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Abstract

This paper presents results of numerical analyses for the seismic response of step-like ground slopes in uniform visco-elastic soil, under

vertically propagating SV seismic waves. The aim of the analyses is to explore the effects of slope geometry, predominant excitation

frequency and duration, as well as of the dynamic soil properties on seismic ground motion in a parametric manner, and provide qualitative as

well as quantitative insight to the phenomenon. Among the main conclusions of this study is that this kind of topography may lead to intense

amplification or de-amplification variability at neighboring (within a few tens of meters) points behind the crest of the slope, especially for

high frequency excitations. Nevertheless, a general trend of amplification near the crest and de-amplification near the toe of the slope seems

to hold for the horizontal motion. As a result of these two findings, it becomes evident that reliable field evidence of slope topography

aggravation is extremely difficult to establish. Furthermore, this study highlights the generation of a parasitic vertical component of motion in

the vicinity of the slope, due to wave reflections at the slope surface, that under certain preconditions may become as large as the horizontal.

Criteria are established for deciding on the importance of topography effects, while approximate relations are provided for the preliminary

evaluation of the topographic aggravation of seismic ground motion and the width of the affected zone behind the crest.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The effect of step-like slope topography on seismic

ground motion has not been thoroughly examined in the

literature, despite that there is indisputable evidence of its

significance even from the late 1960s [1]. In fact, this form

of surface topography has drawn the least attention among

scientists, as compared to hills and canyons, despite its

significance in engineering practice. One possible reason is

the non-symmetric geometry of step-like slopes, which

complicates analytical solutions and favors mostly site-

specific numerical simulations whose conclusions
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are difficult to generalize. Another reason could be the

fact that conclusive results from field measurements are

difficult to obtain, due to the wave scattering that a step-like

slope produces, as discussed later in this paper. As a result,

approximate relations and design guidelines are rare in the

literature, while relevant provisions have not yet been

implemented in most modern seismic codes.

Among the published studies, the majority concerns

either specific geometries and seismic excitations [1–6] or

examines specific aspects of the phenomenon such as the

wave scattering generated at the vicinity of the slope [7] and

the effects of a soft soil cap in the area of the slope [8]. The

only systematic parametric study found in the literature is

that by [9] and [10], which provides valuable insight to the

effects of slope inclination i and height H, wave type (P, SH

and SV) and wavelength l, as well as the angle of wave

incidence b. Nevertheless, the results of the analyses are

presented solely at the crest and at distances equal to H, 2H

and 4H behind it. Furthermore, these studies do not address

the effect of two factors that are commonly accounted for in

most seismic ground response analyses: the hysteretic
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damping ratio of the soil x and the duration of the shaking or

the number of equivalent uniform excitation cycles N. Thus,

the presented results cannot be readily used for a

quantitative assessment of the effect of slope topography

on seismic ground motion, in the form of either simple

approximate relations or seismic code provisions.

Aiming at this goal, results are presented from an

extensive parametric study of step-like slope topography

effects, performed with the Finite Difference method [12].

The relevant research was triggered from recent evidence

that such effects played an important role in the extent of

damage caused by two recent destructive earthquakes in

Greece [3,4,11,6]: the 1995 Aigion and the 1999 Athens

events. Compared to the study by [9,10], our study is

narrower in the sense that it focuses merely on the case of

vertically propagating SV waves. On the other hand, it

explores in detail the effects of a larger number of

problem parameters and provides a continuous assessment

of slope topography effects along the ground surface, for a

sufficient length behind the crest and in front of the toe of

the step-like slope. It should be underlined, that the

quantitative assessments hereby provided apply conserva-

tively to SH waves as well, since SH topographic

amplification has been shown smaller than that of SV

waves [9,10].
2. Methodology outline

The numerical analyses were performed with the

Finite Difference method [12], for linear visco-elastic soil

with VSZ500 m/s, Poisson’s ratio nZ1/3 and mass density

rZ2 mg/m3. A schematic illustration of the 2D analyzed

mesh and the boundary conditions is provided in Fig. 1.

