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A B S T R A C T   

The seismic amplification of any given area is a combined result of topographic, stratigraphic and valley effects. 
Nevertheless, quantifying the contribution of each of these three effects in the overall amplification is not 
straightforward. To this end, this paper proposes a procedure for the approximate decoupling of these effects on 
the amplification of the peak seismic acceleration at the ground surface. This is performed by setting the 
pertinent site amplification factor equal to the product of three spatially-variable amplification factors, one for 
each of these effects. The procedure employs two-dimensional (2D) linear visco-elastic numerical simulations 
and simplified analytical formulations, the latter aiming at the quantification of the one-dimensional (1D) 
amplification of soil-bedrock and (solely) bedrock columns. As an example, the decoupling procedure is applied 
to a slope with irregular topography, characterised by a homogeneous soil layer overlying bedrock. The ground 
response analyses employ Ricker wavelet excitations, characterised by different predominant periods covering 
the range of periods related to typical earthquakes, as well as actual seismic recordings. The results depict that 
the three amplification factors depend on the seismic excitation and vary widely along the study area (taking 
values that range from 0.6 up to 1.7). The proposed procedure is an approximate, but reliable tool for decoupling 
the spatially-variable contributions of the aforementioned effects, at least when the visco-elastic conditions are 
realistic. As such, it may be used as an expeditive tool for identifying regions mostly affected by each of these 
effects, thus guiding the need for additional site investigation or in-depth analysis.   

1. Introduction 

Numerous destructive earthquake events in the past have already 
underlined the crucial role of local site conditions on the propagation of 
the seismic motion reaching the ground surface of an area [1–9]. Indeed, 
site conditions, i.e. the surface topography, the soil stratigraphy and the 
buried bedrock morphology, can increase (or sometimes decrease) the 
intensity of the seismic motion and modify its duration and its frequency 
content. The overall modification of the seismic motion reaching the 
ground surface is collectively referred to with the term “site effects”. 
These effects vary per location at the ground surface, since they arise as a 
combination of “topographic effects”, “stratigraphic effects” and “valley 
effects”. Specifically, the term “topographic effects” refers to the seismic 
motion alteration related to the shape and inclination of the surface 
topography, while the one-dimensional (1D) “stratigraphic effects” are 
related to the filtering processes of the seismic waves propagating 
through a sequence of horizontal soil layers over horizontal bedrock, all 

characterised by different dynamic properties in terms of stiffness and 
dissipative capacity. Finally, “valley effects” refer to the seismic motion 
modification due to the inclination of interfaces between successive soil 
layers and between the soil and the bedrock, including the formation of 
closed soil basins over laterally outcropping bedrock. In some of the 
published literature, any seismic motion alteration that is not due to 
“stratigraphic effects” is collectively attributed to “topographic effects”, 
but in this paper the foregoing clear distinction is made, which attributes 
to “topographic effects” only the modification due to surface 
topography. 

Each of these effects, or a combination thereof, may be responsible 
for disastrous consequences during an earthquake. For example, topo
graphic effects were deemed to be the main responsible for the severe 
damages observed during many devastating earthquakes, such as the 
1985 Canal Beagle Chile earthquake [10,11], the 1987 Whittier Narrows 
California earthquake [12], the 1995 Aegion Greece earthquake [3,13], 
the 1999 Athens Greece earthquake [5], the Haiti 2010 earthquake [14], 
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the 2016 Central Italy earthquake [15,16]. Similarly, stratigraphic ef
fects were considered the culprit for the extensive damages to structures 
and infrastructures and the numerous loss of lives in Mexico City during 
the famous 1985 Mexico earthquake [17]. Most often, the morphology 
of the stratigraphic contacts add to the effect of the subsoil succession, 
exacerbating the seismic amplifications as in the case of the 1988 
Armenia earthquake [18,19], the 1989 Loma Prieta earthquake [20], 
the 2002 Molise earthquake [21], the 2012 Emilia Romagna earthquake 
[22], or the recent 2020 Samos earthquake [23], where valley effects 
have been pinpointed as responsible for the observed disaster. 

In addition to the severe damages to buildings and infrastructures 
caused by the amplification of the seismic motion, the site effects may 
also trigger either the onset or the reactivation of landslides [24], as in 
the case of the 1994 Northridge earthquake [25], the 2008 Wenchuan 
earthquake [26,27], the 2010 Haiti earthquake [28], the 2016 Central 
Italy earthquake [29], to cite few. Therefore, the estimation of site ef
fects represents a crucial issue in the assessment and the management of 
the seismic risk, especially in the case of old towns located on hilltops 
characterised by urban aggregates of masonry buildings or within areas 
prone to landsliding [30–37]. 

From a practical point of view, decoupling the contributions of these 
effects in the seismic amplification of any given site may be quite useful. 
Firstly, it allows the identification of areas where each of these three 
effects may be either more pronounced or irrelevant and, this may act as 
a guide for depicting the areas requiring additional site investigation or 
in-depth analyses. Secondly, the separate quantification of these effects 
provides insights into the complex phenomena of the seismic wave 
propagation, but more importantly it may pave the way for a safer 
structural design, since it is aligned with the simplified manner by which 
seismic codes also attempt to quantify site effects. For example, topo
graphic effects are incorporated in the Eurocode 8 (EC8) provisions as a 
multiplier of the whole design spectrum selected on the basis of the soil 
stratigraphy. This methodology has prompted many researchers to 
address these effects in a similar simplified manner [38]. 

Unfortunately, this decoupling of site effects is not always easy or 
possible to be performed, except for cases where only one of these effects 
appears, i.e., horizontal soil layers over a horizontal bedrock under 
vertically impinging S waves, where the observed site effects are only 
due to stratigraphic effects. To make matters worse, in many literature 
studies the reference locations for quantifying these effects are not the 
same, thus making difficult to compare results and extract common 
conclusions. For example, in the seminal studies of Bard and Bouchon 
[39–41] the amplification of the peak ground acceleration of 
two-dimensional (2D) alluvial valleys with a horizontal ground surface 
is measured in comparison to the free-field bedrock response. Hence, the 
estimated amplification is a combination of stratigraphic and valley 
effects. On the other hand, for similar 2D valley geometries, many 
studies [8,42–45] decouple valley from stratigraphic effects, by dividing 
the amplification along the valley surface with the one-dimensional (1D) 
stratigraphic amplification factor, which is correct along the central 
section of the valley, but only approximate above its inclined bedrock 
edges (where the soil has a different thickness at each location). Simi
larly, valley effects have been estimated for alluvial basins, by 
comparing results of 2D nonlinear time-domain analyses with 1D 
nonlinear simulation in terms of the spectral aggravation factor, defined 
as the ratio between 2D and 1D acceleration response spectra for each 
period. It was shown that the inclination of the bedrock may strongly 
influence the seismic response of the basin [46–48]. Likewise, for the 
estimation of topographic effects in homogeneous hills or canyons, it is 
customary to consider the free-field as the reference location [49–52]. 
However, in step-like homogeneous slopes, the reference locations 
behind the crest and in front of the toe are at different elevations. Hence, 
Bouckovalas and Papadimitriou [53] estimated the amplification values 
along the horizontal ground surface in comparison to their respective 
free-field response values, something that cannot be performed accu
rately along the inclined slope (each point of which is at a different 

elevation). When there is a “soft soil” layer behind the crest (e.g. Refs. 
[5,13]) or a soil-bedrock interface below the elevation of the toe (e.g., 
Ref. [54]), the foregoing free-field amplification values include also 1D 
stratigraphic effects, which are also different along the inclined slope 
making their decoupling a complicated task. 

