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Summary 

The objective of this part of JRA1 work is primarily to use numerical simulation tools to 
derive "aggravation factors" quantifying the difference between 2D site response and the 
1D response, the latter being supposed to be the "standard" accounted for in building 
codes or first level site-specific studies.  
This has been achieved through the design of a comprehensive parametric study of the 
linear response of more than 1000 2D valleys (162 trapezoidal or triangular geometries 
combined with six velocity profiles involving realistic velocity gradients for both 
sediments and rock, plus 32 similar geometries combined with 3 different homogeneous 
velocity profiles). The valley width range from 500 m to 20 km, the sediment thickness 
from 30 m to 1 km, VS30 values from 125 m/s to 500 m/s, and velocity contrast at depth 
from 1.5 to 8. The 2D response has been computed for at least 100 surface receivers 
under vertical incidence of pulse-like SH and SV waves, and later convolved with 10 to 
20 real input accelerograms. These computations were performed with the various 
modeling techniques and codes available with the consortium: Finite Difference, Finite 
Element, and Spectral Element, in the linear case and for some cases taking into account 
the soil non-linearities. It was thus necessary to start with a "verification" exercise to 
ensure that all codes provide the same results when applied to the same case.  
The results are described first in terms of average "amplification factors AF" (average 
ratio of output response spectrum to input response spectrum for various realistic input 
signals), and ultimately in terms of 2D/1D "aggravation factors AGF" quantifying the 
additional effect of the 2D geometry by comparing the 2F AF to the 1D AF (taking into 
account only the local vertical soil column). A preliminary analysis indicates that these 
AGF are found in the range 1.3 – 2 in most cases, with a maximum near the valley 
edges and sometimes in the center of embanked valleys, while they almost 
systematically exhibit some deamplification (AGF values smaller than 1) on the very 
edges of valleys (over dipping sediment-basement interface). These aggravation factors 
decrease with increasing input ground motion because of non-linearity, while they may 
increase in case of pronounced 3D geometries. The final objective (not yet fully 
achieved) is to propose simple formulae relating these AGF to the geometrical and 
mechanical characteristics of the valley and the receiver position. 
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1 Introduction 

Alluvial valleys or basins are characterized by lateral thickness variations which have 
been shown to generate peculiar wave propagation phenomena (diffraction of surface 
waves, possible focusing of body waves, vertical and lateral reverberations) leading to 
increased wave trapping and interferences, and significant differences (increased 
duration,; generally overamplification, sometimes deamplification) with respect to the 
case of horizontally stratified layers ("1D soil columns"). 
Such effects have been qualitatively predicted by theory for about 3-4 decades, and 
have been actually observed in real recordings or damage distribution (for instance in 
Kobe in 1995). However, they are only very rarely accounted for even in site-specific 
studies, because of a) the cost of the required geophysical surveys to constrain geo-
mechanical characteristics of the underground structure not only underneath but alos 
around the target site, b) the insufficient number of well-documented observations that 
prevents any statistical treatment for a purely empirical prediction, and c) the lack of 
comprehensive enough parameter study that would allow to identify the key controlling 
parameters and to quantify their effects. 
This was explicitly the goal of this task to take advantage in the recent improvements in 
computing facilities, software accuracy and storage capacity, to perform a large number 
of computations for a wide variety of geometrical characteristics, velocity contrasts, and 
receiver locations within the valley, in order to derive statistically meaningful 
relationships describing the gross dependence of the amplification on the main site 
"meta-parameters". 
 
The routine engineering practice to account for effects of subsurface conditions is either 
to consider the building code provisions based on site classification and the associated 
pre-defined spectral shapes (most often derived as a function of the "VS30" parameter), 
or to perform 1D site response studies taking into account the local soil column. Both 
approaches have in common to be based only on the local soil structure, i.e. implicitly 
assuming a 1D site response. Therefore, in order to be consistent with the usual practice 
and to propose the simplest possible procedures to account for subsurface geometry 
effects, it was decided to quantify their effects only in terms of "aggravation factors" 
(Chavez-Garcia and Faccioli, 2000; Chavez-Garcia, 2007) describing the ratio between 
2D (or 3D) and 1D amplifications for a variety of representative ground motion 
parameters. 
 
This report will this successfully describe the overall work flow adopted in that aim 
(section 2), and the actual, complementary computations performed by the two partners 
involved in this Task, i.e. ISTerre (assisted by CUB as a subcontractor) in section 3 and 
AUTH in section 4.  

2 Work Organization 

2.1 General flow-chart 

The basic idea and goal is to quantify the changes in amplification (increase = 
overamplification, or decrease = deamplification) compared to the 1D case. In that aim, 
the work was divided in the successive steps listed below : 

a) Selection of the models to be computed : geometry, mechanical characteristics, 
incident wavefield  

b) Selection of a representative number of input accelerograms  
c) Selection of the (surface) receivers where to compute the resulting motion 
d) Selection of the ground motion parameters for which should be computed the 

2D/1D aggravation factors 
e) Selection and checks of the numerical simulation software 
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f) Computations for all the considered cases of the time-domain response for a 
simple, pulse-like, short-duration signals, in both 2D and 1D cases fror each 
reveiver 

g) Linear convolution of the pulse response at each receiver l or each valley j with 
the selected input accelerograms i and derivation of the aggravation factor AGF 
for each considered ground motion parameter GMPk: AGF(Rljki) = GMPk-2D(Rlji) / 
GMPk-1D(Rlji) 

h) Averaging these aggravation factors over all the considered input accelerorgams 
to derive a mean aggravation factor AGFm(Rljk) 

i) Using statistical tools to correlate AGFm(Rljk) to valley geometrical (width, 
thickness, etc.) and mechanical (velocity profile) characteristics, and also receiver 
location at valley surface 

 
This procedure is valid only for a linear response; in case of a non-linear response, steps 
(f) and (g), i.e., the numerical simulation of the site response for a simple, short 
duration pulse, and their convolution with each selected input accelerogram should be 
replaced by a direct computation of the response to the selected input accelerogram 
scaled to a given pga level. Step (h) should then be applied only to accelerograms with 
similar pgas, and the statistical tools of step i) should then include pga as an explanatory 
variable. 
The subsections below describe in more detail the implementation of the preparatory 
steps (a) to (d) . 

2.2 Model selection 

2.2.1 Geometry 

After discussion in the first year f the project, it was decided to consider a set of 
trapezoidal and triangular valleys with a broad range of thickness and widths, and 
various  slope angles on each edge, as indicated in Figure 1.  
More specifically,  

• 6 values are considered for valley width W from 500 m to 20 km 
• 6 values are considered for valley maximum thickness H, from 30 m to 1 km 
• 6 sets are considered for slope angles: 4 symmetrical cases with edge slope 

angles equal to 10°, 20°, 45° and 65°, and two non-symmetrical cases with one 
edge angle at 10°, and the other edge at 45° or 65° 

In total, this resulted in 162 geometries, as only 27 (H,W) combinations were considered 
as indicated in Figure 1. Out of them, 131 have a trapezoidal shape, and 31 a triangular 
shape with a maximum thickness lower than or equal to the H value. 
The advantages of such a geometry and parameter set are that it is simple, while it 
allows to investigate the effect of the thickness/width "shape ratio" and of the sloping 
angles on each edge; in addition, a quick survey of the available cross-sections indicated 
that it is not uncommon to have triangular shapes with some dissymmetry. 

2.2.2 Mechanical characteristics 

Considering the large thickness values, velocity profiles with a velocity gradient were 
considered more realistic. Their functional form is provided in Figure 2 : it is controlled 
by the velocity at surface VS0 et at a 1 km depth VS1, and the exponent describing the 
depth dependence: a value of 0.5 was consider reasonable. The values at surface and 
depth were then tuned to have VS30 values providing integer velocity contrast with the 
underlying bedrock, which was considered homogeneous with a constant S-wave velocity 
equal to 1 km/s. The bedrock / sediment surface velocity contrast thus ranges from 2 to 
8 (2, 3, 4, 5, 6 and 8). The total number of consdired geomachanical cases was thus 
972. 
The damping was tuned to the velocity with the "rule-of-thumb" relation QS = VS/10 
(i.e., the damping ς = 0.5/QS is decreasing with increasing depth. 
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Figure 2 : Velocity profiles considered for the valley sediments  

 
The unit mass was taken as linearly related to the S-wave velocity through the 
relationship unit mass ρ (z) = 1600 + 0.6 (VS(z) – 100) in the sediments, and ρb = 2500 
kg/m3. 

Mechanical#proper.es#
#•  VS(z)#=#VS0#+#(VS1@VS0)#[(z#–#z0)/(z1@z0)]0.5##,#z0=0#m,#z1=1000#m!

1 2 3 4 5 6 

VS0 (m/s) 80 100 120 160 247 434 

VS1 (m/s) 480 700 835 950 1000 1000 

VS30 (m/s) 125 167 200 250 333 500 

162#geometries#*#6#velocity#models#=#972#valleys#

Computa.on#of#P@SV#and#SH#response#to#ver.cally#incident#
plane#wave#=#1944##simula.ons#in#2D#

 
Figure 1 : Geometry of the trapezoidal and  triangular valleys considered 

Geometry of 2D valleys 

•  Trapezoidal or 
triangular shape 

•  Control 
parameters: 
H,W,α1,α2 

 
 

h(m) \  w (km) 0.5 1 2.5 5 10 20 

30 0.06 0.03 0.012 - - - 

60 0.12 0.06 0.024 0.012 - - 

120 0.24 0.12 0.048 0.024 0.012 - 

250 0.5 0.25 0.1 0.05 0.025 0.0125 

500 - 0.5 0.2 0.1 0.05 0.025 

1000 - - 0.4 0.2 0.1 0.05 

27 (H,W) combinations * 6 (α1,α2) combinations = 162 geometries 
        31 with triangular shape, 131 with trapezoidal shape 

JRA1 6th work meeting, Roma, 17-19/03/2014 
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The P-wave velocity was taken equal to 1.5 km/s in the sediemtns (considered as water 
saturated), and 2 km/s in the bedrock. 
The quality factor for P-waves was taken according to the following formula :  
QP(z)  = Min (2*QS(z), VP(z)/10) 
 
In addition, it was decided to perform some sensitivity tests to investigate more 
specifically the effects of damping, incidence angle, non-linear behavior, and bedrock 
velocity 

 
Note : AUTH initiated the computations at a time where all these parameters were not 
yet fully established. As detailed in section 4, they thus considered a limited number of 
geometries (32), homogeneous sediments (non gradient) with three different VS values 
(250, 350, and 500 m/s), and a stiffer bedrock (VS = 1500 m/s). These results are thus 
complementary from the ISTerre computations. AUTH also considered a velocity gradient 
model for the NL sensitivity study, with a slightly different exponent from ISTerre. All 
models are reasonable and provide complementary results. 

2.3 Input wavefield and accelerograms 

The seismic excitation has been basically defined as vertically incident plane S-waves, in 
order to provide a meaningful comparison with respect with the routine 1D analysis. The 
motion may be in-plane (incident "SV" waves) or out-of-plane (incident "SH" waves). 
 
A sensitivity analysis was performed however in one case to investigate the changes in 
case on obliquely incident plane waves. 
 
As the aggravation factors are looked for on several ground motion parameters (peak 
values, response spectra, duration, etc., see below) that are not related linearly with 
their analog on input motion, it is needed to considered several realistic input 
accelerograms, in order to get robust estimates on the corresponding average 
aggravation factors. The option in AUTH has been to select 9 input accelrograms 
corresponding to events with magnitude ranging from 5.6 to 7.3, distance from 3 to 30 
km, and various faulting mechanisms. The option in ISTerre was to select accelerograms 
on the basis of their frequency contents, as it has been shown in previous studies that 
the amplification factors of response spectral ordinates do vary as a function of the 
frequency contents: their spectra are illustrated in Figure 3.  

2.4 Surface receivers 

The ground motion has been computed at a minimum of 101 receivers within the valley, 
with a maximum spacing of 50 m : for valleys having a width smaller than 5km, the 
receiver spacing thus ranges from 5 m (w = 500 m) to 50 m (w= 5 km), and for valleys 
wider than 5 km (i.e., 10 or 20 km wide), the number of surface receivers was extended 
to 200 and 400, respectively. 
10 additional receivers have been considered on each side, on the outcropping bedrock, 
with a spacing equal to w/20 (i.e., from 25 m to 1000 m, over distances from 125 m to 5 
km), as displayed on Figure 4. 

2.5 Ground motion intensity parameters 

The main ground motion intensity parameter (GMIP) considered in all analysis 
(ISTerre/CUB and AUTH) was the acceleration spectra at a suite of periods / frequencies. 
Some additional GMIP were systematically computed by ISTerre / CUB 

• Peak time domain values (pga, pgv) 
• Short period [Fa, around 0.1 s : average in the range 0.05 – 0.2 s] and 

intermediate period [Fv, around 1 s: average in the range 0.5 – 2 s] amplification 
factors 
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• Spectral intensity SI, Cumulative Absolute Velocity (CAV), Arias Intensity IA,root 
mean square acceleration arms, and Trifunac-Brady duration DTB. 

  
 

Figure 3 : Normalized response spectra of the input accelerograms considered by ISTErre/CUB 

 

 
Figure 4 : Location of the surface receivers  for the investigated geometries 

 
 

Defini.on#of#surface#receivers!

Within#the#Valley#
Constant!inter6receiver!distance!=!∆<50#m##
Maximum!#!of!receivers!=!nrec#

Outside#the#Valley#
Constant!inter6receiver!distance:!∆#=W/20#
Constant!#!of!receivers!=!10!(5!each!side)!!

W# ∆# nrec#

250!m!–!5000!m! W/100! 101!

10000!m! 50!m!(=!W/200)! 201!

20000!m! 50!m!(=!W/400)! 401!

Total#number#of#receivers#
(all#simula.ons)#=#154#692#

bardpi          /data/risques/bardpi/d12/artsism/nera/signaux  f001.sgf Wed Sep 10 11:45:40 2014 
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2.6 Verification 

As different codes were used for sharing the computational work, it was mandatory – 
given our previous experience in this field (Tsuno et al., 2006; Chaljub et al., 2010, 
2015) to check they all provide similar results on the kind of geometry we considered. 
Several computational codes were available within the consortium : 

• ISTerre : Spectral Element Method (SEM) 
• AUTH : FLAC2D (Fast Lagrangian Analysis of Continua, a commercial code 

distributed by ITASCA company, version 2005), ABAQUS (a finite element 
method), and 2DFD_DVS (Finite Difference, originally developed by CUB: Moczo 
et al., 2004, 2007) 

• CUB : Finite Difference Method 
 
Some specific verification cases were selected, corresponding to a small size, 
symmetrical valley (w = 500 m, h = 100 m, α1 = α2 = 45°), or an intermediate size, 
asymmetrical trapezoidal valley (w=2.5km, h = 500 m, α1 = 20° ; α2 = 65°; soft soil), 
and its response was to be computed for incident SH and SV waves, with or without 
damping. Some results of such a comparison are displayed in Figure 5, Figure 6 and 
Erreur ! Source du renvoi introuvable. for the comparison between Finite Difference 
(FDM) and Spectral Element (SEM) codes on the intermediate size valley case. Other 
comparison cases are presented later in the AUTH section. 
As mentioned in Chaljub et al., 2015, important issues are the proper implementation of 
damping – which is actually the case for all the codes used in the linear cases (SEM, 
FDM, 2DFD_DVS) -, and the proper meshing near the sharp discontinuities. 
These verification steps proved to be useful in improving the implementation of damping 
in the SEM code, and refining the meshing so as to ensure an extremely good fit 
between SEM and FDM results.  

 
Figure 5 : Example of verification cases, intermediate size, asymmetrical trapezoidal valley 

Verifica.on#case#
#

2

3

1 Vs:#average#model#(Vs30=218m/s)#
ρ:#gradient#model#
Vp=1500#m/s#
Qs=Vs/10#
Qp=min(Qs/2,vp/10)#

Vs=1000#m/s#
Vp=2000#m/s#
ρ=2500#kg/m3#

Q##∞#

• !SH!and!P6SV!;!elas(c!and!viscoelas(c!
• !T!=![0,30!s]!
• !Source!(me!func(on:!flat!spectrum!up!to!15!Hz!
• #fmax=20#Hz#
• !Output:!veloci(es!and!strains!
!

α1=20#deg.## α2=65#deg.##

W=2.5#km#

H=0.5#km#

Z=1500m#

Z=2500m#

1

2

3

Source#.me#func.on#
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Figure 6 : Example comparison between FDM (blue) and SEM(red) for the intermediate size, 

asymmetrical trapezoidal valley in the elastic case (no damping) for vertically incident SH waves 

 
Figure 7: Example comparison between FDM (blue) and SEM(red) for the intermediate size, 

asymmetrical trapezoidal valley in the vsco-elastic case (with damping) for vertically incident SV 
waves 

SH#elas.c#case:#horizontal#velocity#!

CUB:#Finite#Difference#Method# UJF:#Spectral#Element#Method#

Receiver!
In!the!central!
part!of!the!valley!

CUB@FDM#
UJF@SEM#

P@SV#visco@elas.c#case:#ver.cal#displacement!

CUB:#Finite#Difference#Method# UJF:#Spectral#Element#Method#

CUB@FDM#
UJF@SEM#

Receiver!
In!the!central!
part!of!the!valley!
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2.7 Work repartition and schedule 

Given the amount of computations and post-processing work to be performed, the 
computations have been organized as follows 

2.7.1 AUTH - ITSAK 

The codes available at AUTH were the only one that allow to account for non-linear  
behavior. The computations performed at AUTH thus focused on a iimited number of 
valleys in the linear case, and on the non-linear case 
• 96 Linear parametric analyses using Finite Difference Code 2DFD_DVS (Moczo et al. 

2004,2007), with varying geometrical and material properties, and different input 
motions.  

o A total of 32 geometries was considered (the 8 emphasized in red in Figure 1, 
with four edge angles sets : 3 symmetrical with angles 20, 45 and 65°, and 
one asymmetrical  with angles 20° and 65° 

o 3 velocity contrasts with homogeneous sediemnts having S-wave velocity VS 
of 250 m/s, 350 m/s, and 500 m:s over a hard bedrock with VS = 1500 m/s 

o Nine different input accelerograms were considered 
• 108 Non-linear analyses for six selected geomechanical models using the Finite 

Element Code ABAQUS  
o Two symmetrical trapezoidal geometries are considered, with the same valley 

width (2500 m) and two thicknesses (120 m and 250 m). Edge slope angles 
are 45° 

o Six velocity gradient models are considered (3 for each thickness) with mid-
depth "average" velocities of 250, 350 and 500 m/s,, respectively, and 
velocity gradient exponent of 0.7. 

o The material non-linearity is described according to the constitutive model of 
Anastasopoulos et al. (2011) and degradation curves corresponding to the 
Ishibashi and Zhang model for clays with a plasticity index of 50 and a mean 
confining pressure of 10 kPa. 

o Six different input accelerograms are considered, scaled to three pga levels: 
0.1, 03, and 0.5 g  

 
In each case, the aggravation factors were computed for the response spectra ordinates 
at varying periods. 
 

2.7.2 ISTerre – CUB 

Only linear computations were performed, but on a total of 1956 cases. The work was 
shared between ISTerre and CUB: ISTerre performed the comprehensive simulations for 
1944 cases listed on Figure 1 and Figure 2 on their grid computers, while CUB performed 
the sensitivity studies and the post-processing to derive aggravation factors for the 
various ground motion intensity parameters mentioned in section 2.5, including all the 
1D response computations for all the receivers in view of deriving the 2D/1D aggravation 
factors (3600 different soil columns in total). 
The computations were designed to be accurate up to a frequency of 15 Hz, so as to 
include the whole frequency range of interest in earthquake engineering 
23 input acclerograms were considered to derive average aggravation factors for each 
receiver (i.e., a total of 154692 surface receivers). 
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3 ISTerre – CUB Contribution 

3.1 Context and schedule 

At the beginning of the project, it was planned that this (heavy) computational work 
should be one component of the Ph.D. of A. Imtiaz, the PhD student who was hired 
under NERA funding for a joint contribution to work packages 11 (JRA1 : Waveform 
modeling and site coefficients for basin response and topography) and 13 (JRA3 : 
Coherence of near–fault ground motion : spatial distribution and ground strain). It 
turned out quite rapidly however that her initial work schedule (numerical simulation of 
ground motion variability in the near-source area – JRA3 -; field work and array 
processing for the joint analysis of seismic wavefield and ground motion coherency in the 
Koutavos-Argostoli area – see deliverable D11.6 and Imtiaz (2015) – joint JRA1+JRA3; 
and this JRA1 computational part) was much too heavy, especially as the data 
acquisition campaign in Argostoli (from September 2011 to April 2012) was 
extraordinary successful and gave rise to thousands of recordings, out of which hundreds 
with high quality. 
It was then decided to drop the computational part in her duty. One can check in her 
PhD manuscript (Imtiaz, 2015) and the associated reviewer reports and defense report 
that the amount of work she accomplished is exceptional. 
 
We therefore had to find another solution to perform the computational work and the 
post-processing analysis. The work load was taken by permanent ISTerre researchers in 
addition to their other commitments: this was the way to achieve the comprehensive 
parameter study, and a solution could be found only towards the end of the project (in 
the last year actually) to have the output of the simulation and post-processing work 
analyzed by another PhD student funded within another framework: this is part of the 
work plan of Ahmed Boudghene Stambouli, a PhD student of Tlemcen University  
(Algeria), within the framework of French – Algerian bilateral cooperation project, 
13MDU901. Due to this delay, the main outcome of this computational component of 
JRA1 could not be achieved before the official end of the project, but will be obtained in 
2015 and submitted for publication in 2015 for a probable publication in 2016. 

3.2 Numerical simulation : parameter study 

The main characteristics of the computation performed by ISTerre and CUB have already 
been given in section 2.7, and are provided in some more details in Appendix B for the 
CUB contribution, including sensitivity studies, 1D computations  and computatauon of 
aggravation factors. 
 
This next section will simply provide some hints on the numerical difficulties of the 
considered cases, and the volume of computations 

3.2.1 Meshing issues 

The requirement is to have accurate computations up to a frequency of 15 Hz. The 
corresponding wavelengths are indicated in Figure 8 which implies to have two different 
mesh size within the valleys depending on the velocity profile (soft or stiff).  
The procedure for meshing using the CUBIT approach is summarized in Figure 9. Specific 
numerical difficulties were faced in the case of very small edge slope angles (10° and 
20°), which led to some specific mesh adjustment and adaptations (truncating the acute 
angle by a – very shallow : 4 m thick only – wall like edge) in order to avoid the high-
frequency numerical instabilities, as illustrated in Figure 10. 
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Figure 8 : Basic informations to be accounted for in the mesh design 

 
 

 
Figure 9 : Procedure adopted for the mesh design 

 
 

Mesh#design#for#the#whole#set#of#Valleys#
#•  VS(z)#=#VS0#+#(VS1@VS0)#[(z#–#z0)/(z1@z0)]0.5##,#z0=0#m,#z1=1000#m!

1 2 3 4 5 6 

VS0 (m/s) 80 100 120 160 247 434 

VS1 (m/s) 480 700 835 950 1000 1000 

VS30 (m/s) 125 167 200 250 333 500 

λ Love 
20 Hz (m) 

 
5.3 

 
6.8 

 
8.2 

 
10.7 

 
15.5 

 
31 

λ Rayleigh 
20 Hz (m) 

 
5.1 

 
6.6 

 
8.0 

 
10.4 

 
14.9 

 
29.4 

5#m!resolu(on!in!the!valley! 10#m!resolu(on!in!the!valley!

2!spectral!element!meshes!for!each!of!the!162!geometries!=!324#meshes#

Mesh#design#procedure#

1
2

2 1 Element#size#=#5#m#Element#size#=#40m#

3#Doubling#zones#

• !Fully!automated!mesh!
design!based!on!the!CUBIT!
mesher!(Sandia!Nal!Lab)!

• !Paving!algorithm!
(efficient!in!2D!only)!

• !Refinement!in!the!
sedimentary!part!achieved!
by!16>2!refinement!bricks!

• !Mesh!quality!
systema(cally!inspected!
with!ad6hoc!criterion!!
(shear!metric)!
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Figure 10 : Mesh design isues faced in the case of acute edges (top), and mesh adaptation 

strategy (bottom) 

 
 

3.2.2 Computational effort 

Once performed the selection of the models and adopted the meshing strategy, the 
computations had to be launched. The a priori estimation of computational time was the 
following: 

Mesh#design#issues#

Mesh#Quality#(distorsion)#

Strategy!of!mesh!design!
@!valley!edge!with!
shallow!angles!is!cri(cal!
for!computa(onal!
efficiency!(stability!
condi(on)!
#
Penaliza.on#compared#to#
regular#mesh:#
20°##x#3#
10°##x#6#

Mesh#design#adapta.on!

Mesh#Quality#(distorsion)#

Wall6like!termina(on!of!
Valley!edge,!h=4m!
Only!applied!for!angles!
10,20!deg.!Max!hor.!size!
of!removed!edge!=!23!m.!
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• For full P-SV (in plane motion, 972 models) calculations over a T= 30s duration, 
the requirement was 230 000 hours of cpu cores (i.e., ~3 months of 100 cpu 
cores). It was estimated that the mesh adaptation strategy on valley edges could 
possibility reduce this time by a factor 2 to 3. 

• For full SH calculations (out-of-plane motion, 972 models), the estimated 
requirement was about 1/3 of full P-SV calculations (i.e., about 1 more month 
without optimization) 

A few preliminary computations indicated that the a priori considered 30s duration was 
too small: it was thus extended to 60s. 
 
The final computations were performed in Winter 2013-2014 on the "Froggy" machine, 
which is the very recently installed Grenoble High Performance Computing platform, with  
3040 cpu cores and 66 TFlops. The full P-SV and SH calculations over a 60s duration 
actually required 280 000 hours of one cpu core (~4 years of 8 cores = ~1 month of 400 
cores) on Froggy. This was possible thanks to the very deep involvement of E. Chaljub in 
the management of High-Performance Computing tools for the scientific community of 
the Grenoble area. 
 
