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ABSTRACT: Seismic codes still do not explicitly consider (surface) topography and valley
(morphology) effects on seismic ground motion. Attempting to study numerically these com-
plex effects from an engineering point of view, this paper employs idealizations for the govern-
ing seismological, geomorphological and geotechnical characteristics aiming at the
quantification of the peak aggravation (in the horizontal and the parasitic vertical acceler-
ations), as well as its spatial variability in the vicinity of 2D hills, slopes and canyons. The
same perspective is then employed for studying the seismic response of valleys via a critique
on EC8 design spectra in terms of 1D and 2D analyses, with emphasis on ground type D that
corresponds to deep and soft deposits (typical in alluvial valleys). It underlines the need for
decoupling (1D) soil effects from valley effects, with the latter primarily affecting the high fre-
quency components of the motion. It then proceeds to depicting the prominent parameters
that govern valley effects and to quantifying soil inhomogeneity effects on the aggravation of
seismic ground motion. The paper ends with a discussion on when topographic reliefs and
alluvial valleys interact in terms of seismic wave propagation thus disallowing their separate
consideration.

1 INTRODUCTION

Numerous earthquakes in the past have provided earthquake recordings and/or structural
damage patterns that imply significant variability of ground motion in terms of location and
intensity that is not expected on the basis of local soil conditions alone. This variability has
been attributed to topography [e.g., 1985 Canal Beagle Chile, Celebi (1987); 1987 Whittier
Narrows, Kawase and Aki (1990); 1995 Aegion Greece, Bouckovalas et al. (1999)] and/or
valley effects [e.g., 1988 Armenia, Yegian et al. (1994); 2009 L’Aquila, Bordoni et al. (2011);
2011 Christchurch, Bradley and Cubrinovski (2011)]. Yet, reliable conclusions based purely
on field observations cannot be easily derived for various reasons (e.g., unavailability of free
field recording for proper normalization of other recordings, inhomogeneity or insufficient
knowledge of soil conditions, sparsity of sensors to fully record the intense spatial variability
of seismic ground motion).
Nowadays most pertinent literature efforts are being performed via numerical analyses.

Despite the large number of studies, the issues of (surface) topography and valley (morph-
ology) effects on seismic ground motion are still under investigation, and one of the reasons is
that a significant majority of these efforts are case-studies and their results are difficult to gen-
eralize. In addition, the studied problems are quite complex, since they are governed by mul-
tiple seismological characteristics (e.g., intensity, frequency content, wave incidence angle),
complicated surface topography and/or valley morphology (e.g., height and shape of topo-
graphic reliefs and/or thickness and shape of soft soil basin) and intricate geotechnical condi-
tions (e.g., soil and rock stiffness, inhomogeneity and nonlinearity of geomaterials).
From an engineering point of view the focus is set on the reliable simulation of the seismic

motion at the ground surface using idealizations for the governing seismological, geomorpho-
logical and geotechnical properties, having as final goal the quantification of topography and
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valley effects. This is considered necessary for a safe and rational structural design, since,
unfortunately, current seismic codes (e.g., NEHRP) consider only ground conditions at each
location for choosing a design spectrum, i.e. they do not take into account whether the loca-
tion is in the vicinity of a topographic relief (slope, hill, canyon) or along an alluvial valley
(where the buried bedrock may be inclined, or it may form a closed basin filled with deep and
soft deposits). Sole exception is the EC8 that considers topography effects in a simplified
manner (informative Annex A).
The scope of this paper is to provide an engineering perspective on these complex phenom-

ena. Namely, it employs 2D parametric numerical analyses (with the finite difference code
FLAC, Itasca Inc 2011) with simplified seismic excitations (vertically impinging SV waves,
harmonic and non-harmonic), as a means for simulating the ground response of idealized
geometries of topographic reliefs (step-like slopes, trapezoidal hills and canyons) and alluvial
basins (of trapezoidal or triangular shape). Unless otherwise denoted, the geomaterials in
these analyses are considered homogeneous, and their response is assumed viscoelastic. Of
importance are the identification of significant problem parameters and the provision of quan-
titative estimates of these effects, as a guide for future research and as a precursor for imple-
mentation in seismic codes. The paper reviews published results and original research findings
in an integrated presentation, separately for topography and valley effects in sections 2 and 3
respectively. It ends with a discussion on when topographic reliefs and alluvial valleys interact
in terms of seismic wave propagation.

2 TOPOGRAPHY EFFECTS

2.1 Definitions

Topography effects here consider the geometries presented in Figure 1. Specifically, they focus
on 2D symmetric trapezoidal hills of height H, top width B that have inclination angle i at
both its slopes (subplot a), as well as 2D symmetric trapezoidal canyons of height H, base
width B with both slopes having inclination angle i (subplot b). Their common reference
geometry is a step-like slope with height H and slope inclination angle i, which may be viewed
as a hill or a canyon with width B → ∞. In all analyses, the horizontal distance x = 0 is set at
the crest of the slope, or equivalently at the crest of the left slope of the hill or the crest of the
right slope of the canyon. Unless otherwise denoted, uniform and homogeneous soil condi-
tions are considered with shear wave velocity VS, density ρ and (mass and stiffness) Rayleigh
damping ξ at the predominant excitation period Te. The analyses estimate the elastic response
spectra (5% damping) for the horizontal Sah and parasitic vertical accelerations Sav at each
location. Since topography affects mostly the high frequency components of the ground
motion (e.g., Assimaki et al. 2005), the emphasis here is set on the peak horizontal ah and
peak parasitic vertical av accelerations at each ground surface location and their comparison
to the free-field peak horizontal acceleration ah,ff. This latter value depends on location, i.e. it
is equal to that at the base, ah,bas, when the point of interest is at the altitude of the toe, and