Based on the above, it becomes obvious that the decoupling of 
topographic, stratigraphic and valley effects on seismic ground motion is 
useful, but far from straightforward. As explained above, the problem 
lies on the fact that these effects have not been univocally defined in the 
literature, but also because the published studies usually focus on a 
select subset of these effects (depending on the case history or the 
employed methodology). To this end, the paper presents an approximate 
procedure for decoupling the components of 2D site effects on the 
amplification of the peak horizontal seismic acceleration at the ground 
surface. The proposed procedure employs 2D (and limited number of 
1D) visco-elastic numerical simulations, as well as the use of analytical 
formulations for the prediction of the 1D amplification at the ground 
surface. The procedure is presented herein with reference to an example 
slope, but it is applicable for any ground surface and soil-bedrock 
interface geometry. Its applicability is limited (so far) to cases of exci
tations with low and intermediate intensity, for which the visco-elastic 
approximation is realistic. To the authors’ knowledge, there are no 
works in the literature that have proposed any similar procedure for 
concurrently decoupling these three effects on site amplification for any 
generic study area. Hence, despite its limitations, the proposed meth
odology is considered a novel and expeditive tool for the task at hand. 

2. A strategy for decoupling the amplification factors 

Fig. 1 presents a general scheme of a 2D homogeneous linear visco- 
elastic soil layer over homogeneous seismic bedrock, in which the 
ground surface is irregular and the soil-bedrock interface form a closed 
basin. The soil and bedrock materials are characterised by constant 
values of shear wave velocities equal to VS and VR, respectively. The 
bedrock is defined as the stratum characterised by a shear wave velocity 
systematically greater than 800 m/s; thus, it is not necessarily a rock 
material, but it could also be a very stiff soil characterised by high values 
of the shear wave velocity. In seismic wave propagation processes, the 
vertically propagating seismic motion may arrive at the ground surface 
of a soil deposit modified in terms of amplitude, duration and frequency 
content. In this paper, the emphasis will be put solely on the peak hor
izontal acceleration and not on the rest of the horizontal acceleration 
time-history or on any other type of seismic motion characteristic, since 
this comprises a first attempt of proposing a methodology for decoupling 
the components of site effects. Moreover, it has been repeatedly 
demonstrated that the short-period components of the motion (and the 
peak horizontal acceleration) are generally affected by all three com
ponents of site effects. Conversely, large-period components are defi
nitely influenced by stratigraphic effects, but may not be affected so 
much by topographic or valley effects [38,42]. For the scheme in Fig. 1, 
the a0 is the maximum horizontal acceleration for horizontal bedrock 
conditions (i.e., when there are no site effects of any kind), which is the 
value usually given by a seismic risk assessment study for rock 
outcropping conditions. For brevity, this site-specific a0 value will be 
referred to hereafter as the input maximum acceleration. In the figure, 
aS

2D is the spatially-variable maximum horizontal acceleration where the 
soil outcrops, aR

2D is the spatially-variable maximum horizontal accel
eration where the bedrock outcrops. All these maximum horizontal ac
celeration values have a subscript 2D to underline their spatial 
variability given 2D wave propagation reflections and refractions. 

Hence, the total amplification factor (for the maximum horizontal 
acceleration) along the ground surface of a 2D model, AF2D(x), is 
spatially-variable and, by definition, is given as the ratio of aS

2D(x) over 
the input maximum acceleration a0. As shown in Eq. (1), this spatially- 
variable total amplification factor AF2D(x) may be written as the product 
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of two (2) separate (also spatially-variable) amplification factors, i.e., 
the (1D) stratigraphic amplification factor AF1D and a combined factor 
accounting for both topographic and valley effects ATV(x): 

AF2D(x)=
aS

2D(x)
a0

=
aS

1D(x)
a0

aS
2D(x)

aS
1D(x)

= AF1D(x)⋅ATV(x) (1) 

Based on Eq. (1), the (1D) stratigraphic amplification factor AF1D is 
defined as the ratio of the maximum acceleration at the top of a 1D soil- 
bedrock column, aS

1D, over the input maximum acceleration, a0, with this 
soil-bedrock column having the same total height HTOT of the model at 
that location x in the 2D analysis. In other words, the AF1D at each 
location x expresses the amplification that would be observed at that 
location if both the ground surface and the soil-bedrock interface (if 
appearing at location x) were horizontal and extended infinitely hori
zontally, i.e., if 1D conditions prevailed. This amplification factor is 
typically evaluated through 1D numerical analyses, which can be per
formed either in the frequency domain or in the time domain [55–62], 
implementing the sequence and the thickness of the soil layers and the 
appropriate dynamic properties of the soils. The practical problem for 
the calculation of factor AF1D is that the aS

1D is spatially-variable, since 
the heights HS, HR and HTOT (=HS + HR) differ per location (see Fig. 1). 
This implies the need for a large number of 1D seismic ground response 
analyses to cover the whole study area. The other multiplier ATV(x) of 
Eq. (1) may be considered a spatially-variable combined amplification 
factor due to topographic and valley effects, since the stratigraphic ef
fects have been decoupled via the AF1D. The ATV(x) may be evaluated 
through the comparison of the 2D site response with the results of the 
aforementioned numerous 1D simulations. In other words, it may be 
evaluated as the ratio of aS

2D over the aS
1D value at each location x, as 

shown in Eq. (1). 
If someone considers that “valley effects” are part of “topography 

effects”, then Eq. (1) including the combined amplification factor ATV(x)
concludes the decoupling procedure. However, these two effects are 
considered different in this paper. Hence taking this procedure one step 
further, the combined amplification factor ATV(x) of Eq. (1) may be 
written as the product of the Topographic Amplification Factor, TAF(x), 
and the Valley Amplification Factor, VAF(x), according to Eq. (2): 

ATV(x)=
aS

2D(x)
aS

1D(x)
= TAF(x)⋅VAF(x) (2) 

The Topographic Amplification Factor TAF(x) expresses what would 
the topographic amplification be at the study area, if the ground con
sisted solely of bedrock material. Hence it is a spatially-variable 
amplification factor that may be estimated according to Eq. (3): 

TAF(x)=
aR

2D(x)
aR

1D(x)
(3)  

where aR
2D(x) is the maximum horizontal acceleration at the ground 

surface of a fictitious 2D homogeneous ground model with the same 
topography of the study area, but consisting solely of bedrock material, 

whereas aR
1D(x) is the maximum horizontal acceleration at the surface of 

the 1D bedrock column at each location x. These 1D bedrock columns 
have the same total height HTOT as the 1D soil-bedrock columns at each 
location x but comprise of solely bedrock material. 

