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ABSTRACT: The local seismic response of an alluvial valley is influenced by many factors
such as shape ratio, inclination of the edges, impedance and non-linear behaviour of soil. In
this study, a parametric study was carried out to investigate the influence of 2D subsoil
morphology on the amplification of the seismic motion at surface. To this aim a set of linear
viscoelastic analyses was carried out on simplified 2D models, taking into account the shape
of the valley, inclination of the edges, frequency of the excitation and impedance ratio. The
results of the parametric study were interpreted in terms of spectral amplification factors
evaluated considering both 2D and 1D conditions at some significant sections. The amplifica-
tion factors calculated in the parametric study were compared with those computed on a real
case history of alluvial valleys of Central Italy.

1 INTRODUCTION

The seismic response of an alluvial valley is strongly influenced by its buried 2D morphology.
While the influence of topographic (e.g., Bard 1982, Geli et al. 1988, Sanchez-Sesma 1990,
Bouckovalas & Papadimitriu 2004) and stratigraphic (e.g., Seed et al. 1976, Idriss 1991) condi-
tions has been widely investigated, the effect of the buried morphology of a valley remains still
unclear (e.g., Bard & Bochon 1980a,b,1985, Gelagoti et al. 2010, Papadimitriou et al. 2018).
As matter of fact, the response of an embedded soft basin is a challenging issue to analyse
because of the numerous factors that affect the propagation of the seismic waves. The geomet-
rical features of the basin (the shape of the valley and the inclination of edges), the strati-
graphic sequence of the soil filling the valley (impedance ratio between seismic bedrock and
soft soils, non-linear soil behaviour) and the characteristics of shaking motion (ratio between
frequencies of the input motion and the basin) have a key role in the seismic response of an
alluvial valley.

This work summarizes the results of a parametric study aimed at investigating the effects
of the abovementioned factors on the seismic response of a shallow alluvial valley. Numer-
ical analyses were carried out on simplified geometrical schemes, modelling the soil behavior
as visco-elastic and adopting six Ricker wavelets with different predominant frequencies as
input motions. The results of the analyses are provided in terms of amplification factors
between 2D and 1D conditions and summarized in specific charts. Finally, amplification fac-
tors estimated by using the proposed charts are compared with those computed by a bi-
dimensional viscoelastic analysis on a real alluvial valley, affected by the 2016 Central Italy
earthquake.
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2 NUMERICAL MODEL

2D symmetrical trapezoidal valleys with a horizontal ground topography and an aspect ratio H/
L, between the thickness, H, and the half width of the valley, L,, equal to 0.25 (as illustrated in
Figure 1) with different slope of the edge (o) were considered herein. The slope, o ranges between
90° (rectangular pattern) to 14° (wedge pattern). The shear wave velocity of the soil filling the
valley, Vsoi was set equal to 300 m/s, while that of the bedrock, Vg, varied between 800 and
2000 m/s, thus the resulting impedance ratio (i) ranges between 3.1 and 7.7. A constant value of
damping equal to 1% was assigned to the alluvial formation while D = 0.5% was assumed for the
bedrock. Table 1 reports the main features of each analysis while Table 2 shows the ratio between
the wavelength (1) of the six input signals and the thickness (H) of the deformable soil column at
the center of the valley. The ratio A/H is inversely proportional to the ratio between input fre-
quency (finp) and natural frequency (fy) of the 1D soil column at the center of the valley, equal to:

Vs soil

fo = A0 (1)

As a consequence, fin,/fois 1 if MVH = 4.