Figure 1. Definition of problem parameters for topography effects near slopes, versus: a) hills, b)

canyons.
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similarly it is equal to that at the top, ah,top, when the point lies at the altitude of the crest.
Both these free-field acceleration values are estimated by 1D ground response analyses and
are not necessarily equal to one another. The employed idealization of purely vertically impin-
ging SV waves implies that any vertical acceleration is parasitic, i.e. it is produced by reflec-
tions on the inclined slopes of the topographic reliefs and horizontally travelling Rayleigh
waves, and this is why there is no free-field vertical acceleration.
On the basis of the above, the aggravation factors Ah and Av may be defined, as:

Ah¼
ah

ah;ff
; Av¼

av

ah;ff
ð1Þ

Based on Eq. (1), values of Ah > 1 and < 1 denote amplification and de-amplification of the
horizontal acceleration, while values of Av > 0 depict the apparition of parasitic vertical accel-
eration (which should be considered additionally to any impinging vertical acceleration).
Alternatively, one could consider aggravation factors Ah,bas or Ah,top (for Ah, and similarly
for Av), if ah,bas or ah,top are used as reference accelerations all along the topographic relief.
However, the relations of Eq. (1) are more appropriate, since they employ the ever-current
free-field horizontal acceleration.

2.2 Aggravation in the vicinity of slopes

The first systematic parametric study found in the literature is the work of Ashford et al.
(1997), who provided valuable insight to the effects of the important problem parameters:
slope inclination angle i, normalized height H/λ (where λ = VSTe is the predominant shear
wavelength), wave type (P, SV, SH) and angle of incidence β. They also showed that peak
aggravations are expected behind the crest of the slope, although their amplitude depends sig-
nificantly on the H/λ of the slope. Later on, Bouckovalas & Papadimitriou (2005) studied
parametrically the effects of i and H/λ under vertically impinging (β = 0°) harmonic (or nearly
harmonic) SV waves and proposed multi-variable relations for estimating the peak aggrava-
tion factors Ah,max and Av,max behind the crest of a 2D homogeneous slope, as well as the
distances Dh and Dv behind the crest where the Ah and Av values fall systematically below 1.1
and 0.1, respectively, i.e. below amplification values of engineering interest. These relations
read:

Ah;max¼ 1þ
0:225 H

λ

� �0:4 I2þ2I6

I3þ0:02

� �

1þ 0:9ξ
; Av;max¼

0:75 H
λ

� �0:8
I0:5þ1:5I5
� �

1þ 0:15ξ0:5
ð2Þ

Dh

H

� �

¼

H=λð Þ

0:2þ H=λð Þ2
I1:5þ3:3I8

I4þ0:07

� �

0:71þ 3:33ξ
N0:43 ;

Dv

H

� �

¼

0:233 H=λð Þ

0:2þ H=λð Þ2
I1:5þ3:33I8

I4þ0:07

� �

ξ0:78
ð3Þ

where I = i/90°, N = number of significant excitation cycles, while soil damping ξ enters in
decimals (i.e. 5% as 0.05). These equations provide accuracy of up to ± 40%. In most cases,
the input parameters of these relations take the following values: H/λ = 0.2 – 1.0, i = 15 – 45°
and ξ = 5 – 15%, while N = 1 – 5. These values lead to a usual range of Ah,max = 1.15 – 1.45
and Av,max = 0.10 – 0.55, while the distances Dh and Dv range from Η to 7H.
Then, Bouckovalas & Papadimitriou (2006) proposed conservative estimates (“envelopes”)

for the spatial variation of Ah and Av in the vicinity of 2D homogeneous slopes under verti-
cally impinging SV waves and for any combination of i, H/λ, ξ and N (see Figure 2).
Figure 2 shows that amplification is expected in the vicinity of the inclined segment, of

width S = H/tan(i), and immediately behind the crest, whereas in front of the toe negligible
amplification or de-amplification is expected. These “envelopes” are denoted by Ah,d and Av,d

and are analytically given by Eqs. (4) and (5) as a function of horizontal distance x from the
slope crest:
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Ah;d ¼

1:0� 1:1 ; x � �S or xDh

1:1þ
Ah;max�1:1

S
xþ Sð Þ ; �S � x � 0

Ah;max ; 0 � x � 0:2Dh

Ah;max �
Ah;max�1:1

0:8Dh
x� 0:2Dhð Þ ; 0:2Dh � x � Dh

8

>

>

>

<

>

>

>

:

ð4Þ

Av;d ¼

0:0� 0:1 ; x � � Sþ 0:3Dvð Þ or xDv

0:1þ
Av;max�0:1

0:3Dv
xþ 0:3DvþSð Þ ; � Sþ 0:3Dvð Þ � x � �S

Av;max ; �S � x � 0:3Dv

Av;max �
Av;max�0:1

0:7Dv
x� 0:3Dvð Þ ; 0:3Dv � x � Dv

8

>

>

>

<

>

>

>

:

ð5Þ

Qualitatively similar “envelopes” of topographic aggravation near slopes have also been pro-
posed by Assimaki et al. (2005), although Eqs. (4) and (5) depict comparatively wider affected
areas. It is underlined here that all above results pertain to homogeneous slopes. Tripe et al.
(2013) reaffirmed these results but also showed that if there is horizontal interface between soil
and rigid rock at a depth below the base of the slope (soil layer thickness larger than height H),
there is intense interaction between topographic amplification and soil effects, especially for
excitations with predominant period over the range of the soil’s natural periods. In addition,
Rizzitano et al. (2014) showed that for the more usual case of a compliant bedrock this inter-
action is less intense and becomes negligible as this soil-rock interface becomes deeper.