By substituting Eq. (3) into Eq. (2) and by solving for the Valley 
Amplification Factor VAF(x), this is given by: 

VAF(x)=
aS

2D(x)
aR

2D(x)
aR

1D(x)
aS

1D(x)
(4) 

Thus, for the estimation of the above-mentioned spatially-variable 
amplification factors, the proposed procedure requires the numerical 
execution of two 2D dynamic linear visco-elastic analyses, one with true 
soil-bedrock layers and a fictitious one with the same topography, but 
consisting solely of bedrock material. Moreover, it requires the estima
tion of the 1D stratigraphic effects, through the execution of 1D nu
merical seismic ground response analyses for the soil-bedrock and the 
bedrock columns, identified at the location of each observation point at 
the ground surface of the 2D slope model. This step could be carried out 
either by performing a large number of 1D ground response analyses 
(implying high computational costs), or approximately by adopting 
multi-variable analytical formulations, outlined in the following, whose 
parameters are appropriately calibrated through the execution of a small 
number of 1D analyses. 

3. Example case and employed numerical methodology 

The proposed strategy for decoupling the topographic, stratigraphic 
and valley effects is illustrated with reference to an example slope, 
whose topographic profile is based on the real slope described in 
Ref. [32]. The example slope is characterised by a homogeneous soil 
layer of shear wave velocity VS equal to 626 m/s, overlying a bedrock 
layer with a shear wave velocity VR equal to 1250 m/s, whose 
soil-bedrock interface is inclined and sub-parallel to the topography, 
according to the real slope conditions (Fig. 2a). Thus, based on the 
literature, relatively unimportant valley effects are expected in this 
specific area, since the soil-bedrock interface does not form a closed 
basin (e.g., Refs. [42–44]). On the contrary, topographic effects should 
appear given the surface topography, with the highest amplification 
appearing in the proximity of where the steepest surface inclination 
appears (e.g., Ref. [53]). Finally, stratigraphic effects are expected to be 
more or less uniform along the area, given the homogeneity and the 
approximately constant thickness of the soil layer according to 1D wave 
propagation theory (e.g., Ref. [63]). Hence, besides showcasing the 
proposed methodology, this example application should also depict 
whether this decoupling procedure is able to distinguish locations or 
excitations where each of these three effects becomes important or not. 

The required numerical simulations of the seismic wave propagation 
processes are performed via the 2D finite element (FE) code PLAXIS 2D 
[64]. The 2D plane-strain FE model, illustrated in Fig. 2a, is charac
terised by a slope length, Lslope, equal to 892 m and a height, Hslope, equal 
to 104 m, with an average inclination of about 9◦. The contact between 

Fig. 1. Schematic illustration of the seismic wave propagation process for a generic soil-bedrock geometry and definition of problem parameters.  
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the soil layer and the bedrock layer is sub-parallel to the topographic 
profile and placed at about 50 m below ground level (b.g.l.). Thus, the 
soil has a thickness HS of about 50 m, while the bedrock layer is char
acterised by a thickness HR variable along the slope model in the range 
between about 3 m on the left-hand side and about 110 m on the 
right-hand side (Fig. 2b), depending on the position of the soil-bedrock 
interface. 

The geometrical model of the slope has been laterally extended by 8 
times the height of the vertical sides, i.e., 500 m and 1240 m on the left 
and right side respectively, to avoid any interference of the vertical 
boundaries with the area of interest along the slope [65]. The 2D soil 
domain of the slope model has been discretized with 9452 15-node 
triangular elements, distributed such that a greater refinement is ob
tained approaching the ground surface. To allow for accurate propaga
tion of the seismic waves through the FE mesh, the distance between two 
nodes of the finite elements should be small relative to the smallest 
propagated wavelength. For this reason, along the vertical direction, the 
node distance is set smaller than 1/8 of the smallest significant S - 
wavelength of the seismic excitation (λS,min = VS/fmax, where fmax is the 
maximum significant frequency of the input motion), while nodes on the 
ground surface are located within the maximum distance of 1/8 of the 
smallest wavelength of the Rayleigh waves λR,min (≅ 0.94⋅ VS/ fmax), in 

order to capture the frequency content of the vertically propagating 
S-waves and the horizontally propagating Rayleigh waves, respectively 
[66,67]. 

The selected input motions, considered as outcropping motions, have 
the form of Ricker wavelets (Fig. 3a). Specifically, six (6) input motions 
characterised by central frequency fc ranging from 1.6 Hz to 10 Hz, have 
been selected for the definition of the Ricker wavelets, according to Eq. 
(5): 

a(t)
a0

=
(
1 − 2π2f2

c t2)exp
(
− π2f2

c t2) (5)  

where a0 is the maximum acceleration of the input motion. The (nor
malised over a0) pseudo-spectral acceleration (PSA) response spectra of 
all wavelet signals are depicted in Fig. 3b and lie within the range 
covered by the reference elastic response spectrum provided by Euro
code 8 provisions for Ground Type A (bedrock, for magnitudes M > 5.5). 
Hence, in terms of frequency content the selected input motions cover 
the range of typical earthquakes occurring in the broader European area. 
It is underlined here that the excitation W1 corresponds to a rather 
extremely short-period motion (predominant period Tp = 0.08 s), but it 
is considered here along with excitations W2 – W6, in order to verify the 
applicability of the proposed procedure even beyond the expected 

Fig. 2. Numerical model implemented in the FE simulations, definition of geometrical problem parameters and locations of 1D vertical profiles: (a) the whole model, 
(b) detail of the studied slope. 

Fig. 3. Characteristics of the selected Ricker wavelets: (a) acceleration time histories and (b) elastic pseudo-spectral acceleration response spectra (for 5 % damping) 
normalised to the maximum input acceleration a0 and compared to EC8 design spectrum for bedrock. 
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period range (Tp = 0.16–0.50 s) for bedrock motions. The adopted 
central frequencies fc of the selected Ricker wavelets and the corre
sponding predominant periods Tp are summarised in Table 1. 

Given the frequency characteristics of the selected input motions and 
the shear wave velocity of the soil and bedrock layers, with the aim of 
satisfying the condition on the nodes distance, the mesh has been dis
cretized with reference to the smallest significant S-wavelength among 
all the examined cases, associated to the lowest-period motion W1 
exciting the least stiff material (soil with VS = 626 m/s). For example, 
the maximum vertical distance between two nodes in the numerical 
model is set to be smaller than 3.9 m, aiming to capture the significant 
frequency content of the lowest-period signal by setting fmax = 20 Hz, i. 
e., a value that is 2 times larger than the largest considered central 
frequency fc (=10 Hz for motion W1). The same mesh discretization has 
been adopted for the totality of the numerical simulations. 

The behaviour of the geomaterials is described by the simple linear 
visco-elastic model, assuming the shear wave velocity constant with 
depth in each homogeneous layer. For simplicity, all layers are charac
terised by constant unit weight γ of 19 kN/m3, Poisson ratio ν equal to 
0.25 and at-rest earth pressure coefficient K0 equal to 0.5. The dissipa
tive capacity of the soil layers has been implemented through the Ray
leigh formulation [68], according to Eq. (6): 

DRayleigh =
Dtarget
1

Tm
+ 1

Tn

(
2T

Tm⋅Tn
+

1
T

)

(6)  

where the control periods Tm and Tn have been selected equal to 1 s and 
0.05 s assuming a target damping Dtarget of 7 %. The frequency depen
dent damping DRayleigh, whose curve is illustrated in Fig. 4 as a function 
of period T, provide an average damping ratio Daverage of about 5 %, 
representative of the dissipative capacity in the 0.001 %–0.01 % strain 
range [69,70]. The corresponding Rayleigh parameters αR and βR, 
computed through Eq. (7), are equal to 0.8378 and 0.001061, 
respectively. 

