stresses
soil skeleton, the resultant equation that relate and pore pressures into the saturated soil. The



propagation is based on the one-dimensional an individual element is formed on the ba-
wave equations for plane waves through satu- sis of the intergranular stress invariants J1
rated soils, and d_ and for materials satisfying the Mohr-

The ground motions used to excite the Coulomb failure envelope, the safety factor
model were generated from a power spectrum within elements is defined by
that is compatible to the Rg. 1.60 response

spectrum. The Harmonic Unit Response solu- _//_tion can also be used to provide the response -all + v • = k
of the dam to earthquakes of different peak ac-
celerations that belong to the same.earthquake J1 = o'z + _ry+ _rz
family. Accordingly, the safety of the dam can

be addressed on the basis of the intensity of , [(crz- cry)2 + (orv -0'z) z + (a,- _,)2]
the ground motion. J2 = 6

FAILURE POTENTIAL OF DAM + r2
The seismic loads that are selected to ex-

cite the dam cross section are a combination 3C tanc_
of vertically propagating shear and P waves, k = a =
While vertically propagating shear waves are v/9 + 12tan2_ v/9 + 12tan2q_
typically used to study the response of a ho- such that
mogeneous horizontal layer, the presense of
the embankment constructed over such layer k + a J1
requires the incorporation of vertical plane P SFi - /-77, (7)
waves. These P waves are from the same earth- _/J_
quake family with peak acceleration equal to

V -

two thirds (2//3) of the corresponding shear The parameters C and _ are the usual
wave and are at different phase, cohesion and friction angle used in soil me-

Slope Stability chanics.
The stability of the dam is viewed in terms

of a safety factor along any potential failure
surface as shown in Figure 4. The margin of
safety against sliding can typically be seen as
the ratio of the shear strength at a given effec-
tive stress to the corresponding shear strength Failure

on the envelope line. For this two dimensional -urfa_s
analysis, the safety factor is defined in terms
of the state of stress at any instant during the _-
seismic event by employing the stress invari-
ants of the intergranular stresses that develop
within each dement.

Since failure is expected to occur over an
entire surface, the safety factor along any such transmitting boundary

potential surface is defined as a contribution
from all the points transversed by the surface
as follows,

Figure 4. Potential Failure Surfaces
SF = _-_iAiSFi (5) Because of the assumed linearity of the

_i Ai constitutive equations, the computed dynamic
where Ai - area of the finite element trans- stresses that will result from a scaled-up earth-
versed by failure surface and (SF)i = safety quake will be subject to similar increase, ex-
factor for element i. The safety factor for cept for the effects of the hysteresis. The



amplification of the fluctuation of the inter- 1.4
granular stresses and pore pressures will, at
various times of the seismic duration, bring 1.2-
the stress state of the points closer to the t-
failure envelope causing significant reduction _, J
of the safety factor. This issue is addressed _ 0.s- r.
with the evaluation of the safety factor over a /

chosen failure surface subject to incremental _ 0.8- //Q,,ot-Statte _,l,ot,changes of the peak acceleration of the same 7
earthquake. Figure 5 depicts the effect of the 0.4- _
seismic intensity on the factor of safety. 0.2- J

The role of the fr.'ctional angle on the slope 0 , , , , , , , , ,0 3 6 9 12 15 18 21 24 27 30
stability is also examined. The effect on the
factor of safety is profound and it stems from , (a,q.
the fact that q_ defines the failure envelope.
Figure 6 shows the comparison between the

analysis using the POROSLAM code and a Figure 6. Effect of' Frictional Angle on
quasi-static analysis code. It is apparent that Safety Factor
the finite element dynamic analysis calculates
higher safety factors against slope sliding.

1600

The assumed level of hysteretic damping /_.5:_has a considerable effect on the induced dy- 140o

namic stresses. Figure 7shows the peak shear lzoo \ / ,_ii/ __stresses that result from a vertically propagat- /"x
ing shear wave at different elevations of the _1000

!
.

embankment 's centerline.
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i 11 _ Figure 7. Effect of Damping on DynamicShear Stresses

0.. Liquefaction Potential

0.7 Liquefaction is considered the phe-
nomenon associated with the loss of strength

0._ , , , , , ,........ , of a cohesionless soil during an earthquake.
_.0o 0.06 0.10 0_5 o2o 0_ 0.s0 035 o.4o The mechanism is identified as one permit-

•as_rauo. (t) ting the movement of soft in a large deforma-
tion scenario. On the basis of our knowledge
that is deduced from laboratory tests and field
observations, the matrix of influential parame-
ters includes the characteristics of the soil type