More specifically
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Fig. 1. Schematic illustration of finite difference model for the numerical

analyses of step-like slope topography effects.
–
 28,000–120,000 quadrilateral zones were used to simu-

late the uniform soil mass, with a maximum height equal

to 1/10–1/20 of the predominant wavelength of the

seismic excitation in order to avoid the numerical

distortion of its frequency content.
–
 The width and the height of the mesh were usually set at

20H and 5H, respectively, in order to reduce the effects

of artificial wave reflections from the boundaries at the

area of interest (near the slope).
–
 For the same purpose, transmitting boundaries were

applied at the base of the mesh, while boundaries

simulating the free field were applied at its right and left

sides.

Unlike common practice that introduces the seismic

excitation at the base of the mesh as a time history of

acceleration (or velocity, or displacement), in our analyses

a time history of stress was used, in order to avoid

artificial wave reflections at the base of the mesh, which

are unavoidable in analyses of common practice. Most of

the parametric analyses were performed either with a

harmonic excitation of 20–40 uniform cycles, or with a

Chang’s signal excitation aimed to simulate the limited

duration as well as the gradual rise and decrease of

shaking amplitude (Fig. 1). In addition, a limited number

of parametric analyses were performed for actual seismic

excitations to explore the effect of a much wider

frequency content.

The overall accuracy of the numerical methodology was

verified through comparison with analytical solutions for

the seismic response of the ground surface across semi-

circular shaped canyons, for uniform soil and vertically

propagating harmonic SV waves [13]. The choice of this

analytical study was dictated by the fact that there are no

analytical solutions for step-like slope topography in the

reviewed literature and that it is well established and

commonly used for calibration of new methods or studies in

the literature. A typical comparison between numerical and

analytical predictions for the horizontal (Uh) and the

(parasitic) vertical (Uv) components of the peak ground

surface displacement is shown in Fig. 2, for the

particular case of canyon radius RZ25 m and wavelength

ratio l/RZ2.

It is important to notice that the numerical methodology

previously outlined does not take consistently into account

the effect of soil non-linearity. Namely, shear moduli

remain constant (elasticity) and material damping is of the

Rayleigh type, i.e. it is frequency dependent and the

reference damping of each analysis is the damping value

for the frequency of the excitation. For this reason, as well

as for the benefit of generalization, the results of the

numerical analyses are not evaluated directly, but following

normalization against the free-field response of the ground,

which is free from any topography effects. For this purpose,

each basic 2D analysis was supplemented by two 1D

analyses: one for the free field in front of the toe of the slope
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Fig. 2. Analytical verification of numerical scheme for canyon topography

(vertical SV wave, RZ25 m, l/RZ2).

G.D. Bouckovalas, A.G. Papadimitriou / Soil Dynamics and Earthquake Engineering 25 (2005) 547–558 549
and the other for the free field behind its crest. This

approach is cumbersome, but more accurate than evaluating

the free-field response from the results of the 2D analyses

alone, at nodes at large distance away from the slope. The

reason is that topography effects decrease asymptotically

with distance from the slope and may not completely

disappear within the analyzed mesh, thus underestimating

the overall amplification effects, especially for low intensity

motions with small soil damping.
Fig. 3. Typical results for the topographic amplification of the peak

horizontal Ah and the parasitic vertical Av acceleration, as a function

of horizontal distance x from the crest (results for H/lZ2, iZ308, NZ6,

xZ5%).
3. Typical results

Typical results from the numerical analyses are presented

in Fig. 3, for the specific case of uniform soil, slope

inclination iZ308, normalized height H/lZ2.0, critical

damping ratio xZ5% and six significant cycles of base

excitation (NZ6). This figure shows the variation of the

topography aggravation factors AhZah/ah,ff and AvZav/ah,ff

with distance from the crest x, where ah and av denote the

peak horizontal and peak vertical accelerations at each point

of the ground surface.