The "raw" results of this set of computations are the time-domain response to an pulse-
like input signal at each of the 154692 receivers. 6 time series are available for each 
receiver, 3 translational velocity components and the corresponding 3 spatial derivatives 
with respect to the distance along the valley cross-section (in order to estimate ground 
strains) 

• Out-of-plane velocity component for vertically incident, plane SH waves 
• Spatial derivative of the out-of-plane velocity component (= torsional strain) for 

vertically incident, plane SH waves 
• In-plane horizontal velocity component for vertically incident, plane SV waves 
• In-plane vertical velocity component for vertically incident, plane SV waves 
• Spatial derivative of the in-plane horizontal velocity component (= axial strain 

along the x direction) for vertically incident, plane SV waves 
• Spatial derivative of the in-plane vertical velocity component (= rocking strain) 

for vertically incident, plane SV waves 
These 928152 time series are sampled with a time step dt = 0.004 s and are 60 s long 
(15000 samples, 60 Kbytes). The size of the raw archive, distributed in the Grenoble 
area computing cloud, is thus 56 Gbytes: this affordable, but cannot be easily accessed 
from other locations. The post-processing work had thus to be performed on site. 
The structure of the archive and post-processing is as follows: 

• Storage of results in a local Data Grid infrastructure handled by IRODS system 
(cloud like) 

• Metadata are defined for each time-series in order to ease the post-processing of 
the results: valley geometry, velocity model, position… 

• Metadata are added directely to the IRODS metadata catalog (no need to create 
specific database) 

• Post-processing is done on the Grenoble HPC center local computing grid (CIGRI) 
as much as possible 

• Data query and transfer from IRODS to a local computer is possible for more 
interactive data mining  

 
Given the amount of receivers, the whole set of results cannot be shown in a reasonable-
size report. Only example results are displayed on Figures 11 to 14 for some "extreme" 
cases : widest, thickest and softest valley with the most acute edge angles on Figure 11 
and Figure 12, smallest, intermediate thickness and softest valley in Figure 13, and 
smallest, intermediate thickness and softest valley in Figure 14. These fe examples 
illustrate 

• The need to compute up to 60s long duration 
• The effects on vertical component 
• The important effects of damping at high-frequencies 
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Figure 11: Example results for the widest, thickest and softest valley with the smaller edge slope 
angles. The middle panel displays the raw time series for horizontal displacement along half the 
valley cross-section (left) and the corresponding Fourier spectra on the right, with a color code 

depending on the receiver position (red = valley left edge, blue = valley center). The bottom panel 
is similar, but for low-pass filtered horizontal displacement (below 1 Hz). 
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Figure 12: Example results for the same widest, thickest and softest valley with the smaller edge 
slope angles. Are shown here in the same way as in Figure 11 the low-pass filtered displacement  

time series (below 1 Hz) for the horizontal (middle panel) and the vertical (bottom panel) 
components. Despite the high attenuation, a total duration of 60 s is needed.  
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Figure 13: Example results for the narrowest, intermediate thickness and softest valley with steep 
slope angles. Are shown here in the same way as in Figure 12 the low-pass filtered displacement  

time series (below 1 Hz) for the horizontal (middle panel) and the vertical (bottom panel) 
components.  
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Figure 14: : Example results for the narrowest, intermediate thickness and stiffest valley with 

steep slope angles (45°). Are shown here in the same way as in Figure 12 the low-pass filtered 
displacement time series (below 3 Hz) for the horizontal (middle panel) and the vertical (bottom 

panel) components. 

 

Example#3:#small#triangular#valley,#fast#model#

W=500#m#

H=250#m#

#α1=#α2=45#deg.##
Valley 6 

VS0 (m/s) 434 

VS1 (m/s) 1000 

VS30 (m/s) 500 

λ Love 
@20 Hz (m) 

 
31 

λ Rayleigh 
@20 Hz (m) 

 
29.4 

9!932!spectral!elements!
N=4!polynomial!order!=>!0.16!millions!grid!points!
~2!hours!on!8!cpu!cores!for!a!60!s!simula(on!(P6SV)!

Horizontal#Displacement#

1#Hz#

Low@pass#filter#below#3#Hz#

Ver.cal#Displacement#

1#Hz#

Low@pass#filter#below#3#Hz#



NERA | D11.5 
 

  18 

3.3 Post-processing : computation of aggravation factors and dependence on 
geo-mechanical parameters 

3.3.1 GMI parameters 

The Ground motion intensity parameters (GMIP) listed in section 2.5 have been 
computed for each receiver and each input accelerogram, in both the 1D and 2D cases. 
The 2D over 1D aggravation factor (i.e., the ratio of the 2D value over the 1D value) has 
been computed for each input signal, and then averaged over the 23 input signals. Both 
the average and the associated signal-to-signal variability (standard deviation) have 
been saved. 
For each receiver, this aggravation factor has been computed as a ratio 
GMIP(2D)/GMIP(1D), and thus averaged geometrically over the 23 input accelrograms 
for all GMIP BUT the Trifunac-Brady duration DTB, for which the 2D-1D changes have 
been considered through the duration increase DTB(2D) - DTB(1D), which were then 
arithmetically averaged  over the 23 input accelerograms. 
 
Examples of such averages for some valleys are displayed on Figures 15 to 18, priding 
some hints on the following (still qualitative) results: 
• The aggravation factor are parameter dependent :  

o they are generally the largest (up to 3-4) for "energy-related" GMIP (Arias 
Intensity, Cumulative Absolute Velocity), intermediate (around 2) for 
intermediate period GMIP (Housner Spectral Intensity, 1s amplification factor 
Fv), and the smallest (hardly reaching 1.5) for the high-frequency indicators 
(pga, 0.1s amplification factor Fa).  

• The geometry has a significant control on the aggravation factor 
o For embanked valleys, the highest aggravation factors occur in the center 

because of constructive interferences 
o Steep edge slopes have large effects (with aggravation factors lower than 1, 

i.e., deamplification effects), but only very locally just over the valley edges 
o Gentle edge slopes have significant, long distance effects because of their 

energetic diffraction effect 
• The mechanical characteristics within the valley do affect the aggravation factor 

o Increase in damping induce decrease of the aggravation factor, especially for 
high-frequency indicators 

o The aggravation factor for intermediate to long period GMIP tends to increase 
with decreasing soil stiffness, but this effect is variable from one geometry to 
another 
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Figure 15 : Average aggravation factors for 6 different Ground Motion Intensity Parameters for a 
given valley (symmetrical, h=250m, W = 1 km, softest sediments, steep edge slope angles 45°). 
The x axis represents the normalized position along the valley cross-section (x=0 corresponds to 

valley center, x=±1 to valley edges 

 
 

 
Figure 16 : Effect of the sediment stiffness on the average aggravation factors for the 

intermediate period (1 s) amplification Fv for a given valley (symmetrical, h=120m, W = 1 km, 
moderate edge slope angles 20°) – SH incidence. The x axis represents the normalized position 

along the valley cross-section (x=0 corresponds to valley center, x=±1 to valley edges) 

Effects on various severity parameters 

Example : h=250, W = 1000, VS30=125 

bardpi          /data/risques/bardpi/d12/artsism/nera/AGF2D1D/results1_AGF_SH��f024.sgf Sat Oct  4 17:53:31 2014�

NERA final meeting, Athens, 6-7/10/2014 

1 – IA 

2 – CAV 

3 – Fv, SI 

5 – Fa 

6 - arms 

(ISTerre / CUB) 

Example : h=120, W = 1000, AGFv  

Various velocities 

bardpi          /data/risques/bardpi/d12/artsism/nera/AGF2D1D/results1_AGF_SH��f018.sgf Sat Oct  4 17:52:54 2014�NERA final meeting, Athens, 6-7/10/2014 

6 velocities 
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Figure 17: Effect of the geometrical shape on the average aggravation factors for the intermediate 
period (1 s) amplification Fv for a given valley (h=120m, W = 1 km, soft sediments, all kinds of 

slope angles) – SH incidence. The x axis represents the normalized position along the valley cross-
section (x=0 corresponds to valley center, x=±1 to valley edges) 

 

 

3.3.2 Dependence on geo-mechanical parameters 

We have now a huge collection of average aggravation factors (154692 receivers, 10 
severity index + frequency dependent aggravation factors at 100 frequencies). These 
aggravation factors have been in summary files with all the needed metadata. 
In order to propose acceptable aggravation factor to the engineering community, it is 
needed to establish a simple correspondence between the gross geo-mechanical 
characteristics of the valley, the site position (near the edge or near the center) and the 
value of this aggravation factor. This work has been undertaken with the help of the 
Tlemcen university (Algeria), who has built an expertise in the application of the neural 
network approach to engineering seismology (see Derras et al., 2012, 2014).  
The investigations presently focus on two issues 

• Identifying the criteria for large, significant or negligible effects within the valley 
as a function of the shap ratio h/w, the edge slopes, the velocity contrast or VS30, 
fundamental frequency f0) 

• Establish simple, approximate relationships providing a satisfactory estimate as 
the aggravation factor fro differnet zones in the valley (edge, central part) as a 
function of the geomechanical characteristics, with a special attention to the short 
and intermediate period amplification factors Fa and Fv, which are easy to use to 
modify the reference spectra 

This work is under way and should be over by the end of Summer 2015. 

Example : h=250, W = 1000, VS30=125 - AGFv 

bardpi          /data/risques/bardpi/d12/artsism/nera/AGF2D1D/results1_AGF_SH��f021.sgf Sat Oct  4 17:53:03 2014�NERA final meeting, Athens, 6-7/10/2014 

6 geometries 
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1. AUTH numerical verification exercise 

 
1.1 Introduction 

 

The aim of this verification exercise is to validate the efficiency of three numerical codes 
(FLAC, ABAQUS and 2DFD_DVS) to model site response on a 2D canonical basin 
configuration. The efficiency of these codes is tested against implementation of boundary 
conditions, rheology (pure elastic, viscoelastic and non linear behavior of materials under 
dynamic excitation), polarization (SV & SH) and angle of incidence (vertical or oblique) 
for a plane wave excitation. 
 
1.2 Input Data 

 

1.2.1 Geometry and dynamic properties 

 

The basin configuration to be tested is shown in Figure 1. It is a flat trapezoidal basin 
consisting of two layers (matB-soil and matA-rock). The total extent of the model is 
3200m. The length of the basin is 1200m (surface trace) bounded laterally (from each 
side) with 1km of mat A. The max depth of the basin is 100m and the inclination angle of 
the lateral boundary of the basin, a, is 45°. Details on the dynamic properties of 
materials are given in Table 1. 
 

 
Figure 1. Basin configuration to be tested 
 
A. The first step of this exercise consists in computing the response of this basin 

configuration to a vertically incident plane wave. Three analyses are requested for this 
step:  

 
• One analysis without attenuation (purely elastic case) in order to check 

performance of boundary conditions with each numerical method for SV plane wave 
excitation. This case will be referred to as case 1.  

• One analysis with attenuation for SV plane wave excitation. It will be referred to as 
case 2.  

• One analysis with attenuation for SH plane wave excitation, referred to as case 3.  
 
B. The second step of this exercise consists in computing the response of this basin 

configuration to a vertically incident plane wave with SV polarization with attenuation, 
but with different velocity contrast. Two analyses are requested for this step. 

 
• One analysis with attenuation and velocity contrast (Vs,rock/Vs,sediments) equal to 

4 (practically, this is the same with case 2 from previous step). 
• One analysis with attenuation and velocity contrast (Vs,rock/Vs,sediments) equal to 

6. This case will be referred to as case 4. 
 
C. The third step of this exercise is to compute the response of this basin configuration to 

a vertically and an inclined incident plane wave with SV polarization. Two analyses are 
requested for this step. 

 

H1

L

mat A

mat B

a
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• One analysis with attenuation and velocity contrast equal to 4 for vertical incident 
plane wave with SV polarization (practically, this is the same with case 2 from step 
1). 

• One analysis with attenuation and velocity contrast equal to 4 for inclined incident 
plane wave with SV polarization (case 5). The inclination angle with respect to 
vertical axis counting clockwise is set to 25°. 

 
D. The fourth step is to check the coupling of nonlinear effects with the geometrical 

characteristics of the basin for a series of input motion levels, corresponding to 
outcrop motion of 0.1g, 0.3g, 0.5g and 1g. Either the equivalent linear approximation 
(FLAC2D) or nonlinear behavior (ABAQUS) are used. The G-γ-D curve used to describe 
the nonlinear behavior of soil material (mat B) is shown in Figure 2. Five analyses are 
requested for this step. 

 
• One analysis with linear elastic and attenuation behavior of soil material and 

velocity contrast equal to 6 for vertical incident plane wave with SV polarization for 
input motion level corresponding to outcrop motion of 0.1g (practically, this is the 
same with case 4 from step 2). 

• One analysis with either equivalent linear approximation with velocity contrast 
equal to 6 for vertical incident plane wave with SV polarization for input motion 
level corresponding to outcrop motion of 0.1g (case 6). 

• Same as case 6 but for input motion level corresponding to outcrop motion of 0.3g 
(case 7) 

• Same as case 6 but for input motion level corresponding to outcrop motion of 0.5g 
(case 8) 

• Same as case 6 but for input motion level corresponding to outcrop motion of 1.0g 
(case 9) 

 

 
 

Figure 2. G/G0-γ-DT(%) curve used to describe the nonlinear behavior of soil material B.  
 
1.2.2 Attenuation 

 

When attenuation is considered, the reference frequency (i.e. the frequency at which the 
velocities of Table 1 are defined) is: f0 = 1Hz. Modelers dealing with approximate 
attenuation models should try to impose a constant Q in the frequency range [0.1Hz, 
fmax], where fmax=10 Hz.  
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Table 1. Summary of dynamic properties of materials for each case 
 

  Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 Case 9 

Mat 
A 

Vs (m/sec) / 
Qs 

2500 / 
∞ 

2500 / 100 2500 / 100 2500 / 100 2500 / 100 2500 / 
100 

2500 / 
100 

2500 / 
100 

2500 / 
100 

Vp (m/sec) / 
Qp 

4500 / 
∞ 

4500 / 200 4500 / 200 4500 / 200 4500 / 200 4500 / 
200 

4500 / 
200 

4500 / 
200 

4500 / 
200 

ρ (kg/m3) 2500 2500 2500 2500 2500 2500 2500 2500 2500 

Mat 
B 

Vs (m/sec) / 
Qs 

625 / 
∞ 

625 / 50 625/ 50 417 / 50 625 / 50 417 / 50 417 / 50 417 / 50 417 / 50 

Vp (m/sec) / 
Qp 

2500 / 
∞ 

2500 / 100 2500 / 100 2000 / 100 2500 / 100 2000 / 
100 

2000 / 
100 

2000 / 
100 

2000 / 
100 

ρ (kg/m3) 2200 2200 2200 2200 2200 2200 2200 2200 2200 
 a (°) 45 45 45 45 45 45 45 45 45 
 L (m) 500 500 500 500 500 500 500 500 500 
 H1 (m) 100 100 100 100 100 100 100 100 100 
 Excitation SV 

vertical 
incident 

SV vertical 
incident 

SH vertical 
incident 

SV vertical 
incident 

SV inclined 
incident (θ 
= 25° with 
respect to 
vertical 
clockwise) 

SV 
vertical 
incident 

SV 
vertical 
incident 

SV 
vertical 
incident 

SV 
vertical 
incident 

 Rheology Pure 
elastic 

Linear – 
anelastic 
attenuation 

Linear – 
anelastic 
attenuation 

Linear – 
anelastic 
attenuation 

Linear – 
anelastic 
attenuation 

Non 
Linear  
(0.1g 
outcrop) 

Non 
Linear 
(0.3g 
outcrop) 

Non 
Linear 
(0.5g 
outcrop) 

Non 
Linear 
(1.0g 
outcrop) 

 
Q=1/2ξ, ξ : damping 
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1.2.3 Source time function 

 
Figure 3-left shows the source-time-function with time sampling ∆t =0.0001s for input 
motion corresponding to 0.1g at the surface in terms of acceleration (top), velocity (mid) 
and displacement (bottom) to be used as incoming wavefield at 300 m depth. At the 
right panel of Figure 3, the corresponding fourier amplitude spectra are presented. For 
cases 7-9, incoming acceleration wavefield is multiplied with a constant factor (3,5,10 
respectively) to obtain input motion corresponding to higher acceleration levels. 
 
 

   
 

Figure 3. Source time functions (left) and corresponding fourier amplitude spectra 
(right) corresponding to 0.1g outcrop motion 
 

1.2.4 Required Output 

 

30-sec time histories of ground acceleration and ground velocity at 51 receivers defined 
in Figure 4 are provided with a constant time step ∆t equal to one fifth of the minimum 
period, ∆t = 0.02 sec. 
 

 
 
Figure 4. Positions of receivers for which acceleration and velocity 30-sec time histories 
are provided. 
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1.3 Description of the different software used 

 

1.3.1 FLAC 

 

1.3.1.1 Short description of FLAC2D 
 
Introduction 
 

FLAC2D v.4.0 (Fast Lagrangian Analysis of Continua, ITASCA 2005) is a commercial 
package allowing various types of analysis of soil, rock and other materials such as R/C 
or steel structural elements. Analysis types include static, dynamic, thermal, viscoelastic, 
fluid-flow and creep analysis, including large-strain and failure calculations. Here it is 
used in the context of seismic ground response analysis even though it is obvious that 
the code has a much more general scope. This has been done previously by other 
researchers (Bouckovalas and Papadimitriou 2005; Ktenidou 2010).  
 
The typical procedure followed for numerical modeling and analysis starts with creation 
of a finite difference grid, which defines the geometry of the problem under study, choice 
of the constitutive laws of the materials present, and definition of the initial and 
boundary conditions. These are used to calculate the initial state of equilibrium. 
Following that, a change is introduced to the initial state, in this case application of a 
dynamic excitation, and a number of calculation steps are followed until convergence is 
achieved. 
 
Grid geometry 
 
Plane-strain conditions were assumed, which is the usual case for non-axisymmetric 
geometries, which we assume to remain constant along a significant length 
perpendicular to the cross-section under study.  
 
The code allows for a non-horizontal free surface and for grid grading, i.e. uneven zone 
sizes, so it can be made denser near areas where stronger changes are expected and 
less dense towards the boundaries. However, in the interest of accuracy, the ratio of the 
smallest grid zone to the largest grid zone may not be less than 1:10, while the ratio 
between a single zone’s dimensions may not be less than 1:5. 
 
Models and materials 
 

Material models and properties are assigned to grid zones. More than ten constitutive 
models can be chosen to represent material behaviour, but in the present work only the 
isotropic linear elastic model is used. Its definition only requires knowledge of density, 
bulk and shear modulus values, which have been estimated to a reasonable degree. 
Highly sophisticated laws may represent better behaviour, but they often require a larger 
number of parameters that are almost impossible to estimate.  
 
Discretization 
 
For any discretized medium, there is a maximum frequency for which elastic waves can 
be correctly transmitted through the grid. In order to use either finite elements or 
differences for numerical analysis, the problem of numerical dispersion must be taken 
into account. It is known that in nature, (physical) dispersion is the term that describes 
the dependence of phase and group wave velocity on frequency. In a discretized model, 
numerical (or grid) dispersion describes the dependence of wave velocity on the features 
of the model, such as grid size, element type and size, etc. 
 
In FLAC, the maximum allowable zone size (∆lmax) when discretizing the grid may be 
approximated by the formula (1), as a function of the minimum wavelength present in 
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the model (λmin), which in turn depends on the minimum S-wave velocity (Vsmin - for a 
SV analysis) and the maximum frequency of interest (fmax). Likewise, the maximum 
frequency transmitted by a specific model can be estimated as follows, based on the 
largest zones within the softest material:  

 

max

minmin
max

1010 f

Vs
l

⋅
≤≤∆

λ                or               
max

min
max

10 l

Vs
f

∆⋅
≤                                         (1) 

                 
Based on this rationale, when records are used as input motion for a model, it is best to 
use a low-pass filter to remove sharp, high-frequency components from them. While 
such components usually do not carry any significant amount of energy, they may 
render a much finer grid necessary or even generate non-physical spurious ‘ringing’ in 
the results. In this case, the highest frequency for which we wish our results to be 
accurate is roughly 10 Hz. The grid discretization was performed based on this 
requirement. 
 
Initial and boundary conditions 
 
Boundary and initial conditions can be set by constraining or freeing motion at gridpoints 
along the model boundaries. In this case, in order to step the model into initial 
equilibrium, horizontal motion was constrained along the lateral boundaries and both 
components of motion were constrained along the base.  
 
Alterations - Dynamic loading 
 
After calculating the initial state, the alteration introduced is the application of a dynamic 
input boundary condition on the gridpoints along the base, simulating transient seismic 
excitation. Dynamic input can be introduced in either direction (horizontal or vertical, but 
not oblique) as a time-history of acceleration, velocity, stress or force. It may have the 
form of a pulse or wavelet based on a known equation or of an actual (baseline-
corrected) earthquake record. 
 
Wave reflections at model boundaries can be avoided by placing the latter at large 
distances from the area of the model that is under study. Since this constitutes a 
computational burden, reflections can also be minimized by specifying viscous (a.k.a. 
‘quiet’), free-field, or three-dimensional radiation-damping boundary conditions.  
 
The two sides of the model are considered as free-field boundaries. This type of 
boundary (Cundall et al. 1980) is implemented by the code specifically for lateral 
boundaries to substitute for simple boundaries that should otherwise be placed at 
impractically large distances to avoid generation of ingoing waves. They account for the 
free-field motion that would exist in a one-dimensional case, i.e. at a large distance from 
the actual 2D configuration. This is achieved through execution of a 1D free-field 
calculation in parallel with the main-grid analysis, with the main grid being coupled 
through viscous dampers with the free-field one (Figure 5). 
 
On the other hand, the base of the model is considered here as a viscous boundary, 
since it did not represent an existing soil interface which would be expected to reflect 
waves, but merely a continuation of the same material. The viscous or absorbing 
boundaries used in FLAC are those described by Lysmer and Kuhlemeyer (1969) and use 
independent dashpots in the normal and shear direction to the boundary. These are 
effective for absorbing body waves reaching the boundary at angles higher than 30º, but 
not completely for lower angles or for surface waves (which for a P-SV scheme are of the 
Rayleigh type). The dashpots provide tractions which are normal and shear to the 
boundary direction and which are applied at every time step in the same way boundary 
loads are applied. 
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Figure 5. Depiction of free field boundaries (model sides) and viscous boundary (model 
base) in FLAC (ITASCA 2005). 
 
One restriction is that velocity and acceleration input cannot be applied onto viscous 
boundaries because they will nullify the viscous effect. This type of excitation can only be 
applied to a rigid base. Thus, in this case, the velocity time-history to be introduced at 
the (flexible) base chosen for the model must be transformed into stress through 
formula (2):  

 

sss C υρσ ⋅⋅⋅= )(2                                                                            (2) 

 
where  σs: applied shear stress 
 ρ: mass density  
 Cs: S-wave velocity  
 

sυ : input shear particle velocity (may be assumed as unit). 

 
For example, a velocity S wave of maximum amplitude υ=1m/s propagating in a soil 

with Vs=100 m/s and d=2000 kg/m3 will be transformed into a stress wave of maximum 
amplitude:  

 

Pa
m

kg
C

g

d
C sssss 407750407751)100

81.9

2000
(2)(2)(2

2
==⋅⋅⋅=⋅⋅⋅=⋅⋅⋅= υυρσ                         (3) 

  
Dynamic damping 
 
Damping in geological materials has been experimentally found to be independent of 
frequency. Thus, a ‘correctly damped’ solution can much easier be achieved through a 
frequency-domain analysis than through a time-domain analysis. In this case, the 
dynamic analysis is performed in the time domain, so an approximation needs to be 
made that will simulate roughly constant damping over the frequency range of interest. 
The material damping models that can be used by the code are Rayleigh, local and 
hysteretic. 
 
Rayleigh damping is often used in numerical analysis codes to simulate both soil and 
structure energy dissipation, although its physical meaning is unclear, to say the least. It 
is by definition frequency-dependent but there are several schemes to tackle that. It is 
relatively simple to use and does not require knowledge of parameters that are difficult 
to estimate. One drawback is that it causes the time step of the analysis to decrease, 
rendering it more computationally expensive. 
  
The local damping model, on the other hand, is primarily designed for static problems. 
Though in dynamic applications it has the advantage of being frequency-independent, it 
is according to the code designers not an advisable model to use for complex 
waveforms. 
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Finally, the hysteretic model is a more sophisticated way to simulate material damping 
and it is frequency-independent, which describes soil damping better. It can be used for 
dynamic analysis through implementation of G-γ-D curves.  
 
We use the more conventional method of Rayleigh damping and will provide some 
further details on it. For Rayleigh damping, the damping matrix [C] has components that 
are proportional to the mass [M] and stiffness [K] matrices through damping constants α 
and β (Rayleigh and Lindsay, 1945):   
 
 ][][][ Κ⋅+Μ⋅= βαC                                                                                    (4) 

      
This has also been named the ‘full’ Rayleigh formulation, as opposed to the ‘simplified’ 
formulation, which is often applied to structural problems and only includes stiffness-
proportional damping (α=0).  
 
In mode superposition analysis and due to the orthogonality properties of the mass and 
stiffness matrices, the critical damping ratio or fraction of critical damping for a multiple 
degree-of-freedom system for mode i at angular frequency ωi is ξi (Bathe and Wilson 
1976):  
  

  ⇒⋅⋅=⋅+ iii ξωωβα 2
2









⋅+⋅= i

i

i ωβ
ω
α

ξ
2

1
                                                            (5) 

  
It is evident from the previous equation that in order to solve for constants α and β, the 
value of damping must be specified at two frequencies, say at modes n and m, so as to 
create a 2x2 equation system. If both these modes are assumed to have the same 
damping ratio (i.e., assuming frequency-independent damping), then the scalar values 
of the constants are:   
               

nnnn

nn

nn

n and
ωω

ξβ
ωω

ωω
ξα

+
⋅=

+

⋅⋅
⋅=

22
                                           (6) 

              
In FLAC, only one frequency is specified in order to simulate the ‘full’, two-target-
frequency formulation: the frequency at which the damping value reaches a minimum 
(Figure 6). This occurs when the derivative of the equation becomes zero:  
 

β
α

ω
ω
ξ

=⇒= min0
d

d
  or      

β
α

π2
1

min =f                       (7) 

 
At that angular frequency, mass and stiffness each provide half of the damping effect 
and the minimum value of damping based on the previous equations is: 
 

 βαξ ⋅=min                                               (8) 
             
The two parameters used by FLAC to define Rayleigh damping for a given material are 
ξmin and ωmin. Both values may vary throughout the model’s zones and are assigned to 
gridpoints. The choice of ξmin is made based on knowledge of the small-strain (minimum) 
D value from G-γ-D curves derived from lab tests. The choice of ωmin is not as simple. 
The overall damping as a sum of mass and stiffness components is roughly constant over 
a 3:1 range of frequencies around the centre frequency (here, normalized critical 
damping is roughly equal to 1 from 5 to 15 rad/s). Thus, it is suggested by the code 
authors that the choice of ωmin is made so as for this range to include the model’s natural 
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frequencies and the predominant input frequencies, providing roughly frequency-
independent damping within the chosen band of frequencies. 
 