αR =
4πDtarget

Tm + Tn
βR =

Dtarget

π
Tm⋅Tn

Tm + Tn
(7) 

After the initial stage of stress state generation, the dynamic stage 
has been carried out by applying different input motions at the bottom of 
the FE model via the compliant base boundary condition [64]. This 
entails absorbing boundaries, which simulate the dissipation of the 
waves into the bedrock half-space with minimum reflection at the bot
tom of the mesh [71]. In addition, since only the upward propagating 
motion is considered, only half of the input motion at the outcropping 
bedrock is applied, which is automatically transformed into a shear 
stress time history at the bottom of the mesh. As a consequence, the 
acceleration time-history at the base of the mesh is estimated as an 
output of the dynamic simulation and not as an a-priori evaluation [30]. 
Furthermore, boundaries simulating the free-field motion have been 
adopted at the right-hand and left-hand sides of the model. 

Based on section 2, for any given study area and input motion, 
additional numerical analyses are required. Hence, for each considered 
input motion, on top of the 2D seismic ground response analysis for the 
slope of Fig. 2, another 2D analysis has been performed with the same 
mesh and boundary conditions, but where the ground consists solely of 
the bedrock material (VR = 1250 m/s). In addition, various 1D seismic 

ground response analyses are required to cover the whole study area. In 
this example, eight verticals have been selected to estimate the 1D 
seismic response, of which six (named V1 to V6) are placed at different 
locations within the slope (Fig. 2a) and two (named Vl and Vr) are 
located at the far end of both left and right sides of the 2D model, where 
free-field seismic response is expected. Each selected vertical of total 
height HTOT is characterised by different thickness for both the soil HS 
and the bedrock HR layers (Table 2). The analyses of their seismic 
response have been also performed with the FE code, by simulating them 
as 2D ground columns of 1 m width. Tied-degree-of-freedom boundary 
conditions have been applied at the vertical sides, while the compliant 
base has been assigned to the bottom of each 1D ground column. It is 
reminded that for each 1D soil-bedrock column with the geometric 
characteristics of Table 2, another 1D ground column has also been 
analysed with the same total height HTOT , but consisting solely of the 
bedrock material with VR = 1250 m/s (see for example Fig. 1). 

All the 2D and 1D dynamic analyses have been carried out under the 
assumption of fully undrained conditions. The standard Newmark so
lution method has been employed as time integration scheme during the 
dynamic stages, with Newmark parameters, αN = 0.25 and βN = 0.5, 
ensuring that the algorithm is unconditionally stable while being dissi
pative only at high frequencies [65]. 

4. Overall ground motion amplification 

This section presents the numerical results from the 2D ground 
response analyses of the slope and the corresponding 1D ground 
response analyses for the eight selected locations of the verticals. Six sets 
of results are presented here, corresponding to the six input excitations. 
Results of interest are the spatially-variable peak ground acceleration at 
the ground surface of the 2D slope model, aS

2D(x), and the location- 
specific peak ground accelerations at the ground surface of the 
selected 1D soil-bedrock columns, aS

1D(x). Then, the amplification fac
tors for both the 2D, AF2D(x), and the 1D, AF1D(x), models have been 
estimated for each input motion Wi (i = 1 to 6) and illustrated as a 
function of the distance x along the slope (Fig. 5). Lines of different 

Table 1 
Characteristics of the selected Ricker wavelets.  

Name fc (Hz) Tp (s) 

W1 10 0.08 
W2 5 0.16 
W3 3.33 0.23 
W4 2.5 0.33 
W5 2 0.4 
W6 1.6 0.5  

Fig. 4. Rayleigh damping implemented in the numerical analyses for both soil 
and bedrock layers. 

Table 2 
Geometrical characteristics of the selected soil-bedrock columns.   

Vl V1 V2 V3 V4 V5 V6 Vr 

HS (m) 55.5 50 50 51.3 50 51.7 50 42 
HR (m) 2.8 3.3 23.3 56.5 80.7 110.6 120.2 120.3 
HTOT (m) 58.3 53.3 73.3 107.8 130.7 162.3 170.2 162.3  
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colours depict AF2D(x) results for different input motions, while the 
symbols with the respective colours depict location-specific AF1D(x)
results. Therefore, the vertical axis of the figure generically mentions AF, 
referring to both AF2D(x) and AF1D(x). The results in terms of AF2D(x)
portray the total site amplification phenomenon along the slope, which 
includes topographic, stratigraphic and valley effects, while the results 
in terms of AF1D(x) depict locally the stratigraphic effects only. This 
direct comparison of the 2D to the 1D amplification gives a first indi
cation about the slope portions affected by the topographic/valley ef
fects. Indeed, it is evident that the non-horizontal ground surface profile 
is responsible for the amplification of the input motion around the upper 
portion of the slope (at the distance between 700 m and 800 m) and the 
de-amplification around the impluvium at the toe of the slope (at the 
distance between 0 m and 100 m) with respect to the 1D response. This 
trend is similar for all the input motions, irrespective of their frequency 
content. Instead, the 2D amplification profile tends to be equal to the 1D 
response far away from the sloping surface, where free-field seismic 
response is expected. A strong dependence of the amplitude of the 
amplification factors on the frequency content of the input motion is also 
clearly recognised. Indeed, an overall de-amplification of the motion at 
the ground surface is observed for the extremely short-period input 
motion (W1 in Fig. 5) since both the 1D and the 2D amplification factors 
achieve values smaller than 1.0 along the whole slope. Concurrently, as 
the predominant period of the input motion increases, the total ampli
fication factors along the slope increase, achieving the maximum values 
when the slope is subjected to the long-period input motions (W4 and 
W5 in Fig. 5). On the other hand, when subjected to the motion with the 
longest predominant period, i.e. W6, the AF2D(x) profile is located be
tween the low-period and the high-period motion response (Fig. 5). 
Another interesting feature is possibly the consistent reduction of the 
AF2D(x) curve between 600 m and 700 m, that could be related either to 
the topographic or to valley effects, but this clarification requires further 
decoupling of the amplification pattern. 

5. Estimation of topographic effects 

As described in section 2, the evaluation of the Topographic 
Amplification Factor TAF(x) requires the estimation of the seismic 
response of a 2D homogeneous bedrock half-space model and of the 
corresponding 1D homogeneous bedrock columns at different locations 
along the slope, which are characterised by different total heights HTOT. 
The 2D analysis provides the spatially-variable aR

2D(x), while the 
numerous 1D bedrock column analyses provide estimates of the 
location-specific aR

1D(x), which are used as the numerator and denomi
nator of TAF(x) in Eq. (3). 

For the purpose of this example case, eight locations for 1D bedrock 
columns have been selected (Fig. 2). This means that the TAF(x) may be 
exactly estimated only at these eight locations. To remedy this short
coming without resorting to additional analyses, the results of the 1D 

simulations have been elaborated in terms of the ratio AFR
1D(x) of the 

maximum acceleration at the top of the 1D bedrock column aR
1D(x) to the 

maximum input acceleration a0. The values of AFR
1D(x) have been 

correlated to the ratio of the stratigraphic period of the bedrock column 
4HTOT/VR divided by the predominant period Tp of the input excitation. 
A linear variation of AFR

1D(x) with this ratio might be recognised in 
Fig. 6a, considering that in all cases the motion is de-amplified due to 
damping when passing through the bedrock material. This linear vari
ation is fitted by Eq. (8): 

AFR
1D =

aR
1D

a0
= 1 − α1

4HTOT

VRTp
(8)  

where α1 is a fitting parameter, assumed equal to 0.05 for the totality of 
the 1D bedrock column simulations, indicative of the amount of 
damping involved in the system. 