7o

Soil

Bedrock T
Figure 1. Geometrical scheme considered in the parametric study
Table 1. Main features of the 2D analyses
AnalySiS o VS,BR VS,SOil %8 H L, L, H/L2
- ° m/s m/s- - m m m -
a_l 90 800 300 3.1 20 50 80 0.25
a2 60 800 300 3.1 20 50 80 0.25
a3 45 800 300 3.1 20 50 80 0.25
a_4 14 800 300 3.1 20 50 80 0.25
b_1 90 1200 300 4.6 20 50 80 0.25
b 2 60 1200 300 4.6 20 50 80 0.25
b_3 45 1200 300 4.6 20 50 80 0.25
b_4 14 1200 300 4.6 20 50 80 0.25
c_1 90 1600 300 6.1 20 50 80 0.25
c?2 60 1600 300 6.1 20 50 80 0.25
c3 45 1600 300 6.1 20 50 80 0.25
c 4 14 1600 300 6.1 20 50 80 0.25
d_1 90 2000 300 7.7 20 50 80 0.25
d2 60 2000 300 7.7 20 50 80 0.25
d3 45 2000 300 7.7 20 50 80 0.25
d 4 14 2000 300 7.7 20 50 80 0.25
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Table 2. Ratio MH for the input motions

Input MH

1 20.8

2 4.17
3 2.07
4 1.40
5 1.05
6 0.825

Given the values of H/L, and p adopted in the analyses, the aspect ratio is lower than the
critical value indicated by Bard & Bouchon (1985), beyond which the valley response is ruled
by 2D resonance phenomena. In this case, the seismic behavior of the valley is mainly charac-
terized by 1D resonance and surface wave propagation.

The 2D analyses were carried out with the computer code QUAD4M (Hudson et al. 2003),
a finite element program that performs equivalent linear analysis in the time domain. A full
Rayleigh damping formulation with double frequency approach is implemented in the code:
the first frequency is equal to the fundamental frequency of the model, while the second one is
a function of the predominant frequency of input.

The input was applied at the bottom boundary set as a transmitting base (Hudson et al.
2003). The domain was laterally extended to minimize the effect of artificial reflections of the
seismic waves due to lateral boundaries, where vertical rollers are applied. The mesh consists
of triangular elements, whose maximum size was defined according to Kuhlemeyer & Lysmer
(1973) criterion.

For each considered 2D analysis, a 1D analysis along the soil column corresponding to the
center of the valley was also carried out in order to compare the results of 1D and 2D analysis.
The 1D analyses were carried out with the computer code STRATA (Kottke & Rathje 2008)
which performs equivalent linear analysis in the frequency domain.

3 RESULTS

The results of both 2D and 1D analyses have been synthesized adopting the following amplifi-
cation factor (FA):

= Sasup(T)dT

= 2

= Sainp(T)dT )
where S, ,(T) is the spectral acceleration of ground motion at the surface, S, ;,,(T) is the
spectral acceleration of the input and the periods T, and Ty, are set equal to 0.1 and 0.5 s,
respectively. The considered period range includes the natural period of the 1D column in the
center of the valley, which is approximately 0.25 s. In order to isolate the influence of 2D
effects on the seismic response at the surface, the results were analysed in terms of 2D magnifi-
cation factor, defined as follows:

= FAp 3)

where FA,p is amplification factor from 2D analysis and FA;p is amplification factor from
1D analysis of the soil column at the center of the basin, defined according to eq. 2.

In Figure 2a,b,c, the 2D magnification factor, FA,p/p, is plotted along the surface of the
analysis domain for A/H equal to 20.8, 4.17 and 1.4, respectively, and for the exemplificative

1084



case of u = 3.1 (since the trend is similar for other impedance ratios). In the first case
(Figure 2a), MH = 20.8, FA,p/p is approximately equal to 1 along the surface and it is not
influenced by the different slopes of the edge. Also the FA|p is approximately equal to 1. This
is because A is very large compared to the thickness of the valley, H, and, as result, the propa-
gation of the seismic waves does not interact with the deformable layer.

When MH = 4.17, the amplification factor is not significantly influenced by the slope of the
edge, except for the wedge pattern (Figure 2b). Indeed, FA,p/p is lower than 1 at edge of the
valley and it is slightly greater than one in the center of the basin, except for the wedge pattern
where attenuation of the motion is always observed. Given the ratio between the fundamental
1D frequency at the center of the valley and the input frequency (approximately equal to 1),
the amplification is mainly due to the 1D resonance, and secondarily to the propagation of
surface waves, which creates a slightly constructive wave field in the center of the valley and a
destructive field near the edge. Only in the case of the wedge, that is very different from the
1D geometry, the attenuation is mainly influenced by the surface waves.