 
Figure 6. Normalized critical damping ratio as a function of angular frequency (ITASCA, 
2005). 
 
Dynamic calculations 
 
Calculations are performed with the explicit finite difference method, solving the full 
equations of motion in time domain. It is assumed that lumped masses are located at 
the gridpoints. The critical time step of the dynamic analysis is calculated internally by 
the code based on the P-wave velocity, area and dimensions of each zone in the grid, 
with small and/or stiff zones controlling it. Prior to dynamic calculations, velocity and 
displacement are set to zero throughout the model. Time-histories can be calculated at 
any gridpoint. Single or double precision calculations can be made. 
 
1.3.1.2 Simulation 
 
The previous section provided some details as to certain general features of the code 
implemented. In this section, details are given as to the specific simulation. The 
geometry and elastic soil properties of the model are shown in Figure 7. 
 
Discretization 
 
The model was discretized so as to allow for frequencies up to 10 Hz to propagate 
through the grid. The minimum shear wave velocity in the model corresponds to soil 
type B for case 3 (Vs=417 m/s). This leads us to choose the maximum vertical zone size 
as Dz=4 m using Eq. 1. In FLAC, the horizontal size of the zones can be as high as 10 
times the vertical size. We choose Dx=10 m. We keep the same discretization for all 
cases studied (it is slightly finer than necessary for cases 1 and 2, since Vs=625 m/s 
means that Dz=6 m would suffice). Receivers were placed at 50 m spacing (every five 
nodes in the horizontal) outside the basin and every 20 m (every two nodes) within the 
basin. A detail of the finite difference grid including the basin edge is shown in Figure 8.  
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Figure 7.  Geometry and elastic soil properties (shear modulus G) of the model used for 
the numerical simulations. 
  

 
Figure 8. A detail of the finite difference grid including the basin edge (Dz=4 m, Dx=10 
m) – surface receivers are indicated as numbers. 
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Boundary conditions 
 
The two lateral boundaries of the model are considered as free-field boundaries. As 
mentioned in the first section, these account for the free-field motion that would exist in 
a one-dimensional case, i.e. at a large distance from the actual 2D configuration. The 
base of the model is considered as a viscous boundary, since it did not represent an 
existing soil interface, which would be expected to reflect waves, but merely a 
continuation of the same material. A detail of the model (left end) indicating the 
placement of the boundary conditions is shown in Figure 9. 
 

 
Figure 9. A detail of the grid indicating the placement of the boundary conditions: quiet 
absorbing base and free-field left boundary. 
 
Dynamic damping 
 
In the case of FLAC, Rayleigh damping must be introduced for each material at a single 
frequency (fmin). The procedure followed here to best estimate the input damping 
parameters for FLAC is explained in more detail in Ktenidou (2010). We start from the 
two-frequency model traditionally used to define Rayleigh damping and chose these two 
frequencies (which theoretically should correspond to natural modes of the model) as 
follows: f1=0.9Hz and fn=7xf1=6.3 Hz. This range includes the model’s natural 
frequencies and the predominant input frequencies and will remain the same for all soil 
layers. We then fit this model to our (frequency-independent) Q data in this frequency 
range so that the average Rayleigh damping value equals the corresponding ξ=1/2Q. 
When that is achieved, the minimum point of the curve is used as input for FLAC 
(fmin=2.4 Hz and ξmin). We follow the procedure described above for all soil types. The 
damping specification for all soils is shown in Figure 10. The exact damping values are 
shown in Table 2. We note that for case 6, the initial damping value is not the given Q 
but is chosen as the minimum value of D in the G-γ-D graph for material C 
(D0=ξ0=1.67%); this initial value is then increased according to the computed strain 
level (ξ=1.9%). 



Figure 10. Damping specification in FLAC for all soil types: comparison of average 
frequency-independent value with achieved frequency
the range of interest. 
 
Table 2. Damping parameters.
 

  Data

Soil type Qs

A 100

B 50

B - case6 -

 
 
Implementation of equivalent linearity
 
The level of excitation assumed was of the order of 0.05g on bedrock. A 1D equivalent 
linear analysis was first carried out for the 
code (Bardet et al. 2000), so as to estimate the strain
surface soil layer based on the given G
shear strains in the top layer 
degradation (G decreases by a maximum of 1% which we consider negligible). Based on 
this, we consider the same value of Vs in the analysis of case 6 as we did for case 3. This 
means that the discretization made based on elastic parameters is acceptable and we 
need not repeat it, and the same holds for the initial static stress calculations. At this 
strain level however, a small increase in damping is observed. This leads us to change 
the ξ value of soil B from 1.67% to 1.93% (Table 
will approximate nonlinear behaviour. 
 
1.3.2 ABAQUS 

 

Finite Element Model 
 
The problem has been analyzed in the time domain employing the finite element (FE) 
method, assuming plane-strain conditions. The numerical model represents a flat 
trapezoidal basin of maximum depth 100 m with homogeneous soil properties. The soft 
soil within the basin (termed Mat B) has a shear wave velocity of Vs = 625 m/s and is 
bounded by a much stiffer formation (properties termed Mat A) of Vs,rock = 2500 m/s. 
4-noded quadrilateral elements have been utilized. In order to ensure that the full 
dynamic response of the basin

NERA | D11.5 

specification in FLAC for all soil types: comparison of average 
independent value with achieved frequency-dependent Rayleigh damping in 

. Damping parameters. 

Data Model 

Qs ξ0 ξ(γ) ξmin fmin (Hz)

100 (0.4%) 0.5 0.4% 2.4 

50 (0.8%) 1% 0.8% 2.4 

- 1.67% 1.93% 1.5% 2.4 

Implementation of equivalent linearity 

The level of excitation assumed was of the order of 0.05g on bedrock. A 1D equivalent 
linear analysis was first carried out for the soil profile in the basin centre, using EERA 
code (Bardet et al. 2000), so as to estimate the strain-compatible soil properties of the 
surface soil layer based on the given G-γ-D curve. The analysis results in relatively low 
shear strains in the top layer (lower than 0.0008%). There is no significant stiffness 
degradation (G decreases by a maximum of 1% which we consider negligible). Based on 
this, we consider the same value of Vs in the analysis of case 6 as we did for case 3. This 

ation made based on elastic parameters is acceptable and we 
need not repeat it, and the same holds for the initial static stress calculations. At this 
strain level however, a small increase in damping is observed. This leads us to change 

l B from 1.67% to 1.93% (Table 2) for the new linear 
behaviour.  

The problem has been analyzed in the time domain employing the finite element (FE) 
strain conditions. The numerical model represents a flat 

of maximum depth 100 m with homogeneous soil properties. The soft 
(termed Mat B) has a shear wave velocity of Vs = 625 m/s and is 

bounded by a much stiffer formation (properties termed Mat A) of Vs,rock = 2500 m/s. 
noded quadrilateral elements have been utilized. In order to ensure that the full 

basin is properly captured, the element dimensions have been 
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specification in FLAC for all soil types: comparison of average 

dependent Rayleigh damping in 

fmin (Hz) 

The level of excitation assumed was of the order of 0.05g on bedrock. A 1D equivalent 
soil profile in the basin centre, using EERA 

compatible soil properties of the 
D curve. The analysis results in relatively low 

(lower than 0.0008%). There is no significant stiffness 
degradation (G decreases by a maximum of 1% which we consider negligible). Based on 
this, we consider the same value of Vs in the analysis of case 6 as we did for case 3. This 

ation made based on elastic parameters is acceptable and we 
need not repeat it, and the same holds for the initial static stress calculations. At this 
strain level however, a small increase in damping is observed. This leads us to change 

) for the new linear analysis, which 

The problem has been analyzed in the time domain employing the finite element (FE) 
strain conditions. The numerical model represents a flat 

of maximum depth 100 m with homogeneous soil properties. The soft 
(termed Mat B) has a shear wave velocity of Vs = 625 m/s and is 

bounded by a much stiffer formation (properties termed Mat A) of Vs,rock = 2500 m/s. 
noded quadrilateral elements have been utilized. In order to ensure that the full 

is properly captured, the element dimensions have been 
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selected so that all waveforms can be represented for the whole frequency range under 
study [0.1 to 10 Hz] in both media. As such: 
 
Following the principle that the element size must be 8 to 10 times smaller than the 
minimum expected wavelength, for Mat A the minimum required element size is 
calculated as λmin = Vs/(10fmax) =2500/100=25 m. The adopted element size however 
has been set equal to 10 m ensuring an even finer discretization (i.e. capturing of even 
higher frequencies). Similarly, for material B, λmin = Vs/(10fmax) =2500/100 = 6.5 m. As 
previously, a finer discretization with element size of 5 m has been adopted. The basin 
geometry and the associated FE model configuration are depicted in Figure 11, while 
Figure 11(c) portrays a detailed view (zoom-in) of the finite element mesh close to the 
basin boundary. In order to decrease the computing time requirements, only the half of 
the basin model has been analyzed taking advantage of the symmetry conditions. 
 

 
Figure 11. (a) Basin geometry, (b) finite element configuration and (c) a detailed view 
of the FE mesh close to the basin corner. 
 
Excitation motion 
 
The model is subjected to plane SV waves (both vertical and inclined) prescribed at the 
outcropping rock. The source time function of the input motion is depicted in Figure 12. 
It corresponds to a rather narrow-banded wavelet with a peak ground acceleration of 
0.1g (assuming completely elastic response). It is well known that, in case of purely 
elastic response, finite element calculations require very fine discretization in the time 
domain in order to perfectly simulate the theoretical solution, which definitely renders 
the calculations computationally inefficient. Certainly, such requirements fade away as 
soon as the response deviates from the ideally purely elastic case towards a more 
realistic behavior involving some degree of inelasticity. Hence, the time step adopted for 
the analyses was dt = 0.005 s, although an extra analysis has been conducted for Case 
1 with dt = 0.0005 s in order to illustrate the aforementioned phenomena. 
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Figure 12. Acceleration time-history prescribed at the rock outcropping (PGA = 0.1 g) 
 
Boundary Conditions 
 
Initially, the exercise prescribed that the lateral boundaries of the model be set at a 
minimum distance of 1000 m from each corner of the basin. However, one of the goals 
of the exercise was to parametrically investigate the effect of both the type and the 
location of the lateral constraints in order to achieve the best possible representation of 
free-field conditions. The results of this investigation are briefly outlined in this section. 
 
In general, vertical constraints had been prescribed at the right lateral boundary of the 
numerical model (i.e. vertical motion is prohibited at the central nodes of the basin) so 
as to achieve symmetry conditions, while absorbing boundaries have been assumed at 
the base of the numerical model so as to revoke the generation of possible spurious 
reflections. The latter elements act as simple viscous dampers in both horizontal and 
vertical direction and are readily available at the element library of ABAQUS (Figure 13). 
Their constant C is calculated as C = ρ V A, where ρ the material density, A the surface 
covered by each damper and V the wave velocity (Vs or Vp depending on the direction of 
action of the damper). 
 

 
Figure 13. Dashpot elements at the base of FE model (acting in horizontal and vertical 
direction) have been utilized to absorb the vertically propagating outgoing waves (SV 
and P waves respectively) 
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Simulation of free-field lateral boundaries 
 
No special purpose free-field elements are available in the ABAQUS library. Thus the 
most common approach to tackle a wave propagation problem, where the accurate 
representation of the free-field conditions is crucial, is by applying kinematic constrains 
at the (adequately distant) lateral boundaries allowing free horizontal movement with no 
rotation (thus imitating a shear beam response). Obviously however, when the simulated 
problem includes 2-dimensional geometry which produces complex wavefields consisting 
of both inclined SV and P waves, this type of boundary is inherently imperfect: it 
generates wave reflections which tend to modify the response as the reflected waves 
travel back towards the model center. The precise reproduction of free-field conditions is 
further hindered by the relatively low ratio ρVs,val / ρVs,rock ≈ 4.5, which is insufficient 
to produce “trapping” of waves within the basin body; hence refracted waves are able to 
propagate within the surrounding rock formation thus altering the ideal free-field 
response. 
 
These shortcomings have been also identified by various researchers who have 
concluded that as long as the boundaries are placed far enough from the area under 
study they are expected to behave quite satisfactorily (Barry et al. 1988; Kellezi 2000, 
Kontoe et al. 2009). Their performance is expected to be further enhanced when 
anelastic attenuation is considered (the reflected waveforms from the imperfect 
boundaries are rapidly attenuated even for small values of the radiation damping and 
hence, they are not expected to influence the response). 
 
The Effectiveness of the Simple kinematic constraints – minimum distance of lateral 
boundary 
 
Based on the above, in order to calculate the minimum horizontal dimension of the 
model, the distance of the lateral boundaries from the basin corner has been 
parametrically varied between L = 750 –1500 m assuming the most conservative case of 
purely elastic response (for which reflections are maximized) (Figure 14). Model A refers 
to the L=750 m case, model B to the L = 1000 m and Model C has length L = 1500m. 
The competence of the model is judged based on its ability to accurately simulate the 
free-field conditions (i.e. minimization of undesirable reflections).  
 
Figure 15 portrays the spatial distribution of maximum horizontal acceleration along the 
basin surface for all three configurations analyzed. In terms of peak values, the two 
larger models display an almost equivalent response (Figure 15b), while the shorter 
model A (L= 750 m) is not capable of reproducing the ‘correct’ amplification pattern 
close to the basin corners. The dissimilarities between the three models are even more 
pronounced in terms of acceleration time histories. Two indicative locations are selected 
herein as reference points: the corner (x/L1 = -1) and the center (x/L1 = 0) of the 
basin. Note (Figure 16) that discrepancies in the horizontal acceleration time histories 
(after the main pulse) are evident even for the 2 larger models, which, at least 
macroscopically, displayed quite equivalent response in terms of PGA distribution. As far 
as the free-field response is concerned, the prediction of the two models (B and C) is 
compared to the “target” 1-dimensional free field response in Figure 17. As expected, 
due to the purely elastic nature of the problem analyzed, the amplitude of the reflected 
waves is not a function of the distance of the lateral boundary and is therefore 
insensitive to it. On the other hand, the distance does affect the arrival time of the 
reflected waves and, as such, for the shorter model B the main pulse is contaminated by 
these late arrivals while a clearer reproduction of the “target” main pulse may be 
achieved in case of the longer model C. Although the response of model C is judged 
quite accurate, it necessitates quite distant boundaries in order to be achieved, which 
apparently increases the computational requirements. In view of this, it has been 
attempted to further improve the lateral boundary conditions of the model so as to not 
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only achieve a more precise replication of the exact free-field response but also to 
minimize late arrivals at a lower computational cost. 
 
To this end, a hybrid “free-field boundary” has been proposed consisting of a 1-
dimensional soil column (allocated the rock properties) connected with the lateral border 
nodes of the 2-d model through Vs and Vp dashpots (Figure 18). The results displayed in 
the following Figures 19-21 confirm the efficiency of the hybrid boundary: The response 
of the basin compares perfectly with that acquired when assuming the very high length 
model of L=1500 m both in terms of spatial distribution of maximum horizontal 
acceleration values (Figure 19) and in terms of time histories of horizontal acceleration 
(Figure 20) The free field response almost entirely imitates the theoretically validated 1-
d response (Figure 21) produced by the widely accepted code SHAKE-91 (Schnabel et al. 
1991); a comparison which apparently augments the confidence in the model’s 
predictive value. 
 
 
 

 
 

Figure 14. Three different model configurations are analyzed where the distance 
between the basin edge and the lateral boundary is varied parametrically from L = 750 
m to L = 1500 m . 
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 (a)  

(b)  
Figure 15. Effect of lateral boundary distance: Spatial distribution of maximum 
horizontal acceleration along the basin surface. The horizontal axis has been normalized 
over the half basin length. 
 

(a)  

(b)  
Figure 16. Effect of lateral boundary distance: Time history of computed horizontal 
acceleration (a) at the basin corner (x/L1 = -1) and (b) at the basin center (x/L1 = 0). 
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Figure 17. Acceleration time histories at the free-field boundary for the Model B (top) 
and Model C (bottom) respectively. The computed accelerations are plotted against the 
theoretically correct 1d response. 
 
 

 
Figure 18. Schematic representation of the hybrid free-field boundary 
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Figure 19. Simple kinematic constrains versus Hybrid free-field boundary: Spatial 
distribution of maximum horizontal acceleration along the basin surface (for both models 
the lateral boundary is assumed at L= 1500 m from the basin corner) 

 
Figure 20. Effect of boundary conditions: computed horizontal acceleration time 
histories (a) at the basin corner (x/L1 = -1) and (b) at the basin center (x/L1 = 0). 
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Figure 21. Acceleration time histories at the free-field boundary for the Model C (top) 
and the Hybrid Model (bottom) respectively. The computed accelerations are plotted 
against the theoretically correct 1d response. 
 
A further investigation was attempted next, utilizing the hybrid boundary in conjunction 
with the L= 1000 m model (B), which allows substantial saving of computing cost. 
Results are again compared with the L=1500 m model case in Figures 22 and 23, which 
confirm the efficiency of the hybrid boundary. Based on this reasoning, the proposed 
hybrid boundary has been shown to substantially reduce the minimum acceptable 
distance of the lateral border of the model, which could possibly be a vital asset in case 
of complex analyses (of perhaps more realistic formation geometries) where the 
modeling requirements are too harsh to allow the adoption of adequately distant lateral 
boundaries.  
 
Attenuation Law and Nonlinear Soil Response 
 
Three different types of analysis have been conducted in accord with the exercise 
specific requirements: (i) completely elastic (ii) visco-elastic, (assuming only inelastic 
attenuation) and (iii) fully nonlinear analyses (where both the inelastic attenuation and 
nonlinear hysteretic response of the soil are considered). 
 
Visco-elastic analyses 

 

The exercise prescribes that a frequency-independent attenuation law be utilized. Yet, 
such a rheological model is not available in the ABAQUS database and therefore an 
approximate frequency-dependant Rayleigh damping model has been adopted, whose 
parameters a and b are properly calibrated to yield an almost constant attenuation value 
at the frequency range of interest (i.e. between 0.1 to 10 Hz). The calibration process 
consisted of comparisons between the 1d ABAQUS quasiviscoelestic analyses (conducted 
utilizing the code with the non-constant Rayleigh damping) and the SHAKE code where 
the target (constant) damping values had been prescribed. The best match parameters a 
and b (portrayed in Figure 24) were subsequently employed in the 2-d basin analyses. 
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Figure 22. Effect of lateral boundary location (when the hybrid free-field boundary is 
implemented): Acceleration time histories at the free-field boundary for the Model when 
L = 1500 m (top) and L = 1000 m (bottom) respectively. The computed accelerations 
are plotted against the theoretically correct 1d response. 
 
 

(a)  

(b)  

Figure 23. Effect of lateral boundary location (when the hybrid free-field boundary is 
implemented): Acceleration time histories at the basin corner (x/L1= -1) and (b) at the 
basin center (x/L1 = 0). 
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Figure 24. (a) Calibration and (b) Validation of Rayleigh damping parameters for the 
Mat-A (Left Colum) and the Mat-B (Right column) 
 
Fully nonlinear analyses 

 

The hysteretic soil behavior is modeled by employing a kinematic hardening constitutive 
model, incorporating the Von Mises failure criterion and an associated plastic flow rule 
(Anastasopoulos et al. 2011). The evolution law of the model consists of two 
components: a nonlinear kinematic hardening component, which describes the 
translation of the yield surface in the stress space (defined through the "backstress" 
parameter α), and an isotropic hardening component, which defines the size of the yield 
surface ο σ as a function of plastic deformation. Calculation of the model parameters 
requires the knowledge of: (a) soil strength (Su) ; (b) small-strain stiffness (Go or Vso) ; 
and (c) stiffness degradation, G–γ and ξ-γ curves to calibrate parameter λ. The model 
versatility allows it to account for stiffness degradation with increasing shear strain (γ) 
values, through the introduction of an external user-defined subroutine correlating the 
modulus of elasticity during unloading with the level of the current shear strain. The 
model has been successfully adopted in the analysis of the seismic behavior of an alluvial 
basin by Gelagoti et al. (2010). Figure 25 plots four characteristic charts of numerically 
computed shear strain vs shear stress loops produced when subjecting a soil element to 
cyclic shear deformation of gradually increasing amplitude. The calibrated numerical 
model prediction of G-γ and ξ-γ curves for cases 6-9 is compared with the actual curves 
in Figure 26. Evidently, the nonlinear model constitutes a quite flexible and adaptive 
tool, able to efficiently reproduce the G-γ and ξ-γ curves for a variety of materials 
displaying significant differences among them. Where existing, the deviations from the 
target response are more pronounced for materials of high strength that present a rather 
strongly-nonlinear response.  
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Figure 25. Example shear stress (τ) – shear strain (γ) loops produced when subjecting 
a soil element to cyclic shear deformation of gradually increasing amplitude. 
 

 
Figure 26. Nonlinear kinematic hardening constitutive soil model calibrated against the 
“real” G-γ measurements for the material of cases 6-9. 
  
1.3.3 2DFD_DVS 

 

1.3.3.1 Short description of 2DFD_DVS 
 

2DFD_DVS computational tool is based on a finite-difference scheme to simulate seismic 
wave propagation and seismic ground motion in 2D heterogeneous viscoelastic 
structures with a planar free surface. The code also allows 1D simulations for local 1D 
models defined by the distributions of material parameters along each vertical grid line. 
This feature is reasonable if one is interested in comparing 2D modeling versus local 1D 
modeling for the same structural model. The computational algorithm is based on the 
explicit heterogeneous finite-difference scheme solving equations of motion in the 
heterogeneous viscoelastic medium with material discontinuities. The computational 
region is an area of a rectangle with the top boundary representing a planar free surface, 
and the bottom and lateral boundaries representing nonreflecting boundaries or planes 
of symmetry. Different types of non-reflecting boundaries can be chosen on different 
sides of the computational region. A uniform rectangular spatial grid is used to cover the 
computational region. The upper part of the medium is heterogeneous, the lower part of 
the medium is homogeneous. The rheology of the medium corresponds to the 
generalized Maxwell body. This makes possible to account both for spatially varying 
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quality factors of P and S waves and for constant Q values for the frequency range of 
interest. Details on this algorithm can be found in Moczo et al. (2007), Moczo et al. 
(2004), Kristek & Moczo (2003), Kristek et al. (2002). 
 
The 2DFD_DVS code is accompanied by a supplementary code (2D_Model), which is 
designed for preparation of the computational models of 2D local heterogeneous surface 
structures with planar free surface to be used with 2DFD_DVS code. The medium can be 
divided into 2 parts in the vertical direction: one 2D heterogeneous, between the flat 
free surface at z=0 and ZHOM (ZHOM>=0), and one homogeneous, below ZHOM. For 
the 2D heterogeneous part, NI interfaces (including the free surface) can be defined.  
 
1.3.3.2 Simulation 
 
Discretization 
 
The minimum wavelength that is to be propagated sufficiently accurately has to be 
properly sampled. Usually modelers take 6 grid spacings per minimum wavelength in the 
modeling of earthquake ground motion. Because, however, the effect of the grid 
dispersion is cumulative with an increasing travel distance, one has to be careful in 
choosing sufficient number of grid spacing per minimum wavelength in the model, that 
is, sufficiently small value of the grid spacing. If 6 grid spacings is chosen, then the 
upper estimate of the frequency, up to which the simulation can be considered as 
sufficiently accurate using the 4th-order VS FD scheme, is 

min1

6
AC

v
f

h
≈                                                            (9) 

 
where Vmin is the minimum velocity in the model and h is the grid spacing.  
 
The size of the spatial grid is properly chosen to serve stability and accuracy of the 
results for frequencies up to 10Hz. As a result, for the cases described in Table 1, the 
grid size is chosen to be 5m for both horizontal and vertical directions.  
 
Analysis time step 
 
The analysis time step has to satisfy the stability condition for the 4th-order staggered 
grid VS FD scheme, i.e.: 
 

6

7 2
t∆ ϒ≤                                                      (10) 

 
where Y is the minimum of the ratios h/Vmax, where Vmax is the local P-wave velocity and 
h is grid spacing. As a result, the time step is assigned to 0.0005sec according to grid 
size and maximum P-wave velocity in the model.  
 

Boundary Conditions 
 

Higdon type boundaries are assigned to the left, right and bottom boundaries of the grid. 
 

1.3.4 Summary 

 

Table 3 summarizes the cases analyzed with each numerical code. 
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Table 3. Summary of analyzed cases per software used 
 

 
Case 

1 

Case 

2 

Case 

3 

Case 

4 

Case 

5 

Case 

6 

Case 

7 

Case 

8 

Case 

9 

ABAQUS X X - X X X X X X 
FLAC X X - X - X X - - 

2DFD_DVS X X X X - - - - - 
 

1.4 Comparative results 

 

In the following, indicative comparative results between the different codes are 
presented for cases 1, 2, 4 and 6. Comparative results are not available for cases 3 and 
5, since the analyses for these cases have been run with only one code (2DFD_DVS for 
case 3 and ABAQUS for case 5). Comparative results between the ABAQUS analyses for 
the nonlinear cases (case 6-9) are also presented, to illustrate the effect on nonlinearity 
for increasing levels of input motion. 
 

1.4.1 Case 1 

 

The first step of the verification test consists in computing the purely elastic response 
(case 1) in order to check the implementation and performance of boundary conditions 
with each numerical method used. The absence of inelastic attenuation in this case, 
despite the fact that leads to an overestimation of amplitudes, allows us, first, to identify 
the most important features of the synthetic motion and second, to observe the 
maximum differences in the computed motion introduced by the numerical methods 
themselves. A representation of the synthetic seismograms sections for the symmetric 
part of the basin (Figure 27), for case 1, using the three different codes is given in 
Figure 28. It is immediately evident that a) the wavefield within the basin is dominated 
by laterally propagated surface waves generated at its edges, b) the amount of 
backscattered energy is limited and c) the performance of the lateral sides boundary 
conditions is fine.  
 