To further validate this relation, additional 1D numerical simulations 
have been performed with reference to the same selected verticals along 
the slope, assigning the soil shear wave velocity, i.e. VS, for the homo
geneous half-space columns instead of VR. These additional numerical 
results are also reported in Fig. 6a and this is why the seismic wave 
velocity value in the term appearing in the abscissa of this figure is VR/S 

and not VS or VR. Observe that these additional results also fall within 
the trend identified for the case of the bedrock homogenous half-space, 
generalising the applicability of the proposed formulation to any ground 
columns of different shear wave velocity. Essentially, Eq. (8) gives an 
indication of how much the maximum amplitude of the input motion 
should be expected to be de-amplified due to the height of the numerical 
model, whose increase introduces a greater amount of de-amplification 
due to damping. Theoretically, if a very small amount of damping ratio 
is employed (e.g., target damping ratio Dtarget of 0.01 %), no de- 
amplification of the input motion should be expected in the numerical 
simulations, but this would not be realistic for real case scenarios. It is 
worth noting that the numerical results are well captured by the 
analytical formulation for low values of the ratio 4HTOT/

(
VR/S⋅Tp

)
. 

However, for higher values of the above-mentioned ratio, the analytical 
formulation seems to slightly overpredict the response of the 1D bedrock 
columns subjected to the extremely short-period motion W1. 

This is clearly shown by the one-to-one comparison of amplification 
factors AFR

1D, as determined by empirical formulation and numerical 
simulations for all the cases in Fig. 6b, and the variation of the relative 
error R in estimating the AFR

1D with the bedrock-excitation period-ratio, 
shown in Fig. 6c. It is noted that R is estimated as the difference between 
analytical and numerical predictions, normalised with respect to the 
latter. A satisfactory agreement between analytical and numerical esti
mates of AFR

1D is observed, with the relative error R having an overall 
standard deviation of about 3 %. Thus, Eq. (8) may be adopted for 
predicting the maximum acceleration at the surface of 1D bedrock col
umns at any location, without having to perform the respective 1D 

Fig. 5. Comparison between the spatially-variable 2D and location-specific 1D amplification factors along the slope for input motions with different fre
quency content. 
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analyses. This is performed here for the study area, for which the 1D 
bedrock response is evaluated for all locations, characterised by 
increasing heights HTOT from the toe to the crest of the slope. 

The spatially-variable predictions of AFR
1D obtained from Eq. (8) are 

reported in Fig. 7 together with the 1D numerical results in the locations 
of the verticals and show a good agreement for each input motion. The 
figure also includes the spatially-variable results from the 2D numerical 
simulation of the slope consisting of bedrock material in terms of the 
ratio aR

2D/a0, i.e., the ratio of the maximum acceleration predicted at the 
ground surface along the bedrock slope over the maximum input ac
celeration. These two curves do not coincide and give evidence to the 
distribution of the topographic effects along the slope for excitations 
with different frequency content. Indeed, by simply diving the two 
curves, one can estimate the Topographic Amplification Factor profile, 
TAF(x), along the sloping surface, as per Eq. (3). 

The computed 2D spatially-variable results in terms of TAF(x) are 
compared in Fig. 8 for all six excitations. Observe that TAF(x) is 1.0 for 
all input motions far from the sloping ground surface, where topo
graphic effects are not expected. Regardless of the input motion char
acteristics, the highest topographic amplification concentrates around 
the crest of the slope and behind it, while de-amplification occurs 
around the toe of slope, where the topographic impluvium is located. 
These are typical results for homogeneous slopes (e.g., Ref. [53]). As 
expected, the excitation period of the input motion differently affects the 
distribution of the TAF(x) profile. Indeed, long excitation periods, i.e. 
W4, W5 and W6 wavelets, provide smoother TAF(x) profiles, for which 
the amplification factor is equal to 1.0 for most of the slope (specifically 
in the middle portion of the slope between 200 m and 600 m) and it 

increases up to about 1.3 approaching to the crest and decreases down to 
0.9 approaching to the topographic impluvium. On the other hand, as 
the excitation period decreases (i.e. W1, W2 and W3 wavelets), the 
wavelength of the motion becomes smaller and thus more capable to 
capture the local irregularities of the slope topography. Accordingly, the 
TAF(x) profiles appear to be rougher as the wavelet predominant pe
riods decreases with values greater than one also in the middle portion 
of the slope. The lowest amplification factor due to topography around 
the toe, equal to about 0.8, is predicted for the lowest excitation period 
(i.e. W1). 

Moreover, the distribution of TAF(x), showing values lower than 1.0 
between 600 m and 700 m, gives evidence to the reason for the reduc
tion in the total amplification factor observed in Fig. 5, which is clearly 
related to the irregularity of the ground surface profile. This behaviour is 
more pronounced for input motions characterised by short excitation 
periods (e.g. W1, W2 and W3), while for long excitation periods (e.g. 
W4, W5 and W6) the surface topography plays a minor role in the 
seismic response of the slope at this specific location. It should be 
mentioned here that the above results are in good agreement with the 
literature for topography effects. For example, for the mild portion of the 
slope (distances 40–660 m) the relation of Bouckovalas and Papadimi
triou [53] gives maximum topographic amplification of 1.05, while for 
the steep part of the slope (distances 660–720 m), the same analytical 
relation gives maximum topographic amplification that varies between 
1.12 and 1.25, depending on the predominant period Tp of the motion. 
However, no study from the literature could provide the details of the 
spatial-variability of TAF(x) depicted in Fig. 8. 

Fig. 6. (a) Variation of the AFR
1D amplification factor with HTOT for different input motions and different values of the shear wave velocity of the homogeneous 

column; (b) comparison between analytical and numerical estimates of the amplification factor AFR
1D; (c) evaluation of the relative error in the analytical computation 

of the AFR
1D amplification factor. 
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6. Estimation of 1D stratigraphic effects 

Ideally, the estimation of the 1D stratigraphic effects should be car
ried out by performing 1D numerical seismic ground response analyses 
for the soil-bedrock columns identified at the location of each observa
tion point at the ground surface of the 2D slope model. Obviously, this 
requires the execution of numerous 1D analyses, implying high 
computational costs. Alternatively, empirical methods are also available 
in the literature, correlating the features of the seismic motions to site 
conditions, by means of a single soil parameter [72–76]. In the same line 
of thought, Bouckovalas and Papadimitriou [77] proposed a 
multi-variable relation for estimating the soil amplification factor of the 
maximum acceleration at the soil surface with respect to the maximum 
acceleration at the outcropping bedrock, on the basis of statistical 
analysis of a very large number of 1D equivalent-linear analyses for real 
sites and seismic recordings. This relation yields the amplification factor 
as a function of the normalised soil period, TS/Tp, the peak acceleration 
at the outcropping bedrock, a0, the bedrock-to-soil fundamental period 

ratio, TR/TS, and the number of equivalent cycles of harmonic excitation 
n. More specifically, the TS = 4HS/VS is the 1D fundamental period of 
the soil deposit of thickness HS and TR = 4HS/VR is the 1D fundamental 
period of a layer of bedrock with the same thickness of the soil. Despite 
its merits in terms of computational cost in comparison to the numerous 
1D analyses and in terms of accuracy in comparison to any of the 
empirical methods, this relation cannot be used here as it is developed 
for estimating the factor AF1D of Eq. (1), since it only considers 1D soil 
columns of thickness HS over bedrock and not soil-bedrock columns of 
total thickness HTOT = HS + HR (see Fig. 1). 

