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ABSTRACT

A procedure to asses the influence of earthquathgeed pore-water pressure on the behavior of
natural clay slopes is presented in the paper. ¥em@mental-based pore-water pressure generation
model was adopted to detect the occurrence andaloage the magnitude of the excess pore-water
pressure. Refereeing to the infinite slope schdraadsponse was evaluated in terms of earthquake-
induced permanent displacements taking into acctwntreduction of critical acceleration due to
excess pore-water pressure. A parametric analysisvs that soil plasticity and peak ground
acceleration are the parameters which mostly affectesponse in terms of displacements.
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INTRODUCTION

Despite its widely acknowledged importance, thed# of the increase in pore-water pressure are
frequently disregarded in the design procedurettierevaluation of seismic stability condition and
post-seismic serviceability of natural slopes. Tikisnainly because rigorous computations for 2-D
and 3-D applications are mainly involved in termisolution algorithm and input soil properties. In
these cases, if the analysis neglects the effdcexaess pore-water on the strength and stiffness
reduction, it could lead to an unsafe estimationthe&f slope response: Biondi & Cascone (2006)
described a number of case-histories of clay slapesearth-structures that suffered several damages
due to this weakening effect.

Based on these considerations, the need of siegblifrocedures devoted to the estimation of the
effect of earthquake-induced pore-water pressurtherseismic and post-seismic stability condition
of natural clay slopes is clearly evident. Among #vailable procedures for seismic stability analys
of natural slopes, the sliding block approach (Newkn1965) is considered the better conciliation
between computational effort the results accurdéys is mainly due to the following reasons: (i)
earthquake-induced permanent displacements represeuitable measure of the seismic slope
stability condition and can be adopted to judgepbst-seismic serviceability of both the slope and
the structures in the nearness; (ii) the slidinecklapproach can be applied taking into accounesom
effects of the cyclic behavior of soils; in parfmuthe effect of soil strength reduction can be
accounted for in the evaluation of the slope altecceleration and in the computation of permanent
displacements; (iii) due to the uncertainties i #election of input ground motion, soil dynamic
properties and hydraulic condition of natural ssldpes, the displacement approach represent the
better compromise between the crude pseudo-stattysas of the earthquake effects and more
sophisticated 2-D and 3-D seismic response anaigskgling non linear soil behavior.
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OUTLINE OF THE METHODOLOGY

The methodology adopted to develop the procedwesented herein is similar to those described by
the same Authors in some previous works (Biondilgt2002; Biondi & Maugeri 2005) which were
recently summarized in the General Report of th€#2 Workshop held in Athens in 2006 (Biondi
& Maugeri, 2006). In particular, using the infinildope scheme, the previous published work
describes two procedures to perform a seismic ldtalznalyses, including the evaluation of
earthquake-induced permanent displacements, withergce to:
a) saturated cohesionless soil slopes, includiegeffect of pore-water pressure build-up through an
effective stress approach (Biondi et al., 2002);
b) cohesive soil slopes including the effect oflicydegradation of the undrained soil shear stiengt
through a total stress approach (Biondi & MaugedD5).
Both the procedures introduce two threshold valofethe earthquake-induced pore-pressure ratio
(procedurea) or of the degradation coefficient (procedimewhich allow to predict several slope
responses to a selected design earthquake incléldimgand deformation failure, inertial, weakening
and inertial-weakening instability and finally aisseic stability condition with or without the
occurrence of soil shear strength reduction.
Since the procedure presented herein adopt antieffestress approach, it is similar to those
presented for saturated cohesionless soil slopesdgurea). However, two main differences are of
interest: (i) the presence of the cohesion whichdsounted for in the evaluation of the static and
seismic stability condition of the slope, in theakation of the initial and current values of theps
critical acceleration and, finally, in the evalwetiof the threshold values of the earthquake-induce
pore-pressure ratio; (ii) a different pore-wateggsure generation model which, herein, was selected
among those available in the literature for coheesivils subjected to cyclic loading.
The selected pore-water pressure generation medkgscribed in the following paragraph. Here, the
main aspects of the procedure are summarized fogtisé attention on the parameters through which
the influence of the excess pore-water pressuaedsunted for. Due to the lack of space (i) a tkdai
description of the possible failure mechanismsatfesive slopes and their relation to the inertal,
the weakening and to the inertial-weakening effeabmitted herein (a detailed description can be
founded in Biondi & Maugeri, 2005); (ii) the mailgjations giving the parameters relevant for the
procedure are described in tgpendix Atogether with the reference scheme and the natatio
adopted in the paper (more details about the pdemmean be founded in Biondi et al. 2002).