2.3 Aggravation in the vicinity of hills

The study of aggravation of seismic ground motion due to 2D hills dates back to the pioneer-
ing work of Sills (1978). Various shapes of hills have been studied thereafter, i.e. semi-circular,
semi-cylindrical, triangular and trapezoidal. Based on studies for triangular or trapezoidal
hills, the literature concludes that the important problem parameters are the slope inclination
angle i, the wave incidence angle β, the top width B and/or the height H of the hill, as well as
the shear wavelength λ of the excitation (see Figure 1). Particularly, large amplifications are
expected when the λ is comparable to the hill top width Β and the maximum horizontal ampli-
fications at the hill top (as compared to ah,bas) may even exceed 3.0, i.e. it is generally higher
than for slopes (maximum of 2.0; Bouckovalas & Papadimitriou 2005).
Having established the aggravation in the vicinity of slopes, Papadimitriou (2011) studied

the effect of hill top width B on the topographic aggravation, in comparison to that of slopes
having the same inclination angle i and normalized height H/λ. As an example, Figure 3 pre-
sents the variation of topographic aggravation factors Ah,bas and Av,bas with horizontal dis-
tance from the left crest of hills with i = 45°, H/λ = 0.20 and various widths B, namely B =
0.1H (extreme case), H, 5H, 20H and B → ∞ based on selected analyses (with harmonic exci-
tations). Note that the seismic response of symmetric hills undergoing purely vertically

Figure 2. “Envelopes” of spatial topographic variability of Ah and Av near homogeneous slopes (modi-

fied from Bouckovalas & Papadimitriou 2006).
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impinging SV waves is spatially symmetric. Particularly, this figure presents the variation of
Ah,bas and Av,bas from a distance in front of the left slope of the hill to its axis of symmetry.
Based on the introduced normalization, the Ah,bas at the free field in front of the hill toe is
equal to 1.0, but for the top of the hill the 1D soil column response gives 6% (for H/λ = 0.20)
lower peak horizontal acceleration (see dashed line).
From the results in Figure 3, and similar results for other i and H/λ values (included in

Papadimitriou 2011), the following conclusions may be drawn:

• The response for B = 20H is practically identical to that of B → ∞, meaning that a hill top
width of 20H is practically wide enough to disallow the wave interaction of the opposite
facing slopes of the hill, at least for ξ=5% damping.

• In the area immediately behind the crest, horizontal motion is generally amplified, opposite to
what is observed on the inclined slope (shaded area) that is characterized by deamplification
for all widths B of the hill. Yet, at some distance from the toe of the hills, horizontal amplifica-
tion may be observed, that could become important for very narrow hills. On the contrary,
the parasitic vertical motions that appear on the inclined slope (shaded area) and the area in
front of the toe may become substantial for all finite widths B of the hill smaller than 20H.

• Width B affects significantly the topographic aggravation at the top of the hill, but less so
the seismic motion in front of its toe. As for slopes, the spatial variability of the seismic
aggravation on hills is more intense for high frequency motions (no example shown here)
due to horizontally travelling Rayleigh waves whose predominant wavelength (approxi-
mately equal to λ) governs the spatial alternation between successive local maxima and
minima in the topographic aggravation pattern.

• The generally increasing effects of slope inclination angle i and normalized height H/λ of
slopes for Ah and Av (Bouckovalas & Papadimitriou 2005, 2006) also appear for the Ah,bas

and Av,bas of hills (Papadimitriou 2011). Specifically, based on Figure 3, the smaller the
width B of the hill, the higher the value of the maximum values of Ah,bas and Av,bas. Simi-
larly, the higher the wavelength λ, the higher the maximum Ah,bas and Ah,bas for the same
hill top width B.

Based on the above, one may consider that it is the normalized hill top width B/λ that differ-
entiates quantitatively the response of hills in comparison to that of the respective slope (with
the same i, H/λ). In the sequel, the focus is set on the maximum Ah and Av values behind the
crest of hills, that are equal to the maximum Ah,bas and Av,bas values after their division over
the Ah,bas for B → ∞. These maximum values, denoted by Ah,max

H and Av,max
H hereafter, are

correlated to the respective values for slopes, denoted by Ah,max and Av,max respectively, and
the normalized hill top width B/λ in Figures 4a and 4b, respectively. These figures summarize
data from Papadimitriou (2011) that correspond to harmonic excitations, but also from previ-
ously unpublished analyses for more realistic ground motions. They show that the amplifica-
tion is more pronounced for hills, especially for the parasitic vertical acceleration, but this
intensified amplification dies out for normalized hill top widths B/λ > 5-7. The red curves in
Figure 4 provide average estimates, that read:

Figure 3. Comparison of Ah,bas and Av,bas variability near 2D symmetric hills with different top widths B.
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Ah;max
H

Ah;max

¼ 1:1
B

λ

� ��0:05

1:0 ;
Av;max

H

Av;max

¼ 1:4
B

λ

� ��0:20

1:0 ð6Þ

For practical applications, Eqs. (6) deduced from Figure 4 may be used along with the
multi-variable Eqs (2) and (3) for estimating the peak aggravation factors behind the crest of
homogenous hills.
It should be noted here that Asimaki & Mohammadi (2018) recently showed that if there is

a soil-bedrock interface below the ground surface of the hill, then significant coupling between
topographic and soil effects may appear, so the above results should not be extended to such
cases.