To remedy this shortcoming, an attempt is made to modify the 
original relation of Bouckovalas and Papadimitriou [77], named B&P03 
hereafter for brevity. The proposed modification is inspired by the re
sults of the hereby performed 1D analyses for the eight selected verti
cals. The results of these analyses are collected in Fig. 9 in terms of the 
variation of the stratigraphic amplification factor AF1D with the nor
malised soil period TS/Tp. Firstly, these results show that the amplifi
cation factor takes its maximum value for TS/Tp = 1 and, then, decreases 

Fig. 7. Amplification of maximum acceleration along the ground surface for different input motions and homogeneous bedrock conditions (VR = 1250 m/s) ac
cording to 2D and 1D ground response analyses and 1D analytical predictions. 

Fig. 8. TAF(x) profile at ground surface for different input motions and homogeneous bedrock conditions (VR = 1250 m/s).  
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in value with the increase of the normalised soil period TS/ Tp, as ex
pected from the literature and as qualitatively captured by the B&P03 
relation. 

A closer look into these results reveals that for the same value of TS/

Tp, the AF1D decreases for increasing thickness of the bedrock layer HR 

included in the simulations (e.g., compare the seismic response of V1, 
V2, V4 and V6 verticals, characterised by the same HS and different HR). 
This secondary, but visible effect cannot be captured by the B&P03 
relation and is the target of the proposed modification. 

Specifically, based on this numerical evidence, the proposed modi
fication introduces additional quantities accounting for the thickness of 
bedrock layer HR. The final stratigraphic amplification factor AF1D can 
be expressed by Eq. (9): 

AF1D =
1 +

̅̅̅̅̅̅̅̅̅̅̅̅̅

TS
/
T∗

S
4
√

C1,a
(
TS
/
Tp
)2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅[
1 −

(
TS
/
Tp
)2
]2

+
(

C∗
2,a

)2 ̅̅̅̅̅̅̅̅̅̅̅̅̅

TS
/
T∗

S
4
√ (

TS
/
Tp
)2

√ (9)  

where T∗
S is the 1D fundamental period of the soil-bedrock column of 

total height HTOT = HS + HR. Observe that on the basis of Eq. (9), the 
amplification factor takes its maximum value for TS/Tp = 1 and then 
decreases in value with an increase of the normalised soil period TS/ Tp, 
in qualitative accordance with what is expected in the literature and 
manifested by the simulation data shown in Fig. 9. The proposed 
modification of the B&P03 relation consists of the terms with an asterisk 
in Eq. (9), namely the added multiplier 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
TS/TS

∗4
√

in the numerator and 
the denominator, as well as an alteration to the original C2,a term in the 
denominator (now denoted as C∗

2,a) that is explained below. 
Specifically, for a soil-bedrock column of total height HTOT = HS +

HR, the equivalent shear wave velocity V∗
S,eq based on the S wave trav

elling time can be estimated by Eq. (10): 

V∗
S,eq =

(HS + HR)
HS
VS
+ HR

VR

(10) 

This V∗
S,eq is used for the estimation of the 1D fundamental period T∗

S 

of the soil-bedrock column. Of interest is also the corresponding 1D 
fundamental period T∗

R of a layer of bedrock with the same thickness as 
the soil-bedrock column, given by Eq. (11): 

T∗
R =

4(HS + HR)

VR

T∗
S =

4(HS + HR)

V∗
S,eq

(11) 

These two modified period values are used in the definition of the 
modified C∗

2,a, as given by Eq. (12): 

C∗
2,a = d4,a + d5,a

T∗
R

T∗
S

(12) 

This term essentially accounts for the radiation damping effect on the 
amplification of the maximum acceleration, since the ratio of modified 
periods corresponds to the impedance ratio between V∗

S,eq and VR. The 
remaining terms of Eq. (9) are exactly as proposed in Bouckovalas and 
Papadimitriou [77], namely the coefficient C1,a is expressed as a func
tion of the maximum acceleration of the outcropping motion a0 and the 
number of equivalent cycles of harmonic excitation n, according to Eq. 
(13) and (14): 

C1,a = d1,a

(
a0

g

)d2,a

g(n) (13)  

with 

g(n)=
nd3,a

1 + nd3,a
(14) 

Note that in the B&P03 relation, the effect of soil nonlinearity is 
introduced via an elongation of the soil period TS entering the amplifi
cation factor (not considered here since the 2D response is considered 
visco-elastic) and via the increased hysteretic damping ratio, whose ef
fect is introduced by the level of a0 in Eq. (13) appearing in the 
numerator of Eq. (9). Specifically, given that the exponent d2,a < 0 (see 
below), the higher the a0, the greater the induced strain level and 
consequently the larger the hysteretic damping ratio, thus causing a 
decreased value of AF1D in Eq. (9). Note also that the constants d1,a, d2,a, 
d3,a, d4,a and d5,a in Eqs. (12)–(14) are fitting parameters, assumed equal 
to 1.20, − 0.17, 0.50, 1.05 and 0.57, respectively, exactly as determined 
from a statistical analysis of a large number of available data by 
Bouckovalas and Papadimitriou [77]. Finally, note that if HR = 0, then 
TS

∗ = TS, TR
∗ = TR and the proposed Eq. (9) degenerates to the original 

relation of B&P03. 
For each selected soil-bedrock column subjected to different excita

tions, the stratigraphic amplification factor has been evaluated through 
the proposed formulation, by assuming a0 = 0.02g (accounting for the 
low damping ratio of the visco-elastic analyses). The n is the number of 
cycles in the original B&P03 relation, but in its modified version pro
posed here it is essentially a fitting parameter that aids in attaining a 
good match of Eq. (9) with the numerical estimates of 1D stratigraphic 
amplification. Given that the waveform in all the input motions is 
qualitatively the same (see Fig. 3), a value of n = 0.5 was used for all 
Ricker wavelets. The values of significant entities entering Eq. (9) for 
each of the eight verticals (Vl, V1 – V6, Vr) and each of the six excitations 
(W1 – W6) are summarised in Table 3, on the basis of their geometrical 
properties reported in Table 2. 

A first comparison between numerical and analytical estimates of the 
factor AF1D is presented in Fig. 10, where the numerical data (symbols) 
are compared to the analytical curves obtained from Eq. (9) and the 
original B&P03 formulation. Each of the six subplots in this figure pre
sents the comparison for a different vertical and all employed excita
tions. It can be observed that the numerical response is well captured by 
the proposed analytical relation for all verticals and for most of the input 
motions (i.e. W2 – W6 with predominant periods ranging from 0.16s to 
0.5s). A slight overestimation is obtained in the prediction of the 
response of verticals excited by the extremely low-period wavelet W1 
(Tp = 0.08s), corresponding to normalised soil periods TS/Tp greater 
than 3.0. As expected, the B&P03 relation gives a good estimation of the 
factor AF1D for those verticals characterised by very small thickness of 
the bedrock layer, e.g. Vl with HR = 2.8 m (Fig. 10a) and V1 with HR =

3.3 m (not shown here for brevity), but its predictive ability worsens as 
the bedrock thickness HR increases (Fig. 10b–f). This inaccuracy is 
resolved satisfactorily through the proposed modification. 