To account for the effect of soil strength degrimtain the evaluation of the slope stability coruatit
and in the assessment of earthquake-induced pentndisplacements, an effective stress analysis is
applied. The strength capacity is estimated asetifon of the pore-water pressure build-up duédnéo t
cyclic loading and is evaluated introducing thetlegwake-induced pore-water pressure ratit
(Appendix A). Two threshold valuedu*; and Au*4, of Au* are introduced allowing to detect the
causes of the instability possibly occurring arelphoper approach for the displacements analysis. T
define the threshold values, the expressions ofefffiective stress state acting in both static and
seismic conditions, the expressions of the statiand pseudo-stati€y safety factor, and finally the
expressions giving the initidd., and the current value of the slope critical aaegien are required.
All these parameter are listed in the appendix getber with the expression @fu*; and Au* .
Despite the introduction of the cohesion, the megsmiofAu*; andAu* 4 is unchanged with reference
to those introduced by Biondi et al. (2002) for esionless soil slopes; then, the meaningAws
andAu* 4 is only synthetically described herein.

Au*; represent the earthquake induced pore-water preesatio which makes the available shear
strength mobilized along the potential sliding agd equal to the minimum static shear stress
required to maintain equilibrium; hena®y’; separates two different seismic behaviors of thpesl
flow and deformation failure, that is a failure dition of the slope or the occurrence of a
deformation failure characterized by permanentldtgments which may affect the serviceability.

AU 4is the value of\u* beyond which the reduction of soil shear strerigthigh enough to bring the
initial slope critical acceleratiok., below the maximum earthquake acceleratigy; hence, if the



condition Au'=Au’q is reached, permanent displacements may occuhdnslope even if it was
seismically stable (i.&k.= knay) before the strength reduction take place. Unlilgg, the ratioAu’y is

not an intrinsic characteristic of the slope, siitée affected by the earthquake induced statsrefs.
Due to their significances, a comparison betw#et.,, Au*; andAu* 4 allows to detect the possible
slope response for a selected ground motion adétect the effects of excess pore-water pressure on
the seismic stability conditions and post-seisngcviseability. UsingAu*; and Au*y a complete
seismic stability analysis of the slope can beqeréd and useful stability charts can be developed
(Biondi et al., 2002). In the present paper, eviethé attention is focused on the displacement
response instead of the stability analysis, thati@iships givingAu*; andAu*4 including the effect

of the cohesior’ were derived in the Appendix A; Figure 1 shows thfluence of the cohesiahon

both Au*; andAu* 4y and describe a typical stability chart proposetha procedure together with the
possible slope behavior and the required displaneranalysis.
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PORE-WATER PRESSURE GENERATION MODEL

The increase in pore-water pressure of saturatedsdils subjected to uniform or irregular loading
cycles represent a common phenomenon with well rsimled effects on the strength and
deformability. However, due to the complexity oayglmicrostructure and its change under cyclic
loads, the modelling of cyclic behaviour of satadhtlays is quite complex. Two approaches are
possible (Matasovic & Vucetic, 1995): to model thegradation accurately and calculate the cyclic
pore water pressure from the degradation; or toendide cyclic pore-water pressure response



accurately and calculate the degradation from thre-vater pressure. In the present study the first
approach was preferred; then an accurate calcnlafithe excess pore-water pressure is required to
perform an effective stress analysis of the sloggponse. Generally, the pore-water pressure in
saturated soils varies during each cycle of loadinghear straining regardless the level of thdiegp
cyclic shear-strain amplitude. However, if the applied. is smaller than a volumetric threshold
valuey,, no residual cyclic pore-water pressure remaitey @lfie cyclic loading or the shear straining
has stopped. In the same way whgnarger thany, is applied, permanent pore-water pressure
continuously develop and remain after the cycliaiatng has stopped. A number of experimental
studies showed that, depends on the plasticity inddX, on the type of soil and on the over
consolidation raticOCR Generallyy, increase a®l increase; conversely, the residual pore-water
pressure is positive in normally consolidatdiC] clays and may be negative in overconsolidat€)(
clays.