Parameter ah,ff denotes the free-field value for the peak

horizontal acceleration, which is used for normalization of

both ah and av, since av,ffZ0 for a vertically propagating SV

wave in a uniform horizontal soil. Review and interpretation

of this figure alone may provide insight to the mechanisms,

which control topography effects and may lead to some first

conclusions of practical interest. Namely:
(a)
 Even a purely horizontal excitation, as a vertically

propagating SV wave, results in considerable (parasitic)

vertical motion at the ground surface near the slope.

This component of ground motion is independent of any

vertical excitation induced to the base of the slope by

the earthquake itself and, consequently, it has to be

superimposed to it. The results of the parametric
analyses show that the vertical (parasitic) component of

seismic motion may become comparable to the

horizontal free-field motion.
(b)
 The topography aggravation of the horizontal ground

motion, expressed through the peak acceleration ratio

AhZah/ah,ff, fluctuates intensely with distance away

from the crest of the slope, alternating between

amplification (AhO1.0) and de-amplification (Ah!1.0)

within very short horizontal lengths. For the typical

results of Fig. 3, this length is approximately 25 m, i.e.

equal to H/2 (or equal to l for this case of H/lZ2).

Similarly, the topographic apparition of parasitic

vertical motion expressed via Av is also intensely

variable with distance. The local maxima and minima

of Av occur again at distances equal to H/2, but their

locations do not necessarily coincide with the respective

points for the Ah. These findings regarding the

fluctuation of topographic aggravation imply that its



Fig. 4. Schematic illustration of incoming SV waves and induced Prefl,

SVrefl and Rayleigh in the case of step-like slopes (iR458).

Table 1

Pairs of normalized height H/l and slope angle i for the parametric analyses

of step-like slopes with small soil damping (x%5%), under harmonic base

excitation

i (8) H/l

0.05 0.10 0.15 0.20 0.30 0.45 0.70 1.00 1.30 2.00

10 X X X X

20 X X X X

30 X X X X X X X X X X

45 X X X X X X X X X X

60 X X X X X X X X X X

75 X X X X

90 X X X X
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experimental verification through inverse analysis of

structural damage is very crude, and that actual ground

motion recordings near slopes must be obtained via very

dense seismic arrays.
(c)
 It is also worth noticing that the horizontal ground

motion is de-amplified at the toe of the slope and

amplified near the crest. As a result, topography

aggravation may be seriously overestimated, when

calculated as the peak seismic ground motion at the

crest over that at the toe of the slope. For example, for

the results of Fig. 3, this procedure would give

Ahy1.70/0.80Z2.13, which is higher than the peak

topography aggravation behind the crest Ah,maxZ1.83.

This overestimation may reach 100% for steeper slopes

(Fig. 5) and may explain, at least in part, why field

measurements (without appropriate free field selection)

of topography aggravation are usually significantly

higher than analytical predictions [14].
Table 2

Pairs of significant excitation cycles N and soil damping x for the

parametric analyses of step-like slopes with H/lZ2.0 and iZ308 (X) or
Findings (a) and (b) above can be readily attributed to the

reflection of the incoming SV waves on the inclined free

surface of the slope (Fig. 4), which leads to reflected P and SV

waves impinging obliquely at the free ground surface behind

the crest, as well as Rayleigh waves. All these induced waves

have a strong vertical component. In addition, they arrive

with a time lag and a phase difference at the different points of

the ground surface so that their superposition to the incoming

SV waves may lead either to amplification or to de-

amplification of the horizontal seismic motion.

H/lZ0.20 and iZ758 (O), under Chang’s signal base excitation

x (%) N

1 2 3 4 6 8 12

0 X X, O X X X, O X X, O

2 X X X X X X X

5 X X X X X X X

10 X X, O X X X, O X X, O

20 X X, O X X X, O X X, O
4. Approximate relations

In all, 90 parametric analyses were performed in order to

assess the effect of the following potentially important

parameters (Tables 1 and 2):
–
 the slope inclination i(deg) or IZi/90,
–
 the normalized height of the slope H/l, where l denotes

the predominant wave length of the incoming SV waves,
–
 the number of significant excitation cycles N, defined for

a stress level equal to the 1/2 of the peak,
–
 the critical hysteretic damping ratio x of the soil.