Figure 29 shows the comparison for the 3 numerical methods between synthetic 
seismograms, while Figure 30 the comparison between the transfer functions, which are 
computed as the ratio between the synthetic seismogram at the site to the incoming 
velocity wavefield, corrected for the free surface effect. We have chosen to give the 
comparisons for four different receivers: the closest to the basin “rock” receiver (No 20), 
a receiver above the edge of the basin (No 24), a receiver above the constant-depth part 
of the basin (No 30) and finally the receiver located at its centre (No 51). We observe 
that the agreement in both the time representation of synthetic ground motion and the 
transfer functions is surprisingly good if we think of the different way each numerical 
method “represents” this 2D basin model. It could be claimed that the 3 seismograms at 
receiver No20 are almost identical, while notable but still small differences are observed 
at the centre of the basin (Receiver 51), especially for that part of the seismogram, 
which is related to the locally generated surface waves. Regarding the transfer functions, 
it is evident that there is conformity in representing both frequency and amplitude for 
fundamental and higher resonant modes. 
 

 

 

 



 

 

Figure 27. 2D basin configuration (symmetric part)
 

 

 

FD_DVS 

Figure 28. Seismograms sections along the 2D model of Figure 

Case_1 

on (symmetric part) 

ABAQUS 

. Seismograms sections along the 2D model of Figure 27 for case 1 and for the three numerical codes
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FLAC 

for case 1 and for the three numerical codes 
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Figure 29. Synthetic seismograms (m/sec) for case 1 at the receivers No 20 (a), No 24 
(b), No 30 (c) & No 51 (d), for ABAQUS (black), 2DFD_DVS (red) and FLAC (blue). 
 

 
Figure 30. Transfer functions for case 1 at the receivers No 20 (a), No 24 (b), No 30 (c) 
& No 51 (d), for ABAQUS (black), 2DFD_DVS (red) and FLAC (blue). 
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1.4.2 Case 2 

 

The second step of this test was to incorporate inelastic attenuation to our computations 
(case 2). Figure 31 shows the comparison for the 3 numerical methods between 
synthetic seismograms, while Figure 32 the comparison between the transfer functions, 
which are computed as the ratio between the synthetic seismogram at the site to the 
incoming velocity wavefield, corrected for the free surface effect. 
 

Given the fact that inelastic attenuation is tackled quite differently between the analysis 
tools, one would expect that this would distort the observed agreement for the elastic 
case at specific frequency ranges. On the contrary, the comparison between the 
synthetic seismograms is again good (Figure 31). In conjunction with Figure 29, we see 
that inelastic attenuation affected more the amplitude of surface than body waves, a fact 
related with the distance each type of wave propagates (surface waves travel longer 
paths than body ones). Regarding the transfer functions, there is conformity in 
representing both frequency and amplitude for fundamental and higher resonant modes. 
 

 
Figure 31. Synthetic seismograms (m/sec) for case 2 at the receivers No 20 (a), No 24 
(b), No 30 (c) & No 51 (d), for ABAQUS (black), 2DFD_DVS (red) and FLAC (blue). 
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Figure 32. Transfer functions for case 2 at the receivers No 20 (a), No 24 (b), No 30 (c) 
& No 51 (d), for ABAQUS (black), 2DFD_DVS (red) and FLAC (blue). 
 

 

1.4.3 Case 4 

 

Having in mind that the amount of diffracted energy that is trapped within the basin 
strongly depends on the shear wave velocity contrast between sediments and 
surrounding rock material, we decided to compute the same basin configuration with Vs 
contrast (Vs,rock/Vs,sediments) equal to 6 (case 4) instead of 4 (case 2), in order to 
test the efficiency of our numerical tools to this parameter too. Vs values for cases 2 and 
4 are given in Table 1. Good agreement is observed in both time and frequency domains 
among results from the 3 analyses (Figures 33 and 34). Comparing the results of case 4 
to those of case 2, we observe that the amplitude of diffracted surface waves at the 
centre of the basin for case 4 (Figure 33d) is larger than those of case 2 with smaller Vs 
contrast (Figure 31d), as well as amplification of ground motion. Fundamental and 
higher modes frequencies are now shift to lower values for all receivers (Figure 34 
compared to Figure 32), as the result of reducing Vs for the material filling the basin. 
 

(a) (b)

(c) (d)
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Figure 33. Synthetic seismograms (m/sec) for case 4 at the receivers No 20 (a), No 24 
(b), No 30 (c) & No 51 (d), for ABAQUS (black), 2DFD_DVS (red) and FLAC (blue). 
 

 
Figure 34. Transfer functions for case 4 at the receivers No 20 (a), No 24 (b), No 30 (c) 
& No 51 (d), for ABAQUS (black), 2DFD_DVS (red) and FLAC (blue). 
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1.4.4 Nonlinear cases (cases 6, 7, 8, 9) 

 

The results presented so far (cases 1, 2, 4) prove the efficiency of the numerical tools 
used to reproduce complex seismic wavefields in the elastic range with and without 
inelastic attenuation as well as for different Vs contrasts. In order to check the coupling 
of nonlinear effects with the geometrical characteristics of the basin, we have computed 
the response of the basin of case 4 for a series of input motion levels (0.1g, 0.3g, 0.5g 
and 1g motion) using either the equivalent linear approximation (FLAC2D) or nonlinear 
behaviour (ABAQUS). These are cases 6 to 9 in Table 1 respectively.  
 
Figure 35 shows the comparison for case 6 for the 2 numerical methods between 
synthetic seismograms, while Figure 36 the comparison between the transfer functions. 
Given the different treatment of nonlinearity between the two codes (equivalent linear 
approximation for FLAC2D and "fully" nonlinear behaviour for ABAQUS) the agreement in 
both the time and frequency domain can be considered satisfactory.  
 

 
Figure 35. Synthetic seismograms (m/sec) for case 6 at the receivers No 20 (a), No 24 
(b), No 30 (c) & No 51 (d), for ABAQUS (black) and FLAC (blue). 
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Figure 36. Transfer functions for case 6 at the receivers No 20 (a), No 24 (b), No 30 (c) 
& No 51 (d), for ABAQUS (black) and FLAC (blue). 
 
From this point forward, in order to give attention to the effects that a "fully" nonlinear 
approach will have on the results, we present results obtained only by ABAQUS. We use 
case 4 (viscoelastic case) as reference in order to conclude on the effect of nonlinearities 
on the characteristics of computed ground motion. Figures 37, 38 and 39 present a 
summary of synthetic seismograms (left) and transfer functions (right) for cases 4, 6, 7, 
8 and 9 at receivers No. 24, No 30 and No 51 respectively. Seismograms are presented 
with increasing input motion level from top to bottom, while the amplitude scale is not 
the same. We observe that results for case 4 and 6 are almost identical, meaning that 
the response of the basin is linear for input motion levels up to 0.1g. Nonlinear effects 
are more pronounced for cases 7-9.  
 
There is a clear decrease in the amplification of ground motion (Figures 37–39, right) 
with increasing input as the result of the hysteretic attenuation increases. The 
amplification decrease is observed to be greater for higher modes mostly related with 
diffracted wavefields than for the fundamental one. On the other hand, we can see a 
slight shift of fundamental frequencies towards lower values, that one would expect to 
be more pronounced with increasing input motion level up to 1g (outcrop). This probably 
indicates that the calibration of the constitutive model to the G-γ-D (Figure 26) results to 
hysteresis loops of similar shear modulus but with increasing area, and thus, hysteretic 
damping. 
 

(a) (b)

(c) (d)
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Figure 37. ABAQUS synthetic seismograms (m/sec) (left) and transfer functions (right) 
for receiver 24, for case 4 (black), case 6 (red), case 7 (blue), case 8 (green) and case 9 
(cyan) 
 

 
Figure 38. ABAQUS synthetic seismograms (m/sec) (left) and transfer functions (right) 
for receiver 30, for case 4 (black), case 6 (red), case 7 (blue), case 8 (green) and case 9 
(cyan) 
 

 
Figure 39. ABAQUS synthetic seismograms (m/sec) (left) and transfer functions (right) 
for receiver 51, for case 4 (black), case 6 (red), case 7 (blue), case 8 (green) and case 9 
(cyan) 
 

 

1.4.5 Aggravation factors 

 

In this section we present results with the form of aggravation factors AGF, which are 
used to quantify the additional amplification in response spectra introduced by the 2D 
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nature of the basin response above the corresponding prediction of the 1D model. They 
are defined as the ratio between 2D and 1D acceleration response spectra:  
 

2

1

Spectral acceleration considering D effects
AGF

Spectral acceleration from D analysis of isolated soil column
=                           (11) 

 
Aggravation factors are computed using the response spectra of ABAQUS 2D acceleration 
time histories, as well as the response spectra of acceleration time histories from local 
1D analyses, for cases 4 and 6 to 9. The purpose is to distinguish general trends in their 
shape (amplification and period changes) in two ways: a) along the 2D model and b) 
among different excitation levels. 
 
After a careful evaluation of the aggravation factors one by one, we found out that they 
can be categorized in three groups along the basin configuration of Figure 27. Figure 40 
shows the proposed categorization along the basin for cases 4, 6, 8 and 9. The first 
group (Figure 40-left) refers to the receivers on rock sites outside the basin for which 
the aggravation factor is, as expected, almost 1 for the whole examined period range 
(0.1 to 3 sec). The second group stands for the locations inside the sedimentary basin at 
distances between 0 and 120m (0-1.2 times the maximum depth of the basin) from the 
edge (Figure 40-middle). The aggravation factors determined for this group have varying 
with period amplitudes, generally, smaller than 1. This means that 1D seismic response 
for these sites is larger than 2D one. This observation could be attributed to the fact that 
for 1D analyses, the amount of energy which is trapped within the sedimentary layer, 
leading to resonance, is larger than that for 2D, since part of the energy is diffracted at 
the lateral sides and generates surface waves. The third group is then formed with the 
rest sedimentary sites (Figure 40-right). The aggravation factor for this group is 
generally larger than 1. The maximum value is around 2 for the fundamental period of 
the sedimentary layer. Nevertheless, for case 9 with the highest excitation level that 
corresponds to 1g outcrop, the aggravation factor of the third group is per average 1, 
which means that hysteretic attenuation is so high that wipes out dramatically surface 
waves. It is worth noticing that even for strong excitation (0.5g outcrop – case 8), the 
aggravation factor within the basin could be of the order of 1.5 or more. A more precise 
representation of the evolution of the aggravation factors within the basin is given in 
Figure 41. We, there, plot together AGFs for cases 4, 6-9 for selected locations starting 
from the edge towards the centre of the basin. Receivers 22, 24, and 26 belong to the 
second group according to our previous comments, while the rest receivers to the third 
one. It is clear that amplitude of aggravation factor is gradually increased while moving 
to the centre of the basin and that from receiver 35 to 51, the increase in the amplitude 
is observed at the fundamental frequency of the sedimentary layer. 
 
 
1.4.6. Conclusions  
 

Three different numerical tools (FDDVS, FLAC and ABAQUS) were used to check their 
efficiency in reproducing complex (2D) seismic wavefields up to 10Hz for a specific two 
dimensional trapezoidal basin, incorporating at the same time the non-linear dynamic 
behaviour of soil. Extensive comparisons were made both in time (synthetic velocity time 
histories) and frequency (amplification transfer functions) domain, as well as in terms of 
aggravation factors at specific locations along the surface of the 2D basin. The 
agreement in the results of the 3 numerical tools is surprisingly good given the different 
approaches (FD vs FE, boundary conditions, attenuation, constitutive law) implemented 
in each one. All of them are in the position to “accurately” reproduce the complexity in 
the characteristics of seismic motion for this model configuration. This suggests that 
each code in itself or in combination can be safely used to perform the necessary 
parametric analyses.  
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Figure 40. (continued in next page) 
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Figure 40. (continued from previous page) Categorization of aggravation factors along the basin: rock sites (left), close to edge sites 
(middle) and middle sites (right) for cases 4, 6, 8 and 9 
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Figure 41. Comparison of aggravation factors for cases 4, 6, 7, 8, 9 at specific positions along the sedimentary basin 



NERA | D11.5 - AUTH contribution 

 

40 
 

2. JRA1 verification analyses 

 

2.1 Introduction 

 

In this section we present the results of the analyses performed by the AUTH group in 
the framework of JRA1 joint verification test. More specifically, cases 4 (G2-SV-elastic) 
and 8 (G2-SV-viscoelastic) were analyzed using 2DFD_DVS and ABAQUS codes. 
 
2.2 Input data 

 

2.2.1 Geometry and dynamic properties 

 
Proposed Geometry 2 was selected (Figure 42 and Table 4).  

 

 

Figure 42. Geometry of trapezoidal basin considered for the verification 

 

Table 4. Geometrical properties for basin G2 
 V1 V2 V3 V4 
ID W(m) H(m) a1(o) a2(o) X(m) Z(m) X(m) Z(m) X(m) Z(m) X(m) Z(m) 

G2 2500 60 20 65 0 0 164.85 -60 2472.02 -60 2500 0 

 
Sediments 
 
A gradient shear wave velocity profile is considered for the sediments: 
 

���� = ����� = �1 + ��2 − �1��
���

����
��                                                                    (12) 

 
where: 
z1=ztop=0m 
z2=zbottom=-1000, 
β1=β(z1)=150m/s 
β(2)=β(z2)=750m/s 
a=0.5 
 
As a result, the gradient shear wave velocity profile for the sediments (see Figure 43) is 
expressed through the equation: 
 

���� = ����� = 150 + 600�
�

����
��.�                                                                                (13) 
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Figure 43. Gradient shear wave velocity profile for G2 valley geometry 

 
P-wave velocity is considered as constant: 
 
α=Vp=1500m/s                                                                                                   (14) 
 
Mass density is given by the following equation: 
 
ρ=1600+0.6(β-100)                                                                                            (15) 
 
where β is the shear wave velocity (m/s) and ρ (kg/m3) (see Figure 44). Eq. (15) was 
used only for the 2DFD_DVS analyses. For the ABAQUS analyses a constant value was 
considered for mass density, which corresponds to a mean density: 
ρ,con=(1630+1718)/2=1674 kg/m3 
 

 
Figure 44. Mass density profile for G2 valley geometry (2DFD_DVS code) 
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Quality factors for case 4 are ∞ (elastic case), while for case 8 (see Figure 45): 
Qs=β/10                                                                                                             (16)     
 
Qp=min (2Qs, α/10)                                                                                            (17)     
 
The prescribed gradient Qs and Qp profiles were used for the 2DFD_DVS analysis. For 
the ABAQUS analysis, Rayleigh damping was applied, using Rayleigh damping coefficients 
which correspond to a damping ratio ξ=2.25%, which results from the mean Qs value of 
the sediments: Qs=(15+29.697)/2=22.35. 
 

 
Figure 45. Qs and Qp distribution for viscoleastic case (Case 8) 
 
Bedrock 
 
S- wave velocity: β=Vs=1000 m/s 
P-wave velocity: α=Vp=2000 m/s 
mass density: ρ=2500kg/m3=2.5t/m3 
attenuation: purely elastic bedrock (Qs=Qp=∞) 
 
The dynamic properties of the materials for the sediments and the bedrock are 
summarized in Table 5. 
 

Table 5. Summary of dynamic properties of materials for each case 
  Case 4 Case 8 
  2DFD_DVS ABAQUS 2DFD_DVS ABAQUS 

Sediments 

Vs (m/sec)  Eq. (13) Eq. (13) Eq. (13) Eq. (13) 
Qs ∞ ∞ Eq. (16) 22.35 
Vp (m/sec)   1500  1500 1500  1500 
Qp ∞ ∞ Eq. (17) - 
ρ (kg/m3) Eq. (15) 1674 Eq. (15) 1674 

Bedrock 

Vs (m/sec)   1000  1000 1000   1000 
Qs ∞ ∞ ∞ ∞ 
Vp (m/sec)   2000  2000 2000  2000 
Qp ∞ ∞ ∞ ∞ 
ρ (kg/m3) 2500  2500 2500   2500 
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2.2.2 Plane wave excitation 

 

The valley is excited by a vertically incident plane wave, with polarization of SV (i.e. 
along the X axis) type. Pulse P1 is used (Figure 46), which is obtained by low-pass 
filtering a discrete Dirac pulse with a 10-poles (sharp) 1-pass (causal) Butterworth with a 
corner frequency fc = 12 Hz and has no energy above 15 Hz. The level of Fourier 
amplitude of pulse P1 at 15 Hz is about 0.1 (10 % of the plateau value). This value of 
frequency is the maximum value to be considered to design the numerical grids. The 
acceleration, velocity and displacement time-histories for pulse P1 are illustrated in 
Figure. The plane wave is inserted at a depth dpw=250m, as the prescribed depth 
dpw=1500m would increase computational cost too much (especially for the ABAQUS 
analyses).  
 

   

 
Figure 46. Pulse P1: Acceleration, velocity and displacement time-histories 
 

2.2.3 Required output 

 
20-sec time histories of horizontal and vertical ground velocity at 51 receivers located at 
the surface of the sediments, between vertices V1 and V4, with interdistance 50m 
(receivers 2D001 to 2D051) and 8 additional receivers (2D052 to 2D059) located at the 
surface of the bedrock, with interdistance 250 m, and maximum distance to the valley 
1000 m, are provided with a constant time step ∆t equal ∆t = 0.01 sec. 
 

2.3 Results 

 

2.3.1 Case 4 

 

Figures 47-50 illustrate some indicative results from the comparison between the two 
different codes used, in terms of horizontal ground velocity. The agreement between the 
results of the two codes, given their inherent differences and the differences in the 
simulation, is considered as satisfactory. 
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Figure 47. Synthetic seismograms for case 4 at receivers 2D058, 2D057 and 2D056, 
located outside the basin (left side) for ABAQUS (red) and 2DFD_DVS (blue). 
 

 
Figure 48. Synthetic seismograms for case 4 at receivers 2D001, 2D003 and 2D004, 
located above the left edge of the basin for ABAQUS (red) and 2DFD_DVS (blue). 
 

 
Figure 49. Synthetic seismograms for case 4 at receivers 2D005, 2D009, 2D013, 
2D017, 2D024 and 2D026, located above constant-depth part of the basin for ABAQUS 
(red) and 2DFD_DVS (blue). 
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Figure 50. Synthetic seismograms for case 4 at receiver 2D051, located at the right-
most point of the basin, and at receivers 2D052 and 2D053, located outside the basin 
(right side), for ABAQUS (red) and 2DFD_DVS (blue). 
 

2.3.2 Case 8 

 
Figures 51-54 illustrate some indicative results from the comparison between the two 
different codes used, in terms of horizontal ground velocity. The agreement between the 
results of the two codes, given their inherent differences and the differences in the 
simulation, is considered as satisfactory. 
 

 
Figure 51. Synthetic seismograms for case 8 at receivers 2D058, 2D057 and 2D056, 
located outside the basin (left side) for ABAQUS (red) and 2DFD_DVS (blue). 

 

 
Figure 52. Synthetic seismograms for case 8 at receivers 2D001, 2D003 and 2D004, 
located above the left edge of the basin for ABAQUS (red) and 2DFD_DVS (blue). 
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Figure 53. Synthetic seismograms for case 8 at receivers 2D005, 2D009, 2D013, 
2D017, 2D024 and 2D026, located above constant-depth part of the basin for ABAQUS 
(red) and 2DFD_DVS (blue). 
 

 
Figure 54. Synthetic seismograms for case 8 at receiver 2D051, located at the right-
most point of the basin, and at receivers 2D052 and 2D053, located outside the basin 
(right side), for ABAQUS (red) and 2DFD_DVS (blue). 
 

3. Parametric analyses in the elastic domain (homogeneous profiles) 

 
3.1 Introduction 

 

In this section the plan of the elastic parametric analyses that has been performed by 
AUTH is presented. The parametric analyses plan includes a total of 96 trapezoidal basin 
models. For all the models, elastic analyses for 10 different input motions were 
performed using 2DFD_DVS code. 
 

3.2 Geometry 

 

A set of parametric analyses for trapezoidal basins was performed. The geometrical 
properties of the basins are presented in Figure 55.  
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Figure 55. Geometrical properties of the basin for the parametric analyses 
 

Variable geometrical parameters are: width w, thickness h and angles set a1-a2. Their 
values and the id code of each value (w1, w2, w3 for width, h1, h2, h3, h4 for thickness, 
a1 ,a2, a3, a4 for angles sets) are given in Table 6. 
 

Table 6. Geometrical parameters of the basins for the parametric analyses 
Parameter Values 

Width w (m) w1: 2500, w2: 5000, w3: 10000 
Thickness h (m) h1:60, h2:120, h3:250, h4:500 
Angles set a1 - a2 (

o) a1:20-20, a2:45-45, a3:65-65, a4:20-65 
 

The combinations of the values of the parameters width (w) and thickness (h) presented 
in Table 6 that were performed, as well as the corresponding h/w ratios, are given in 
Table 7. The selected combinations result in 8 size models, which, combined with the 
four angles sets (a1-a2) result in 8×4=32 geometrical models (Figure 56). 

 

Table 7. Width (w) - thickness (h) combinations and corresponding h/W ratios (in italics) 
for the parametric analyses 

  Width W (m) 

  w1: 2500 w2: 5000 w3: 10000 

T
h
ic
k
n
e
s
s
 h
 (
m
)
 h1: 60 0.024 0.012 - 

h2: 120 0.048 0.024 0.012 

h3: 250 0.1 0.05 - 

h4: 500 - 0.1 - 

 
3.3 Dynamic properties 

 

The dynamic properties of sediments and bedrock that were used in the parametric 
analyses are summarized in Table 8. In total, three different homogeneous materials with 
attenuation were used for the sediments (with ID codes Vs1, Vs2 and Vs3) and one 
material for the bedrock. As a result, the total number of models that were analyzed is 
32×3=96.  
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(a)  

(b)  
Figure 56. (a) Symmetrical and (b) unsymmetrical geometries included in the 
parametric analyses plan 
 
 

Table 8. Material properties of sediments and bedrock for the parametric analyses 
 

Parameter Value 
 

Sediments 

ID code Vs1 Vs2 Vs3 

S wave velocity Vs (m/sec)  250 350 500 
Quality factor for S waves Qs 25 35 50 
P wave velocity Vp (m/sec) 1600 1750 2000 
Quality factor for P waves Qp 50 70 100 
ρ (kg/m3) 2000 

Bedrock 

S wave velocity Vs (m/sec)  1500 
Quality factor for S waves Qs ∞ 
P wave velocity Vp (m/sec) 3000 
Quality factor for P waves Qp ∞ 
ρ (kg/m3) 2500 

 
3.4 Input motion 

 
The 96 models were analyzed for 1 Gabor pulse (with ID code in1) and nine real 
accelerograms (with ID codes in2-in10), resulting to a total number of 96×10=960 
analyses. The gabor pulse is the same pulse which was used in AUTH numerical exercise 
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(Figure 3), while the nine accelerograms were selected from the SHARE strong motion 
database (Yenier et al. 2010, www.efehr.org) and have all been recorded at EC8 soil 
class A (rock) sites. The parameters describing the selected waveforms and the 
corresponding recording stations are given in Tables 9 and 10 respectively. The selected 
accelerograms originate from earthquakes with magnitude Mw ranging between 5.3 and 
7.6 and with different types of faulting styles and epicentral distances, which results in a 
set of input motions with a variety in frequency content due to fault and path effects. The 
original accelerograms from the SHARE strong motion database were baseline corrected 
and filtered with a bandpass butterworth filter with corner frequencies of 0.2 and 10Hz 
using the Seismic Analysis Code SAC2000 (Goldstein et al. 2003). Figures 57 and 58 
illustrate the corrected acceleration time histories and the acceleration response spectra 
of the selected input motions respectively. 
 

Table 9. Parameters describing the selected waveforms – with blue the selected 
component 

ID 
Code 

SHARE 
ID 

EQ NAME 
EQ 

COUNTRY 
Mw Ms 

Depth 
(km) 

Faulting 
Style 

Repi 
(km) 

COMP1 
PGA 

(cm/s2) 

COMP2 
PGA 

(cm/s2) 

in2 17103 Aquila Italy 5.3 4.82 17.2 Normal 13.1 40.4 55.8 

in3 3446 Ano Liosia Greece 6.04 5.80 17 Normal 17.0 117.4 111.0 

in4 3197 Izmit Turkey 7.6 6.30 17 
Strike-
Slip 

3.4 164.9 230.8 

in5 3197 Izmit Turkey 7.6 6.30 17 
Strike-
Slip 

3.4 164.9 230.8 

in6 10687 
N Miyagi 
Prefecture 

Japan 6.1 6.01 5 Reverse 32.0 324.1 257.8 

in7 129 Friuli Italy 6.4 5.90 12 Reverse 21.7 339.0 309.0 

in8 195 Tabas Iran 7.35 6.40 4 Oblique 12.0 315.9 374.5 

in9 1252 
Northridge-

01 
USA 6.69 6.69 17.5 Reverse 20.4 407.4 425.8 

in10 864 
Loma 
Prieta 

USA 6.93 6.93 17.48 
Reverse-
Oblique 

28.6 403.1 464.2 

 
Table 10. Parameters describing the selected stations 

STATION ID WAVEFORM ID STATION NAME 
STATION 
COUNTRY 

Vs,30 

(m/s) 
EC8 SOIL 
CLASS 

3612 17103 
L Aquila - V. Aterno - 
M. Pettino 

Italy 836 A 

2472 3446 
Athens 4 (Kipseli 
District) 

Greece 934 A 

145 3197 
Izmit-Meteoroloji 
Istasyonu 

Turkey 827 A 

805 10687 Oshika Japan 1433 A 

3 129 Tolmezzo Base Diga Italy 1030 A 

235 195 Dayhook Iran 826 A 

2014 1252 
Pacoima Dam 
(Downstr) 

USA >800 A 

2304 864 Gilroy Array #1 USA 1428 A 
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Figure 57. Acceleration time histories of the selected input motions 

 

 
Figure 58. Acceleration response spectra of the selected input motions 

 

 

 

3.5 Nomenclature 
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Each analysis is named after the sequence wihjakVslinm of Code IDs for width (wi), 
thickness (hj), angles set (ak), sediments material (Vsl) and input motion (inm) according 
to Table 11. Indicatively, the nomenclature for all the analyses with the Gabor pulse as 
input motion (in1) is given in Table 12.  
 