2.4 Aggravation in the vicinity of canyons

Topographic aggravation of seismic ground motion due to 2D canyons was firstly studied in
the seminal work of Trifunac (1973). Since then, various shapes of canyons have been studied
in the literature, i.e. semi-circular, semi-cylindrical, triangular and trapezoidal. Focusing on
trapezoidal canyons, the literature considers that important problem parameters are the slope
inclination angle i, the wave incidence angle β, the base width B and height H of the canyon,
as well as the shear wavelength λ of the impinging excitation (see Figure 1).

Following the same methodology as for the study of hills, Papadimitriou and Chaloulos
(2010) studied the effect of canyon base width B on the topographic aggravation, in comparison
to that of slopes having the same inclination angle i and normalized height H/λ. As an example,
Figure 5 presents the variation of topographic aggravation factors Ah,top and Av,top with hori-
zontal distance from the crest of the right slope of canyons with i = 45°, H/λ = 0.20 and various
canyon base widths B, namely B = 0.1H (extreme case), H, 5H, 20H and B→ ∞ based on

Figure 4. Effect of normalized hill top width B/λ on the peak aggravation of: (a) horizontal and (b)

parasitic vertical peak ground accelerations, behind their crest.

Figure 5. Comparison of Ah,top & Av,top variability near 2D symmetric canyons with various base

widths B.
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selected analyses (with harmonic excitations). Given the symmetry of the canyon, its seismic
response is spatially symmetric under purely vertical impinging SV waves. Thus, Figure 5 pre-
sents the variation of topographic aggravation factors Ah,top and Av,top from the axis of canyon
symmetry all the way to a significant distance behind the crest of the right canyon slope. Based
on the introduced normalization of peak ground accelerations, the Ah,top at the free field behind
the crest of the canyon is equal to 1.0, but for the base of the canyon the 1D soil column
response gives 6% lower peak horizontal acceleration (for H/λ = 0.20), as denoted by the dashed
line. On the basis of the results in Figure 5, and similar results for other i and H/λ values
(included in Papadimitriou and Chaloulos 2010), the following conclusions may be drawn:

• The response for B = 20H is practically identical to that of B → ∞, i.e., a canyon base
width of 20H is practically wide enough to disallow the wave interaction of the opposite
facing slopes of the canyon, at least for ξ = 5% damping.

• In the area immediately behind the crest, horizontal motion is generally amplified, opposite to
what is observed on the inclined slope (shaded area) that is characterized by deamplification
for all canyon base widths B. Within the base of the canyon significant amplifications may be
observed, especially for relatively large B values (≥ 5H) and this also holds true for the para-
sitic vertical accelerations. In general, significant horizontal amplifications seem to appear
throughout the canyon surface for B = λ (= 5H in the example of Figure 5).

• The generally increasing effects of slope inclination angle i and normalized height H/λ of
slopes for the Ah and Av (Bouckovalas & Papadimitriou 2005, 2006) also appear for the
Ah,top and Av,top of canyons (Papadimitriou and Chaloulos 2010). As for hills, of import-
ance here is the effect of the normalized canyon base width B/λ, that does not seem to be
monotonic, but definitely seems more intense for the parasitic vertical acceleration.

Hence, it is interesting to study how the normalized canyon base width B/λ differentiates
quantitatively the response of canyons in comparison to that of the respective slope (with the
same i, H/λ). For this purpose, the emphasis is put on the maximum Ah and Av values behind
the crest of canyons, that are equal to the maximum Ah,top and Av,top, respectively. These max-
imum values are denoted by Ah,max

C and Av,max
C hereafter, and are correlated to the respective

values for slopes, denoted Ah,max and Av,max, and the normalized canyon base width B/λ in
Figures 6a and 6b, respectively. These figures summarize data from Papadimitriou and Chalou-
los (2010) that correspond to harmonic excitations, as well as from previously unpublished ana-
lyses for more realistic ground motions. Figure 6 shows that, on average, the horizontal
amplification is not significantly affected by the opposite facing slopes of the canyon, and this
despite the amplification maximum for B/λ = 1 (a critical width B value also depicted by Skiada
et al. 2017). This is in contrast to what occurs for the amplification of the parasitic vertical accel-
eration that seems more affected, although this effect on Av,max attenuates for B/λ > 6. The red
curves in Figure 6 provide average estimates for these effects, that read:

Figure 6. Effect of normalized canyon base width B/λ on the peak aggravation of: (a) horizontal and

(b) parasitic vertical peak ground accelerations, behind their crest.
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Ah;max
C

Ah;max

’ 1:0 ;
Av;max

C

Av;max

¼ 1:3
B

λ

� ��0:15

1:0 ð7Þ

For practical applications, Eqs. (7) may be used along with the multi-variable Eqs (2) and (3)
for estimating the peak aggravation factors behind the crest of homogeneous canyons. However,
based on Skiada et al. (2017) if there is a horizontal interface between soil and rigid rock at a
depth below the base of the canyon (soil layer thickness larger than height H), then significant
coupling between topographic and soil effects on the horizontal acceleration may appear.