Finally, for MH = 1.4 (Figure 2c), the frequency of the input is significantly greater than the
natural one at the center of the basin, and the magnification factor, FA,p,p, is higher than
one at the center of the valley for all the considered edge slopes. In this case, the amplification
is mainly due to the propagation of surface waves. In Figure 2¢, the amplification factor along
the surface is characterized by three peaks. The two lateral peaks are due to the constructive
wave field generated by the combination of direct and surface waves and their position along
the valley profile depends on the slope of edge, i.e., when o decreases, the peaks move towards
the center and decrease in magnitude.

a) | Width of the valley! b) | Width of the valley!
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Figure 2. Amplification factor FA,p, p along the surface of the valley for: a) A/H = 20.8; b) VH = 4.17;
OMH=14
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Figure 3. Amplification factor FA,p,p along the valley for a = 45° and for different values of: a) M/H
and b) u (for VH = 1.4)

The significant amplification in the center of the valley is due to the focalization of the seis-
mic waves and it is not influenced by a, except for the wedge pattern, where FA,p,ip is how-
ever greater than one.

Figure 3a shows, for a given slope of the edges (a = 45°), the dependency of the amplifica-
tion factor FA,p/p from the ratio M/H, i.e., from the ratio fj,p/fo. If fy is much higher than
finp, and hence A/H very large, there is no 2D influence on the seismic response at surface.
Conversely, when fj,, is very close to fo (\H = 4) there is a clear 2D amplification effect at the
center of the valley whereas a 2D de-amplification effect appears at the edge. Lastly, if fi,, is
much greater than f, (MH very small), the amplification factor is characterized by 3 peaks as
in Figure 2c.

Figure 3b shows the dependency of the FA,p,;p on the impedance ratio p for o = 45° and A/
H = 1.4. As the impedance ratio increases, amplification increases and the lateral peaks move
towards the center of the valley.

Figure 4a summarizes results of the numerical analyses in terms of 2D magnification
factor evaluated at the center of the valley as function of the ratio A/H, for different imped-
ance, W, and for all the slope of the edges except for the wedge. FA,p,ip clearly increases
with p and decreases with A/H highlighting that the amplification depends firstly on the
impedance ratio and, secondarily, on the slope of the edges. The observed trend does not
depend on the slope of the edges except for the case of wedge shape. In this latter case
(Figure 4b), the gap between the values of FA,p,p for p=3.1 and p=7.7 is more relevant. As

a) 3 b) 3
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Figure 4. Chart FA,p,p at the center of the valley: a) a=90°, 0=60°and 0=45°; b) wedge
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Figure 5. Proposed chart of FA,p,p for the center of the valley for all slope of the edges except the
wedge

the impedance contrast increases, the constructive effect between the direct and the surface
wave field increases. Given the particular geometry of the wedge, this effect is much more
relevant than in the other cases.

The results of the parametric study allow to define a chart that could be useful for a prelim-
inary evaluation of 2D magnification factor at the center of the valley. The chart shown in
Figure 5 plots the 2D amplification factor, FA,p,1p, computed at the center of the valley as a
function of MH for different values of impedance, p. The chart shows that whatever the value
of impedance, there is no 2D magnification effect at center valley if the input frequency is
lower than the fundamental frequency at the center of the valley (\/H > 5.5). Note that it is
for all the slope of the edges except the wedge shape.

4 APPLICATION TO A CASE OF STUDY

An example of application of the proposed chart is provided with reference to a real case.
Figure 6b shows the 2D section analysed for the seismic microzonation of the municipality
of Caldarola, near the city of Macerata (Marche region). Two shallow valleys can be identi-
fied: the valley A, identified between 50 and 300 m, and a valley B, between 350 and 550 m.
The valley A consists of a 10 m layer of a clayey silt characterized by a shear wave velocity,
V; equal to 205 m/s, while the valley B is filled by a coarse-grained soil with V variable
between 370 and 523 m/s. Both valleys overlie on a geological bedrock with Vg equal to
621 m/s.