Note that the 90 parametric analyses were performed for

base excitations with a predominant period Te ranging from

0.05 to 2.0 s, a range practically covering the large majority

of possible earthquake events. This range of Te is what

produces the range of H/lZ0.05–2.0 shown in Tables 1 and

2, since all analyses were performed for a slope of height

HZ50 m and uniform VSZ500 m/s. Nevertheless, topo-

graphic aggravation results coincide for step-like slopes

with different values of H and l but the same value of H/l, a

fact that allows for the generalization of the presented

results for a very large range of soil and excitation

conditions.

Figs. 5–8 present selected results from the parametric

analyses demonstrating the effects of slope angle i,

normalized height H/l, number of significant excitation

cycles N and soil damping x. In broad terms, it is observed

that the slope angle i and the normalized height of the slope

H/l have a significant and non-univocal effect on the

aggravation of the horizontal and vertical ground motions

(factors Ah and Av), as well as on the distance to the free field

in front and behind the slope (Figs. 5 and 6). On the

contrary, Figs. 7 and 8 show that the hysteretic damping

ratio of the soil x has a significant effect only on the distance



Fig. 5. Effect of slope inclination i on the amplification of peak horizontal Ah and apparition of parasitic vertical Av acceleration, as a function of horizontal

distance x from the crest of a step-like slope (H/lZ0.2, harmonic motion, x!5%).
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to the free field, while the number of significant excitation

cycles N has a relatively minor overall effect. Practically

speaking, our results in terms of Ah and Av from analyses for

small soil damping (%5%) agree in both qualitative and

quantitative terms with the work of [9,10]. As an example,

Fig. 9 compares our results in terms of Ah and Av at the crest

of step-like slopes (symbols) with the respective results

(lines) from [10] and shows that the two distinctly different

methodologies of analyses (Finite Difference method here

versus generalized consistent transmitting boundary method

in [9,10]) produce practically identical results.

Furthermore, in order to increase the applicability of the

results of the parametric analyses, a database was created

tabulating the most important input variables and output

parameters of all analyses. Namely, the input of each

analysis was introduced in terms of variables I(Zi/90), H/l,

N and x. The selection of the output parameters was less
Fig. 6. Effect of normalized height H/l on the amplification of peak horizontal Ah a

distance x from the crest of a step-like slope (iZ308, harmonic motion, x!5%).
straightforward. Addressing this issue from an engineering

point of view, of interest for design purposes are the peak

values of the topography aggravation factors Ah,max and

Av,max behind the crest, in the horizontal and vertical

direction, respectively (Fig. 3). Moreover, of practical

importance is also the distance behind the crest for which

topography aggravation is significant, defined separately for

the horizontal and for the vertical directions and denoted by

Dh and Dv, respectively. Note that, from an engineering

point of view, it was assumed that free field conditions apply

at distances Dh and Dv behind the crest where Ah%1.10 and

Av%0.10, respectively (Fig. 3).

Hence, four (4) output parameters were tabulated in

the database, which were sequentially related to the four (4)

input variables via the following general expressions:

Ah;max Z 1 CFAh

H

l

� �
GAhðIÞHAhðxÞJAhðNÞ (1)
nd apparition of parasitic vertical Av acceleration, as a function of horizontal



Fig. 7. Effect of number of significant cycles N on the amplification of peak horizontal Ah and apparition of parasitic vertical Av acceleration, as a function of

horizontal distance x from the crest of a step-like slope (H/lZ2, iZ308, xZ5%).
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Av;max Z FAv

H

l

� �
GAvðIÞHAvðxÞJAvðNÞ (2)

Dh=H Z FDh

H

l

� �
GDhðIÞHDhðxÞJDhðNÞ (3)
Fig. 8. Effect of soil damping x on the amplification of peak horizontal Ah and appar

crest of a step-like slope (H/lZ2, iZ308, NZ4).
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The final form of functions F, G, H and J in Eq. (1)–(4) are

analytically defined in Table 3 and shown graphically in
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for the crest of step-like uniform slopes (x!5%, harmonic base excitation).