3 VALLEY EFFECTS

3.1 Definitions

Valley effects here consider the geomorphology presented in Figure 7. Specifically, they focus
on 2D trapezoidal valleys of maximum thickness H, width B at the ground surface and having
inclination angles iL and iR at the left and right bedrock slopes (although mostly iL =iR = i is
considered herein). The bedrock outcrops with the same inclination and creates a step-like
slope of height HL and HR above the left and right sides of the horizontal ground surface of
the alluvial deposits (although mostly HL = HR = 0 is considered herein). In all analyses, the
horizontal distance x = 0 is set at the midpoint of valley (at the alluvial ground surface), which
also acts as the location of the vertical axis of symmetry of the valley when iL = iR = i and HL

= HR). Unless otherwise denoted, uniform and homogeneous soil and bedrock conditions are
considered with shear wave velocities VS and Vb, densities ρS and ρb and (mass and stiffness)
Rayleigh damping ξ = 5% at the average value of 2 frequencies, the predominant of the excita-
tion 1/Te and the fundamental for 1D soil response VS/4H. The analyses estimate the elastic
response spectra (5% damping) for the horizontal Sah and parasitic vertical accelerations Sav
at each ground surface location and their comparison to the elastic response spectrum for the
free-field horizontal acceleration Sah,ff. This latter value depends on location, i.e. it is equal to
Sah,S for all locations along the alluvial valley and to Sah,b for all locations along the outcrop-
ping bedrock. The Sah,S corresponds to 1D ground response of a soil column of thickness H
with shear wave velocity VS overlying bedrock with shear wave velocity Vb, while the Sah,b to
1D ground response that appears at the horizontal outcropping bedrock far from the valley
edges. Both these free-field elastic response spectra are estimated by 1D ground response ana-
lyses. Note that the employed idealization of purely vertically impinging SV waves implies
that any vertical acceleration is parasitic, i.e. it is produced by reflections (and refractions) on
the inclined slopes of the outcropping (and buried) rock and horizontally travelling Rayleigh
waves, hence there is no free-field vertical acceleration.
On the basis of the above, the aggravation factors ASah,b and ASav,b (functions of structural

period T) may be defined with respect to the outcropping bedrock spectral response:

ASah;bðTÞ ¼
SahðTÞ

Sah;bðTÞ
; ASav;bðTÞ ¼

SavðTÞ

Sah;bðTÞ
ð8Þ

Figure 7. Definition of problem parameters for valley effects.
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In order to approximately decouple valley effects from soil effects, the aggravation factors
ASah and ASav (functions of structural period T) may also be defined, which perform the nor-
malization with respect to the ever-current free-field spectral response as:

ASahðTÞ ¼
SahðTÞ

Sah;ffðTÞ
; ASavðTÞ ¼

SavðTÞ

Sah;ffðTÞ
ð9Þ

Based on their definition, ASah = ASah,b and ASav = ASav,b at points of outcropping bed-
rock, but ASah ≠ ASah,b and ASav ≠ ASav,b all along the alluvial valley. Also note that based
on Eqs (8) and (9), values of ASah and ASah,b > 1 and < 1 denote amplification and de-ampli-
fication of the horizontal spectral acceleration, while values of ASav and ASah,b > 0 depict the
apparition of parasitic vertical acceleration (which should be considered additionally to any
impinging vertical acceleration). Finally note that if HL = HR = 0 (a common case here), 1D
soil effects on the elastic response spectrum may be estimated by the spectral ratio of ASa,1D =
Sah,S/Sah,b = F ASa,1D

*, where F is the so-called soil factor (i.e. ASa,1D for T = 0 s) and ASa,1D
*

is the normalized spectral ratio.

3.2 Valley effects in EC8?

The first studies of seismic ground response with inclined bedrock date back in the 70’s and
the early 80’s, when analytical solutions were devised for studying the response of simple 2D
geometries (cosine-shaped, circular, elliptical, etc.) of uniform elastic soil valleys under har-
monic excitations starting with Trifunac (1971). Nowadays, the majority of the relevant litera-
ture studies are numerical (e.g., Gelagoti et al. 2010; Papadimitriou et al. 2011). The
predominant mechanisms of valley response have been more or less identified. For example,
Bard and Bouchon (1980a, 1980b) studied the response of two differently-shaped alluvial val-
leys and concluded that local aggravation of seismic motion at the ground surface is due to
surface waves (Love waves when the SH waves are incident; Rayleigh waves in the case of SV
and P waves) generated at the valley boundaries. However, for very wide valleys, focusing
effects of inclined refracted waves shape the seismic amplification pattern near its edges, and
over the (mildly) inclined bedrock (e.g., Gelagoti et al. 2010). For relatively narrow valleys,
2D resonance may appear at periods lower than that of the fundamental period of the pertin-
ent 1D soil column (4H/VS), thus amplifying specific periods of seismic motions and altering
the frequency content of the shaking (Bard and Bouchon 1985). Hence, in quantitative terms,
the amount of aggravation at each location is governed by the exact valley geometry (2D or
3D, shape, B, H), the type of impinging waves (SH, SV, P), the incident wave angle β, the
(predominant) period of the bedrock excitation Τe, as well as the soil and bedrock properties
(e.g., Sanchez-Sesma et al., 1988). The multitude of these important problem parameters
explains why valley effects on ground motion are still not included in seismic codes and under-
lines the need for further systematic study.
What is included in seismic codes is a soil categorization and a set of respective acceleration

