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Evaluation of topography site effect in dope stability under dynamic
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! Geosciences and Geoengineering Research Depariiaes ParisTech, France

Abstract. The slope topography site effect is a phenomenamhich the seismic ground motion is amplified e t
crest of the slope. This effect can damage strastand can even cause slope instabilities. Thefthis study is to
explore the impact of slope geomorphology paramsetartopographic site effects. A dimensionlessofadhe ratio
of the slope height to the seismic wavelength éniified as a critical parameter. Numerical simolag resulting in
the seismic response of a uniform slope in an ielasaterial to excitation of vertically propagatif8y waves,
allowed defining the effects of these parametentplification factors and extension of the affdctenes. In civil
engineering, the knowledge of zones which will eigrece amplified excitation is important and esiérior the

structural design. In particular, the vicinity dfetcrest is a zone frequently affected by strongléications, and in
some cases, earthquake-induced landslides may.deauthis reason, graphs derived from the resfltsumerous
numerical analyses, can be useful to predictingriagimum amplification factors, the area as wellheesdimension
of the amplified zone in the vicinity of the crest.

Keywords: site effect, dimensionless frequencpgesiostability, amplification, earthquake

1 INTRODUCTION

Many macroseismic observations throughout the werlerance (Lambesc, 1909), Italy (Irpinia, 1980),
California, USA (1987 and 1989) — showed that #israic motion is amplified at the crest of slopEsis
phenomenon, called topographic site effect, iscthese of the spatial, spectral and temporal medifins

of the vibration signal characteristics. Topograpite effect is mainly caused by the interfereotcthe
incident waves and the ones reflected along the dtgface. The interference of these waves gives an
amplification of the seismic motion in the viciniof the crest and a de-amplification near the tothe
slope (Bourdeau, 2005; Vanbrabant, 1998) (Figur&dy this reason, a rolling topography may aggewva
the impact of an earthquake, which can lead tegiral damages and even to slope instabilities.

The impact of site effect is already specified e tFrench seismic code PS92 (applicable until
31% October 2012) and more recently in European EE«dcode 8, 2005). However, only the slope
morphology is considered in these regulations. Ofaetors such as the geological and the seismic
characteristics of the slope and the charactesisfithe excitation signal are not considered. Kbetess,
they have an important influence on the amplituti¢he site effect and the dimension of the affected
zone. In 1993 Dakoulas proposed a new paramglendmed “dimensionless frequency” (Dakoulas,
1993). It combines the various involved parameteis unique parameter which can therefore simptly an
effectively represent site effects. However it has received much attention in scientific worksteo
authors used it in specific case studies, but theraot yet any research works specifically on the
usefulness of this parameter. For this reason piyier focuses on the potential role of the dinmerisss
frequency in evaluating and predicting the sitee&8 in general, and the topographic site effatts i
particular.
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Figurel. Schematic illustration of topographic site effeaahanism and the horizontal acceleration
amplification factor of a slope model in a unifoefastic material

2 METHODOLOGY OUTLINE

Numerical analyses were performed by finite diffe®e method using Flac 2D (ltasca). In order totlimi
the amount of variables related to the geomorphiologntext, the studied model contains only one
uniform slope and the material is considered asdgaemeous and elastic. The width and the heighteof t
grid, according to the slope height (H), are sepeetively at 20H+2H/tanand H+20m (Figure 3), in
order to reduce artificial waves resulting from th#lection of the incident signal on the model hdaries
into the study zone.

2.1 Meshsize

Mesh size of the slope model is set in order toembly ensure the transmission of the seismic waves
According to Flac 2D user guide, this conditiorgisaranteed when equation (1) is satisfilddenotes
the maximum size of a mesh elemenis the wavelength of the excitation seismic sigaad N value
must be greater than 10. Then, for each case steggnding on the characteristic of the incideisnsie
wave that will be applied to the model, the meste 96 calculated so that expression (1) is always
satisfied. For all the numerical simulations parfed in this study, the value of N is chosen betwg&@&n
and 100. When the value of N is high, the numerieault error is small (Figure 2) but the compuiati
time is long.
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Figure2. Numerical result error according to the value of N
2.2 Boundary conditions

For the purpose of eliminating boundary effects eeft&ctions of seismic wave on the lateral borddrs
the model, boundary conditions simulating the fiell are applied to both vertical limits of the deb.