Table 3

Analytical form of functions F, G, H and J in the proposed approximate relations for topography aggravation (Eqs. (1)–(4))

Parameter F(H/l) G(I) H(x) J(N)

Ah,max (H/l)0.4
ðI2 C2I6Þ=ðI3 C0:02Þ 1=ð1C0:9xÞ 0.225

Av,max (H/l)0.8 I0.5C1.5I5
1=ð1C0:15x0:5Þ 0.75

Dh/H ðH=lÞ=ððH=lÞ2 C0:2Þ ðI1:5 C3:3I8Þ=ðI4 C0:07Þ 1=ð0:71C3:33xÞ N0.43

Dv/H ðH=lÞ=ððH=lÞ2 C0:2Þ ðI1:5 C3:3I8Þ=ðI4 C0:07Þ 0:233=x0:78 1.00
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Fig. 10. Note that for better accuracy, the statistical analysis

that produced the form of functions F, G, H and J was

performed in two steps. First, the effect of each (practically

independent) variable was explored separately, by selecting

cases for which the values of the remaining variables varied

within a narrow range, so that the general form offunctions F,

G, H and J could be identified. The quantitative expression of

the proposed relations was consequently established from a

multivariable regression analysis of the entire database,

according to the Newton–Raphson iterative procedure.

The comparison between approximate and numerical

predictions of Ah,max, Av,max, Dh/H and Dv/H is shown in

the four plots of Fig. 11. In these plots, each symbol

corresponds to a different analysis and is obtained, on one

hand, using as coordinates the value of the parameter from

the numerical analysis, and, on the other hand,

the respective value from the approximate relation. The

diagonal lines in each plot correspond to perfect match

between the compared values, while the shaded area

provides an estimate of the anticipated relative difference.

Observe that, the symbols are equally scattered on both

sides of the diagonal lines and that the standard deviation of

the relative error of the approximate relations ranges from

29 to 40%, depending on the parameter at hand.

Elaborating on the proposed approximate relations, it is

deduced that for common conditions of practical interest

(i.e. H/lZ0.2–1.0, iZ25–758 and xZ5–15%):
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The range of computed values for the peak horizontal

and vertical aggravation factors behind the crest are

Ah,maxZ1.20–1.50 and Av,maxZ0.10–1.10, while
(b)
 The distance to the free field Dff, set as the maximum of

Dh and Dv, is equal to (2–8)H.
Comparing these results to what code provisions

prescribe provides useful conclusions on the overall

compatibility of the latter with theory-based predictions.

It was found that merely the European EC-8 (2000 and

draft 2002) and the French seismic codes PS-92 [15]

contain provisions for topographic amplification factors.

Specifically, the foregoing range of Ah,max is broadly

comparable to the provisions of the European EC-8 (2000

and draft 2002) and the French PS-92 seismic codes,

which prescribe 20 and 40% increase of the peak

horizontal acceleration at the most. However, both codes

totally overlook the generation of a parasitic vertical

motion component. Furthermore, the distance to the free

field estimated in this study is significantly larger than that

mentioned in the codes. Namely, the EC-8 (2000 and draft

2002) requires vaguely that peak horizontal accelerations

are increased ‘near the top edge’ of slopes, while the

explicit evaluation of the distance to the free field

provided by PS-92 does not exceed the height of the

slope H. These code-prescribed distances to free field are

considered very short, even if the limits of the topography
slope  i
0 30 60 90

12840
significant cycles   N

GAv

GAh

GDh=GDv

JAh
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ions for the estimation of parameters Ah,max, Av,max, Dh/H and Dv/H.



Fig. 11. Comparison of Ah,max, Av,max, Dh/H and Dv/H estimates from approximate relations and numerical analyses for all the cases in the database.