Due to this complex behaviour, the selection of foee-water pressure generation model to be
adopted in the stability analysis represents aiakymint. A great number of predictive model for
granular saturated soil were proposed in the libeeadue to the devastating consequence of
liguefaction and liquefaction landslides. Otherwiaefew numbers of experimental-based empirical
relationships are available referring to cohesividsslespite the experienced influence of the exces
pore-water pressure on slope instability and camseiy damages; these few relationships were
developed applying different regression models database of experimental results. In the following
subparagraphs some of these models were analysiedetct the proper for the purpose of the present
study focusing the attention &NC clay.

The model by Matsuo et al. (1980)
Starting from the results of undrained cyclic tiédxests, Matsuo et al. (1980) developed a maoalel f
the prediction of the residual pore-water presgareboth NC and OC clays subjected to uniform
cyclic loading. In the study, the Authors investay¢éhe influence of the loading frequency, effegtiv
confining pressure’c and cyclic shear stress on the maximum sheansyaixand on residual pore
water pressurfu in soil specimens. Using the obtained experimettdtd, the Authors detect a linear
relationship between the threshold valyeand OCR and express the dependenceydffom Pl was
expressed by means of the two functional paramétarglB described in Figure 2a:
¥, = A[fOCR-1)+B (1)
In the proposed model, the residual pore-waterspiresis expressed in terms of excess pore-water
pressure ratidu* which depend O§; max, OCRandPI:
* — Au —_ yc,max —_ yc,max

Au o n og v n Uog A[ﬂOCR+1)+B (2)
In the modeln represent a material constant which can be easiiyuated through the results of
cyclic tests, plotting the excess pore-water presgatio versuy. maxin alog scale (Figure 2b).
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The model by Matasovic & Vucetic (1995)
Matasovic & Vucetic (1995), proposed a generalissalic degradation-pore water pressure
generation model relating the cyclic strength dégtian and pore-water pressure increase in clay
soils. The model was developed using a curve-fjttiechnique, based on the results of NGI-type
constant volume equivalent cyclic undrained dirgiotple shear tests performed on several marine
clays. In the model, the excess pore-water pregstiAu* (i.e. the ratio between the excess pore-
water pressur@u and the initial vertical effective consolidatiomessa’y¢) is a cubic function of the
degradation inde®& and depends on four fitting consténtB, C, D; o is expressed in terms of number
of loading cycled\, degradation parametgry, andy, and two experimental constamtands:

A =BY = AB + BB +C 5+ D = AIN S0 4 BN250ew) 4 N stew) 4 p 3)
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As described by Matasovic & Vucetic (1995), the isismerical constants of the modéal 8, C, D, r
ands) can be easily evaluated from cyclic test data.

The model by Egglezos & Bouckovalas (1998)

Using a large number of experimental data relabedl2t triaxial and 32 direct simple shear tests on
NC clays and to 6 triaxial and 6 direct simple shiests on silts, Egglezos & Bouckovalas (1998)
proposed a set of empirical relationships to euelutne excess pore-water pressure during
earthquakes. Apart from the effect of soil typee throposed relationships distinguish between
constant cyclic stress and constant cyclic sheamsloading as well as between triaxial and simple
shear test conditions. In the model the excess-ater pressure ratiAu* is defined as the ratio
between the excess pore-water presAurand the octahedral effective consolidation stégs The
relationship relatind\u to the cyclic strain amplitudg or to the cyclic stress amplitudegis:
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whereR is equal toy, or 1. andA, ¢,, ¢, C,, C3 andc, are material and test dependent constants. As
described by Egglezos & Bouckovalas (1998), théaghof R depends only whethgg or 1. is known
in the first loading cycle and not whether loadisgtress or strain controlled.

Selection of the model to be adopted faXC cohesive soils

To detect the pore-water pressure generation moamlebe adopted in the present study, the
applicability of each models tdC clays were discussed herein focusing the atterdiothe model
accuracy, on the number of the required paramatedon the applicability of the models.