Table 11. Nomenclature of the analyzed models 

i wi j hj k ak l Vsl m inm 

1 2500m 1 60m 1 a1=a2=20o 1 material 1 1 Gabor pulse 

2 5000m 2 120m 2 a1=a2=45o 2 material 2 2-10 input2-10 

3 10000m 3 250m 3 a1=a2=65o 3 material 3   

  4 500m 4 a1=20o, a2=65o     

 
 
Table 12. Nomenclature for all the analyses with the Gabor pulse as input motion (in1) 
 

Analysis ID width (m) thickness h (m) a1 - a2 (
o) Vs,sediments input motion 

w1h1a1Vs1in1 2500 60 20-20 250 in1 (Gabor) 

w1h1a1Vs2in1 2500 60 20-20 350 in1 (Gabor) 

w1h1a1Vs3in1 2500 60 20-20 500 in1 (Gabor) 

w1h1a2Vs1in1 2500 60 45-45 250 in1 (Gabor) 

w1h1a2Vs2in1 2500 60 45-45 350 in1 (Gabor) 

w1h1a2Vs3in1 2500 60 45-45 500 in1 (Gabor) 

w1h1a3Vs1in1 2500 60 65-65 250 in1 (Gabor) 

w1h1a3Vs2in1 2500 60 65-65 350 in1 (Gabor) 

w1h1a3Vs3in1 2500 60 65-65 500 in1 (Gabor) 

w1h1a4Vs1in1 2500 60 20-65 250 in1 (Gabor) 

w1h1a4Vs2in1 2500 60 20-65 350 in1 (Gabor) 

w1h1a4Vs3in1 2500 60 20-65 500 in1 (Gabor) 

w1h2a1Vs1in1 2500 120 20-20 250 in1 (Gabor) 

w1h2a1Vs2in1 2500 120 20-20 350 in1 (Gabor) 

w1h2a1Vs3in1 2500 120 20-20 500 in1 (Gabor) 

w1h2a2Vs1in1 2500 120 45-45 250 in1 (Gabor) 

w1h2a2Vs2in1 2500 120 45-45 350 in1 (Gabor) 

w1h2a2Vs3in1 2500 120 45-45 500 in1 (Gabor) 

w1h2a3Vs1in1 2500 120 65-65 250 in1 (Gabor) 

w1h2a3Vs2in1 2500 120 65-65 350 in1 (Gabor) 

w1h2a3Vs3in1 2500 120 65-65 500 in1 (Gabor) 

w1h2a4Vs1in1 2500 120 20-65 250 in1 (Gabor) 

w1h2a4Vs2in1 2500 120 20-65 350 in1 (Gabor) 

w1h2a4Vs3in1 2500 120 20-65 500 in1 (Gabor) 

w1h3a1Vs1in1 2500 250 20-20 250 in1 (Gabor) 

w1h3a1Vs2in1 2500 250 20-20 350 in1 (Gabor) 

w1h3a1Vs3in1 2500 250 20-20 500 in1 (Gabor) 

w1h3a2Vs1in1 2500 250 45-45 250 in1 (Gabor) 

w1h3a2Vs2in1 2500 250 45-45 350 in1 (Gabor) 

w1h3a2Vs3in1 2500 250 45-45 500 in1 (Gabor) 
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Analysis ID width (m) thickness h (m) a1 - a2 (
o) Vs,sediments input motion 

w1h3a3Vs1in1 2500 250 65-65 250 in1 (Gabor) 

w1h3a3Vs2in1 2500 250 65-65 350 in1 (Gabor) 

w1h3a3Vs3in1 2500 250 65-65 500 in1 (Gabor) 

w1h3a4Vs1in1 2500 250 20-65 250 in1 (Gabor) 

w1h3a4Vs2in1 2500 250 20-65 350 in1 (Gabor) 

w1h3a4Vs3in1 2500 250 20-65 500 in1 (Gabor) 

w2h1a1Vs1in1 5000 60 20-20 250 in1 (Gabor) 

w2h1a1Vs2in1 5000 60 20-20 350 in1 (Gabor) 

w2h1a1Vs3in1 5000 60 20-20 500 in1 (Gabor) 

w2h1a2Vs1in1 5000 60 45-45 250 in1 (Gabor) 

w2h1a2Vs2in1 5000 60 45-45 350 in1 (Gabor) 

w2h1a2Vs3in1 5000 60 45-45 500 in1 (Gabor) 

w2h1a3Vs1in1 5000 60 65-65 250 in1 (Gabor) 

w2h1a3Vs2in1 5000 60 65-65 350 in1 (Gabor) 

w2h1a3Vs3in1 5000 60 65-65 500 in1 (Gabor) 

w2h1a4Vs1in1 5000 60 20-65 250 in1 (Gabor) 

w2h1a4Vs2in1 5000 60 20-65 350 in1 (Gabor) 

w2h1a4Vs3in1 5000 60 20-65 500 in1 (Gabor) 

w2h2a1Vs1in1 5000 120 20-20 250 in1 (Gabor) 

w2h2a1Vs2in1 5000 120 20-20 350 in1 (Gabor) 

w2h2a1Vs3in1 5000 120 20-20 500 in1 (Gabor) 

w2h2a2Vs1in1 5000 120 45-45 250 in1 (Gabor) 

w2h2a2Vs2in1 5000 120 45-45 350 in1 (Gabor) 

w2h2a2Vs3in1 5000 120 45-45 500 in1 (Gabor) 

w2h2a3Vs1in1 5000 120 65-65 250 in1 (Gabor) 

w2h2a3Vs2in1 5000 120 65-65 350 in1 (Gabor) 

w2h2a3Vs3in1 5000 120 65-65 500 in1 (Gabor) 

w2h2a4Vs1in1 5000 120 20-65 250 in1 (Gabor) 

w2h2a4Vs2in1 5000 120 20-65 350 in1 (Gabor) 

w2h2a4Vs3in1 5000 120 20-65 500 in1 (Gabor) 

w2h3a1Vs1in1 5000 250 20-20 250 in1 (Gabor) 

w2h3a1Vs2in1 5000 250 20-20 350 in1 (Gabor) 

w2h3a1Vs3in1 5000 250 20-20 500 in1 (Gabor) 

w2h3a2Vs1in1 5000 250 45-45 250 in1 (Gabor) 

w2h3a2Vs2in1 5000 250 45-45 350 in1 (Gabor) 

w2h3a2Vs3in1 5000 250 45-45 500 in1 (Gabor) 

w2h3a3Vs1in1 5000 250 65-65 250 in1 (Gabor) 

w2h3a3Vs2in1 5000 250 65-65 350 in1 (Gabor) 

w2h3a3Vs3in1 5000 250 65-65 500 in1 (Gabor) 

w2h3a4Vs1in1 5000 250 20-65 250 in1 (Gabor) 

w2h3a4Vs2in1 5000 250 20-65 350 in1 (Gabor) 

w2h3a4Vs3in1 5000 250 20-65 500 in1 (Gabor) 

w2h4a1Vs1in1 5000 500 20-20 250 in1 (Gabor) 

w2h4a1Vs2in1 5000 500 20-20 350 in1 (Gabor) 
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Analysis ID width (m) thickness h (m) a1 - a2 (
o) Vs,sediments input motion 

w2h4a1Vs3in1 5000 500 20-20 500 in1 (Gabor) 

w2h4a2Vs1in1 5000 500 45-45 250 in1 (Gabor) 

w2h4a2Vs2in1 5000 500 45-45 350 in1 (Gabor) 

w2h4a2Vs3in1 5000 500 45-45 500 in1 (Gabor) 

w2h4a3Vs1in1 5000 500 65-65 250 in1 (Gabor) 

w2h4a3Vs2in1 5000 500 65-65 350 in1 (Gabor) 

w2h4a3Vs3in1 5000 500 65-65 500 in1 (Gabor) 

w2h4a4Vs1in1 5000 500 20-65 250 in1 (Gabor) 

w2h4a4Vs2in1 5000 500 20-65 350 in1 (Gabor) 

w2h4a4Vs3in1 5000 500 20-65 500 in1 (Gabor) 

w3h2a1Vs1in1 10000 120 20-20 250 in1 (Gabor) 

w3h2a1Vs2in1 10000 120 20-20 350 in1 (Gabor) 

w3h2a1Vs3in1 10000 120 20-20 500 in1 (Gabor) 

w3h2a2Vs1in1 10000 120 45-45 250 in1 (Gabor) 

w3h2a2Vs2in1 10000 120 45-45 350 in1 (Gabor) 

w3h2a2Vs3in1 10000 120 45-45 500 in1 (Gabor) 

w3h2a3Vs1in1 10000 120 65-65 250 in1 (Gabor) 

w3h2a3Vs2in1 10000 120 65-65 350 in1 (Gabor) 

w3h2a3Vs3in1 10000 120 65-65 500 in1 (Gabor) 

w3h2a4Vs1in1 10000 120 20-65 250 in1 (Gabor) 

w3h2a4Vs2in1 10000 120 20-65 350 in1 (Gabor) 

w3h2a4Vs3in1 10000 120 20-65 500 in1 (Gabor) 

 
3.6 Required output 

 

For the symmetrical models, the required output includes synthetic time histories of 
acceleration from two-dimensional (2D) and corresponding one-dimensional (1D) 
analyses for 101 receivers uniformly located along the half-width of the basin. For the 
non-symmetrical models, the same output is requested for 201 receivers, uniformly 
located along the width of the basin. The distance of two sequential receivers for each 
model is 0.005w, i.e. equal to 12.5m for the models with w=2500m, 25m for the models 
with w=5000m and 50m for the models with w=10000m.  
 
The target results are the period-dependent aggravation factors (AGF), calculated for 
each receiver as the ratio between the 2D and 1D acceleration response spectra at the 
basin surface. AGF is therefore a parameter suitable to express the severity of the 
amplification of ground motion due to the 2D nature of the basin response above the 
corresponding prediction of the 1D analysis of the isolated soil column. 
 

3.7 Methoodology 

 

The 2D numerical analyses of the seismic response of all models, as well as the 
corresponding 1D analyses of the isolated soil columns, were firstly performed with the 
Gabor pulse (in1) as input motion, using the 2DFD_DVS computational tool (see section 
1.3.3 for simulation details). The raw results of velocity time-histories from these 
analyses were further used to obtain the transfer functions relating the amplitude at the 
free-surface receivers to that at the rock outcrop. Then, a synthetic set of acceleration 
time histories at the selected receivers was created by convolution with the transfer 
functions, using as input motion the nine real strong-motion accelerograms on rock of 
Figure 57. 
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3.8 Seismic sections for Gabor pulse (in1) as input motion 

 

Figures 59-82 illustrate the seismic sections in terms of velocity for all the symmetrical 
models. We observe that surface waves generated at the valley boundaries propagate 
towards the centre of the basin, an effect which is more pronounced for the shallow 
models. We also observe that the incoming wavefield is diffracted at bedrock's 
subsurface topographic irregularity (outside the basin) formed between the flat free 
surface and the inclined boundary of the basin and diffracted waves propagate outside 
the basin almost unattenuated, since the bedrock has been assigned to have no 
attenuation. A similar situation has been described by Sanchez-Sesma and Campillo 
(1991) for a variety of surface topographic irregularities that resemble the examined 
cases if we consider sediments Vs equal to zero. It is also generally observed in the 
results that in a combined way the higher the Vs contrast between sediments and 
bedrock and the smaller the angle a are, the less energetic the “topographic” diffracted 
waves are, since Vs contrast controls the amount of energy that is “trapped” and 
propagates within the basin and angle a the “sharpness” of the topographic irregularity. 
This effect results to higher 2D response at the receivers outside the basin, compared to 
the respective 1D response, and consequently to higher aggravation factors.  
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 59. Seismic sections of velocity for models w1h1a1Vslin1, l=1,2,3 
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Figure 60. Seismic sections of velocity for models w1h1a2Vslin1, l=1,2,3
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Figure 61. Seismic sections of velocity for models w1h1a3Vslin1, l=1,2,3 
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Figure 62. Seismic sections of velocity for models w1h2a1Vslin1, l=1,2,3 
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Figure 63. Seismic sections of velocity for models w1h2a2Vslin1, l=1,2,3 
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Figure 64. Seismic sections of velocity for models w1h2a3Vslin1, l=1,2,3 
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Figure 65. Seismic sections of velocity for models w1h3a1Vslin1, l=1,2,3 
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Figure 66. Seismic sections of velocity for models w1h3a2Vslin1, l=1,2,3 

NERA | D11.5 

 

w=2500m

h=250m

a1=a2=45

material=1 
(Vs=250m/s)

 

w=2500m

h=250m

a1=a2=45

material=2 
(Vs=350m/s)

 

w=2500m

h=250m

a1=a2=45

material=3 
(Vs=500m/s)

Seismic sections of velocity for models w1h3a2Vslin1, l=1,2,3 

NERA | D11.5 - AUTH contribution 

 

62 
 

w=2500m 

h=250m 

a1=a2=45o 

material=1 
(Vs=250m/s) 

w=2500m 

h=250m 

a1=a2=45o 

material=2 
(Vs=350m/s) 

w=2500m 

h=250m 

a1=a2=45o 

material=3 
(Vs=500m/s) 

Seismic sections of velocity for models w1h3a2Vslin1, l=1,2,3  



Figure 67. Seismic sections of velocity for models w1h3a3Vslin1, l=1,2,3 
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Figure 68. Seismic sections of velocity for models w2h1a1Vslin1, l=1,2,3 
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Figure 69. Seismic sections of velocity for models w2h1a2Vslin1, l=1,2,3 
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Figure 70. Seismic sections of velocity for models w2h1a3Vslin1, l=1,2,3 
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Figure 71. Seismic sections of velocity for models w2h2a1Vslin1, l=1,2,3 
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Figure 72. Seismic sections of velocity for models w2h2a2Vslin1, l=1,2,3 
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Figure 73. Seismic sections of velocity for models w2h2a3Vslin1, l=1,2,3 
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Figure 74. Seismic sections of velocity for models w2h3a1Vslin1, l=1,2,3 
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Figure 75. Seismic sections of velocity for models w2h3a2Vslin1, l=1,2,3 
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Figure 76. Seismic sections of velocity for models w2h3a3Vslin1, l=1,2,3 
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Figure 77. Seismic sections of velocity for models w2h4a1Vslin1, l=1,2,3 
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Figure 78. Seismic sections of velocity for models w2h4a2Vslin1, l=1,2,3 
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Figure 79. Seismic sections of velocity for models w2h4a3Vslin1, l=1,2,3 
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Figure 80. Seismic sections of velocity for models w3h2a1Vslin1, l=1,2,3 
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Figure 81. Seismic sections of velocity for models w3h2a2Vslin1, l=1,2,3 
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Figure 82. Seismic sections of velocity for models w3h2a3Vslin1, l=1,2,3 
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3.9 Aggravation factors 

 

3.9.1 Period-dependent aggravation factors 

 
For each model, period-dependent aggravation factors were calculated as follows: 
• For every input motion inm (i=1,10), the acceleration time histories from the 2D 

numerical simulations were used to estimate the 5% damped acceleration response 
spectra SAi,2D(T) for all the receivers. 

• For every input motion inm (i=1,10), the acceleration time histories from the 1D 
numerical simulations were used to estimate the 5% damped acceleration response 
spectra SAi,1D(T) for all the receivers. 

• For every input motion inm (i=1,10), period-dependent aggravation factors AGFi(T) 
were calculated for all receivers as follows (Chávez-García and Faccioli 2000):  

 = i,2D

i

i,1D

SA (T)
AGF(T)

SA (T)
 (18) 

• For each receiver, a mean period-dependent aggravation factor AGF(T)  was 

calculated as the mean of the aggravation factors calculated in the previous step for 
input motions inm (i=2,10): 

==
∑
10

i
i 2

AGF(T)
AGF(T)

9
                                                    (19) 

 
Figure 83(a) illustrates indicatively the period-dependent aggravation factors AGFi(T) 
calculated for the receiver located in the center of model w1h2a2Vs3 for input motions 

in2-in10, while Figure 84(b) depicts additionally the mean aggravation factor AGF(T)  for 

the specific receiver. 
 

(a)  (b)  
Figure 83. For the receiver located in the center of model w1h2a2Vs3: (a) Period-
dependent aggravation factors for input motions in2-in10, (b) Mean period-dependent 
aggravation factor  
 

The mean period-dependent aggravation factors for all the receivers located within the 
basin are illustrated in Figures 84-91. Aggravation factors for all models were computed 
for spectral periods up to 10sec, however, in the figures presented herein, results are 
given for spectral periods up to 5sec for models with resonant period at the center of the 
basin T0,c≤4.00sec, 10.00sec for models w2h4akVs1 (with T0,c=8.00sec) and 7.00sec for 
models w2h4akVs2 (with T0,c=5.71sec). We observe that maximum aggravations for the 
majority of the models appear at spectral periods around or somewhat lower than the 
resonant period of each model. 
 

in2-in10

in2-in10

Mean
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Figure 84. Mean period-dependent aggravation factors AGF(T) for models w1h1akVsl 

(k=1,2,3,4; l=1,2,3) for all receivers 
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Figure 85. Mean period-dependent aggravation factors AGF(T) for models w1h2akVsl 

(k=1,2,3,4; l=1,2,3) for all receivers 
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Figure 86. Mean period-dependent aggravation factors AGF(T) for models w1h3akVsl 

(k=1,2,3,4; l=1,2,3) for all receivers 
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Figure 87. Mean period-dependent aggravation factors AGF(T) for models w2h1akVsl 

(k=1,2,3,4; l=1,2,3) for all receivers 
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Figure 88. Mean period-dependent aggravation factors AGF(T) for models w2h2akVsl 

(k=1,2,3,4; l=1,2,3) for all receivers 
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Figure 89. Mean period-dependent aggravation factors AGF(T) for models w2h3akVsl 

(k=1,2,3,4; l=1,2,3) for all receivers 
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Figure 90. Mean period-dependent aggravation factors AGF(T) for models w2h4akVsl 

(k=1,2,3,4; l=1,2,3) for all receivers 
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Figure 91. Mean period-dependent aggravation factors AGF(T) for models w3h2akVsl 

(k=1,2,3,4; l=1,2,3) for all receivers 

 

3.9.2 Maximum aggravation factors 
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In order to identify the maximum amplification of ground motion that can be attributed 
to the 2D response of the basin, the maximum values of the mean aggravation factors 
were calculated for the receivers of each model, regardless of the spectral period of their 
occurrence. The period range that was used to derive the maximum AGF differs in each 
model depending on the resonant period at the centre of the basin and on a visual 
inspection of all computed aggravation factors in order to ensure that no unrealistically 
high aggravation factors which sometimes occur for long periods are included.  
 
For the example presented in Figure 83, the red circle in Figure 92(a) illustrates the 
maximum aggravation factor for the receiver located in the centre of model (x/w=0.5). 
The spatial distribution of the maximum aggravation factors for all receivers located 
along the half-width of the model are illustrated in Figure 92(b). 
   

(a)  

(b)

 
Figure 92. For the receiver located in the center of model w1h2a2Vs3: (a) Period-

dependent aggravation factors for input motions in2-in10, (b) Mean period-dependent 
aggravation factor  

 
Maximum aggravation factors for all models are illustrated in Figures 93-108. In general 
we observe the following: 
• Maximum aggravation factors are as high as 1.6 for shallow to medium-thickness 

basins (h≤120m) and as high as 3.0 for deeper basins (120<h≤500m).  
• Increase of depth leads to an increase of maxAGF, especially for softer soils. The 

increase is more profound close to the centre of the basin.  
• Variation in inclination angle affects only the region above the basin edge. 1D 

response is higher than 2D response close to the edge of the basin for steep angles. 
• Increase of width leads to smaller maxAGF as we move to the centre of the basin. 

Values close to the edges are not affected. 
• Increase of width also results to high values of maxAGF spanning along a more narrow 

region, close to the edge. 
• Non-symmetrical basins behave in a way similar to the corresponding symmetrical 

models. 

in2-in10

Mean
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Figure 93. Maximum value of average period-dependent aggravation factor for 
symmetrical models w1h1akVsl (k=1,2,3; l=1,2,3) for the half-width of the basin.  

 

 
Figure 94. Maximum value of average period-dependent aggravation factor for non-

symmetrical model w1h1a4Vsl (l=1,2,3) for the whole width of the basin.  

 

 
Figure 95. Maximum value of average period-dependent aggravation factor for 
symmetrical models w1h2akVsl (k=1,2,3; l=1,2,3) for the half-width of the basin.  
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Figure 96. Maximum value of average period-dependent aggravation factor for non-

symmetrical model w1h2a4Vsl (l=1,2,3) for the whole width of the basin.  

 

 
Figure 97. Maximum value of average period-dependent aggravation factor for 
symmetrical models w1h3akVsl (k=1,2,3; l=1,2,3) for the half-width of the basin.  

 

 
Figure 98. Maximum value of average period-dependent aggravation factor for non-

symmetrical model w1h3a4Vsl (l=1,2,3) for the whole width of the basin.  
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Figure 99. Maximum value of average period-dependent aggravation factor for 
symmetrical models w2h1akVsl (k=1,2,3; l=1,2,3) for the half-width of the basin.  

 

 
Figure 100. Maximum value of average period-dependent aggravation factor for non-

symmetrical model w2h1a4Vsl (l=1,2,3) for the whole width of the basin.  

 

 
Figure 101. Maximum value of average period-dependent aggravation factor for 
symmetrical models w2h2akVsl (k=1,2,3; l=1,2,3) for the half-width of the basin.  
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Figure 102. Maximum value of average period-dependent aggravation factor for non-

symmetrical model w2h2a4Vsl (l=1,2,3) for the whole width of the basin.  

 

 
Figure 103. Maximum value of average period-dependent aggravation factor for 
symmetrical models w2h3akVsl (k=1,2,3; l=1,2,3) for the half-width of the basin.  

 

 
Figure 104. Maximum value of average period-dependent aggravation factor for non-

symmetrical model w2h3a4Vsl (l=1,2,3) for the whole width of the basin.  
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Figure 105. Maximum value of average period-dependent aggravation factor for 
symmetrical models w2h4akVsl (k=1,2,3; l=1,2,3) for the half-width of the basin.  

 

 
Figure 106. Maximum value of average period-dependent aggravation factor for non-

symmetrical model w2h4a4Vsl (l=1,2,3) for the whole width of the basin.  

 

 
Figure 107. Maximum value of average period-dependent aggravation factor for 
symmetrical models w3h2akVsl (k=1,2,3; l=1,2,3) for the half-width of the basin.  

 



Figure 108. Maximum value of average period
symmetrical model w3h2

 
3.9.3 Mean aggravation factors for specific regions

 
The allocation of receivers along the half
the basins enables the calculation of the spatial 
each model. However, keeping in mind that the ultimate goal of this work is to propose 
practical recommendations to the engineering community, the basin was divided into a 

number of regions, and the mean aggravation 

receivers belonging to each region. In this way, a period
was calculated for each region.
 
To this purpose, regarding the symmetrical basins, the half
divided into five regions (a1, b
over the inclined part of the basin
(c1, d1 and e1) over the constant
symmetrical basins, five additional regions were applied to the second half
basin (Figure 109b).  
 

(a)

(b)
Figure 109. First division of basin into regions: (a) Division of the half
symmetrical basins into five region

 
Some indicative results of the computed mean aggravation factors for the regions 
Figure 109 are given in Figures 
maximum mean aggravation factor for each model appears. The maximum mean 
aggravation factors per region are given in Table 
Table 14 for the non-symmetrical models.

NERA | D11.5 

Maximum value of average period-dependent aggravation factor for non
symmetrical model w3h2a4Vsl (l=1,2,3) for the whole width of the basin. 

3.9.3 Mean aggravation factors for specific regions 

The allocation of receivers along the half-width (or width for non-symmetrical models) of 
the basins enables the calculation of the spatial distribution of aggravation factors for 
each model. However, keeping in mind that the ultimate goal of this work is to propose 
practical recommendations to the engineering community, the basin was divided into a 

nd the mean aggravation factors AGF(T)  were averaged over the 

receivers belonging to each region. In this way, a period-dependent aggravation factor 
was calculated for each region. 

regarding the symmetrical basins, the half-width of the basin
, b1, c1, d1 and e1) with two equal-width regions (a

over the inclined part of the basin-bedrock discontinuity and three equal
) over the constant-depth part of the basin (Figure 109

symmetrical basins, five additional regions were applied to the second half

 

First division of basin into regions: (a) Division of the half
symmetrical basins into five regions, (b) Division of the width of non

basins into ten regions 

Some indicative results of the computed mean aggravation factors for the regions 
in Figures 110-115. The figures depict also the region where the 

maximum mean aggravation factor for each model appears. The maximum mean 
aggravation factors per region are given in Table 13 for the symmetrical models and in 

symmetrical models. 
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dependent aggravation factor for non-

a4Vsl (l=1,2,3) for the whole width of the basin.  

symmetrical models) of 
distribution of aggravation factors for 

each model. However, keeping in mind that the ultimate goal of this work is to propose 
practical recommendations to the engineering community, the basin was divided into a 

were averaged over the 

dependent aggravation factor 

width of the basin was 
width regions (a1 and b1) 

bedrock discontinuity and three equal-width regions 
109a). For the non-

symmetrical basins, five additional regions were applied to the second half-width of the 

 
First division of basin into regions: (a) Division of the half-width of 

s, (b) Division of the width of non-symmetrical 

Some indicative results of the computed mean aggravation factors for the regions of 
. The figures depict also the region where the 

maximum mean aggravation factor for each model appears. The maximum mean 
for the symmetrical models and in 
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Region a1 Region b1 Region c1 Region d1 Region e1 

 

Figure 110. First division of basin into regions: Mean aggravation factors for models w1h1a1Vsl (k=1,2,3; l=1,2,3) for the five regions 
of Figure 7.56. The number N of receivers in each region is included in the Figures. The maximum aggravation factor for each model is 

depicted with a red circle.   
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Region a1 Region b1 Region c1 Region d1 Region e1 

 

Figure 111. First division of basin into regions: Mean aggravation factors for models w1h2a3Vsl (k=1,2,3; l=1,2,3) for the five regions 
of Figure 7.56. The number N of receivers in each region is included in the Figures. The maximum aggravation factor for each model is 

depicted with a red circle.   
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Region a1 Region b1 Region c1 Region d1 Region e1 

 
Figure 112. First division of basin into regions: Mean aggravation factors for models w1h3a1Vsl (k=1,2,3; l=1,2,3) for the five regions 
of Figure 7.56. The number N of receivers in each region is included in the Figures. The maximum aggravation factor for each model is 

depicted with a red circle.   
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Region a1 Region b1 Region c1 Region d1 Region e1 

 

Figure 113. First division of basin into regions: Mean aggravation factors for models w2h2a3Vsl (k=1,2,3; l=1,2,3) for the five regions 
of Figure 7.56. The number N of receivers in each region is included in the Figures. The maximum aggravation factor for each model is 

depicted with a red circle.   
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Region a1 Region b1 Region c1 Region d1 Region e1 

 

Figure 114. First division of basin into regions: Mean aggravation factors for models w2h4a1Vsl (k=1,2,3; l=1,2,3) for the five regions 
of Figure 7.56. The number N of receivers in each region is included in the Figures. The maximum aggravation factor for each model is 

depicted with a red circle.   
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Region a1 Region b1 Region c1 Region d1 Region e1 

 
Figure 115. First division of basin into regions: Mean aggravation factors for models w3h2a1Vsl (k=1,2,3; l=1,2,3) for the five regions 
of Figure 7.56a. The number N of receivers in each region is included in the Figures. The maximum aggravation factor for each model is 

depicted with a red circle.   
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Table 13. Symmetrical models: Maximum values of mean aggravation factors for 
regions a1, b1, c1, d1, e1 (in bold the maximum value among all regions for each model). 