Figure 5. Effect of Earthquake Intensity (sand, silt, clay etc.), its relative density, the
on Safety Factor initial confining stress (effective stress) and the



earthquake input (in terms of both the inten- value at the particular location is com-
sity and the duration), pared against the induced shear or stress

Despite the linear character of the re- invariant _/J'2"

f_...

sponse analysis, important conclusions can To predict liquefaction in homogeneous
still be drawn regarding the likelihood of liq- soil layers a number of tests have been con-
uefaction failure. It should be emphasized ducted using cyclic triaxial compression load-
that the behavior of the soil during liquefac- ing. Results are available in terms of the stress
tion is highly nonlinear. What a linear anal- ratio
ysis can achieve is the following: with avail- _ that induces liquefaction in 10 and
able laboratory test data on threshold values 2_°
of strain or stresses, beyond which llquefac- 30 cycles (_de is the cyclic deviatoric stress
tion failure is induced, a comparison can be and era is the initial ambient pressure that
made between these test data and calculated the soil sample was consolidated under). The

r that causes liquefaction understrains or stresses states from the linear anal- stress ratio _0
ysis. Given that for small soil deformations field conditions is corrected to the laboratory
and pre-liquefaction conditions a linear analy- value. In the field, the stress ratio links the
sis is applicable, locations of potential failure shear stress that developes at a location (con-
can be identified. Further, estimates of the verted to uniform cycles) and the initial effec-
safety margins can be deduced indicating how tire stress _r0 (associated with the overburden
far from the triggering of liquefaction is the and pore pressure). Because it is observed that
soil in these critical zones. The assessment of the threshold shear is proportional to the rela-
the liquefaction potential is deduced with the tire density D,., extrapolation of the test data
implementation of the following conventional to different soils is possible.
procedure; It should be emphasized that in the case of

a dam, results pertaining to the failure due to
a. The earthquake likely to occur in the vicin- primarily shear in homogeneous layers should

ity of the site is determined and is applied be used with extreme caution. Alternatively,

as base motion (base in this case is the stiff _//'j_,
rock below the weak layer), the critical stress invariant v - can be esti-

b. The time history of the intergranular shear mated from similar laboratory tests and com-pared with the one resulting from the evalu-f..._

stresses _/J'_ due to the propagation of ation. This will lead to more realistic assess-or

waves are deducedV• from the response of ment of the liquefaction susceptibility in the
the embankment and the foundation layer, embankment of the dam. The potential to fail-
The intensity of the induced stresses and ure due to shear can still be used in the lower
their time variation are evaluated and the portion of the foundation layer where shear
critical zones are identified, conditions will still dominate.

The criterion that defines the potential to
c. To enable comparisons with laboratory liquefaction can be viewed in the form,

tests, which are subject on uniform cyclic

loading, the calculated stress time histo- Shear strength _ (N_quiv cycles)
ties are idealized into equivalent uniform LQF =
stress cycles. Maz. cyclic shear (0.65"rma.)

d. The critical stresses that can cause liq- for the shear mode, or equivalently

uefaction when applied as uniform cycles j/7'
must be determined. This soil property Vs2aoil teJting

may be viewed either as shear strength or LQF = _/J2J/-77-' (8)as critical values of k + a J1 and it can

be obtained from representative samples seismically induced
of soil from the site reflecting the rela- for complex stress state, where LQF = lique-
tire density, the confining pressure and faction potential ( LQF > 1.0: no liquefac-
the penetration resistance. This strength tion).
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Figure 8 depicts the variation of _/Y_ along
the centerline of the dam under the seismic
loads described earlier. Given the threshold
values of the invariant along the same Line
(from test data extrapolation) one can identify
the critical zones where Liquefaction can be
triggered.

The effect of different families of earth-
quakes on the response of the dam cross sec-
tion is shown in Figure 9. The dynamic
shearstressesinducedby a 0.28Charleston- leoo

* ', R8. 1 60 Horiz. andlikeearthquakeare compared with the same 14m- / \ ,"'", .i I ; " _ V,r t.

stressesinducedby a 0.28earthquakefrom a line-_ /,-, :

Reg. 1.{]0spectrum. Both earthquakesare _10oo_,_, :/xapplied as vertically propagating shear waves. _\' //\: /-._:\

Alsoshown arethestressesresultingfrom the _ _'_ _.
and P waves that derive from the Reg. 1.60
spectrum. 4o0

Z00

0
I¢ t_toa Crmm

Figure 9. Effect of Various Ground Mo-
tions on Shear Stresses
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