To prevent any additional reflection of the refesttvaves going down from the free surface towdnds t
substratum, an absorbing boundary condition nangeiet boundary” is applied to the model base as
presented in Figure 3.
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Figure3. Size and boundary conditions of the slope moddl irséhe numerical simulations
2.3 Seismic wave excitation

A SV wave is applied to the model base. The indidémal is an artificial mono-frequency wave i th
form of a sinusoidal wave, with a Peak Ground Aegsion (PGA) of 0.4g (m/s?) and a frequency
ranging from 0.5Hz to 10Hz.

2.4 Interpretation criteria

In this paper, the method of site/reference propdseBorcherdt (Borcherdt, 1970) is used to evalulae
site effect. The three main criteria considerethminterpretation of the site effect are: the aficgltion
factors, the proportion in area between the angglifione and the study region, and the dimensidheof
amplified zone in the surroundings of the crest.

The first main interpretation criterion, the amighittion factor, includes two sub criterions: theibontal
amplification (Ax) and the vertical amplificatiordy). Both are determined by the ratio between the
maximal horizontal or vertical acceleration, caétatl in the whole slope during the whole duratibthe
excitation, and the maximal horizontal acceleratialtulated in a site of reference (horizontal bekrin
free field conditions). In homogeneous materiag theasured value of such site of reference is alway
equal to twice the PGA of the incident wave. For, Axthe calculated value (equation(2)) is greaien
1.0, amplification occurs, and on the opposités i de-amplification. Even if the excitation sai(&V
wave) does not contain any vertical component,areseworks (Ashford et al., 1997),(Bouckovalas and
Papadimitriou, 2005; Bouckovalas and PapadimitriddQ6) showed that vertical component is also
generated in some points within the model by theginlar topography. The value of the horizontal
amplification is determined by expression(3). Amadn the model is called “amplified” when Ay value
calculated at this point is greater than zero.

_ XacG,

2PGA 2)
Ay — yaCQ’nax

2PGA (3)

The second main interpretation criterion has alsm gub criterions. They are the proportion of thiglt
amplified zone area (p¥and the proportion of the amplified zone areaglthe free surface (Rg. The
calculated formulas are presented in equationar(d)(5).

pS, = S x10C

S (4)

pPS = Sis x10(

S (5)
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Sr: the area of the studied region as the parallatogimited by the part of the free surface
corresponding to the slope and the dash dot lihe.Reight and the length of this zone are
respectively H and 2H.

S,: the total amplified zone area. This area is thiom of all the zones (in the studied
region §) which are amplified during seismic excitation.r Fexample, in Figure 4, the
numbered zones were amplified at different timel Snis the union of area of these four
zones.

Sas: the part of the total amplified zone area buated only along the free surface (in the
studied region . It is the union of area of three zones numbeting and 3 in Figure 4.

The last criterion is the dimension of the horizbr@mplification zone in the surroundings of thestr
This dimension is represented by two values: hdigk} and width (Dxc) as illustrated in Figure 4.this
study, these two values are normalized by the dhemght (H).

A

Figure4. Schematic location of the amplification zones andligd region in a slope model and their
corresponding dimensions

3 IMPACT OF DIMENSIONLESS FREQUENCY AND GEOMORPHOLOGIC PARAMETERS
IN EVALUATING THE SITE EFFECT

The dimensionless frequenay)(described by formula (6) was used in some rebeaorks (De Martin
and Kobayashi, 2010; Glinsky and Bertrand, 2011s$deudi et al., 2011; Nguyen, 2005; Nguyen and
Gatmiri, 2007). As shown in the formula, this paesen integrates several geomorphologic and seismic
parameters such as: the slope height (H), the &eisave frequency (F), the Young's modulus (E), the
Poisson's ratiov) and the densityp}. This parameter presents therefore a great patémevaluating and
predicting the site effects.
_H_HxF_  HxF

A V, E

21+v)

n

(6)
3.1 Calculation on slope modelswith constant slope angle

3.1.1 Slopes with the same valuerpf

According to formula(6), thg value depends on five parameters: H, Fy,ip. The question is to know
whether the same results in terms of the threegregation criteria is obtained when the valuesheke
five parameters vary but keeping the valueyafonstant. To answer this question, numerous ngaleri
simulations were performed in slope models havilregdame slope angle (50°) by varying each time two
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of the five parameters, so that thevalue is always equal to 0.1. So, there are 1@iplescouples of
parameters as presented in Table 1. For each cotiplameters, their values were changed 4 tifrtes.
coefficient of variation (CV, ratio of the standatdviation to the mean) which represents the désmer

of the result values such as Ax, Ay,ppPSs, Hx and Dxc, is calculated for each couple andesgnted

in the Figure 5. The analysis of the obtained tesid based on the value of interpretation criteria
Detailed results are presented in (Nguyen and Bkam, 2013). In order to have the as best aslgessi
simulation of the seismic wave transmission, thehsze of the numerical slope model was set al sma
as possible and also considering the calculatioa.tFor these 40 numerical simulations, the vafud in
formula (1) was set to 100.