design spectra, that are based on a statistical analysis of recorded seismic motions. For example,
in EC8, soil sites are divided into 5 Ground Types (A, B, C, D and E) with prescribed seismic
actions. These ground types are identified in terms of their stratigraphy, the soil thickness H
over bedrock and (preferably) the average value of the shear wave velocity VS,30 in the top 30 m
of the ground, with VS,30 being computed irrespective of whether the top 30 m include the bed-
rock or not. Each ground type is assigned a different soil factor (denoted by F herein) that
modifies the Design Ground Acceleration ag (that corresponds to the bedrock ground type A),
and a different normalized horizontal elastic response spectrum (denoted by ASa,1D

* herein). In
order to study the compatibility of the EC8 soil factors F and ASa,1D

* spectral shapes in com-
parison to non-linear, 1D seismic wave propagation theory, Bouckovalas et al. (2007) performed
a large number of parametric analyses using a set of multi-variable relations (Bouckovalas et al.
2003), which approximately reproduce the results of 1D wave propagation analysis via the
equivalent linear method (SHAKE-type response). Figure 8a presents the contours of thus esti-
mated soil factor F variation from 1D analyses with Vb = 800 m/s (ground type A) as a function
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of the H and VS,30 of each ground type. Superposed on the F results are the ranges of H and
VS,30 per ground type corresponding to the EC8 description. The comparison shows variability
of soil factor values within each ground type. However, in general, the EC8 seems conservative
in the proposed F values (depicted with text boxes on the plot), with the possible exception of
stiff soil sites (ground types A or B). Of special interest in this paper is ground type D, since
alluvial valleys generally correspond to deep (e.g., H ≥ 30 m) and soft deposits (VS,30 ≤ 180 m/s).

For this ground type, 1D wave propagation theory leads to F = 0.96 – 1.11 (average of
1.05), i.e. much smaller values than F = 1.35 that is prescribed for M > 5.5 earthquake regions
(Type 1 spectra). Focusing on the normalized horizontal elastic spectral ratio ASa,1D

* for
ground type D, Figure 8b presents a comparison of EC8 provision (red line) to the range pro-
curing from the 1D ground response analyses. This comparison shows that EC8 also overpre-
dicts the normalized spectral values (at least up to T = 2 s), so overall, the code overprediction
of ground response for deep and soft soil deposits seems over-conservative.
In order to study the origin of this code “over-conservatism”, parametric seismic ground

response analyses were performed for 2D symmetric trapezoidal (iL = iR = i = 30°) valleys
with HL = HR = 0. In these analyses homogeneous soil deposits with VS = 100 – 180m/s and
H = 20 – 270 m/s over homogeneous bedrock with Vb = 800 – 1440m/s were considered, lead-
ing to very low impedance ratios a = 0.08 – 0.125, where a = ρSVS/ρbVb. The valleys had
widths B = 90 – 1215 m, corresponding to very narrow up to quite wide valleys and the
employed seismic excitations had predominant periods Te = 0.15 – 0.4 s, i.e. corresponding to
the usual bedrock motions in Europe (as implied by the peak amplification range in the design
spectrum for ground type A in EC8 for M > 5.5). As an example of these unpublished results,
Figure 9 presents the spatial variability of the aggravation factors ASah,r and ASav,r for T = 0
s for 3 different valley-excitation combinations, whose ground conditions would be considered
as ground type D as per EC8. For comparison, the figure also includes the code-proposed
value of F = 1.35 for such ground conditions. The three shown valley-excitation combinations
have the same normalized valley width B/λ = 6, where λ is the predominant shear wavelength
in the soil layer (λ = VSTe), and the same low impedance ratio a = 0.125 making them directly
comparable. They differ in the value of the normalized valley thickness λ/Η, since they corres-
pond to valleys with relatively large (λ/Η = 0.75 – 1.15) to medium normalized thickness (λ/Η
= 2.6). This figure shows a very intense variability of the peak horizontal acceleration (subplot
a), where the maxima may be very large (up to 2.6 times the horizontal acceleration at the
outcropping bedrock) and appear at different locations, due to the difference in the λ/Η value
(see also Papadimitriou et al. 2011). In addition, it shows that F = 1.35 can no longer be con-
sidered over-conservative, especially along the center of the valleys, and that a unique F factor
all along such valleys is an over-simplistic code provision. Subplot b of this figure shows the
apparition of intense parasitic vertical accelerations along such valleys, where locally it may
even reach 2.0 times the horizontal acceleration at the outcropping bedrock.