Model Region a1 Region b1 Region c1 Region d1 Region e1 

w1h1a1Vs1 0.95 1.14 1.27 1.12 1.08 
w1h1a1Vs2 0.99 1.06 1.27 1.20 1.22 
w1h1a1Vs3 1.05 1.08 1.12 1.09 1.11 
w1h1a2Vs1 0.93 0.79 1.18 1.11 1.07 
w1h1a2Vs2 1.01 0.81 1.22 1.17 1.17 
w1h1a2Vs3 1.11 0.92 1.10 1.09 1.09 
w1h1a3Vs1 0.86 0.78 1.17 1.12 1.06 
w1h1a3Vs2 0.93 0.83 1.23 1.18 1.18 
w1h1a3Vs3 1.08 0.83 1.11 1.10 1.08 
w1h2a1Vs1 1.04 1.21 1.38 1.45 1.23 
w1h2a1Vs2 1.01 1.24 1.46 1.31 1.23 
w1h2a1Vs3 1.03 1.23 1.27 1.24 1.24 
w1h2a2Vs1 0.89 0.69 1.25 1.46 1.16 
w1h2a2Vs2 0.96 0.77 1.30 1.22 1.17 
w1h2a2Vs3 1.06 0.83 1.24 1.25 1.21 
w1h2a3Vs1 0.83 0.61 1.20 1.46 1.15 
w1h2a3Vs2 0.94 0.72 1.23 1.23 1.20 
w1h2a3Vs3 1.02 0.80 1.26 1.26 1.21 
w1h3a1Vs1 1.14 1.20 1.56 1.95 2.26 
w1h3a1Vs2 1.10 1.28 1.43 1.57 1.83 
w1h3a1Vs3 1.09 1.20 1.25 1.27 1.36 
w1h3a2Vs1 1.97 1.17 1.41 1.73 2.13 

w1h3a2Vs2 1.01 0.72 1.31 1.28 1.66 

w1h3a2Vs3 1.08 0.89 1.46 1.29 1.25 
w1h3a3Vs1 0.77 0.59 1.19 1.34 1.79 
w1h3a3Vs2 0.90 0.64 1.18 1.37 1.64 

w1h3a3Vs3 1.17 0.79 1.44 1.38 1.21 
w2h1a1Vs1 0.93 1.16 1.15 1.04 1.08 
w2h1a1Vs2 1.07 1.06 1.17 1.10 1.08 
w2h1a1Vs3 1.03 1.11 1.08 1.06 1.06 
w2h1a2Vs1 0.92 0.77 1.13 1.08 1.09 
w2h1a2Vs2 0.96 0.80 1.16 1.08 1.07 
w2h1a2Vs3 1.06 0.87 1.07 1.05 1.06 
w2h1a3Vs1 1.14 0.76 1.13 1.04 1.07 
w2h1a3Vs2 1.13 0.80 1.17 1.09 1.07 
w2h1a3Vs3 1.16 0.82 1.08 1.05 1.06 
w2h2a1Vs1 1.03 1.20 1.32 1.06 1.10 
w2h2a1Vs2 1.01 1.22 1.21 1.14 1.11 
w2h2a1Vs3 0.99 1.19 1.16 1.11 1.11 
w2h2a2Vs1 0.85 0.68 1.21 1.06 1.10 
w2h2a2Vs2 1.13 0.92 1.15 1.11 1.11 
w2h2a2Vs3 1.00 0.83 1.15 1.09 1.08 
w2h2a3Vs1 0.96 0.65 1.19 1.07 1.12 
w2h2a3Vs2 0.91 0.68 1.15 1.11 1.09 
w2h2a3Vs3 0.95 0.83 1.17 1.09 1.08 
w2h3a1Vs1 1.14 1.16 1.32 1.41 1.44 
w2h3a1Vs2 1.08 1.22 1.41 1.24 1.27 
w2h3a1Vs3 1.04 1.18 1.31 1.30 1.19 
w2h3a2Vs1 0.80 0.60 1.25 1.40 1.34 

w2h3a2Vs2 1.02 0.71 1.32 1.35 1.24 
w2h3a2Vs3 1.06 0.80 1.17 1.26 1.25 
w2h3a3Vs1 0.83 0.58 1.19 1.41 1.46 
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Model Region a1 Region b1 Region c1 Region d1 Region e1 

w2h3a3Vs2 0.97 0.62 1.23 1.42 1.20 
w2h3a3Vs3 1.08 0.78 1.19 1.26 1.26 

w2h4a1Vs1 1.15 1.26 1.39 1.63 1.87 
w2h4a1Vs2 1.06 1.19 1.54 1.74 1.90 
w2h4a1Vs3 1.11 1.33 1.27 1.39 1.58 

w2h4a2Vs1 0.72 0.86 1.27 1.67 1.93 
w2h4a2Vs2 2.02 1.33 1.51 1.50 2.39 

w2h4a2Vs3 1.00 1.04 1.56 1.26 1.43 
w2h4a3Vs1 2.35 1.57 1.75 1.77 2.31 
w2h4a3Vs2 1.18 0.83 1.53 1.50 1.62 

w2h4a3Vs3 1.07 0.84 1.44 2.07 2.84 

w3h2a1Vs1 1.07 1.18 1.15 1.07 1.04 
w3h2a1Vs2 1.02 1.24 1.14 1.06 1.08 
w3h2a1Vs3 0.98 1.23 1.12 1.06 1.05 
w3h2a2Vs1 0.97 0.66 1.11 1.06 1.04 
w3h2a2Vs2 0.94 0.73 1.12 1.05 1.07 
w3h2a2Vs3 1.01 0.94 1.11 1.09 1.06 
w3h2a3Vs1 1.21 0.65 1.11 1.07 1.04 
w3h2a3Vs2 1.13 0.66 1.12 1.07 1.07 
w3h2a3Vs3 1.08 0.84 1.11 1.05 1.05 

  
Table 14. Non-symmetrical models: Maximum values of mean aggravation factors for 

regions a1, b1, c1, d1, e1, e2, d2, c2, b2, a2 (in bold the maximum value among all regions for 
each model). 

Model  a1  b1  c1  d1 e1 e2 d2 c2 b2 a2 

w1h1a4Vs1 0.95 1.14 1.26 1.11 1.07 1.08 1.11 1.17 0.75 0.92 
w1h1a4Vs2 0.99 1.06 1.27 1.19 1.17 1.20 1.19 1.24 0.80 1.00 
w1h1a4Vs3 1.05 1.08 1.12 1.10 1.08 1.10 1.10 1.11 0.90 1.13 

w1h2a4Vs1 1.04 1.21 1.40 1.51 1.18 1.21 1.43 1.20 0.63 0.88 
w1h2a4Vs2 1.01 1.23 1.46 1.30 1.14 1.27 1.25 1.28 0.74 0.97 
w1h2a4Vs3 1.01 1.21 1.27 1.27 1.18 1.26 1.25 1.26 0.83 1.07 
w1h3a4Vs1 1.14 1.19 1.45 1.50 1.78 1.95 1.60 1.19 0.57 0.85 
w1h3a4Vs2 1.09 1.27 1.51 1.35 1.60 1.74 1.34 1.31 0.77 1.07 
w1h3a4Vs3 2.14 2.01 2.06 2.18 2.26 2.33 2.48 2.59 2.52 3.24 

w2h1a4Vs1 0.93 1.16 1.15 1.04 1.07 1.08 1.04 1.13 0.78 1.17 

w2h1a4Vs2 0.98 1.06 1.17 1.10 1.08 1.07 1.09 1.17 0.83 1.14 
w2h1a4Vs3 1.03 1.10 1.09 1.06 1.06 1.06 1.05 1.08 0.92 1.18 

w2h2a4Vs1 1.03 1.20 1.31 1.06 1.12 1.11 1.06 1.19 0.63 0.94 
w2h2a4Vs2 1.01 1.22 1.21 1.13 1.10 1.11 1.14 1.15 0.74 0.92 
w2h2a4Vs3 0.98 1.20 1.16 1.10 1.10 1.09 1.10 1.17 0.83 0.99 
w2h3a4Vs1 1.14 1.16 1.36 1.44 1.41 1.49 1.33 1.15 0.58 0.83 
w2h3a4Vs2 1.45 1.21 1.47 1.34 1.27 1.30 1.36 1.35 1.20 1.70 

w2h3a4Vs3 1.04 1.17 1.20 1.33 1.13 1.31 1.28 1.19 0.76 1.08 
w2h4a4Vs1 1.91 1.29 1.51 1.89 2.50 3.14 3.00 1.76 0.97 1.27 
w2h4a4Vs2 1.05 1.17 1.60 1.28 1.43 1.66 1.35 1.55 0.76 1.00 
w2h4a4Vs3 1.29 1.32 1.51 1.28 1.36 1.51 1.28 1.52 0.92 1.21 
w3h2a4Vs1 1.07 1.18 1.15 1.07 1.04 1.05 1.07 1.11 0.61 1.21 

w3h2a4Vs2 1.02 1.24 1.14 1.05 1.07 1.08 1.06 1.12 0.70 1.15 
w3h2a4Vs3 0.98 1.23 1.12 1.06 1.05 1.06 1.05 1.11 0.80 1.10 

 
After a careful observation of the values in Tables 13 and 14, it can be noted that for the 
shallow and medium-thickness basins (i.e. with depths equal to 60m or 120m), the 
maximum aggravation factors range between 1.1 and 1.5, while for the deep basins (i.e. 
with depths equal to 250m or 500m), the maximum aggravation factors range between 
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1.4 and 2.8. For the symmetrical shallow basins the maximum aggravation factors 
appear at regions c1 and d1, while for the non-symmetrical basins maximum values 
appear mainly at region c1. For the deep basins, maximum values appear at regions a1 
and e1 for the symmetrical models and mostly at regions e2 and a2 for the non-
symmetrical ones. 
 
Aggravation factors generally seem to increase with the increase of the depth of the 
basin, especially for the basins with the softest sediments, while they appear to decrease 
with the increase of the width of the basin, especially in the regions close to the centre of 
the basins. The inclination of the lateral basin-rock discontinuity affects only the regions 
nearby, where aggravation factors less than one may appear, meaning that ground 
motion is deamplified compared to the 1D estimation.  
 

3.9.4 Short- and long-spectral period average aggravation factors 

 
In order to take into consideration the period-dependency of aggravation factors, a 

short-period and a long-period average of the mean aggravation factors AGF(T)were 

calculated. The short- and long-period ranges were defined for each model based on the 
fundamental period T0,c at the centre of the basin. The short-spectral period average 

aggravation factor SAGF  was calculated by averaging the mean aggravation factors 

AGF(T)  over the periods less than 0.75T0,c, while the long-spectral period average LAGF

was calculated by averaging the mean aggravation factors AGF(T)  over the periods 

between 0.75T0,c -1.5T0,c. 
 
The short- and long-spectral period average aggravation factors for all receivers within 
the basin are given in Figures 116-131 for all models. 
 

(a)  

(b)  
Figure 116. (a) Short- and (b) Long-spectral period average aggravation factor for 
symmetrical models w1h1akVsl (k=1,2,3; l=1,2,3) for the half-width of the basin. 
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(a)  

(b)  
Figure 117. (a) Short- and (b) Long-spectral period average aggravation factor for 
non-symmetrical models w1h1a4Vsl (l=1,2,3) for the whole width of the basin. 

 
(a) 

 
(b) 

 
Figure 118. (a) Short- and (b) Long-spectral period average aggravation factor for 
symmetrical models w1h2akVsl (k=1,2,3; l=1,2,3) for the half-width of the basin. 
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(a) 

 
(b) 

 
Figure 120. (a) Short- and (b) Long-spectral period average aggravation factor for 
symmetrical models w1h3akVsl (k=1,2,3; l=1,2,3) for the half-width of the basin. 

(a)  

(b)  
Figure 119. (a) Short- and (b) Long-spectral period average aggravation factor for 
non-symmetrical models w1h2a4Vsl (l=1,2,3) for the whole width of the basin. 
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(a) 

 
(b) 

 
Figure 122. (a) Short- and (b) Long-spectral period average aggravation factor for 
symmetrical models w2h1akVsl (k=1,2,3; l=1,2,3) for the half-width of the basin. 

(a)  

(b)  
Figure 121. (a) Short- and (b) Long-spectral period average aggravation factor for 
non-symmetrical models w1h3a4Vsl (l=1,2,3) for the whole width of the basin. 
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(a) 

 
(b) 

 
Figure 124. (a) Short- and (b) Long-spectral period average aggravation factor for 
symmetrical models w2h2akVsl (k=1,2,3; l=1,2,3) for the half-width of the basin. 

(a)  

(b)  
Figure 123. (a) Short- and (b) Long-spectral period average aggravation factor for 
non-symmetrical models w2h1a4Vsl (l=1,2,3) for the whole width of the basin. 
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(a) 

 
(b) 

 
Figure 126. (a) Short- and (b) Long-spectral period average aggravation factor for 
symmetrical models w2h3akVsl (k=1,2,3; l=1,2,3) for the half-width of the basin. 

(a)  

(b)  
Figure 125. (a) Short- and (b) Long-spectral period average aggravation factor for 
non-symmetrical models w2h2a4Vsl (l=1,2,3) for the whole width of the basin. 
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(a) 

 
(b) 

 
Figure 128. (a) Short- and (b) Long-spectral period average aggravation factor for 
symmetrical models w2h4akVsl (k=1,2,3; l=1,2,3) for the half-width of the basin. 

(a)  

(b)  
Figure 127. (a) Short- and (b) Long-spectral period average aggravation factor for 
non-symmetrical models w2h3a4Vsl (l=1,2,3) for the whole width of the basin. 
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(a) 

 
(b) 

 
Figure 130. (a) Short- and (b) Long-spectral period average aggravation factor for 
symmetrical models w3h2akVsl (k=1,2,3; l=1,2,3) for the half-width of the basin. 

(a)  

(b)  
Figure 129. (a) Short-period and (b) Long-period average aggravation factor for non-

symmetrical models w2h4a4Vsl (l=1,2,3) for the whole width of the basin. 
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(a)  

(b)  
Figure 131. (a) Short- and (b) Long-spectral period average aggravation factor for 
non-symmetrical models w3h2a4Vsl (l=1,2,3) for the whole width of the basin. 

 
The short- and long-spectral period average aggravation factors per region are given in 
Table 15 for the symmetrical models and in Table 16 for the non-symmetrical models. In 
general we observe the following: 
Symmetrical models: 
• For shallow and medium-depth basins (h≤120m), maximum values for short-period 

average aggravation factors appear mostly at regions c1 and are quite low (less than 
1.15). 

• For shallow and medium-depth basins (h≤120m), maximum values for long-period 
average aggravation factors appear at regions c1, d1 and e1 (constant-depth part of 
basin) and are quite low (less than 1.20). 

• For deep basins (h>250m), maximum values for short-period average aggravation 
factors appear at regions c1, d1 and e1 and are as high as 1.3. 

• For deep basins (h>250m), maximum values for long-period average aggravation 
factors appear mostly at region e1 and are as high as 2.0. 

Non-symmetrical models: 
• For shallow and medium-depth basins (h≤120m), maximum values for short-period 

average aggravation factors appear mostly at regions c1 and c2 and are quite low 
(less than 1.15). 

• For shallow and medium-depth basins (h≤120m), maximum values for long-period 
average aggravation factors appear mostly at region c1 and occasionally at regions d2 
and a2 and are quite low (less than 1.20). 

• For deep basins (h>250m), short-period average aggravation factor appear at regions 
c1, e2, c2 and are as high as 1.3 (with one exception for model w2h4a4Vs1, with max 
AGF=1.57). 

• For deep basins (h>250m), long-period average aggravation factor appear mostly at 
region e2 and are as high as 1.6 (with one exception for model w2h4a4Vs1, with max 
AGF=2.84). 
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Table 15. Symmetrical models: Short/ Long-spectral period average aggravation factors 

for regions a1, b1, c1, d1, e1 (in bold the maximum value among all regions for each 
model) 

 Model  a1  b1  c1  d1 e1  

h=60,120m w1h1a1Vs1  0.82/0.91 0.92/0.78 1.12/1.10 1.05/1.05 1.00/0.99 

w1h1a1Vs2  0.84/0.96 0.88/0.79 1.15/1.11 1.09/1.05 1.06/1.05 

w1h1a1Vs3  0.87/1.02 0.88/0.88 1.06/1.02 1.03/0.97 1.03/1.06 

w1h1a2Vs1  0.71/0.89 0.53/0.63 1.08/1.02 1.05/1.06 1.00/0.99 

w1h1a2Vs2  0.74/0.95 0.52/0.61 1.14/1.05 1.08/1.05 1.04/1.05 

w1h1a2Vs3  0.81/1.06 0.65/0.75 1.05/1.00 1.03/0.97 1.02/1.05 

w1h1a3Vs1  0.74/0.83 0.55/0.42 1.07/0.99 1.06/1.07 1.00/0.99 

w1h1a3Vs2  0.76/0.89 0.61/0.52 1.14/1.03 1.08/1.05 1.04/1.05 

w1h1a3Vs3  0.81/1.03 0.62/0.56 1.06/0.99 1.03/0.97 1.02/1.05 

w1h2a1Vs1  0.86/0.87 0.92/0.70 1.14/1.01 1.09/1.20 1.07/1.13 

w1h2a1Vs2  0.86/0.92 0.97/0.79 1.13/0.97 1.11/1.12 1.07/1.12 

w1h2a1Vs3  0.87/0.97 0.99/0.90 1.10/1.03 1.09/1.10 1.09/1.00 

w1h2a2Vs1  0.68/0.85 0.48/0.54 1.07/0.89 1.08/1.19 1.06/1.07 

w1h2a2Vs2  0.69/0.91 0.56/0.64 1.10/0.90 1.09/1.12 1.06/1.06 

w1h2a2Vs3  0.75/0.98 0.66/0.74 1.15/0.95 1.07/1.12 1.06/0.99 

w1h2a3Vs1  0.67/0.79 0.44/0.43 1.03/0.84 1.08/1.18 1.06/1.07 

w1h2a3Vs2  0.70/0.89 0.49/0.51 1.08/0.85 1.09/1.12 1.07/1.06 

w1h2a3Vs3  0.72/0.95 0.6/0.63 1.15/0.91 1.06/1.12 1.06/0.99 

w2h1a1Vs1  0.81/0.91 0.91/0.78 1.08/1.07 0.99/0.99 1.01/1.03 

w2h1a1Vs2  0.85/0.96 0.84/0.75 1.10/1.05 1.02/1.02 1.01/1.03 

w2h1a1Vs3  0.87/1.01 0.87/0.86 1.04/0.99 1.02/1.03 1.01/1.01 

w2h1a2Vs1  0.74/0.86 0.55/0.54 1.06/1.04 0.99/1.00 1.01/1.03 

w2h1a2Vs2  0.78/0.95 0.59/0.58 1.10/1.04 1.02/1.02 1.01/1.03 

w2h1a2Vs3  0.80/1.03 0.68/0.65 1.04/0.98 1.01/1.03 1.01/1.01 

w2h1a3Vs1  1.09/0.99 0.55/0.42 1.06/1.02 1.00/1.00 1.01/1.02 

w2h1a3Vs2  1.07/1.04 0.61/0.52 1.11/1.03 1.02/1.02 1.01/1.02 

w2h1a3Vs3  1.05/1.12 0.61/0.55 1.04/0.98 1.01/1.03 1.01/1.01 

w2h2a1Vs1  0.86/0.87 0.92/0.69 1.09/1.11 1.02/1.03 1.01/1.03 

w2h2a1Vs2  0.86/0.92 0.95/0.79 1.08/1.08 1.04/1.05 1.03/1.01 

w2h2a1Vs3  0.87/0.96 0.97/0.87 1.08/1.07 1.03/1.00 1.03/1.04 

w2h2a2Vs1  0.69/0.81 0.46/0.51 1.05/1.02 1.02/1.03 1.01/1.04 

w2h2a2Vs2  0.73/0.92 0.55/0.61 1.07/1.01 1.04/1.04 1.02/1.02 

w2h2a2Vs3  0.74/0.96 0.64/0.73 1.09/1.02 1.02/1.00 1.02/1.04 

w2h2a3Vs1  0.75/0.78 0.48/0.40 1.05/0.99 1.02/1.04 1.01/1.04 

w2h2a3Vs2  0.77/0.89 0.51/0.46 1.07/0.99 1.04/1.04 1.02/1.03 

w2h2a3Vs3  0.75/0.92 0.62/0.56 1.09/1.01 1.03/1.01 1.02/1.04 

w3h2a1Vs1  0.88/0.88 0.90/0.68 1.05/1.06 1.00/1.02 1.00/1.00 

w3h2a1Vs2  0.87/0.92 0.93/0.77 1.05/1.04 1.02/1.01 1.01/1.02 

w3h2a1Vs3  0.86/0.94 0.97/0.86 1.05/1.02 1.01/1.03 1.00/1.02 

w3h2a2Vs1  0.75/0.84 0.49/0.48 1.04/1.03 1.00/1.02 1.00/1.00 

w3h2a2Vs2  0.77/0.90 0.57/0.54 1.05/1.02 1.01/1.01 1.00/1.01 
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 Model  a1  b1  c1  d1 e1  

w3h2a2Vs3  0.76/0.94 0.68/0.65 1.06/1.00 1.01/1.02 1.00/1.01 

w3h2a3Vs1  1.07/0.94 0.48/0.41 1.04/1.02 1.01/1.02 1.00/1.00 

w3h2a3Vs2  1.01/0.99 0.53/0.82 1.04/1.00 1.01/1.01 1.00/1.01 

w3h2a3Vs3  1.02/1.04 0.62/0.56 1.06/1.00 1.01/1.02 1.00/1.01 

h=250,500m w1h3a1Vs1  0.88/0.94 1.00/0.89 1.18/1.18 1.13/1.42 1.21/1.62 

w1h3a1Vs2  0.91/0.94 1.04/0.92 1.17/1.08 1.12/1.29 1.23/1.44 

w1h3a1Vs3  0.94/0.99 1.00/0.84 1.11/0.92 1.08/1.08 1.09/1.19 

w1h3a2Vs1  0.68/2.07 0.57/1.32 1.05/1.44 1.11/1.67 1.22/1.88 

w1h3a2Vs2  0.67/1.00 0.62/0.68 1.15/0.84 1.10/1.15 1.21/1.43 

w1h3a2Vs3  0.75/1.01 0.72/0.73 1.24/0.88 1.12/1.02 1.05/1.16 

w1h3a3Vs1  0.64/0.73 0.48/0.46 0.91/0.71 1.12/1.12 1.2/1.46 

w1h3a3Vs2  0.70/0.88 0.53/0.55 1.04/0.74 1.17/1.11 1.19/1.41 

w1h3a3Vs3  0.84/1.06 0.68/0.98 1.04/0.81 1.18/1.00 1.05/1.15 

w2h3a1Vs1  0.89/0.91 0.97/0.75 1.08/1.01 1.09/1.23 1.06/1.34 

w2h3a1Vs2  0.89/0.94 0.95/0.82 1.10/1.04 1.07/1.13 1.07/1.21 

w2h3a1Vs3  0.91/1.01 0.96/0.87 1.08/1.07 1.03/1.07 1.05/0.95 

w2h3a2Vs1  0.64/0.81 0.52/0.53 1.05/0.93 1.07/1.23 1.04/1.26 

w2h3a2Vs2  0.67/1.05 0.60/0.71 1.10/1.02 1.08/1.16 1.05/1.14 

w2h3a2Vs3  0.73/0.99 0.67/0.71 1.12/1.00 1.01/1.09 1.05/0.98 

w2h3a3Vs1  0.70/0.76 0.46/0.43 1.01/0.85 1.07/1.19 1.05/1.28 

w2h3a3Vs2  0.72/0.91 0.51/0.56 1.07/0.94 1.07/1.16 1.05/1.11 

w2h3a3Vs3  0.81/1.05 0.66/0.97 1.05/0.94 1.02/1.10 1.05/0.98 

w2h4a1Vs1  0.90/0.88 1.05/0.93 1.19/1.31 1.09/1.51 1.12/1.75 

w2h4a1Vs2  0.91/0.91 1.02/0.97 1.15/1.30 1.09/1.45 1.22/1.61 

w2h4a1Vs3  0.95/0.99 1.08/0.97 1.12/1.15 1.07/1.29 1.09/1.41 

w2h4a2Vs1  0.58/0.66 0.52/0.70 1.00/1.18 1.09/1.54 1.13/1.77 

w2h4a2Vs2  0.74/1.74 0.64/1.12 1.19/1.08 1.14/1.30 1.22/2.03 

w2h4a2Vs3  0.73/0.90 0.76/0.71 1.23/0.94 1.10/1.09 1.03/1.28 

w2h4a3Vs1  1.02/2.21 0.84/1.53 1.16/1.33 1.17/1.63 1.28/2.12 

w2h4a3Vs2  0.70/1.08 0.52/0.72 1.11/0.96 1.20/1.16 1.11/1.43 

w2h4a3Vs3  0.82/0.96 0.65/0.85 1.06/0.84 1.14/1.06 1.03/1.26 
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Table 16. Non-symmetrical models: Short- / Long-spectral period average aggravation factors for regions a1, b1, c1, d1, e1, e2, d2, c2, b2, a2 
(in bold the maximum value among all regions for each model). 