From a general point of view, the Figure 5 shovat there is dispersion in the calculated resultschv
means that the amplification factor is not exatitly same even if the dimensionless frequency istaoh
It underlines that the specific role of some of five integrated parameters (H, F, \E,p) cannot be
totally neglected.

In terms of the horizontal amplification factor Ax,small deviation of about 2.5% is observed for
the cases 1 and 2 where the slope height is angafgictor. So, even if the influence is slight, but
the value of Ax depends on the slope height.

Concerning the extension of the amplification zerpressed by the two parameterg pBd pQs,

a non null value of the coefficient of variationsvMaund in the three cases: 1 (17%), 2 (17%) and 4
(3%). For all of these cases, one of two varyingdes is also the slope height. This indicates that
the impact of the slope height is considerable eahot be neglected. Figure 6 illustrates the
spatial distribution and the intensity of the horital acceleration amplification in a slope model.
The dotted curve represents the isovalue line@htirizontal amplification factor equal to 1.0. The
study region $is also represented by the zone limited by thpeskand the dashed segments. The
colours represent the amplification intensity ie glope model. It can be pointed out that the lower
the slope height, the higher the horizontal amgaifion factor and the affected zone area.

Concerning the vertical acceleration amplificatidg, 6 out of the 10 analysed cases show a
significant value of coefficient of variation (bexen 10% and 15%). Cases 1 and 2 correspond to a
large variation of the slope height (H), whereas4tother cases (3, 6, 8, and 10) concern a change
in the value of Poisson's ratie)( These results indicate that the Ay value dependd and om.

For the size of the horizontal amplification zometle surroundings of the slope crest, Figure 5
shows that: the height Hx depends on the slopehhdite width Dxc depends on both slope height
H and Poisson's ratin

H Ax H Ay PSa, PSas M Hx/H Dxc/H
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Figure5. Coefficient of variation of numerical simulatiorstdts for 10 parametric analyses on slope models
with the same value of dimensionless frequeney0(1) and the same slope angie%0°)
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Table 1. Parametric analyses and the corresponding numbering

Couple of varying parameters [H,HH,E] | [H,v] | [H,p] | [F.E] | [F.Vv] | [F.p] | [E.V] | [E.p] | [V.p]
Numerical simulation numb 1 2 3 4 5 6 7 8 9 1C

1.3
1.2
1.1

50 100
40
30

i

220 [N\

T 10

0.9
0.8
0.7
0.6

1
-10 oL

5 [ H R B [ n T T —_—
0 100 200 300 400 - 0 200 400 600 800 [} 500 1000 1500 0 1000 2000 3000
Distance (m) Distance (m) Distance (m) Distance (m)

a) H=25m b) H=50m ¢) H=100m d) H=200m

Figure6. Spatial distribution of the horizontal acceleratamplification for slopes with the same value of
dimensionless frequency£0.1), the same slope angte=60°) but different values of slope height
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Figure7. Spatial distribution of the vertical acceleration@ification for slopes with the same value of
dimensionless frequency£0.1), the same slope angte=60°) but different values of slope height
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Figure8. Spatial distribution of the vertical acceleration@ification for slopes with the same value of
dimensionless frequency£0.1), the same slope angte=60°) but different values of Poisson's ratio

3.1.2 Slopes with different values gf

Slope models of the same geomorphological and méxddacharacteristicsnE50°, H=40m, E=800MPa,
v=0.25 p=2000kg/m3) were subjected to sinusoidal seismicnadgy of different frequencies
(F=0.5+10Hz), so that the intrinsit value varies from 0.05 to 1.0. The numerical satiah results are
presented in three graphs in Figure 9. The obdervaf the graph a shows that the value of amjglifan
factors (Ax, Ay) has a global trend to increasehvitte increase of the valug On the contrary, the
proportion of the horizontal amplified zone are&)ppSs), and the dimension of the horizontal
amplification zone in the surroundings of the ckékt, Dxc) have a tendency to decrease, when theva

of n increases (graphs b and c)

Regarding the spatial distribution of horizontalgification zones, Figure 10 shows that the higtner
value of n, the higher the number of amplification zones.nkrthe results of numerous numerical
simulations, two thresholds gfare brought out: 0.15 and 0.5.
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* n<0.5: all the amplified zones are located alongftee surface, no one appears inside the slope
model.
0 n<0.15: there is only one single amplified zone i@ Whole slope which located at the crest
of the slope model.
0 n>0.15: additional amplified zones appear behincctiest of the slope model.
* 1n>0.5: amplified zones appear along the free sudackinside the slope model.