In the model proposed by Matsuo et al. (1980) weduation ofAu* require the knowledge of the
maximum shear straig, maw OCR PI andrn. Even if the value of the material constanshould be
evaluated starting from the results of cyclic tesatsuo et al. (1980) demonstrated that a value
n=0.45 well fits all the data obtained for differelype of clays (see Figure 2b). Concerning the
evaluation of the maximum shear strain due to ul@gloading path such as those imposed by
earthquake, different procedures are availablénénliterature ranging from a simplified decoupled
analysis to more sophisticated dynamic responstysisaFor the purposes of the present study a
decoupled evaluation of the maximum shear strainoisvenient. Several procedures for seismic
stability analysis of slopes were proposed in therdture including this kind of computation
(Crespellani et al., 1990, 1996). Finally, the mdaeMatsuo et al. (1980) clearly states the infice

of the threshold valug, on the occurrence and on the magnitude of excassvpater pressure.

Using the model by Matasovic & Vucetic (1995), thaluation ofAu* requires the knowledge of the
six numerical constants which can be evaluatedutiitrccyclic test data and the knowledge of the
numberN of imposed loading cycles and their amplitydeas described by the Authors, the threshold
valuesy, can be evaluated using the relationship by Vuddi®94) as a function d?l. Concerning
the computation of the number of loading cyclesivaant to the earthquake-induced loading path, a
number of standard weightings procedures (Biondil €t2004; Green et al., 2005) are available for
granular saturated soils; otherwise, similar procedfor cohesive soils are not available in the



literature and a few empirical procedures to edtintiae loading cycles involved in the cyclic string
degradation of cohesive soils are presented evérfully investigated (Crespellani et al, 1992;
Cascone et al. 1998).

To adopt one of the relationships by Egglezos & &aowalas (1998), the values of the numerical
constants provided by the Authors for differentl ggpe can be adopted and the corresponding
accuracy can be evaluated. Moreover, an evaluafignor 1. is required together with the knowledge
of the number of loading cyclesl. Even the accuracy of the proposed relationshipsvell
documented by the Authors, the use of the relaliipgsto predict the pore-water pressure induced by
irregular loading paths such as those imposed bthasakes is not demonstrated in the original
paper. Moreover, the previous discussed difficslirethe computation dff must be considered in the
adoption of this relationship. Finally, even if theesence of a threshold value of the shear sigain
implicitly accounted for in the model, for the poge of the present study a direct correlation betwe
the magnitude of excess pore-water pressure artitdshold valueg, of shear strain is convenient.
Based on these considerations the model by Matsalo @.980) will be adopted in the present study.

EVALUATION OF EARTHQUAKE-INDUCED PORE-WATER PRESSUR E RATIO

To apply the selected pore-water pressure genaratimdel in the computation of the excess pore-
water pressure induced on a given soil slope bglected design earthquake, the maximum shear
strain Y. max iNtroduced for the case of uniform loading, waswmed equal an average shear strain
level jue compatible to an average valug. of the shear stress time-history imposed by the
earthquake in the slope. The procedure considertidg purposes consists of several steps:

- estimation of an average amplitudg. of the shear stress time-history induced by thithgaake;

- evaluation of the compatible shear strain lggglintroducing a constitutive model of the soil;

- evaluation of the threshold valyge(eq. 1) of the shear strain level and comparisibin .

- if yae> ) computation of the excess pore-water pressure ttatbugh eq. (2).

All these steps are described herein.

The maximum value of the earthquake-induced sheggsscan be assumed equal to (appendix A):

A‘[d =Ys [H kaax qu3* E0ﬂ3 (5)
Introducing the effect of the soil compliance, tlgh the stress reduction factgr and considering
the transient nature of the earthquake-inducedrstieess time-history by means of an equivalent

stress level, the average valur,. of the shear stress amplitude can be estimatettheiproposed
procedure the expressiog1-0.015H by lwasaky et al. (1978) and=0.65 were considered:

T, = 0650y, H [k, [osB” [tosB {1-0,015[H) (6)
Denoting withG()) and G, respectively the shear modulus for a given shaainslevel y and its
initial value, the average amplituglg. of the shear strain induced in the slope can bgpated as:

yo o Tae _ 0850 hy, [€osB" [tosB{l-0,015H)/G, -
Rel()) G(»)/G,

In the previous equatiog())/G, denote the shape of modulus reduction curves;dbesive soil, this
shape is influenced more by tRé than the void rati@ and the effective confining pressw®. For
this reason the modulus reduction curves proposeduzetic & Dobry (1991) and described in
Figure 3a were adopted herein. It is important aterthat different values af andry should be
adopted in the procedure and other modulus reductioves should be selected to introduce in the
analysis the effects @ando’, which can be influent for soils of low plasticity.