G.D. Bouckovalas, A.G. Papadimitriou / Soil Dynamics and Earthquake Engineering 25 (2005) 547–558554
aggravation factors for the free field are increased to

Ah%1.20 and Av%0.20.

Equally valuable conclusions may be drawn with regard

to the criteria for considering topography aggravation in

practice. For this purpose, Fig. 12 shows the contours for

Ah,maxZ1.10 and 1.20 and Av,maxZ0.10 and 0.20 in terms of

the two main variables, H/l and IZi/90. The third variable

that appears in the respective relations, i.e. soil damping x,

has a relatively minor effect on Ah,max and Av,max and it is

consequently fixed to an average value of 10%. Comparing

the two sets of contours, it becomes evident that the criteria

for significant topography aggravation of the horizontal

seismic motion (i.e. Ah,maxR1.10 and 1.20) are stricter than

those for the appearance of a significant parasitic vertical

seismic motion (i.e. Av,maxZ0.10 and 0.20). Thus, in a

simplified manner, one may focus upon the former, and

require that:
–
 H/l 0.03 and iO108 for at least 10% topographic

aggravation of the horizontal ground motion, and
–
 H/lO0.16 and iO178 for at least 20% topographic

aggravation of the horizontal ground motion.
Fig. 12. Lower limits of normalized slope height H/l and slope
It is noteworthy that the French (PS-92 [15]) and the

European (EC-8) seismic codes provide similar lower limits

for topography effects on seismic ground motion, with the

difference that the criteria for slope height H are given in

nominal rather than in normalized values. More specifically,

the PS-92 requires that HO10 m and iO228, while the EC-8

requires that HO30 m and iO158. For natural slopes in stiff

soil or soft rock formations (with shear wave velocity VSO
400 m/s), and common seismic excitations with predomi-

nant period larger than about 0.20 s, the foregoing lower

code limits are in broad agreement with the hereby proposed

limits for 20% topography aggravation which lead to HO
13 m and iO178.
5. Comparison with site-specific numerical studies

The excitations used to perform the parametric analyses

were harmonic or nearly harmonic, with a very narrow

frequency spectrum as compared to actual seismic exci-

tations. To explore the importance of this limitation on
angle i, for which topography effects become significant.
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the accuracy of the proposed relations, they have been

applied to predict the results of four numerical case studies,

performed for actual seismic excitations. Three of the case

studies were performed independently of the present study,

using the equivalent linear Finite Element method, for the

evaluation of topography effects anticipated during the

Aigion (June 15, 1995) and the Athens (September 7, 1999)

earthquakes in Greece. It is noted that in all above cases

there were no simultaneous seismic recordings behind the

crest and at free field that could be used to verify directly the

respective site-specific numerical analyses. Hence, their

accuracy is assessed only indirectly, on the basis of the

increased structural damage intensity in the vicinity of the

crest. The fourth case study was part of the present effort and

aimed at providing a more extensive comparison between

approximate and numerical predictions.
5.1. Aigion city, during the Aigion earthquake

(June 15th 1995)

According to [4], the topography at the northern part

of Aigio (overlooking the harbor) creates a slope of angle

iy458 and height Hy80 m (Fig. 13(a), section a–a),

while the earthquake had a predominant period TeZ0.4–

0.5 s. The shear wave velocity VS increases gradually

with depth, without providing for a sharp contrast at a

specific depth that would imply the existence of seismic

bedrock. Hence, the average VS varies between 400 and
30 o40m

Site 3Sites 1,2

Adames 
< 300 m 

Hotel DEKELIA

16 o

14o
35m

Section b-b 

Section c-c 

85m

45 o

Section a-a 

Aigio
< 1500 m  

OTE
site

Fig. 13. Topography at three sites in Greece where the increased structural

damage behind the crest observed during strong recent earthquakes has

been investigated with site-specific 2D numerical analyses.
1000 m/s, which corresponds to a predominant wave-

length lZ160–500 m. The acceleration time history

(recorded at OTE site, Fig.13(a)) had few significant

cycles (NZ2–3), while damping x must have ranged

between 5 and 10%.