A more complete comparison between the numerical predictions of 
the stratigraphic amplification factor AF1D and its analytical estimates 

Fig. 9. Variation of the stratigraphic amplification factor AF1D with the nor
malised soil period TS/Tp from 1D numerical simulations of soil- 
bedrock columns. 
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obtained with the proposed Eq. (9) for all eight verticals and all six 
excitations is presented in Fig. 11. Specifically, Fig. 11a presents the one- 
to-one comparison between these estimates, while Fig. 11b presents the 
variation of the relative error R in the analytical estimation of the factor 

AF1D as a function of the normalised soil period TS/Tp. The comparison is 
very satisfactory without bias and a standard deviation of R of about 6 
%, with the exception of the slight overestimation for the short-period 
motion (W1). 

Table 3 
Characteristics of the selected vertical to be adopted in the proposed formulation (Eq. (9)).   

Vl V1 V2 V3 V4 V5 V6 Vr 

V∗
S,eq (m/sec) 641.4 646.0 744.1 847.8 904.9 948.7 966.9 993.7 

TS (sec) 0.355 0.319 0.319 0.328 0.319 0.330 0.319 0.268 
TR (sec) 0.178 0.160 0.160 0.164 0.160 0.165 0.160 0.134 
T∗

S (sec) 0.364 0.330 0.394 0.509 0.578 0.684 0.704 0.653 
T∗

R (sec) 0.187 0.171 0.235 0.345 0.418 0.519 0.545 0.519 
TS/ T∗

S 0.975 0.968 0.811 0.645 0.553 0.483 0.454 0.411  

Fig. 10. Comparison between 1D numerical results for AF1D and their analytical estimates as proposed by the literature relation B&P03 and its proposed modified 
version for a subset of available verticals and all seismic excitations. 

Fig. 11. (a) Comparison between analytical and numerical estimates of the amplification factor AF1D for all verticals and excitations; (b) evaluation of the relative 
error in the analytical estimation of AF1D. 
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Having established the validity of the proposed formulation, the 
spatially-variable stratigraphic amplification factor AF1D(x) has been 
computed all along the 2D slope, on the basis of the HS and HR values for 
each location. Obviously, six different AF1D(x) have been computed, one 
for each excitation, considering the aforementioned selections for n and 
a0. 

The predictions are presented with differently coloured curves in 
Fig. 12, which also includes the results of 1D numerical estimates for all 
the verticals. The comparison is again quite satisfactory, except for the 
slight overestimation of the amplification for the extremely short-period 
motion (W1). The figure also gives a good example of how the proposed 
formulation may provide a reliable estimate of the stratigraphic ampli
fication factor AF1D(x) with a very limited number of 1D ground 
response analyses (for verification purposes only). In terms of the actual 
results for the example slope, one may observe that the 1D stratigraphic 
amplification varies very slightly along the ground surface, as HS is 
practically constant along the slope. On the other hand, this amplifica
tion varies significantly as a function of the frequency content of the 
applied excitation, as expected for stratigraphic effects. These results 
were qualitatively expected, since they are in tune with 1D wave 
propagation theory [67]. However, quantitative accuracy was achieved 
only after the proposed modification to the analytical formulation of 
Bouckovalas and Papadimitriou [77], which refers to including the 
bedrock section below the soil section in the 1D soil-bedrock columns. 

7. Discussion 

As described above, the total amplification factor AF2D(x) of the 
maximum horizontal acceleration along any slope surface may be 
approximately decoupled as the product of three spatially-variable in
dependent amplification factors due to topographic, TAF(x), strati
graphic, AF1D(x), and valley, VAF(x), effects. What remains to be 
presented is the variation of the VAF(x) factor along the slope, whose 
definition is given in Eq. (4). In practice, the VAF(x) is essentially back- 
estimated on the basis of the numerically calculated AF2D(x) (see section 
4) and the already estimated TAF(x) and AF1D(x), according to the 
procedures described in sections 5 and 6, respectively. 

Fig. 13 presents the back-estimated spatially-variable results in terms 
of VAF(x) for all six excitations. Observe that VAF(x) equals to 1.0 for all 
input motions near the edges of the model, since the bedrock does not 
outcrop and essentially 1D ground response conditions prevail. The only 
exception is the W1 motion, for which the VAF(x)< 1.0 at the right edge 
of the model, due to the pertinent over-prediction of AF1D(x) (see 
Fig. 12) that translates directly into an under-prediction of the VAF(x)
according to Eq. (4). More generally, the variation of this amplification 
factor is not so important in this example case, since its value oscillates 
around 1.0 (±0.3 at most) throughout the model and for all input ex
citations, and mostly upstream and downstream of the slope crest. In 
other words, since the example case does not include a closed soil valley 

(as shown, for instance, in the illustration of Fig. 1), valley effects are not 
important, in accordance to what was expected by the literature (e.g., 
Refs. [42–44]). However, it should be clarified that the exact pattern 
followed by the VAF(x) profile all over the slope is greatly influenced by 
both the input motion characteristics and the morphology of the strat
igraphic contact, this latter representing the only source of valley effects 
occurring in the example case. 

Finally, the comparison of the total amplification factor AF2D(x) to 
the decoupled amplification factors, i.e. TAF(x), AF1D(x) and VAF(x) is 
reported in Fig. 14, separately for each of the different input motions. 
This comparison shows that, in the examined slope, stratigraphic effects 
are more pronounced than the topographic ones, while valley effects 
seem to be the least important. However, the peak total amplification 
near the crest of the slope is due primarily to topography effects with a 
small contribution due to valley effects. More generally, the highest total 
amplifications appearing for the long-period motions (W3, W4 and W5) 
may be safely attributed to the relatively higher stratigraphic effects due 
to 1D resonance of the soil layer of thickness HS ≈ 50 m with a VS = 626 
m/s over a much stiffer bedrock. As a whole, the decoupling procedure 
confirms what was expected for this example case. Indeed, it confirms 
that valley effects are generally unimportant for this case, but also that 
topographic effects are important and are most intense in the proximity 
of the highest slope inclination (between distances 660–720 m). Finally, 
as expected based on Fig. 2, stratigraphic effects are more or less uni
form along the area, given the homogeneity and the approximately 
constant thickness of the soil layer, but in terms of intensity they depend 
significantly on the frequency of the input motion. However, quantita
tive conclusions regarding the spatially-variable importance of the three 
contributing amplification effects would have not been possible without 
the decoupling procedure proposed in this paper. 