Concerning the vertical amplification, the graphsFigure 11 lead to identify one threshold value of

n equal to 0.5.

* 1n<0.5: the highest amplified zone is located aloreydiope.

« 1n>0.5: the highest amplified zone is located atcttesst of the slope.

—— Ax Ay ——pS, PSas Hx/H Dxc/H
2.0 100 0.8 16
15 s——a | | _ 80 06 - 12
> & 60 A
Z ~— = T T
310 2 X 04 83
< o 40 &
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05 2 20 . 0.2 4
0.0 i T t 0 T f T 1 0.0 s )
0 0.2 04 0.6 0.8 1 0.2 0.4 0.6 0.8 1 0 0.2 04 0.6 0.8 1
n n
a) Ax, Ay b) PR, PSis c) Hx, Dxc

Figure9. Variation of interpretation criteria as a functioh the variation of the value of for slopes with the
same value of slope height (H=40m) and the sanpeslagle ¢=50°)
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Figure 10. Spatial distribution of the horizontal acceleratamplification for slopes with the same value ofps
height (H=40m), the same slope angie§0°) but different values of dimensionless frequen
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Figure 11. Spatial distribution of the vertical accelerationgification for slopes with the same value of €op

height (H=40m), the same slope angte§0°) but different values of dimensionless frequyen
3.2 Calculation on dope modelswith different dope angles

Slope angle plays an important role not only on dneplification factor, but also on the size of the
amplified zone. Different numerical simulations egrerformed by varying slope angle from 30° to 80°
with a step of 10°. The Figure 12 represents thelt®with value of] ranging between 0.1 and 0.4.
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The results presented in the graphs a and b dfithee 12 confirm again the conclusions of other
authors (Di Fiore, 2010; Lenti and Martino, 2012he amplification factors (Ax and Ay) increase
with an increase in the slope angle.

For the proportion of horizontal amplification zoagea (p®, pSis), the graph ¢ shows that, the
relationship between this interpretation criteraord the slope angle depends on the position of the
value ofn regarding the threshold value of 0.15. The valithese parameters increases with an
increase in the slope angle when the valug isflower than 0.15, and decreases when the vdlue o
n is higher than 0.15.

The height of the horizontal amplification zonetl® surroundings of the crest (Hx) is dependent
on the slope angle when the valuendé lower than 0.35: the higher the slope angle,Higher the
value of Hx (Figure 12d). But when the valuenoéxceeds this threshold, the role of slope angle is
negligible. For the width Dxc, Figure 12e showd this independent on the slope angle.

-—30 =—40 -—50 =—60 ——70 ——80 -—30 =-—40 -—50 =——60 ——70 ——80
14 1.2
13 — 09
11 _ / 0.3 > -
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Figure 12. Variation of interpretation criteria as a functiofhthe slope angle and the value of dimensionless
frequencyn for slopes with the same value of slope height4®)=
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4 CONCLUSION

This work has focused on the role of the dimensismlfrequencyn(). This parameter integrates several
geomorphologic and seismic parameters. So, instéayaluating the topographic site effect under the
action of each of these individual factanscan replace them as a pertinent parameter. Howtheerole

of other parameters such as the slope height (H)Parisson's ratiov] cannot be completely neglected,
but they play a less important role thanTable 2 summarizes the relationships betweerntieepreting
criteria and the parameters which are set in asegratder of importance from the top to the bottofn
the table. When the value of a parameter increabesyalue of the interpretation criterion can be
increased (l), or decreased (D), or non dependédy. (

In addition, if the slope has relatively simple gewphologic characteristics and is excited by d rea
seismic signal with a fairly narrow frequency batttk value ofn can be calculated by replacing the
frequency of the sinusoidal signal by the centrdjfiency of the real seismic signal. So, in theecéhe
graphs in Figure 12 can be used to estimate the\adlAx, Ay, pQ, pSs, HX and Dxc.