Based on the case-specific analyses of [4], the maximum

amplification of the horizontal acceleration behind the crest

is of the order of 1.40, while the distance to free field behind

the crest is approximately 500 m (i.e. 6.2 H). Based on

the approximate relations proposed here, for a range of

H/lZ0.16–0.50 it is deduced that Ah,maxZ1.2–1.32, while

Dh/HZ3.5–5.6.

5.2. Adames area, during the Athens earthquake

(September 7th 1999)

According to [6], the topography at the Adames area

(overlooking the Kifissos river) creates a slope of angle

iy308 and height Hy40 m (Fig. 13(b), section b–b), while

the average shear wave velocity VS ranges between 350 and

600 m/s, without a sharp contrast at a specific depth

implying the existence of seismic bedrock. There were no

seismic recordings at the area of interest, but recordings at

other locations show that the motion must have had higher

predominant frequency than the Aigio earthquake, namely

a predominant period TeZ0.10–0.20 s. Hence, the predo-

minant wavelength in the area must have ranged between

lZ35–120 m. Again, on the basis of the recordings at other

locations, the time-history must have had few cycles (NZ
2–4), while damping x must have ranged between 5

and 10%.

Based on the site-specific numerical results described

by [6], the peak amplification ratio of the horizontal ground

acceleration is of the order of 1.3–1.5, while the respective

distance to free field is approximately equal to 75–100 m or,

i.e. 1.9H–2.5H. The same researchers provided estimates

of the peak parasitic vertical acceleration behind the

crest equal to 0.24–0.26 of the horizontal acceleration

at free field. Based on the approximate relations

proposed here, for a range of H/lZ0.33–1.14 it is deduced

that Ah,maxZ1.28–1.45, Av,maxZ0.17–0.47, while Dh/HZ
2.7–4.6.

5.3. Area of Hotel ‘Dekelia’, during the Athens earthquake

(September 7th 1999)

According to [3], the topography at the Hotel ‘Dekelia’ is

a mild slope overlooking the Kifissos river, with slope angle

iy168 and height Hy35 m (Fig. 13(c), section c–c), while

the average shear wave velocity VS ranges between 400 and

600 m/s, without a clear presence of seismic bedrock. As in

the previous case, the excitation period is TeZ0.1–0.2 s

providing for predominant wavelengths in the range of

lZ40–120 m, while the main shock must have had few

significant cycles (NZ2–4), and damping x must have

ranged between 5 and 10%.
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Based on the results of the site-specific analyses

described by [3], the amplification ratio of the horizontal

ground acceleration at the location of the hotel ranged

between 0.75 and 1.35 for various excitations, with the

largest values being the most probable since they corre-

spond to the high-frequency motions. Similarly, the distance

to free field should not have exceeded 70–100 m (i.e.

Dh/HZ2–3). No data are reported for the parasitic vertical

component of seismic ground motion. According to the

approximate relations proposed herein, for the range of

normalized slope heights H/lZ0.30–0.88, it is expected

that Ah,maxZ1.16–1.25 and Dh/HZ1.5–2.
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Fig. 15. Topographic amplification of horizontal acceleration Ah and

apparition of vertical parasitic acceleration Av as a function of horizontal

distance from the crest of a step-like slope, for the two realistic earthquake

motions and the Chang’s signal-type excitation of Fig. 14.
5.4. Frequency dependence of topography aggravation

The last numerical case study concerned a step-like

slope with HZ50 m and iZ608, cut within a uniform visco-

elastic medium with VSZ500 m/s, xZ2%, Poisson’s ratio

nZ1/3 and mass density rZ2 Mg/m3. Three different

seismic excitations were used: two actual seismic

records (ARG1 and ARG7), with similar predominant

periods TeZ0.14–0.16 s and number of significant cycles

NZ2–4.5, and a Chang’s signal with similar characteristics.

