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ABSTRACT 
It is widely known that topographic irregularities influence the surface ground motions, typically with an enhancement of 
the response close to convex topographic features, such as ridges and slope crests.  Several studies have investigated 
the ground motion at the surface of filled valleys and empty canyons, focusing mainly on the geometry and the soil 
characteristics rather than the input excitation. Further investigation of the impact of the input excitation to the ground 
surface response is needed in order to modify existing ground motion prediction models to account for topographic effects. 
The response of canyons has been previously examined; but mainly focusing on simple wavelet input. This paper considers 
a fully weathered canyon (i.e., without any in-fill material) aiming to investigate the influence of the input excitation on the 
surface ground motion through a parametric time-domain finite element (FE) study. A two-dimensional plane-strain model 
of an idealised canyon is considered for vertically propagating SV waves, using both wavelets and recorded earthquakes 
as input excitation. The model consists of two step-like slopes with slope height (H), in a homogeneous linear elastic soil 
layer overlying rigid bedrock. Topographic aggravation is presented for several points along the canyon ground surface 
aiming to derive a pattern of its distribution considering input excitation with different characteristics.  
 
 
 
1 INTRODUCTION 
 
The impact of surface topography on the amplitude, 
duration and frequency content of the earthquake ground 
motion is well recognised. This is typically associated with 
convex features at the ground surface during destructive 
earthquakes and has been manifested in several past 
events. Previous numerical studies which provided 
important contributions on topography effects were mainly 
focused on the geometric characteristics of a single slope 
(e.g. Ashford et al., 1997) or a canyon topography (e.g. 
Wong and Trifunac, 1974) and their effect on the ground 
surface response. However, most numerical studies were 
found to under-predict topographic amplification with 
respect to values recorded in the field. This discrepancy 
has been attributed to the simplifying assumptions adopted 
in the numerical models, presence of subsurface soil 
layering, use of unrealistically simplified ground motions 
and topographic and soil amplification interaction.  

More recent studies on topographic effects for single 
slopes and canyons have increased the numerical model 
complexity. Zhao and Valliappan (1993) examine the 
ground surface response around canyons with different 
shapes and ground conditions using both harmonic pulses 
and an earthquake record as input excitations. Gelagoti et 
al. (2010) examine an alluvial valley response considering 
the Ricker (1953) pulse and earthquake records as input. 
Assimaki et al. (2005, 2007 and 2013) have systematically 
studied topography effects focusing on various case 
studies and ground conditions. They mostly considered 
Ricker (1953) pulses as an excitation (either as a single 
pulse or as a train of pulses) or specific earthquake records 
depending on the case study under examination. In their 
examined cases soft deposits are usually present and thus 
topographic and soil layer amplifications are 
interdependent. As a result, variation of the input motion 
characteristics is not examined as a single factor 
influencing the ground response, but always in conjunction 

with a variation of the soil characteristics and the slope 
configurations. An exception to the aforementioned studies 
in terms of the input motion characteristics investigation is 
the work by Bouckovalas and Papadimitriou (2005). 
Numerical calculation of topographic amplification is 
performed for a single slope considering a harmonic 
excitation comprising of 20-40 cycles, a Chang’s signal 
excitation and actual seismic records. Aggravation results 
at the slope surface resulting from the earthquake input are 
compared to those resulting from the pulses with general 
agreement in terms of the peak ground and the spectral 
acceleration response. It is also concluded that considering 
the Chang’s pulse as the input excitation results in more 
conservative estimates of the aggravation values.  

 There is clearly a need to further investigate the effect 
of the input motion characteristics (i.e. input motion 
frequency content) on topographic aggravation, with the 
ultimate aim being the improvement of seismic code 
provisions in this topic. Consequently, the current study 
investigates the distribution of the ground response along 
the surface of a canyon considering two types of wavelet 
pulses and 30 earthquake records as input motions.  
 
 
2 METHODOLOGY 
 
2.1 Numerical Model Description 
 
Two-dimensional time-domain finite element analyses 
were performed, considering a canyon in a soil layer over 
rigid bedrock subjected to vertically propagating in-plane 
shear (SV) waves. The soil is treated as a homogeneous 
linearly elastic material, with properties listed in Table 1.  