Figure 8. Evaluation of EC8 design spectra (M > 5.5) for ground type D with respect to 1D wave

propagation theory: a) soil factor variation as a function of H and VS,30, b) normalized spectral ratio

ASa,1D*.
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In order to study valley effects on the elastic response spectra, Figure 10 compares the aver-
age (solid lines) and maximum (dashed lines) values of the aggravation factors ASah,b and
ASav,b (collectively denoted as ASab) for all structural periods T along the same 3 valley-exci-
tations cases of Figure 9. For comparison, this figure also includes the design spectrum for
ground type D of EC8. It is shown that the code spectrum acts as the lower limit of numeric-
ally estimated average response (shaded region) for structural periods up to T = 0.8 s and is
conservative only for periods T > 0.8 s. However, focusing on the maximum aggravations,
these seem significantly under-predicted for structural periods up to T = 0.8 s and accurately
predicted only for T > 0.8 s.
Figure 10 also shows very significant parasitic vertical spectral accelerations, that range, on

average, between 50% and 100% of the horizontal spectral acceleration at the outcropping bed-
rock Sah,b for low periods (T < 0.8 s) and smaller values (10% to 60%) for larger periods (T >
0.8 s). However, their peak values are much higher and may even exceed 200% of the Sah,b.

In conclusion, the EC8 design spectrum for ground type D is not consistent with 1D wave
propagation theory, but seems qualitatively accurate if valley effects are considered. Quantita-
tively, it underpredicts the average response for low periods, while it seems conservative for large
periods. Moreover, the code does not account for the intense spatial variability of valley response,
and contains no provisions for the very large parasitic vertical accelerations that appear (e.g.,
Gelagoti et al. 2010, Papadimitriou et al. 2011). Similar conclusions may be drawn for all ground
types, although the problems of inconsistency with 1D wave propagation theory and quantitative
inaccuracy are more pronounced for valleys with deep and soft soils (ground type D).

3.3 Frequency content and soil inhomogeneity effects on valley response

It becomes evident that there is room for more elaborate code provisions taking into account
valley effects explicitly, rather than considering merely a statistical analysis of recordings from
sites with similar ground type conditions. In this respect, one possible road is the decoupling
of soil and valley effects on seismic ground motion, since the former are well established while
the latter are continuously being studied. This is the path already taken by Vessia et al. (2011)
and Riga et al. (2016), who attempt to quantify valley effects versus 1D soil response, with the
former approach considering variability versus structural period T unlike the latter that con-
siders the maximum over T amplification. In this perspective, the aggravation factors ASah
and ASav (functions of structural period T) of Eq. (9) will be employed here, rather than the
ASah,b and ASav,b used in section 3.2. Particularly, Figure 11 presents the spatial variation of

Figure 9. Spatial variability of ASah,b and ASav,b (for T = 0 s) along the surface of trapezoidal valleys with

ground type D conditions and the same normalized width B/λ and comparison with EC8 soil factor value.
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aggravation factors ASah and ASav for various values of structural period T (from 0.0 to 2.0 s)
along a “usual” 2D symmetric trapezoidal valley with B/H = 4, impedance ratio a = 0.5 and
steep bedrock inclination angle i = 45°. The left-hand side results correspond to the valley
response for a high frequency excitation (Te = 0.18 s) and the right-hand side results to the
response of the same valley under a low frequency excitation (Te = 0.42 s) originating from
vertically impinging SV waves (β = 0ο). The figure presents results for the area along the valley
(from x/B = -0.5 to 0.5), but also on either side of the horizontal outcropping bedrock (HL =
HR = 0), and leads to a number of general-purpose conclusions (Papadimitriou et al. 2018):

• Valley effects are more intense for high frequency excitations, and this is a product of a
smaller predominant shear wavelength λ in the soil, which makes the same valley appear
thicker to the vertically impinging SV waves (see also Papadimitriou et al. 2011)

• Valley effects are more intense for low structural periods, while for large periods (e.g., T >
1.0 s) they essentially disappear (values of ASah and ASav tend to 1.0 and 0.0). This is
because the wavelengths are so large for large periods that they essentially “overlook” the
existence of the valley, i.e., they are not affected by it.

• The existence of the valley affects primarily the seismic ground response within it, however
it also affects the outcropping bedrock motion, inducing local amplifications that may
reach 20% in the close vicinity of the valley.

Figure 10. Maximum and average ASah,b and ASav,b spectra along the surface of trapezoidal valleys

with ground type D conditions and the same normalized width B/λ and comparison with EC8 design

spectrum.

Figure 11. Spatial variation of ASah and ASav for various structural periods T along a “usual” 2D sym-

metric valley (B/H = 4, a = 0.5, i = 45°) under excitations with different predominant periods Te.
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• Valley effects may be quite significant and reach values of ASah = 2.0 and ASav = 0.8 for low
structural periods. Based on Papadimitriou et al. (2018) even higher values may appear for
“narrow” valleys where the peak aggravation appears at the valley center, while lower values
are expected for “wide” valleys where the peak aggravation appears at the valley edges.