 Model  a1  b1  c1  d1 e1 e2 d2 c2 b2 a2 

h=60, 
120m 

w1h1a4Vs1 0.82/0.91 0.92/0.78 1.12/1.10 1.05/1.06 1.00/0.98 1.00/0.99 1.05/1.06 1.07/0.99 0.52/0.48 0.77/0.87 

w1h1a4Vs2 0.84/0.96 0.87/0.78 1.15/1.10 1.09/1.05 1.04/1.04 1.05/1.06 1.09/1.05 1.15/1.04 0.53/0.52 0.79/0.96 

w1h1a4Vs3 0.87/1.02 0.88/0.88 1.06/1.03 1.03/0.96 1.02/1.05 1.02/1.06 1.03/0.97 1.06/0.99 0.61/0.60 0.83/1.08 

w1h2a4Vs1 0.86/0.88 0.92/0.70 1.14/1.01 1.08/1.21 1.05/1.08 1.08/1.09 1.08/1.17 1.03/0.84 0.42/0.45 0.69/0.83 

w1h2a4Vs2 0.85/0.92 0.95/0.79 1.13/0.99 1.11/1.13 1.05/1.08 1.08/1.09 1.09/1.1 1.10/0.85 0.49/0.54 0.72/0.91 

w1h2a4Vs3 0.86/0.95 0.99/0.88 1.10/1.03 1.09/1.12 1.07/1.00 1.08/0.99 1.07/1.11 1.15/0.92 0.59/0.67 0.75/0.98 

w2h1a4Vs1 0.81/0.91 0.91/0.78 1.08/1.07 0.99/0.99 1.01/1.02 1.01/1.03 1.00/1.00 1.06/1.03 0.52/0.47 1.12/0.98 

w2h1a4Vs2 0.85/0.96 0.84/0.75 1.10/1.05 1.02/1.02 1.01/1.03 1.01/1.03 1.02/1.02 1.11/1.03 0.52/0.52 1.10/1.04 

w2h1a4Vs3 0.87/1.01 0.87/0.86 1.04/0.99 1.02/1.03 1.01/1.01 1.01/1.01 1.01/1.03 1.04/0.98 0.61/0.59 1.07/1.13 

w2h2a4Vs1 0.86/0.87 0.92/0.69 1.09/1.10 1.02/1.04 1.01/1.04 1.01/1.03 1.02/1.03 1.05/0.99 0.46/0.40 0.75/0.81 

w2h2a4Vs2 0.86/0.92 0.95/0.79 1.08/1.08 1.04/1.04 1.03/1.01 1.03/1.03 1.04/1.06 1.07/0.99 0.51/0.47 0.77/0.89 

w2h2a4Vs3 0.87/0.95 0.97/0.87 1.08/1.06 1.03/0.99 1.02/1.03 1.03/1.04 1.03/1.01 1.09/1.01 0.60/0.59 0.76/0.95 

w3h2a4Vs1 0.88/0.88 0.90/0.68 1.05/1.06 1.00/1.02 1.00/1.00 1.00/1.00 1.01/1.02 1.04/1.01 0.46/0.41 1.07/0.94 

w3h2a4Vs2 0.87/0.92 0.93/0.77 1.06/1.04 1.01/1.01 1.01/1.02 1.01/1.01 1.01/1.02 1.05/1.01 0.50/0.47 1.06/0.99 

w3h2a4Vs3 0.86/0.95 0.96/0.86 1.05/1.02 1.01/1.03 1.00/1.02 1.00/1.02 1.01/1.02 1.06/1.00 0.60/0.58 1.04/1.05 

h=250, 
500m 

w1h3a4Vs1 0.89/0.90 0.99/0.82 1.20/1.05 1.09/1.26 1.13/1.47 1.26/1.59 1.15/1.32 0.94/0.82 0.47/0.50 0.66/0.80 

w1h3a4Vs2 0.91/0.94 1.01/0.87 1.19/1.02 1.06/1.19 1.11/1.37 1.29/1.46 1.15/1.19 1.08/0.78 0.52/0.57 0.72/0.90 

w1h3a4Vs3 0.93/1.00 1.02/0.86 1.16/0.93 1.09/1.01 1.03/1.11 1.08/1.20 1.13/1.02 1.16/0.81 0.59/0.67 0.78/1.04 

w2h3a4Vs1 0.89/0.91 0.97/0.75 1.08/1.02 1.08/1.24 1.05/1.29 1.06/1.34 1.07/1.21 1.00/0.87 0.46/0.46 0.70/0.81 

w2h3a4Vs2 0.89/0.97 0.95/0.84 1.09/1.07 1.08/1.15 1.05/1.13 1.06/1.18 1.07/1.13 1.07/0.92 0.50/0.57 0.72/0.90 

w2h3a4Vs3 0.90/1.00 0.96/0.86 1.08/1.05 1.03/1.10 1.04/0.96 1.07/0.97 1.02/1.09 1.09/0.96 0.51/0.64 0.75/1.02 

w2h4a4Vs1 1.07/1.78 1.11/1.22 1.18/1.37 1.07/1.69 1.19/2.25 1.57/2.84 1.45/2.72 1.00/1.61 0.52/0.86 0.67/1.11 

w2h4a4Vs2 0.91/0.93 1.03/0.91 1.22/1.16 1.05/1.23 1.07/1.37 1.19/1.51 1.15/1.31 1.11/1.03 0.50/0.63 0.66/0.85 

w2h4a4Vs3 0.93/1.03 1.09/0.95 1.15/1.05 1.06/1.13 1.03/1.25 1.05/1.35 1.12/1.18 1.16/0.91 0.61/0.62 0.73/0.89 
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4. Nonlinear parametric analyses for gradient profiles 

 

4.1 Introduction 

 

In this section the plan of the nonlinear parametric analyses that has been performed by 
AUTH is presented. Six symmetrical trapezoidal basin models were analyzed, which 
constitute a subset of the models analyzed in the elastic domain. For all the models, the 
nonlinear analyses were performed using ABAQUS by employing a kinematic hardening 
constitutive model, incorporating the Von Mises failure criterion and an associated plastic 
flow rule (Anastasopoulos et al. 2011). The nomenclature for the nonlinear models 
follows the scheme used for the elastic analyses, with each analysis named after the 
sequence wihjakVslinm of ID codes for width (wi), thickness (hj), angles set (ak), 
sediments material (Vsl) and input motion (inm). 
 

4.2 Geometry 

 
Two different symmetrical geometries were analyzed, defined by their width w, depth h 
and angles of inclined boundaries a1-a2 (see Figure 55). The values of these parameters 
were varied according to Table 17.  
  

Table 17. Geometrical parameters of the basins for the nonlinear parametric analyses 

Parameter ID code Value 

Width w (m) w1 2500 

Thickness h (m) h2 120 

h3 250 

Angles set a1 - a2 (
o) a2 45-45 

 
4.3 Dynamic properties 

 

Three different clay materials were used for the sediments with ID codes Vs1, Vs2, Vs3, 
defined by their shear- and compressional- wave velocities Vs and Vp, quality factors for 
shear and compressional waves Qs and Qp, undrained shear strength Su, shear modulus 
reduction and damping ratio (G-γ-D) curves and constitutive law. The bedrock material 
was considered as purely elastic (Qs=Qp=∞) and was kept constant in all models. As a 
result, the total number of the models that were analyzed is 2×3=6 (Table 18). 
 

Table 18. Nomenclature of nonlinear models 

Model Width (m) Thickness (m) Angles set (o) Material 

w1h2a2Vs1 2500 120 45-45 1-gradient 

w1h2a2Vs2 2500 120 45-45 2-gradient 

w1h2a2Vs3 2500 120 45-45 3-gradient 

w1h3a2Vs1 2500 250 45-45 1-gradient 

w1h3a2Vs2 2500 250 45-45 2-gradient 

w1h3a2Vs3 2500 250 45-45 3-gradient 

 
4.3.1 Velocity profiles and quality factors 

 
For the nonlinear analyses gradient shear wave velocity profiles were considered, with 
average shear wave velocities Vs,av matching the velocities of the three materials used 
in the elastic analyses. The generic form of gradient shear wave velocity profiles 
considered is given by the following equation: 
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a

top bot top

z
Vs(z) Vs (Vs Vs )

h

 
= + − ⋅  

 
 (20)  

where: 
Vs(z) (m/s) : shear wave velocity at depth z measured from top of profile 
Vstop (m/s): shear wave velocity at the top of the profile 
Vsbot (m/s): shear wave velocity at the bottom of the profile (depth of bedrock) 
h (m): total depth of profile 
a: coefficient considered equal to 0.7, derived after fitting Equation (20) to shear wave 
velocity profiles of real sites.  
The values for Vstop and Vsbot for the six models are given in Table 19, while the 
distributions of shear wave velocity with depth are given in Figures 132 and 133 for 
models w1h2a2Vsl and w1h3a2Vsl respectively (l=1,2,3). 
    

Table 19. Values for Vstop and Vsbot for the gradient shear wave velocity profiles of the 
nonlinear models 

Model Vstop (m/s) Vsbot (m/s) 

w1h2a2Vs1 130 330 

w1h2a2Vs2 180 460 

w1h2a2Vs3 260 650 

w1h3a2Vs1 130 330 

w1h3a2Vs2 180 460 

w1h3a2Vs3 260 650 

 

Figure 132. Gradient profiles of shear wave velocity with depth for models w1h2a2Vsl 
(l=1,2,3).  

 

Figure 133. Gradient profiles of shear wave velocity with depth for models w1h3a2Vsl 
(l=1,2,3).  
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The material properties of the sediments and the bedrock that were used in the 
nonlinear parametric analyses are summarized in Table 20.  
 

Table 20. Material properties of sediments and bedrock for the parametric analyses 

 Parameter 
Material 1 

-gradient 

Material 2 

-gradient 

Material 3 

-gradient 

Sediments 

ID code Vs1 Vs2 Vs3 

average S wave velocity Vs,av (m/sec) 250 350 500 

Quality factor for S waves Qs 25 35 50 

P wave velocity Vp (m/sec) 1600 1750 2000 

Quality factor for P waves Qp 50 70 100 

ρ (kg/m3) 2000 2000 2000 

Bedrock 

S wave velocity Vs (m/sec) 1500 

Quality factor for S waves Qs ∞ 

P wave velocity Vp (m/sec) 3000 

Quality factor for P waves Qp ∞ 

ρ (kg/m3) 2500 

 

4.3.2 Undrained shear strength 

 

The profile of the shear strength Su of the three materials with depth was considered as 
gradient, by applying the relationship proposed by Dickenson (1994) for cohesive soils in 
the San Francisco Bay.  
 0.475Vs(fps) 18 Su= ⋅  (21) 

where Vs is measured in measured in ft/sec and Su is measured in psf. When using the 
SI units, Equation 21 can be transformed as follows: 
 0.475Vs(m / s) 23 Su= ⋅  (22) 

where Vs is measured in m/sec and Su is measured in kPa. 
 
Using Equation 22, the profiles of Su with depth were estimated from the corresponding 
profiles of Vs (Figures 134 and 135). 
 

 
Figure 134. Gradient profiles of undrained shear strength Su with depth for models 

w1h2a2Vsl (l=1,2,3).  
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Figure 135. Gradient profiles of undrained shear strength Su with depth for models 

w1h3a2Vsl (l=1,2,3).  
 

4.3.3 G-γ-D curves 

 

The shear modulus reduction and damping ratio (G-γ-D) curves proposed by Ishibashi 
and Zhang (1993) for clay materials with a plasticity index PI equal to 50 were used. 
Figure 136 illustrates the G-γ-D curves for a clay material with PI=50 and a mean 
effective confining pressure σ0=10kPa. 
 

 
Figure 136. G-γ-D curves for a clay material with PI=50 and σ0=10kPa (Ishibashi and 

Zhang 1993) 
 
4.4 Input motions 

 
The 6 models were analyzed for vertically incident plane waves with SV polarization. Six 
out of the nine recorded input motions inm used for the elastic analyses were used for 
the nonlinear analyses (m=2, 3, 6, 7, 9 10), each scaled at three different levels of peak 
ground acceleration ln, (0.1g for n=1, 0.3g for n=2, 0.3g for n=3). The total number of 
2D analyses is therefore 6models × 6input motions x 3 scales=108.  
 
4.5 Required output 

 
The required output includes synthetic time histories of acceleration from two-
dimensional (2D) and corresponding one-dimensional (1D) analyses for 101 receivers 
uniformly located along the half-width of the basin. The distance of two sequential 
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receivers for each model is 0.005w, i.e. equal to 12.5m. The target results are the 
period-dependent aggravation factors (AGF). 
 
4.6 Methodology 

 
The 2D numerical analyses of the seismic response of all models, as well as the 
corresponding 1D analyses of the isolated soil columns, were performed using the 
ABAQUS finite element commercial code. The analyses took place in the time domain 
assuming plane-strain conditions (see section 1.3.2 for simulation details). 
 
To model the nonlinear behaviour of soil, a nonlinear kinematic hardening constitutive 
model was used, combined with the Von Mises failure criterion and an associated plastic 
flow rule (Anastasopoulos et. al. 2011, see section 1.3.2). The model parameters were 
firstly calibrated using soil strength Su, small-strain shear modulus G0 and shear 
modulus reduction and damping ratio (G-γ-D) curves. An external user-defined 
subroutine was then created to be used within ABAQUS, in order to account for stiffness 
degradation with increasing shear strain (γ) values. The model has been successfully 
adopted in the analysis of the seismic behaviour of an alluvial basin by Gelagoti et al. 
(2010), as well as for the numerical simulation of round robin numerical tests on tunnels 
by Tsinidis et al. (2014). The calibrated numerical model prediction of G-γ-D curves for a 
soil element located at 60m depth at the centre of model w1h2a1Vs1 is compared with 
the adopted G-γ-D curves in Figure 137. We observe that the model is unable to 
represent adequately the selected damping ratio curve for shear strain values greater 
than about 0.0008.  

 

 
Figure 137. Nonlinear kinematic hardening constitutive soil model calibrated against 
the adopted G-γ-D curves (Ishibashi and Zhang, 1993 for PI=50) for a soil element 

located at 60m depth at the centre of model w1h2a1Vs1. 
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4.7 Aggravation factors 

 
4.7.1 Period-dependent aggravation factors 

 
For each model, period-dependent aggravation factors were calculated as follows: 
• For every level of input motion ln (n=1, 2, 3), the acceleration time histories from 

the 2D numerical simulations using the six different input motions inm (m=2, 3, 6, 7, 
9, 10) were used to estimate the 5% damped acceleration response spectra 
SAi,n,2D(T) for all the receivers. 

• For every level of input motion ln (n=1, 2, 3), the acceleration time histories from 
the 1D numerical simulations using the six different input motions inm (m=2, 3, 6, 7, 
9, 10) were used to estimate the 5% damped acceleration response spectra 
SAi,n,1D(T) for all the receivers. 

• For every level of input motion ln (n=1, 2, 3), period-dependent aggravation factors 
AGFi,n(T) were calculated for every input motion inm (i=1,10) and for all receivers as 
follows (Chávez-García and Faccioli 2004):  

 i,n,2D

i,n

i,n,1D

SA (T)
AGF (T)

SA (T)
=  (8.1) 

• For every level of input motion ln (n=1, 2, 3), a mean period-dependent aggravation 

factor nAGF (T)
 was calculated for each receiver as the mean of the aggravation 

factors calculated in the previous step for input motions inm (i=2,10):  

 
i,n

i 2,3,6,7,9,10
n

AGF (T)

AGF (T)
6

==
∑

 (8.2) 

 
The mean period-dependent aggravation factors for all the receivers located within the 
basin are illustrated in Figures 138 and 139 for models with depth 120m and 250m 
respectively. Aggravation factors for all models were computed for spectral periods up to 
10sec, however, in the figures presented herein, results are given for spectral periods up 
to 5sec. 
 

(a)  
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(b)  

(c)  

Figure 138. Mean period-dependent aggravation factors for models w1h2a2Vsl (l=1,2,3) 
for all receivers, for input motions scaled at (a) 0.1g, (b) 0.3g and (c) 0.5g. 
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(c)  

Figure 139. Mean period-dependent aggravation factors for models w1h3a2Vsl (l=1,2,3) 
for all receivers, for input motions scaled at (a) 0.1g, (b) 0.3g and (c) 0.5g. 

 
Figures 140-150 illustrate the period-dependent aggravation factors for selected 
receivers.  
 

Figure 140. Mean period-dependent aggravation factors AGF(T) for all models, for the 
receiver located at the edge of the basin (x=0m). 
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Figure 141. Mean period-dependent aggravation factors AGF(T) for all models, for the 
receiver located at a distance x=50m from the edge of the basin. 
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Figure 142. Mean period-dependent aggravation factors AGF(T) for all models, for the 
receiver located at a distance x=100m from the edge of the basin. 
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Figure 143. Mean period-dependent aggravation factors AGF(T) for all models, for the 
receiver located at a distance x=150m from the edge of the basin. 
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Figure 144. Mean period-dependent aggravation factors AGF(T) for all models, for the 
receiver located at a distance x=200m from the edge of the basin. 
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Figure 145. Mean period-dependent aggravation factors AGF(T) for all models, for the 
receiver located at a distance x=300m from the edge of the basin. 
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Figure 146. Mean period-dependent aggravation factors AGF(T) for all models, for the 
receiver located at a distance x=500m from the edge of the basin. 
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Figure 147. Mean period-dependent aggravation factors AGF(T) for all models, for the 
receiver located at a distance x=700m from the edge of the basin. 
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Figure 148. Mean period-dependent aggravation factors AGF(T) for all models, for the 
receiver located at a distance x=900m from the edge of the basin. 
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Figure 149. Mean period-dependent aggravation factors AGF(T) for all models, for the 
receiver located at a distance x=1100m from the edge of the basin. 
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Figure 150. Mean period-dependent aggravation factors AGF(T) for all models, for the 
receiver located at the centre of the basin (x=1250m). 

 
In general we observe that the introduction of non-linearity for the material of the 
sediments does not affect the estimated aggravation factor significantly. Aggravation 
factors at receivers located far from the basin edges decrease with the increase of the 
level of input motions, while for the receivers close to the edges nonlinearity seems to 
lead to an increase of aggravation factors. The effect of non-linearity is more pronounced 
for soft soils (Vs=250m/s). 
 
4.7.2 Maximum aggravation factors 

 

In order to identify the maximum amplification of ground motion that can be attributed 
to the 2D response of the basin, the maximum values of the mean aggravation factors 
were calculated for the receivers of each model, regardless of the spectral period of their 
occurrence. Maximum aggravation factors for all models are illustrated in Figures 151-
156. 
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Figure 151. (a) Maximum value of average period-dependent aggravation factor for model 
w1h2a2Vs1 for the half-width of the basin from nonlinear analyses with gradient shear 
wave velocity profile, and (b) comparison with the results from the elastic analyses.  

 

 

Figure 152. (a) Maximum value of average period-dependent aggravation factor for 
model w1h2a2Vs2 for the half-width of the basin from nonlinear analyses with gradient 

shear wave velocity profile, and (b) comparison with the results from the elastic 
analyses.  
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Figure 153. (a) Maximum value of average period-dependent aggravation factor for 
model w1h2a2Vs3 for the half-width of the basin from nonlinear analyses with gradient 

shear wave velocity profile, and (b) comparison with the results from the elastic 
analyses.  

 

 

 

Figure 154. (a) Maximum value of average period-dependent aggravation factor for 
model w1h3a2Vs1 for the half-width of the basin from nonlinear analyses with gradient 

shear wave velocity profile, and (b) comparison with the results from the elastic 
analyses.  
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Figure 155. (a) Maximum value of average period-dependent aggravation factor for 
model w1h3a2Vs2 for the half-width of the basin from nonlinear analyses with gradient 

shear wave velocity profile, and (b) comparison with the results from the elastic 
analyses.  

 

 

 

Figure 156. (a) Maximum value of average period-dependent aggravation factor for 
model w1h3a2Vs2 for the half-width of the basin from nonlinear analyses with gradient 

shear wave velocity profile, and (b) comparison with the results from the elastic 
analyses.  

 
Regarding the maximum values of average period-dependent aggravation factors, we 
observe that in general they decrease with increasing amplitude of input motion, but the 
decrease is not significant. The decrease is more pronounced for soft soils (Vs=250m/s). 
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4.7.3 Mean aggravation factors for specific regions 

 
Similarly to the elastic analyses, mean aggravation factors were calculated for the 
regions of Figure 109a. The maximum mean aggravation factors per region for the three 
different levels of input motion are given in Table 21. The corresponding results from the 
elastic analyses of the homogeneous profiles are also included. We observe that the 
introduction of nonlinearity in general decreases the maximum aggravation factors in all 
regions. 
 

 Table 21. Maximum values of mean aggravation factors for regions a1, b1, c1, d1, e1 of 
Figure 109a (in bold the maximum value among all regions for each model). 

Model  Vs model / Analysis type a1  b1  c1  d1 e1  
w1h2a2Vs1  homogeneous- elastic 0.89  0.69  1.25  1.46  1.16  

 gradient-nonlinear 0.1g 0.95 0.89 1.29 1.17 1.06 

 gradient-nonlinear 0.3g 0.93 1.00 1.20 1.12 1.09 

 gradient-nonlinear 0.5g 0.98 1.10 1.24 1.12 1.08 

w1h2a2Vs2 homogeneous- elastic 0.96  0.77  1.30  1.22  1.17  

 gradient-nonlinear 0.1g 0.97 0.95 1.17 1.12 1.06 

 gradient-nonlinear 0.3g 0.97 0.89 1.16 1.13 1.07 

 gradient-nonlinear 0.5g 1.00 0.98 1.17 1.14 1.15 

w1h2a2Vs3  homogeneous- elastic 1.06  0.83  1.24  1.25  1.21  

 gradient-nonlinear 0.1g 0.98 0.96 1.20 1.29 1.14 

 gradient-nonlinear 0.3g 1.01 0.99 1.18 1.27 1.12 

 gradient-nonlinear 0.5g 1.02 0.94 1.17 1.23 1.11 

w1h3a2Vs1  homogeneous- elastic 1.97 1.17 1.41 1.73 2.13 

 gradient-nonlinear 0.1g 0.75 1.21 1.25 1.22 1.33 

 gradient-nonlinear 0.3g 0.78 1.24 1.21 1.16 1.24 

 gradient-nonlinear 0.5g 0.80 1.27 1.18 1.11 1.16 

w1h3a2Vs2 homogeneous- elastic 1.01 0.72 1.31 1.28 1.66 

 gradient-nonlinear 0.1g 0.85 1.11 1.22 1.13 1.31 

 gradient-nonlinear 0.3g 0.90 1.08 1.19 1.13 1.25 

 gradient-nonlinear 0.5g 0.90 1.17 1.23 1.15 1.18 

w1h3a2Vs3  homogeneous- elastic 1.08 0.89 1.46 1.29 1.25 

 gradient-nonlinear 0.1g 0.94 1.11 1.33 1.38 1.26 

 gradient-nonlinear 0.3g 0.95 1.09 1.31 1.34 1.23 

 gradient-nonlinear 0.5g 0.96 1.13 1.28 1.29 1.16 

 
 
5. Influence of the examined parameters on the short- and long-spectral period 

average aggravation factors 

  

In order to make a proposal for the recommendations regarding the inclusion of basin 
effects in Eurocode 8, which is the final goal of NERA Task 11.6, we propose to use the 
results from the elastic analyses, since nonlinear analyses showed no significant 
influence of nonlinearity on the computed aggravation factors, and more specifically the 
short- and long-spectral period average aggravation factors calculated for regions a1, b1, 
c1, d1 or e1 of Figure 109. To this end, an examination of the influence of the examined 
parameters on the computed short- and long-spectral period average aggravation factors 
for the five regions is firstly conducted. 



NERA | D11.5 - AUTH contribution 

 

137 
 

5.1 Influence of inclination angle 

 
Figures 157 and 158 and Tables 22 and 23 illustrate the influence of inclination angle on 
short- (AGFS) and long-spectral (AGFL) average aggravation factors, for regions a1, b1, 
c1, d1 or e1 of Figure 109 (symmetrical models). For each angle value, the median AGFS 
and AGFL are calculated per region, as well as the 16th and 84th percentiles.  
 

 
Figure 157. Influence of inclination angle on short-spectral period AGFS: Median, 16th 

and 84th percentile values for AGFS for regions a1, b1, c1, d1, e1. 
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Figure 158. Influence of inclination angle on long-spectral period AGFL: Median, 16th and 
84th percentile values for AGFL for regions a1, b1, c1, d1, e1. 

 

Table 22. Influence of inclination angle on short-spectral period AGFS: Median, 16th and 
84th percentile values for AGFS per region for all symmetrical models 

angle   Region a1  Region b1  Region c1  Region d1 Region e1 

a1  median 0.87 0.95 1.10 1.06 1.05 

 16th 0.85 0.90 1.06 1.02 1.01 

 84th 0.91 1.01 1.15 1.09 1.10 

a2 median 0.73 0.58 1.08 1.06 1.04 

 16th 0.68 0.52 1.05 1.01 1.01 

 84th 0.76 0.67 1.15 1.10 1.08 

a3  median 0.77 0.55 1.06 1.06 1.04 

 16th 0.70 0.48 1.04 1.01 1.01 

 84th 1.03 0.63 1.11 1.15 1.08 

 

Table 23. Influence of inclination angle on long-spectral period AGFL: Median, 16th and 
84th percentile values for AGFL per region for all symmetrical models 

angle   Region a1  Region b1  Region c1  Region d1 Region e1 

a1  median 0.94 0.83 1.06 1.06 1.05 

 16th 0.90 0.75 1.01 1.02 1.01 

 84th 0.99 0.90 1.12 1.29 1.42 

a2 median 0.95 0.65 1.01 1.05 1.04 

 16th 0.85 0.54 0.92 1.02 1.01 
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angle   Region a1  Region b1  Region c1  Region d1 Region e1 

 84th 1.04 0.73 1.04 1.20 1.33 

a3  median 0.95 0.55 0.98 1.06 1.04 

 16th 0.81 0.43 0.84 1.01 1.01 

 84th 1.05 0.83 1.02 1.16 1.32 

 
We observe that median AGFS and AGFL are less than one for regions a1 and b1 for all 
values of inclination angle. As the inclination angle increases, median AGFS and AGFL in 
these two regions (a1 and b1) decrease. For the other three regions (c1, d1, e1), 
median AGFS are about 1.1 for all angles, while median AGFL are a bit lower (~1.05) 
regardless of the inclination angle. 84th percentiles are as high as 1.15 for AGFS and as 
high as 1.4 for AGFL. Region b1 is the region which is mostly affected by the 2D response 
of the basin. 
 