Using eq. (7).)4e Can be computed using an iterative procedure redy the non linearity of the
equation itself. To this purpose (i) it is convertiéo use analytical relationships describing thepe
of the modulus reduction curves and (ii) it is resagy to introduce an expression giviag
Concerning the first matter the curves proposed/bgetic & Dobry (1991) were fitted using the
relationships proposed by Yokota et al. (1981)dsatibe the shear modulus decay with strain Igvel

G(1)/G, =Y/li+ai’) (8)




The values of the fitting constanasandb showed in Figure 3b) were computed using a numkeric
regression procedure; the accuracy of the regmessishowed in Figure 3b) where the original
(Vucetic & Dobry) and the computed (Eq.8) value$6§)/G, were compared for several.
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Figure 3. a) Shear modulus reduction curve by Vucét & Dobry (1991); b) accuracy of the
fitting procedure with the equations by Yokota et & (1981) for some values dPl.

Following the guidelines forGeotechnical design in seismic areg@soposed by the Italian
Geotechnical Society (AGI, 2005), the expressiorbb@nofrio & Silvestri (2001) folNC clays was
adopted to compute the dependenc&gpfkPa) from the effective confining pressuarg andPI:
G,/ p,=SHo'/p.)" 9

In eq.(9)p=100 kPa, the effective confining pressuate is estimated as the mean effective confining
pressuren’, (0',=0",[L+2[K)/3 beingk,=1-sin @) and S andn are the stiffness coefficient and the
stiffness index respectively which depend€PdiD’Onofrio & Silvestri, 2001):

S=217+80584[exp(- P1/1894) n=068-0162lexp- PI/23) (10)
Using the above described procedure, for a givepesscheme (i.e for given valuesygfH, ry, B, @,
PI) and design earthquake (i.e for given valuelggfandQ) the value ofj4,. can be computed. As an
example, for the casg=20 kN/n?, H=22m,r,=0.5, ¢=25° andQ=0 (i.e.kna=K), Figure 4 describes
the strain leve)/for 3 ranging from 10° to 25%,=knax ranging from 0 to 0.5 and several value®bf

1

|
|
08T -fL-o- -
| |
0.6 ——+r-- SR
| | |
. | / |
O 04bl--1L - - PEO%- |

PI=1!.5%
P :3017‘0 7

50% :

0.2+

Pt ’

01 02 03 04 05 01 02 03 04 05 01 02 03 04 05 01 02 03 04 OEF
kn kn Kn kn

Figure 4. Influence ofPI andk;, on the strain levely(ys=20kN/m’,H=22m, r,=0.5@=25°,Q=0)

From the plotted data it is evident a non linedaitrenship betweek, and the shear strain level; since
egs.(5) and (6) states a linear relationship betvgg and the earthquake-induced shear stress, the
obtainedky,-y non linear relationship must be ascribed to thepsetl constitutive model. For all the
combination described in the figures, a signifidafiuence of bottPl andk, on ;.. was evident.

For the same slope scheme considered in Figurel 4oaP|=15%, Figure 5 shows the strain leyel
computed through Eq.(7) for several valuesoadr Q: w=0, w=-f, w=@-, Q=-1/2 andQ=-1/3. The

first three values describe the following condiiorvertical component of seismic acceleration



negligible, seismic acceleration directed paratiel the failure plane, direction of the seismic
acceleration which minimize the slope critical decationk., the latter two vales corresponds to one
couple of the conditions imposed by Eurocode 8 8200r the pseudo-static stability analysis of
slopes Q=x1/2 andQ=+1/3). From the plots it is evident that the inflaerofw (Q) on 4 increases
asp increases; generally the conditi@Q=-1/2 result in the more conservative valueg;f