All excitations were scaled to the same peak ground

acceleration of 0.16 g. The time histories and the 5%

damped elastic response spectra of these base excitations are

summarized in Fig. 14.

The results of the numerical analyses are compared in

Figs. 15 and 16. More specifically, Fig. 15 compares the

topographic aggravation of the peak horizontal Ah and

vertical accelerations Av as a function of the horizontal

distance in front and behind the crest. Furthermore, Fig. 16

compares the topographic aggravation of the normalized

horizontal spectral accelerations S�
a ZSa=ah at two locations

of significant importance: (a) the crest of the slope and (b)

the point behind the crest where the peak aggravation of

horizontal acceleration is observed. Note that Fig. 16(b)

disregards the fact that the points of peak horizontal

aggravation behind the crest for the three different
excitations do not coincide. Nevertheless, the presented

comparison is justified given the geographic proximity of

the three points and the fact that the frequency content of the

motion at the locations of peak aggravation is of significant

engineering interest. Overall, the comparisons in Figs. 15

and 16 show that all three analyses provide compatible

results, with the Chang’s signal excitation leading to rather

conservative estimates of the topographic aggravation of the

peak ground and the spectral accelerations. Furthermore,

these comparisons imply that topography mostly affects the

peak ground acceleration and seems to alter the frequency

content of the ground motion to a lesser degree. The width

of the affected zone behind the crest is under-predicted for
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the horizontal component of motion and over-predicted for

the vertical. However, it is reasonable to expect that these

differences may be reduced for more realistic, higher x

values.
6. Conclusions

The main findings that have emerged from this numerical

study of topography effects for step-like slopes are the

following:
(a)
 The effect of slope topography is to alter (amplify or de-

amplify) the peak horizontal seismic ground accelera-

tion in front and behind the crest and also to produce a

parasitic vertical acceleration that has to be super-

imposed to that of the incoming seismic excitation.

Topography effects fluctuate intensely with distance

away from the slope, so that detecting them on the basis

of field measurements alone requires a dense seismic

array.
(b)
 Topography effects become important for normalized

height ratios H/lO0.16 and slope inclinations iO178. If

these conditions are met, the peak values of topography

aggravation factors for the horizontal and the vertical

ground acceleration behind the crest usually vary

between Ah,maxZ1.20–1.50 and Av,maxZ0.10–1.10,

while free field conditions behind the crest are usually

met at a distance DffZ(2–8)H.
(c)
 The few seismic codes that deal with slope topography

aggravation of seismic motion (EC-8 and PS-92) are

reasonable with regard to the maximum increase of

peak horizontal accelerations. Nevertheless, they

neglect the generation of parasitic vertical acceleration

and seriously underestimate the distance from the slope

where topography effects become negligible.
In addition, this paper proposes a set of approximate

relations for the preliminary evaluation of topography

aggravation factors, based on a statistical study of results

from 90 parametric analyses of step-like slopes. These

relations provide reasonable predictions, as compared to the

parametric analyses (standard deviation of the error ranging

from 29 to 40%) as well as to detailed numerical analyses

for actual seismic excitations and soil profiles. Note that the

proposed relations should only be used for soil and

excitation conditions similar to those of the parametric

analyses on which they were based. In this sense, and given

the H/l normalization, the only restriction for their use is

that the investigated step-like slope has either a practically

constant or a smoothly increasing dynamic stiffness with

depth, without any intense stiffness contrast implying a soil–

bedrock interface.

It is acknowledged that the lack of experimental evidence

for comparison and calibration of the findings of this

numerical study is a serious obstacle in generalizing its

results with the goal of providing a theoretically consistent

set of code provisions. However, this is a problem for any

numerical study on topography effects, since an experimen-

tal verification faces the objective difficulty of intense

spatial variability of topographic aggravation depicted in

this study. Hence, future field studies are worth focusing on

the experimental verification of this phenomenon with

dense recording arrays deployed at carefully selected sites

with well-established geotechnical properties at various

locations and depths.
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