A set of viscoelastic 2D analyses was carried out with the code QUAD4M, using seven
accelerograms compatible with the spectrum suggested by the national building code
(Table 3). Figure 6a shows the results of the 2D analysis in terms of maximum, minimum and
mean FA,p/p for the two valleys.

In order to compare the output of the numerical analysis with the magnification factor pre-
dicted by the proposed chart it was necessary to evaluate the fundamental frequency of the
one-dimensional columns at the center of the valleys. To this aim an equivalent shear wave
velocity (Vg eq) is calculated as a weighted function of the thicknesses of the layers as:

Z?: V.ihi
Vs,eq = IT (4)

where V; is the shear wave velocity and #; is the thickness of ith layer, n is the number of the
layers and H is the total thickness at the center of the valley.
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Figure 6. Amplification factor FA,p,p along the surface of the considered 2D cross section (Caldarola
village)

The equivalent natural frequency of the basin, fy ¢4, is then computed as:

Ve
fO«eq = 4—1(_}1 (5)

Entering the chart with the computed ratio fi,p/fcq (and therefore A/H) it was possible to
read the related FA,p,p for the related impedance.

As shown in Figure 6a, the 2D results are in good agreement with those estimated by the
proposed chart. In detail, for valley A, A/H is 4.34 for the equivalent 1D column and p is equal
to 3, which return an amplification factor FA,p,1p of about 1.1 from the chart in Figure 5. For
the valley B, AH is equal to 3.19 which corresponds to a FA,p,p of about 1.3 from chart in
Figure 5. Both estimated values of FA,p,|p are very close to those calculated from 2D analysis.

5 CONCLUSIONS

This paper presents results from a parametric study aimed to investigate the influence of the
shape of the valley, inclination of the edges, frequency of the excitation, and impedance ratio
on the seismic response of a 2D shallow trapezoidal valley.

Table 3. Properties of input motions

finp finp/ fo,eq MH
Input

Hz Valley A Valley B Valley A Valley B
Acc. 1 7.70 1.54 2.04 2.66 1.96
Acc. 2 7.15 1.43 1.90 2.87 2.11
Acc. 3 8.30 1.66 2.20 2.47 1.82
Acc. 4 3.38 0.68 0.90 6.07 4.46
Acc. 5 3.57 0.71 0.95 5.74 4.23
Acc. 6 3.57 0.71 0.95 5.74 4.23
Acc. 7 4.25 0.85 1.13 4.82 3.55
Mean 5.42 1.08 1.44 4.34 3.19
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The results of the study showed that the ratio fi,p/focq has a key role in defining the 2D
response of the valley. In fact, whatever it is the slope of the edge:

« IfM/H is very large (i.e., 10 - 20) there is no amplification at all, i.e., FA,p = FA;p = 1;

* IfMH =4 -5, fi,, is very close to fy and the amplification is mainly due to the 1D reson-
ance. In the center of the valley FA,p,p = 1 — 1.1, while at the edge FA,p/1p < 1, even
though FAp > 1;

e If MH < 4 -5, fj,, is higher than f, and the contribution of surface wave propagation is
predominant and FA,p,p increase with fj;,.

Moreover, for the considered cases, the inclination of the edges does not significantly influ-
ence the amplification of the seismic motion, except for the case of the wedge pattern.

The numerical results are summarized in a simplified chart that shows the variation of 2D
magnification factor at the center of the valley, FA,p,ip as a function of AH and p. The pro-
posed chart allows a preliminary estimation of FA;p,p, avoiding the execution of time-con-
suming 2D analyses. The proposed chart was applied to a real case. The estimated 2D
magnification factor was in quite good agreement with those computed by 2D numerical
analyses.

The proposed chart refers only to the center of the valley. The study of the factors influen-
cing the amplification at the edges is among the future perspectives of the present research.
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