Starting from the computed values gf. the comparison withk, can be performed and, if the
condition yae> K occurs,Au* can be computed using eq.(2). Following this peure the values of
Au* showed in Figure 6 were computed for the same lioation of the slope and earthquake
parameters considered for Figure 4. Differenttyrfns.e (Figure 4), a less evident influenceRifon
Au* is apparent from Figure 6; conversely, a sigrifitinfluence of the horizontal acceleration level
k, is again evident. Concerning the first resultsisitimportant to stress that fiMC clays, the
threshold valugy, is equal to the parametBr(eq.1) for which (Figure 2b) the influenceRifis lower
than for the parametek; then Pl influences significantly the computation gf. Concerning the
influence of the slope angle, from Figure 5 appd#aas for3 varying in the range 10°-25° a variation
of Au* at least of 25-30% was estimated for all the ader®dk;, values.
The most important result obtained with the proceduoposed for computindu* is related to the
influence ofk,. As shown in Figure 6, with the exception of tlaseP|=0%, which is related to sandy
soils, for all the considered schemes it seemsfthrat, lower than about 0.07g no increase in pore
pressure occurs; this is due to the valuegfthat fork,<0.07g are lower thag, in all the cases.
Then, for the considered slope scheme the vkldek,=0.07g can be considered as a threshold
values below which the earthquake-induced sheainstevel do not produce excess pore-water
pressure in the soil.
The opportunity and the effectiveness to introdtitis threshold value is obviously: through a
combined use of eq.(1), (7) and (8) the expresgigng kyaxvcan be obtained:

. - G, [AC{OCR-1) + B]

Y0650, H [tosS” [BosB{L-0,015H) 1+a{[AOCR-1)+B|)

Due to the significant influence @ (see Figure 5), the values &f* were evaluated for the same
case of Figure 6 and assumiRg-1/2; the obtained results are showed in Figure 7.

(11)

1

| | | | | | | | | |
[3:10° | |— [3:15° | 0)_—L B:20° | W= [3:25° | o= |
03——Ph15%%——£§3¢p - —Phls%%—aﬁgts } —Ph15%—#dﬁg?§ 5 —Phls%—+h;é¢@ 1-
| | | | | [l | | |
I [ | W= | I WP | W= I
) 0.6~ kvkh=-0.33 LI~~~ [~ KukR=0.33 //Y/ | [ KIKh=0.33") " Kvkh=-0.33 "5/
A kvkh=105 1 4 kvikh=-0.5_ A/} kvikh=-0/5 kvkh=-0.5 "/ &/}
; e R 7 25 i B e vy At A e W T I Y
| | | | | | | | | | | | |
| | |
02—l o ] - ro- L - G-
| | |
. o~ L l L
1 1 1 1 1 1 1 1

0.1 0.2 0.3 04 05 0.1 02 03 04 05 01 02 03 04 05 0.1 0.2 0.3 04 05
kn kn kn kn
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In this case the same consideration about theeinfie ofPI and 3 described for Figure 6 can be

performed and (with exception of the cd&de0%) values 0Kk ranging from 0.09-0.16 (i.e. values

of k,,=0.1-0.15) can be estimated. Concerning this kestlt it is important to underline that it fits

very well with the provisions of Eurocode 8 (20GBnt, for the application of the pseudo-static
approach statesFor saturated soils in areas wherg>R.15, consideration shall be given to possible
strength degradation and increases in pore pressueeto cyclic loading.”.

EFFECT OF EXCESS PORE-WATER PRESSURE ON THE DISPLACEMENT RESPONSE

To describe the influence of the excess pore-wakssure on the displacement response of the slope,
the reduction in the critical acceleratigndue to the strength reduction must be considéredhis
purpose two valuek,, andk. i, of the slope critical acceleration can be compfgzbendix A):Kk,
refers to the initial slope condition, before theess pore-water pressure takes place, and represen
the value of the slope critical acceleration taabepted in a displacement analysis which negléets t
effect of the strength reduction due to the exgess-water pressure. Otherwikgn, represents the
value to which the slope critical acceleration i@hkiwhen the excess pore-water pressure occufred. |
no excess-pore-water pressure develops in the(giky and Au*=0), k. equalsk.,; otherwise
(Jave> k. and Au*>0), the reduction ok; from k., to k. mn must be considered in the displacements
analysis. Since the aim of the paper is to poirnttioe influence of excess pore-water pressure en th
magnituded,.x of displacements, an empirical regression modal adopted to computh,,, instead
of the double integration of the equation of motmithe slope for a given earthquake record. In
particular, the relationship by Simonelli & Viggiai1995) was adopted:

logd,.«(cm) =C, -C, [k, /k (C,=2652, C,=3333 (12)
This relationship represents an upper-bound optrenanent displacemerdg,, computed for values
of the ratiok/kmax in the range 0.1-0.9 using a set of records of N6.9 Irpinia (ltaly) 1980
earthquake with peak acceleratign, ranging from 0.107 to 0.316, Arias Intensity ranggfrom 32.1
cm/s to 143.4 cm/s and total duration ranging frén7 sec to 86.1 sec. The selection of the
regression model is not a crucial point since lfg purpose of the paper is just to point out the
influence of the excess-pore water pressure olnttrease of permanent displacements with respect
to the case in which no strength reduction takeegknd (ii) consideration on the absolute values of
the permanent displacements are not the goal qfaher.

max

AssumingQ=0, Figure 8a describes the plotdf.. versusk, for the schemgs=20 KN/nt, H=22m,
3=20°, r,=0.1, ¢=20° and c'/{D)=0.20; in particular the relation correspondingatdraditional
analysis which neglect the possible excess porernymessure (eq.12 with= ko), together with the
relations in which the occurrence of excess poreiia considered foPl equal to 15%, 30% and
50% (eq.12 withk=k. min), are plotted. For the considered scheme thecdadior of safety and the
initial value of the critical acceleration afg=1.52 andk.,=0.169. From the plots it is evident that the
same slope subjected to the same earthquake, dacdifferent permanent displacements depending
on the valued oPI since this parameter affect both the occurrenckti@ magnitude of the excess
pore-water pressuedu. When the reduction in soil shear strength is anted for in the analysis, the



slope of the curve increase with respect to thes éaswhich Au* is neglected; for each of the
considered case, the threshold vaiggecan be detected from the intersection of the cioamputed
includingAu with the curve related to the case in whithis neglected.
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Figure 8. Influence ofAu on dyay (Y=20 KN/m®, H=22m, r,=0.5,=20°'=20°, ¢'/(ylD)=0.2,Q=0)
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In a traditional displacement analysis, in whick #ffect ofAu is neglected, if two different slope
(i.e. different value of¥s, H, B, ry, @ or ¢') with the samek,, are considered, the same value of the
displacements will be computed. Otherwise, if tlosgible increase in pore pressure is considered,
different displacement response may occur in tlopes since they are characterized by different
stress state and different hydraulic condition.uFég8b describes the plot df.x versusk;, for the
schemey:=20 kN/n?, H=22m, 3=18°, r,=0.25, =20° and c'/{D)=0.20 which is characterized by
the same value di=1.52 andk.,=0.169 of the slope considered in Figure 8a. Degpe same value

of k., different value ofi,x are obtained due to (i) the different acceleratemel required to induced
excess pore-water pressure (i.e. different valug @fand (ii) different magnitude of the excess pore-
water pressure induced in the soil. This means, tloata selected slope scheme, a non unique
relationship betweed.x andkyax can be considered due to the different responsleeo§lope which
may be envisaged as a consequence of the diffeféettive confining pressure and the different
shear stress level induced by the earthquake.tdwsdtess this important results, for the sameeslop
considered in Figure 8a, in Figure 8c the relatiimbetweerndx and the ratik./knax Was plotted
referring to the case in whichu is neglected (eq.12 witk= k.;) and for the casein whichu is
considered as a function Bf (eq.12 withk:=k. mi); from the plots it is evident that if the excesse-
water pressure induced by the earthquake was nedlét the analysis, the displacements may be
underestimated by a factor ranging from 10 to 1®@$ about.

In order to quantify the influence of the soil shestrength reduction on the magnitude of the
permanent displacements, a relationship betweeneloess pore-water pressure ratio and the
reduction of slope critical acceleration is reqdirdJsing the equations giving, and k. (see
Appendix A), the following relationship can be dbtd:

ke {C'/(Vs (D) , tang - ru)E(Ll—Au*)—l}/{Cl/(ys D) , tang - ru)—l} (13)