All above results consider alluvial valleys where the soil and the bedrock are assumed
homogeneous, in accordance with the very large majority of related literature. In order to test
the limitations of this assumption, seismic ground response analyses were performed for 2D
symmetric alluvial valleys with the same geometry (thickness H = 96 m, width B = 432 m,
slope inclination angle i = 30° and HR = HL = 0) over homogeneous bedrock (Vb = 800 m/s)
that had the same average shear wave velocity VS,ave = 360 m/s, but different degrees of
inhomogeneity as per:

VS¼VS;ave 1þ d z=H� 0:5ð Þ½ � ð10Þ

where d = 0 for homogeneous soil and values of d = 0.5 to 1.5 correspond to lightly up to
intensely inhomogeneous soil. The left plots in Figure 12 present previously unpublished
results on the spatial variation of ASah,b and ASav,b for T = 0 s and these 4 cases of soil
inhomogeneity under a high frequency excitation (Te = 0.20 s). These plots show that in com-
parison to the outcropping bedrock, the valley exhibits completely different ground response,
and in practice, the higher the value of d (that quantifies the degree of inhomogeneity) the
more intense is the aggravation of the peak horizontal and the peak parasitic vertical acceler-
ation along the valley. The right plots in Figure 12 show the same results but in terms of ASah
and ASav for T = 0 s and show that the significantly increasing amplification in the left plots is
essentially due to 1D soil amplification, which is very intense for inhomogeneous soils (see
also Rovithis et al. 2010). These plots show that considering valley effects with an assumption
of homogeneous soil is more or less conservative, provided that the average shear wave vel-
ocity VS,ave is accurately accounted for.

4 DISCUSSION

The previous two sections focused separately on topography and valley effects in an effort to
quantify them using idealized geometries of surface and buried ground morphology. In reality,
ground morphology can be much more complicated making case-specific ground response ana-
lyses mandatory. Nevertheless, in an effort to delineate limitations of the above drawn

Figure 12. Spatial variation of ASah,b and ASav,b for T = 0 s (left) and ASah and ASav for T = 0 s (right)

along 2D symmetric valleys (B/H = 4.5, i = 30°) over bedrock Vb = 800 m/s and soil with VS,ave = 360 m/s

having 4 different degrees of inhomogeneity d under a high frequency excitation (Te = 0.20 s).
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conclusions, Figure 13 compares the spatial variation of aggravation factors ASah,b and ASav,b
for T = 0 s along 2D symmetric valleys (H = 50 m, i = 45°, a = 0.5) without (HL = HR = 0) and
with topography (HL = HR = 50 m), as well as along their respective shallow (HL = HR = 50 m)
or deep (HL = HR = 100 m) canyons (i = 45°) under a very high frequency excitation (Te = 0.1
s). This figure shows previously unpublished results leading to the following conclusions:

• Within the middle 200 m the horizontal aggravation is significant in the valley cases and
becomes further amplified when the valley also has surface topography. At the outcropping
bedrock (at distances beyond 100 m from the axis of symmetry), the horizontal aggravation
is governed by the height of the topographic relief, i.e. largest for 100 m, intermediate for
50 m (regardless of whether there is an alluvial valley or not) and minimal for 0 m.

• Within the middle 200 m the parasitic vertical aggravation is significant only for the valley
cases, regardless of whether the valley has surface topography or not. At the outcropping
bedrock, the parasitic vertical aggravation is qualitatively similar to that for the horizontal
acceleration, i.e. it is governed by the height of the topographic relief alone.

• The response along the slope and behind the crest of the outcropping bedrock of canyons is
only affected by the height of the topographic relief, and is independent of the filling of the
canyon with alluvial deposits. On the contrary, the response along the alluvial valley is
affected by the existence of topography at the sides of the valley.

5 CONCLUSIONS

This study provides an engineering perspective on 2D topography and valley effects on seismic
ground motion. The term “engineering perspective” is related to the use of idealizations for the
geometric, geotechnical and seismological conditions and the need for quantification of these
effects as a precursor for future implementation in seismic codes. The main conclusions from
this study are the following:

• Slopes, hills and canyons induce significant topographic aggravation of horizontal and para-
sitic vertical accelerations (behind their crest), which are governed by their normalized height

Figure 13. Comparison of spatial variation of ASah,b and ASav,b for T = 0 s along 2D symmetric valleys

with and without topography and along their respective (deep and shallow) canyon geometries.
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H/λ and the slope inclination angle i. Hills and canyons may be viewed as interacting slopes
at a normalized distance B/λ, and their peak aggravations are generally more intense in com-
parison to that of the respective slope (with the same H/λ and i values). The paper summar-
izes literature multi-variable relations for estimating peak aggravation factors (and their
spatial variation) along slopes and proposes relations that consider the effect of B/λ on the
peak aggravation factors for hills and canyons. These results pertain to homogeneous slopes,
hills and canyons, and should not be used for cases where there is a horizontal interface
between soil and rigid rock at a depth below the base of the slope/hill/canyon (soil layer
thickness larger than height H). However, in the more usual cases of a compliant rock, or if
the interface is at great depths, this coupling of soil and topography effects is less intense.

• The seismic response of alluvial valleys is governed by a coupling of soil and valley effects.
Seismic codes rely only on statistical analysis of recordings for providing the design spectra
for deep and soft soil deposits, like ground type D in EC8, and this proves problematic, espe-
cially for low periods where valley effects are more intense. An approximate decoupling of
valley from soil effects shows that the latter are more intense and more spatially variable for
high frequency excitations. It is also shown that a linearly increasing VS with depth leads to
intensified 1D soil effects within valleys, but the decoupled valley effects can be conserva-
tively approximated by analyses for a homogeneous soil with the same average VS,ave.

• The seismic response along the slope and behind the crest of a canyon is not affected by its
base filling with alluvial deposits. On the contrary, the response along the alluvial valley is
affected by the existence of intense bedrock topography at its sides. Therefore, the hereby
presented results and multi-variable relations for topography effects can be used even if a
soft soil layer exists at the base of the slope, the hill or the canyon.
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