5.2 Influence of shear wave velocity of sediments 

 
Figures 159 and 160 and Tables 24 and 25 illustrate the influence of shear wave velocity 
of sediments Vs on short- (AGFS) and long-spectral (AGFL) average aggravation factors, 
for regions a1, b1, c1, d1 or e1 of Figure 109 (symmetrical models). For each shear wave 
velocity value, the median AGFS and AGFL are calculated per region, as well as the 16th 
and 84th percentiles.  
 
 

 
Figure 159. Influence of shear wave velocity of sediments on short-spectral period 

AGFS: Median, 16th and 84th percentile values for AGFS for regions a1, b1, c1, d1, e1. 
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Figure 160. Influence of shear wave velocity of sediments on long-spectral period AGFL: 

Median, 16th and 84th percentile values for AGFL for regions a1, b1, c1, d1, e1. 
 

Table 24. Influence of shear wave velocity of sediments on short-spectral period AGFS: 
Median, 16th and 84th percentile values for AGFS per region for all symmetrical models 

Vs   Region a1  Region b1  Region c1  Region d1 Region e1 

Vs1  median 0.75 0.55 1.06 1.06 1.03 

 16th 0.67 0.48 1.03 1.00 1.00 

 84th 0.89 0.92 1.13 1.10 1.15 

Vs2 median 0.77 0.60 1.10 1.08 1.05 

 16th 0.70 0.52 1.07 1.02 1.01 

 84th 0.90 0.95 1.15 1.11 1.19 

Vs3  median 0.82 0.68 1.07 1.03 1.03 

 16th 0.74 0.62 1.05 1.01 1.01 

 84th 0.92 0.97 1.13 1.09 1.06 

 

Table 25. Influence of shear wave velocity of sediments on long-spectral period AGFL: 
Median, 16th and 84th percentile values for AGFL per region for all symmetrical models 

angle   Region a1  Region b1  Region c1  Region d1 Region e1 

Vs1  median 0.87 0.59 1.02 1.09 1.05 

 16th 0.79 0.43 0.92 1.02 1.00 

 84th 0.94 0.82 1.18 1.45 1.66 

Vs2 median 0.93 0.70 1.02 1.08 1.05 

 16th 0.90 0.53 0.92 1.02 1.02 
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angle   Region a1  Region b1  Region c1  Region d1 Region e1 

 84th 1.01 0.82 1.08 1.16 1.43 

Vs3  median 0.99 0.74 1.00 1.03 1.03 

 16th 0.95 0.61 0.92 1.00 0.99 

 84th 1.04 0.88 1.02 1.10 1.17 

 
We observe that median AGFS are less than one for regions a1 and b1 for all values of 
shear wave velocity of sediments Vs. As Vs increases, median AGFS in these two regions 
(a1 and b1) increase. For the other three regions (c1, d1, e1), median AGFS values are 
between 1.05 and 1.1 for all values of Vs and exhibit a narrow band between the 16th 
and 84th percentiles. In general, AGFS in regions a1 and b1 are mostly affected by the 
2D response of the basin. Median AGFL are less or about one in regions a1 and b1, and 
increase for increasing Vs. In regions c1, d1, e1 median AGFL are about 1.1 and 
converge to 1 for Vs=500m/s. However, the 84th percentile can be as high as 1.6 for 
region e1 and Vs=250m/s.  
 
5.3 Influence of shape ratio 

 

Figures 161 and 162 and Tables 24 and 25 illustrate the influence of the shape ratio of 
the basin sr, defined as h/(w/2), on short- (AGFS) and long-spectral (AGFL) average 
aggravation factors, for regions a1, b1, c1, d1 or e1 of Figure 109 (symmetrical models). 
For each shape ratio value, the median AGFS and AGFL are calculated per region, as well 
as the 16th and 84th percentiles.  
 

 

 
Figure 161. Influence of shape ratio on short-spectral period AGFS: Median, 16th and 

84th percentile values for AGFS for regions a1, b1, c1, d1, e1. 
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Figure 162. Influence of shape ratio on long-spectral period AGFL: Median, 16th and 

84th percentile values for AGFL for regions a1, b1, c1, d1, e1. 
 

Table 26. Influence of shape ratio on short-spectral period AGFS: Median, 16th and 84th 
percentile values for AGFS per region for all symmetrical models 

Vs   Region a1  Region b1  Region c1  Region d1 Region e1 

sr1=0.024  median 0.86 0.61 1.05 1.01 1.01 

 16th 0.76 0.54 1.04 1.00 1.00 

 84th 1.05 0.91 1.08 1.02 1.01 

sr2=0.048 median 0.77 0.62 1.08 1.03 1.02 

 16th 0.73 0.52 1.05 1.02 1.01 

 84th 0.86 0.92 1.13 1.06 1.03 

sr3=0.1 median 0.73 0.63 1.09 1.08 1.06 

 16th 0.68 0.49 1.05 1.05 1.05 

 84th 0.87 0.96 1.13 1.09 1.07 

sr4=0.2 median 0.79 0.70 1.13 1.12 1.16 

 16th 0.68 0.52 1.04 1.09 1.05 

 84th 0.92 1.03 1.19 1.17 1.22 

 

Table 27 Influence of shape ratio on long-spectral period AGFL: Median, 16th and 84th 
percentile values for AGFL per region for all symmetrical models 

angle   Region a1  Region b1  Region c1  Region d1 Region e1 

sr1=0.024  median 0.95 0.62 1.02 1.02 1.01 

 16th 0.90 0.51 1.00 1.01 1.01 

 84th 1.03 0.79 1.04 1.03 1.03 
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angle   Region a1  Region b1  Region c1  Region d1 Region e1 

sr2=0.048 median 0.92 0.62 1.02 1.04 1.04 

 16th 0.86 0.49 0.99 0.99 1.01 

 84th 0.98 0.79 1.08 1.05 1.05 

sr3=0.1 median 0.92 0.71 0.94 1.13 1.07 

 16th 0.84 0.52 0.88 1.10 0.99 

 84th 1.00 0.84 1.02 1.19 1.22 

sr4=0.2 median 0.98 0.87 1.02 1.22 1.44 

 16th 0.88 0.70 0.83 1.07 1.24 

 84th 1.26 1.02 1.30 1.52 1.80 

 
Regarding the value of median AGFS, we observe that for regions a1 and b1 median 
AGFS are less than one for all sr values. For the other three regions (c1, d1, e1), median 
AGFS values are between 1.05 and 1.15 for all sr values. For regions b1, c1, d1, e1, 
median AGFS increase for increasing shape ratio sr. The band between the 16th and 84th 
percentiles for AGFs is quite narrow. Regarding the value of median AGFL, we observe 
that median AGFL in region a1 are close to 1 for all sr values, and they are less than one 
for region b1. For the regions c1, d1, e1, median AGFL values are between 1.05 and 1.4, 
with 84th percentiles as high as 1.8 for the highest shape ratio. In general, AGFL 
increases for increasing shape ratios in all regions, except for region a1, where it is quite 
constant and around one.   
 
5.4 Influence of fundamental period at the centre of the basin T0,c 
 
The influence of fundamental period at the centre of the basin (T0,c) on short- (AGFS) and 
long-spectral (AGFL) average aggravation factors, for regions a1, b1, c1, d1 or e1 is 
illustrated in Figures 163 and 164. 
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Figure 163. Influence of fundamental period at the centre of the basin T0,c on short-
spectral period AGFS: AGFS for all symmetrical models for regions a1, b1, c1, d1, e1. 

 

Figure 164. Influence of fundamental period at the centre of the basin T0,c on long-
spectral period AGFL: AGFL for all symmetrical models for regions a1, b1, c1, d1, e1. 
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Regarding AGFS, we observe that for regions a1 and b1, AGFS exhibit a large fluctuation 
and are in general less than one for all T0,c values (with few exceptions where AGFS are 
around 1.1). For regions c1, d1, e1, AGFS values are between 1.1 and 1.3 and do not 
change significantly with the increase of T0,c. Regarding AGFL, we observe that AGFL is 
less than one for region b1 (with some exceptions for T0,c>4sec). In regions a1, c1, d1, 
e1 median AGFL values are between 0.8 and 2.2. In the constant-depth part of the basin 
(regions c1, d1, e1) AGFL increase for increasing T0,c.  
 
In order to check the influence of T0,c. on AGFS and AGFL for each region, AGFS and AGFL 
are plotted separately for each region (Figures 165-169). 
 

 
Figure 165. Influence of fundamental period at the centre of the basin T0,c on short- 
(left) and long-spectral period average aggravation factors (right) for all models for 

region a1. Median, 16th and 84th percentile values are also illustrated. 
 

In region a1 AGFS and AGFL are in general between 0.5 and 1.15 for all values of T0,c. For 
three models with T0,c>4sec (models w1h3a2Vs1, w2h4a2Vs2 and w2h4a3Vs1, the same 
as for region a1), AGFL is between 1.7 and 2.2. AGFL values are greater than AGFS 
values. The medians for both AGFS and AGFL are below one, while their scattering is 
limited.  
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Figure 166. Influence of fundamental period at the centre of the basin T0,c on short- 
(left) and long-spectral period average aggravation factors (right) for all models for 

region b1. Median, 16th and 84th percentile values are also illustrated. 
 
In region b1, we observe that regarding AGFS two different groups can be defined: 
Group 1 with AGFS between 0.4 and 0.75 and Group 2 with AGFS between 0.80 and 1.1. 
The models of Group 2 are the models with the lowest inclination angle (a=20o). 
Regarding AGFL there is a similar trend, but not so pronounced. All AGFL values are less 
than one, except for three models (models w1h3a2Vs1, w2h4a2Vs2 and w2h4a3Vs1) 
with AGFL between 1.1 and 1.5. The medians for both AGFS and AGFL are below one. The 
scattering for both AGFS and AGFL is high. However, the 84th percentiles are still below 
one.  
 
 

 
Figure 167. Influence of fundamental period at the centre of the basin T0,c on short- 
(left) and long-spectral period average aggravation factors (right) for all models for 

region c1. Median, 16th and 84th percentile values are also illustrated. 
 
In region c1 we observe that AGFS is between 1 and 1.2 with small scattering and 
increases for increasing T0,c. On the contrary, AGFL decreases with increasing T0,c for 
T0,c<4sec and increases with increasing T0,c for T0,c≥4sec. AGFL ranges between 0.7 and 

                        Group 2 

                               Group 1 
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1.4. The scattering for AGFL is higher than for AGFS, with the 84th percentile being as 
high as 1.2. 
 

 
Figure 168. Influence of fundamental period at the centre of the basin T0,c on short- 
(left) and long-spectral period average aggravation factors (right) for all models for 

region d1. Median, 16th and 84th percentile values are also illustrated. 
 
In region d1 we observe that AGFS increases with T0,c for T0,c<3sec and remains constant 
around 1.1 for T0,c≥3sec. The values of AGFS range between 1 and 1.25. AGFL increases 
with increasing T0,c and ranges between 1.0 and 1.6. The scattering for AGFL is higher 
than for AGFS, with the 84th percentile being as high as 1.2. 
 
 

 
Figure 169. Influence of fundamental period at the centre of the basin T0,c on short- 
(left) and long-spectral period average aggravation factors (right) for all models for 

region e1 Median, 16th and 84th percentile values are also illustrated. 
 

Region e1 behaves in a way similar to d1. AGFL ranges between 1 and 2.1, with the 84th 
percentile being as high as 1.4. 
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Median, 16th and 84th percentile values for AGFS and AGFL for regions a1 to e1 are 
given in Tables 28 and 29. 
 

Table 28. Median, 16th and 84th percentile values for AGFS per region for all 
symmetrical models 

 Region a1  Region b1  Region c1  Region d1 Region e1 

median 0.80 0.64 1.08 1.06 1.04 

16th 0.70 0.52 1.04 1.01 1.01 

84th 0.90 0.95 1.14 1.11 1.10 

 

Table 29. Median, 16th and 84th percentile values for AGFL per region for all 
symmetrical models 

 Region a1  Region b1  Region c1  Region d1 Region e1 

median 0.94 0.70 1.01 1.06 1.05 

16th 0.87 0.52 0.91 1.01 1.00 

84th 1.03 0.88 1.08 1.19 1.41 

 
In general we observe that for all regions, AGFL values for T0,c≥4.0s are higher than 
those for T0,c<4.0s and also exhibit a larger scattering. For this reason medians, 16th 
and 84th percentiles for both AGFS and AGFL of each region were calculated for the two 
ranges of T0,c, which correspond to short-fundamental period basins (T0,c<4.0s) and 
long-fundamental period basins (T0,c≥4.0s) (Figures 170-174). 
 

 
Figure 170. Influence of fundamental period at the centre of the basin T0,c on short- 
(left) and long-spectral period average aggravation factors (right) for all models for 

region a1. Median, 16th and 84th percentile values for two ranges of T0,c (T0,c<4.0s and 
T0,c≥4.0s) are also illustrated. 
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Figure 171. Influence of fundamental period at the centre of the basin T0,c on short- 
(left) and long-spectral period average aggravation factors (right) for all models for 

region b1. Median, 16th and 84th percentile values for two ranges of T0,c (T0,c<4.0s and 
T0,c≥4.0s) are also illustrated. 

 

 
Figure 172. Influence of fundamental period at the centre of the basin T0,c on short- 
(left) and long-spectral period average aggravation factors (right) for all models for 

region c1. Median, 16th and 84th percentile values for two ranges of T0,c (T0,c<4.0s and 
T0,c≥4.0s) are also illustrated. 
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Figure 173. Influence of fundamental period at the centre of the basin T0,c on short- 
(left) and long-spectral period average aggravation factors (right) for all models for 

region d1. Median, 16th and 84th percentile values for two ranges of T0,c (T0,c<4.0s and 
T0,c≥4.0s) are also illustrated. 

 

 
Figure 174. Influence of fundamental period at the centre of the basin T0,c on short- 
(left) and long-spectral period average aggravation factors (right) for all models for 

region e1. Median, 16th and 84th percentile values for two ranges of T0,c (T0,c<4.0s and 
T0,c≥4.0s) are also illustrated. 

 

We observe that in all regions and for both AGFS and AGFL, medians are higher for the 
long-fundamental period basins (T0,c≥4.0s). However, this observation is much more 
pronounced for AGFL. The band between the 16th and 84th percentiles AGFL is also much 
wider for T0,c≥4.0s compared to T0,c<4.0s. 
 
Median, 16th and 84th percentile values for AGFS and AGFL for regions a1 to e1, for the 
two ranges of T0,c (T0,c<4.0s and T0,c≥4.0s), are given in Tables 30 and 31. 
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Table 30. Median, 16th and 84th percentile values for AGFS per region for all 
symmetrical models 

  Region a1  Region b1  Region c1  Region d1 Region e1 

T0,c<4.0s 

median 0.81 0.62 1.08 1.03 1.02 

16th 0.72 0.52 1.05 1.01 1.00 

84th 0.89 0.94 1.13 1.09 1.06 

T0,c≥4.0s 

median 0.74 0.65 1.11 1.10 1.12 

16th 0.65 0.52 1.02 1.07 1.04 

84th 0.91 1.02 1.19 1.14 1.22 

 

Table 31. Median, 16th and 84th percentile values for AGFL per region for all 
symmetrical models 

  Region a1  Region b1  Region c1  Region d1 Region e1 

T0,c<4.0s 

median 0.94 0.68 1.01 1.04 1.03 

16th 0.88 0.52 0.92 1.01 1.00 

84th 1.02 0.84 1.05 1.12 1.12 

T0,c≥4.0s 

median 0.91 0.85 1.08 1.29 1.46 

16th 0.77 0.57 0.87 1.13 1.28 

84th 1.58 1.08 1.31 1.54 1.85 

 

6. Preliminary recommendations 

 

The current version of Eurocode 8 does not include any provisions for basin effects. In 
order to include these effects, it is proposed to use a seismic aggravation factor AGF 
(constant or period dependent), which will be multiplied with the spectral value of the 
elastic response spectrum of the code, which generally assumes 1D conditions. 
 
From the elastic parametric analyses conducted in the present study, we concluded that 
seismic aggravation factor AGF is dependent on (i) the geometry of the basin (width w, 
depth h, inclination angle a), (ii) the dynamic properties of the basin (average shear 
wave velocity of the sediments Vs, resonant period of the basin T0,c), (iii) the distance x 
of the location of interest from the edge and (iv) the ratio of the spectral period of the 
structure to the resonant period of the basin T/T0,c. Summarizing the results and the 
statistics of the comprehensive set of analyses, the following general conclusions were 
derived regarding the short-spectral period aggravation factor AGFS and the long-
spectral period aggravation factor AGFL: 

• AGFS and AGFL are in general below one for the region above the inclined part of 
the basin, which means that 1D response is generally higher than 2D response.  

• Inclination angle does not affect AGFS and AGFL to a significant degree. 
• AGFS and AGFL increase for increasing shape ratio of the basin (defined as 

h/(w/2)). 
• For the “constant-depth” part of the basin, AGFL is strongly affected by Vs and 

decreases for increasing Vs. 
• For the constant-depth part of the basin, AGFL is strongly affected by T0,c and 

increases for increasing T0,c. AGFL for basins with high T0,c are much higher than 
AGFL for basins with low T0,c and with a wider band between the 16th and 84th 
percentiles. 

 
Taking the above into account, the proposed preliminary recommendations include 
the proposal of a short-spectral period aggravation factor AGFS for design of short period 
structures (with spectral period T≤0.75T0,c) and a long-spectral period aggravation factor 
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AGFL for design of long period structures (with spectral period T>0.75T0,c,) where T0,c is 
the resonant period of the basin.  
 
Preliminary recommendations to account for basin 2D effects: 
Good description (see items i to iv above) of the geometry and the other parameters of a 
basin (valley) is necessary prior to any evaluation of the aggravation factor. For the 
region above the inclined part of the basin, AGFS and AGFL are in general below 1.0. In 
this case, and in order to be on the safe side, the 1D response spectrum can be used 
without any modification. For the region above the “constant-depth” part of the basin, 
median short-spectral period aggravation factors AGFS are around 1.1 and the 
corresponding 84th percentiles are as high as 1.2. Median long-spectral period 
aggravation factors AGFL for the region above the constant-depth part of the basin are 
around 1.0 for shallow basins (with low T0,c) and on average around 1.25 for deeper 
basins (with high T0,c). The corresponding 84th percentiles for AGFL are 1.1 for shallow 
basins and can be as high as 1.8 for deep basins. Site-specific analyses should be 
performed for important structures.  
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Computation of 1D and 2D simulations of the seismic 

response of various sedimentary basins, and estimation 
of the 2D aggravation factors for various ground motion 

parameters 
 

A - 2D computations 
CUB will perform the following Finite Difference computations about the seismic response 
of 2D valleys to incident plane waves. These computations will complement a large set of 
already available results performed at ISTerre, and that will be made available to CUB. 

1 – Sensitivity to damping 

The base case for such a study is a symmetric trapezoidal valley with thickness h=120 
m, width w=5 km, gentle lateral slope (10°), and soft soil (VS30 = 125 m/s).  
The S-wave velocity in the sediments should follow a dependence with depth according 
to the following equation: VS(z) = VS0 + (VS1-VS0) [(z –z0) / (z1-z0)0.5], with z0 = 0 m, z1 
= 1000 m, VS0= 80 m/s, VS1= 480 m/s. 
The P-wave velocity should be equal to 1.5 km/s  
The unit mass (kg/m3) should be equal to 1600 + 0.6 (VS(z) – 100)  
The bedrock will be homogeneous with S and P-wave velocities, and unit mass equal to 1 
km/s, 2 km/s and 2 500 kg/m3, respectively.  
 
The impulse seismic response seismic to vertically incident SH and SV waves will be 
computed for 50 s in the time domain, with the following QS and QP values for the 
sediments: 

• Base case : QS(z) = VS(z) / 10   ;  QP(z)  = Min (2*QS(z), VP(z)/10) 
• QS(z) = VS(z) /5  ;  QP(z)  = Min (2*QS(z), VP(z)/5) 
• QS(z) = VS(z) /3 ;  QP(z)  = Min (2*QS(z), VP(z)/3) 
• QS(z) = VS(z) /20  ;  QP(z)  = Min (2*QS(z), VP(z)/20) 

 
The response will be computed at 111 surface receivers : one every 50 m within the 
valley (101) in total), + 5 on the outcropping rock on each side, one every 250 m.  
The source time is a Gabor wavelet. 
 

2 – Sensitivity to incidence angle 

This study will be performed on the same base case as for the previous "sensitivity to 
damping" study. If allowed by the capabilities of the Finite Difference code, the seismic 
response should be computed under the same base case conditions (same input, same 
receivers, same damping QS(z) = VS(z) / 10   and QP(z)  = Min (2*QS(z), VP(z)/10) for 
obliquely incident plane SH and SV waves with incidence angles equal to 15°, 25°, 30°, 
35°, 45° and 60°. 
If not possible, this will be replaced by response to point sources adequaltely located to 
"mimick" such incidence angles. 
 

3 – Bedrock with velocity gradient  

Another sensitivity study should be performed to investigate the sensitivity on bedrock 
velocity, considering a realistic velocity  gradient. 
This study will be performed for a shallow trapezoidal (h= 60 m, w=5 km) valley with 
gentle slope (a1=10°), and intermediate-stiff velocity profile (VS30 = 333 m/s), with the 
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same input, same receivers, same damping QS(z) = VS(z) / 10   and QP(z)  = Min 
(2*QS(z), VP(z)/10) for vertically incident plane SH and SV waves. 
The bedrock velocity model should be the "Swiss" bedrock tuned to VS30 = 800 m/s, for 
shallow trapezoidal (h=30 or 60 m, w=5 km) valleys with gentle slope (a1=10°), and 
intermediate-stiff velocity profile (VS30 = 333 m/s) 
Swiss bedrock :  Vs(z) = VSmin + (VSmax-VSmin) [1 – e -z/z0] 

With , VSmin = 680, VSmax = 3200, z0 = 300 m, , VS30=800 
 
 

4 – Swiss-like alpine valley with a thin, soft layer 

If possible for CUB, the "Lucerne-type" sediment velocity profile should be considered for 
an embanked geometry : h=500m, w=2.5 km. The velocity model is the following : 

• Top homogeneous layer : VS=200 m/s, h=10m 
• Beyond z1= 10 m : Gradient from VS1 = 300 m/s to VS2 = 1000 m/s at z2= 1 km 

depth, a = 0.5 
o VS(z) = VS1 + (VS2-VS1) [(z – z1)/(z2-z1)]a 

• Homogeneous bedrock, VSrock = 1500 m/s  
• Same damping : QS(z) = VS(z) / 10   and QP(z)  = Min (2*QS(z), VP(z)/10) 

The same receiver location should be considered as for the base case, and the same 
input carried by vertically incident plane waves. 

5 – Argostoli valley, 2D model along the R02-R01 cross-section 

This model for the a study will delivered in early Summer after a NERA-JRA1 work 
meeting to be held in Grenoble on June 24-25, 2014.  
 

Priorities 

Computations for cases 1 and 2 should be performed as early as possible before summer 
2014; computations for case 5 will be requested once a 2D model of the Argostoli valley 
is available, i.e. by the end of June. Computations for case 3 and 4 may be run in 
Summer time for delivery in September 
 
 
B - 1D computations 
In parallel to the 2D above mentioned 2D computations, CUB will compute the 1D 
response under vertical incidence of S-waves for all the receivers, with the same local 
"soil column" (i.e., same velocity, density and damping profile, with the appropriate 
thickness and bedrock). 
The 1D response should be computed for a total of 3600 profiles, corresponding to the 
combination of 600 depths and 6 velocity profiles for the sediments. 
A file with 600 different depths has been provided to CUB.  
The 6 velocity profiles above that depth are defined by the following equation 
VS(z) = VS0 + (VS1-VS0) [(z –z0) / (z1-z0)0.5], with z0 = 0 m, z1 = 1000 m  
The values of VS0 and VS1 are detailed in the following table for the 6 different velocity 
profiles. 
 

Profile 1 2 3 4 5 6 

VS0 
(m/s) 80 100 120 160 247 434 

VS1 
(m/s) 480 700 835 950 1000 1000 

VS30 
(m/s) 125 167 200 250 333 500 
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The unit mass (kg/m3) should be equal to 1600 + 0.6 (VS(z) – 100)  
The bedrock will be homogeneous with S and P-wave velocities, and unit mass equal to 1 
km/s, 2 km/s and 2 500 kg/m3, respectively.  
 
 
C - Derivation of Aggravation Factors (for the ISTerre-
CUB computations 
 
For all the surface receivers considered in the 2D and 1D computations, the time domain 
response will be computed for a series of at least 10 input signals corresponding to near-
source accelerometric recordings on rock. For each surface time series, a number of 
ground motion parameters will be computed, and the ratio between their values for the 
2D response and the corresponding 1D response, i.e., the "aggravation factors" will be 
derived or each input motion. The average and standard deviation will be computed for 
each receiver. 

Input accelerograms  

The selection of these recordings will be agreed upon between CUB and ISTerre on the 
basis of their frequency contents in order to cover a representative range of response 
spectra. They should be selected mainly on the basis of their peak frequencies, so as to 
be representative of the natural variability of rock spectra. The corresponding 
accelerograms will be mainly from Italy, Iceland, Greece and Turkey. 

Ground motion parameters  

The following ground motion parameters should be considered 
• Fourier transfer functions and aggravation factors FTF2D/FTF1D  
• Response spectra amplification factors = AF2D and AF1D (f) (their average, as well 

as the corresponding standard deviation, should be computed geometrically for 
the 10 input accelerograms). These response spectra should be computed for 101 
frequencies regularly spaced on a logarithmic frequency axis from 0.1 to 100 Hz 

• Short period average amplification factor (FA, 5-20 Hz ??) and long-period 
average (FV, 0.5-2 Hz) 

• Severity indexes (pga, pgv, SI, CAV, IA, arms, DTB (5%-95%) and DTB (5%-75%)) 
 
The aggravation factors should be computed for all of them, with priority on  

• The aggravation factor for amplification factor on response spectra 
• The short and long period average Fa and Fv 

  

 