Keo serp tanf serp tanf
This reduction in the slope critical accelerationduces an increase in the permanent displacements;
denoting withdmax o @anddmax the values of the earthquake-induced permanepladgsment computed
respectively neglectingk&k,) and taking into accountk £k, min) the increase in the pore-water
pressure, the following relationship betwekg, ,andd,.x can be derived through eqgs.(12) and (13):

jog Jn — ¢, Koo | poosBTanell-r,) AU (14)
2 2 COSB*'i'tan(pI@erB* kmax

max,0 k
The ratiodya/dmax0 Can be assumed as a displacement aggravatiom Veluich summarises the effect
of the increase in pore-water pressure on theatigphent response of the slope; eq. 14 shows #at th
displacement aggravation factor derived herein fanetion of the static stability condition of the
slope (through the parametears ¢ and 3), of the parameteri,,, andw which describe the design
earthquake and finally of the plasticity indekwhich is involved in the computation of the threlsh
value y, and, then, in the pore-water pressure rdtig. Figure 8d shows the values of the
displacement aggravation factor for the same stjpeigure 8a; wher,/dnax~1 NO excess pore-

max



water pressure develops in the soil and no comedt the traditional Newmark.type displacement
analysis is required. An important aspect is evideom Figure 8d:PI significantly affects the
magnitude of the correction to be applied to tlelittonal displacement analysis results and rdstric
the field of application of the traditional dispéanent analysis to value k.. lower thankyaxy (Kn.)-

CONCLUDING REMARKS

Despite the effects of the increase in pore-watesqure in saturated soils subjected to cyclicifapd
are well known, the seismic stability analysis &mel evaluation of the post-seismic serviceability o
natural slopes are generally performed neglecthepa effects. The present paper introduces a
procedure to perform an effective stress analybigh® seismic stability condition of natural clay
slopes taking into account the possible occurrariogxcess pore-water pressure. An experimental-
based pore-water pressure generation model wadeatitp predict the occurrence and to asses the
magnitude of excess pore-water pressure startomg fhe knowledge of the earthquake-induced shear
strain level. Focusing the attention on normallpsaidated soil slopes, the earthquake-inducedrshea
strain level was estimated using a decoupled appradiich adopts literary available shear modulus
reduction curves. The displacement response wasaget] using a simplified Newmark-type analysis
modified in order to accomplish the effect of thteesgth reduction. A parametric analysis was
performed showing that the acceleration level irduin the slope together with the plasticity of the
soil represents the parameters mostly involvechandccurrence of excess-pore-water pressure and
mostly affecting the magnitude of earthquake-indugermanent displacements.

APPENDIX A
This appendix describes all the equations givirggridevant parameters of the procedure proposed in
the paper. The slope scheme adopted in the an#ydéscribed in Figure 9.

Notation
B: slope angle

H,D: depth of the failure surface/thick of unstable soil
c: cohesion
@: angle of soil shear strength
Ys  soil unit weight
Yo. Water unit weight
re.  static pore pressure ratio v, ®.)/(ysH)
kmax Maximum earthquake-induced acceleratiog in
ki, k,: horizontal and vertical componentlgfa.

0 = tg*(k./k) Q= k/k

\ a(t) o~ m
B*=P +w A o

t: time Figure 9. Reference slope scheme

Stress statgstatic values are obtained k{t)=0 and are denoted with the suffix ‘0’ insteadd:
04(t) = y, H cos B-Kk(t) Bers’ [Eosp]

Ug(t) = ¥4, TH,, (€0’ B+ Au(t)
r‘U =u0/00 =(yW |:IHW)/(}/SDH)
7,(t) = y, H oo ArfL-r, ) dL-Au’ (1)) - k(t) Sens” tosp] AU (1) =Au(t)/ o

Static (Fs) and pseudo-static If4) safety factor.

_ ¢/(ys D) tan(P[ﬂl ) _ ¢/(y. D) +cosBrfL-r )[(Jl *)—kBkerB*
sinB  tanB Fa = serB +k [cosf’

74(t) = y, [H [serB o +K(t) [osp’ [€osp)]

s~

[ang



Initial and minimum values of the slope critical aceleration:
= /(v D) +cosBliangi-r,)-seB _ c/(y, D) +cospanglfl-r,)dfL-Au")-serp
c0 cos” +tangSerf cmn cosf +tangSens’

Earthquake-induced pore-water pressure ratios requied for slope failure (Au*s) and to trigger
permanent displacements&u* ):

*=1— Ln(pl — AU; ZAU: [Ql_ kmax/kco)
Au; =1 ytanB fi-r,)
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