Finally, in order to bring the proposed procedure closer to engi
neering practice, it has been applied for the study of site effects of the 
same example slope when submitted to input motions that have the form 
of real earthquakes recordings. More specifically, the horizontal accel
eration recordings of three seismic events have been employed as input 
motions, namely the Kozani, Gilroy and Aegion motions in Fig. 15a, b 
and c, respectively. In Fig. 15d, the corresponding elastic response 
spectra (for 5 % of critical damping) are also included and compared to 
the EC8 design spectrum for bedrock (Ground Type A). In comparison to 
the Ricker wavelets employed above, the real earthquake recordings are 
characterized by much longer duration, but their frequency content is 
within the same overall range (that is comparable with the range of the 
EC8 reference spectrum; see also Fig. 3). Specifically, the Kozani motion 
was recorded during the M6.5 Kozani-Grevena (Greece) earthquake in 
1995 [78] and is characterised by a predominant period Tp = 0.15 s, 
while the Gilroy motion was recorded during the M5.9 Coyote Lake 
(USA) earthquake in 1979 [79] and is characterised by Tp = 0.2 s. The 
Aegion motion has a longer predominant period (Tp = 0.43 s) and was 
recorded during the M6.2 Aegion (Greece) earthquake in 1995 [13]. For 

Fig. 12. Variation of 1D stratigraphic amplification factor AF1D along the ground surface, on the basis of proposed formulation, and comparison to 1D ground 
response analyses for different input motions. 
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the purpose of this application, the three input motions were filtered to 
15 Hz, in order to satisfy the condition on the minimum element 
dimension of the FE mesh. 

The results of the real earthquake simulations are illustrated in 
Fig. 16 in terms of the spatially-variable total amplification factor 
AF2D(x). Each subplot of this figure pertains to a different input motion 
and also includes the three corresponding spatially-variable indepen
dent amplification factors TAF(x), VAF(x) and AF1D(x) after their 
decoupling. Specifically, the stratigraphic amplification factor AF1D(x)
has been evaluated assuming a0 = 0.02 g in all cases and different values 
of n for the different input motions, selected in order to obtain the best 
fitting with the 1D numerical simulations of the soil-bedrock columns 
(also included with symbols in Fig. 16). Therefore, the n is assumed 
equal to 0.9 for both the Kozani and Gilroy motions, while it is set equal 
to 0.1 for the Aegion motion. 

The hereby obtained amplification results are essentially in agree
ment with those predicted with the wavelet motions for the same slope. 
For example, observe that the almost uniform stratigraphic effects are 

more pronounced than the topographic ones, which become important 
near the crest (where the steepest surface inclination appears). On the 
other hand, again, the valley effects appear as the least important 
component of the overall amplification for this example case. Moreover, 
the spatial variability of the amplification factors is greatly influenced 
by the frequency content of the input motions, with the long period 
(Aegion) motion providing the smoothest profiles (Fig. 16c), as 
compared to the short period motions, i.e., the Kozani and Gilroy events 
(Fig. 16a and b). This is due to the wavelength of the travelling surface 
waves which is relatively smaller for the short period motions, in 
accordance with the literature (e.g., Ref. [53]). In closing, these addi
tional simulations prove that the proposed procedure can be readily 
adopted for real earthquake recordings with sufficient accuracy, pro
vided that the (clearly identified) predominant period Tp of the input 
motion is within the range of Tp of the wavelets used for its proposal. 

Fig. 13. VAF profiles at the ground surface of the example slope for different input motions.  

Fig. 14. Spatial variability of the decoupled amplification factors TAF(x), AF1D(x) and VAF(x), as compared to the total amplification factor AF2D(x), for different 
input motions. 
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8. Conclusions 

This paper proposes an approximate procedure for decoupling the 
topographic, stratigraphic and valley effects involved in the 2D seismic 
amplification of the maximum horizontal acceleration at the ground 
surface of any area. The three homonymous amplification factors are 
spatially-variable and their multiplication yields the total amplification 
factor of this seismic intensity measure versus the maximum accelera
tion at outcropping bedrock for the area. For any given seismic excita
tion, the procedure requires the execution of two 2D ground response 
analyses, one for the actual site and another for the same site topog
raphy, but assuming that it entirely consists of bedrock material. 
Moreover, it requires the execution of a limited number of 1D ground 
response analyses for soil-bedrock and solely bedrock columns at 
different locations of the area, useful for the calibration and verification 
of a newly proposed analytical expression, based on the statistical 
analysis of 1D ground response analyses of real multi-layered soils 
proposed by Bouckovalas and Papadimitriou [77], which allows the 
estimation of the 1D amplification of the whole area. The alternative to 
the use of the analytical expression is to conduct 1D analyses for all 
locations along the area, which results in a high computational cost. 

As any engineering methodology, the proposed procedure has 
drawbacks and limitations. An obvious limitation is that it only deals 
with the maximum horizontal acceleration and not any other seismic 
intensity measure. Nevertheless, the maximum horizontal acceleration 
is a crucial parameter for many civil engineering problems (e.g. slope 
stability, seismic demand of low-rise structures), hence its usefulness is 
self-evident. As future work, the proposed procedure could be similarly 

applied for other ground motion parameters, such as the whole of the 
acceleration response spectrum, or the acceleration spectrum intensity 
(ASI), which is another parameter for estimating site factors according 
to Eurocode 8 (EC8). 

A second (but less significant) limitation is that this decoupling 
procedure can be applied, as proposed, only in cases that the same input 
(purely horizontal) acceleration time-history at the outcropping bedrock 
is valid throughout the study area (a very common assumption in most 
cases of engineering interest). 

Another limitation concerns the reduced accuracy of this procedure 
for extremely low-period input motions (very high frequency content). 
However, such motions are rarely related to large magnitude events or 
have led to catastrophic consequences. More importantly, the procedure 
seems quite accurate for typically expected bedrock motions with pre
dominant periods in the range of 0.16–0.5s, which comply with the 
typical range at least for the broader European area (see comparison 
with bedrock design spectrum of EC8 in Fig. 3b). 

Moreover, the procedure is based on visco-elastic analyses and, 
hence, its accuracy should be verified when significant soil nonlinearity 
is expected (e.g. for high intensity motions). Secondly, it has been 
verified for the simple case of homogeneous soil over bedrock. Soil non- 
homogeneity may play a role in making the 1D amplification process 
more complicated. Nevertheless, the use of the modified analytical 
expression that was based on analyses of multi-layered soils [77] could 
aid in reducing the expected scatter in the results, without jeopardizing 
their overall accuracy, provided that all the soil layers are represented 
by an equivalent single layer characterized by average dynamic prop
erties, in terms of shear wave velocity and damping ratio. 

Fig. 15. Acceleration time histories of the (a) Kozani, (b) Gilroy and (c) Aegion earthquake motions and (d) corresponding elastic response spectra (for 5 % damping) 
compared to the EC8 design spectrum for bedrock (Ground Type A, for magnitudes M > 5.5). 

A. di Lernia et al.                                                                                                                                                                                                                               



Soil Dynamics and Earthquake Engineering 183 (2024) 108758

14

In conclusion, despite its limitations, this paper describes a reliable 
tool for decoupling the topographic, stratigraphic and valley effects on 
the overall amplification of the maximum horizontal acceleration at the 
ground surface. Such decoupling is quite useful, since it allows the 
identification of regions within the study area that are mostly affected by 
each of these processes, thus guiding the need for additional site 
investigation or in-depth analysis. Moreover, it may prove useful for 
safer structural design since it aligns with the manner by which the 
seismic code provisions incorporate these effects on the definition of the 
design spectrum. 
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