Table 2. Summary table of the relationships between affefaetbrs and interpretation criteria

H v a n
AX D ND I I
I
Ay |I3(n§>%3;,) D I n<0.5: higher amplified zone located along the slope
(n>0.3) n>0.5: higher amplified zone located at the crest
D

n<0.5: amplification zones along the free surface

pSSA NDD(?§>()6115%) ND |:I)((r]§>%l:|_55)) [N <0.15 : one amplified zone, at crest
Poas n>o. n>o. * 1>0.15 : many amplified zones
n>0.5: additional amplification zones inside thepslo
D (n<0.2) | (N<0.35)
Hx ND (n>0.2) ND ND (n>0.35) D
Dxc D | ND D

5 PERSPECTIVES

Some perspectives are considered:
To improve the graphs of Figure 12 by extendingrtrege of value of}, and by integrating H
andv.
To develop these graphs for slope having more cexrgohd realistic geomorphologic conditions.
To develop a calculation method applicable to dgemmic signal with a wide frequency band.

REFERENCES

Ashford, S. A., Sitar, N., Lysmer, J., and Deng(MN97).Topographic effects on the seismic response of
steep slopesulletin of the Seismological Society of Amerioal. 87: 701-709.

Borcherdt, R. D. (1970Effects of local geology on ground motion near Sancissco bayBulletin of
the Seismological Society of Amerigal. 60: 29-61.



H.T. Nguyen, J.-A. Fleurisson, R. Cojean / VEESIDB20 10

Bouckovalas, G. D. and Papadimitriou, A. G. (2008)merical evaluation of slope topography effects on
seismic ground motiorsoil Dynamics and Earthquake Engineerimgl. 25: 547-558.

Bouckovalas, G. D. and Papadimitriou, A. G. (20@g)gravation of seismic ground motion due to slope
topography First European Conference on Earthquake Engineednd SeismologySeptember 03-
08, 2006. Geneva, Switzerland. Paper No: 1171,.10pp

Bourdeau, C. (2005)Effets de site et mouvements de versant en zosesgqses : apport de la
modeélisation numériquéh.D.Thesis defense July 08 2005. Ecole des MiagisTech.

Dakoulas, P. (1993Earth dam-canyon interaction effects for obliquiglgident SH wavesJournal of
Geotechnical Engineeringol. 119: 1696-1716.

De Martin, F. and Kobayashi, H. (201®tude des effets d'une topographie sur le mouvesigmique
Rapport BRGM/RP-59103-FR.

Di Fiore, V. (2010).Seismic site amplification induced by topographiegularity: Results of a numerical
analysis on 2D synthetic modeEngineering Geologwol. 114: 109-115.

Eurocode 8. (2005)Calcul des structures pour leur résistance aux raés Partie 5: Fondations,
ouvrages de souténement et aspects géotechniques

Glinsky, N. and Bertrand, E. (2011ftude numérique d'effets de site topographiquesuparméthode
éléments finis discontinu8éme Colloque National AFPS 2011-Vers une maitisable du risque
sismique September 06-08, 2011. Paris, France. p.723-732.

Lenti, L. and Martino, S. (2012Yhe interaction of seismic waves with step-likepgl® and its influence
on landslide movementEngineering Geologyol. 126: 19-36.

Messaoudi, A., Laouami, N., and Mezouer, N. (20Effet de la topographie des pentes sur les réponses
sismigues.8éme Colloque National AFPS 2011-Vers une maitdseable du risque sismique.
September 06-08, 2011. Paris, France. p.285-294.

Nguyen, H. T. and Fleurisson, J.-A. (201R6le du parameétre "fréquence adimensionnelle” dans
I'évaluation de l'effet de site topographique es da séismeConférence Franco-Viethamienne
CIGOS 2013 - Construction et développement duralgbeil 04-05, 2013. Lyon, France. Paper No:
CIGOS206, 8pp.

Nguyen, V. K. (2005)Etude des effets de site dus aux conditions topbimgaes et géotechniques par
une méthode hybride éléments finis/éléments firesti®h.D. thesis defense January 17 2005. Ecole
des Ponts ParisTech.

Nguyen, V. K. and Gatmiri, B. (2007Evaluation of seismic ground motion induced by tmaphic
irregularity. Soil Dynamics and Earthquake Engineeringl. 27: 183-188.

Vanbrabant, F. (1998Prise en compte des effets de site topographigaes tétude de la stabilité des
pentes soumises a des sollicitations dynamigabD. thesis defense November 23 1998. Ecole des
Mines ParisTech.