The finite element (FE) model geometry consists of a 
canyon of height (H), slope inclination angle (i) and soil 
layer thickness (z), as presented in Figure1. Parametric 
analyses focus on the impact of the different input motions 
on the ground surface response. Two sets of analyses 



 

 

were performed; in the first one two wavelet pulses were 
used as the input motion, the Ricker (1953) pulse and a 
wavelet modulated by a temporal filter (Saragoni and Hart, 
1974), and in the second set 30 earthquake motions were 
examined corresponding to five earthquake magnitude 
scenarios. The FE mesh geometry was fixed for the current 
study, considering the distance of the crest from the lateral 
mesh boundary as L=500m, the slope height as H=50m, 
the crest-to-crest distance as Lctc=280m, the slope 
inclination angle as i=90o and the bedrock depth as 
z=125m. Ashford et al. (1997) and Bouckovalas and 
Papadimitriou (2005) show an increase of aggravation with 
slope angle. The same trend was observed by examining 
slope angles of 10o, 30o, 45o and 90o in the current 
research (not shown herein). In the present study only the 
vertical slope model is presented which can be seen as an 
upper bound of the expected aggravation. The impact of 
the crest-to-crest distance was examined by Skiada et al. 

(2017) showing that the interaction between the two slopes 
maximizes for Lctc=280m. This distance is close to the 
wavelengths generated for the examined input motion 
frequency range, leading to resonance phenomena. 
 

 
Figure 1. Geometry of the domain considered within the 
finite element analyses. 
 
 

All numerical analyses were carried out with the 
Imperial College Finite Element Program, ICFEP (Potts 
and Zdravković, 1999), employing the generalised-α time 
integration scheme (Chung and Hulbert, 1993). This is an 
unconditionally stable implicit method with second order 
accuracy and controllable numerical damping (Kontoe et 
al., 2008). For the wavelet analyses the time-step is taken 
as a fraction of the predominant period of the input motion 
(Δt=Τp/40). The largest element dimension, Δl, of the mesh 
follows the recommendation of Δl≤λmin/10 (Kuhlemeyer and 
Lysmer, 1973), where λmin is the wavelength determined for 
the lowest wavelet motion period Tp. The same mesh and 
element dimensions were considered for the selected 
acceleration records. 

The distance of the lateral boundaries of the FE mesh 
was specified, so that the numerical results obtained near 
the canyon are independent of the boundary conditions. 
The bottom boundary location is determined based on the 
bedrock location. The Domain Reduction Method was used 
to reduce the computational domain and to ensure that 
free-field conditions were obtained at the lateral boundaries 
of the FE mesh. This method is a two-step procedure for 
seismological applications which can be used to reduce the 
size of the domain to be analysed (Bielak et al., 2003 and 
Kontoe et al., 2009). During the first step (Step I), a 

simplified model is considered, with much smaller 
computational cost than analysing the whole domain. The 
second step (Step II) focuses on the reduced domain 

(area) of interest and an external region (Ω̂+). Equivalent 
forces calculated from the displacement field computed 
during Step I, are implemented as an input along the line Γ 
in Step II (Figure 1). The perturbation of the external area 
is only outgoing and corresponds to the relative response 
between Steps I and II. Free-field conditions can be 
accurately represented in the numerical model of Step II by 
introducing the domain reduction method together with the 
standard viscous boundary at the lateral boundaries 
(Lysmer and Kuhlemeyer, 1969). In Step I of the analysis, 
a soil column of thickness z was used and a horizontal 
acceleration time-history was applied at the base of the 
mesh, while the vertical movement along the lateral 
boundaries and the base was restricted. In Step II, the 
standard viscous boundary was applied along the lateral 
boundaries and both horizontal and vertical displacements 
were restricted along the bottom boundary to represent the 
rigid bedrock assumption. The rigid bedrock assumption is 
considered realistic for high stiffness-contrast interfaces. 
The assumed boundary condition corresponds to an 
impedance ratio (defined as the ratio of the bedrock 
properties over the soil properties) equal to infinity, which 
results in zero transmission of energy in the bedrock and 
full trapping of energy in the soil domain. Based on wave 
propagation analysis for impedance ratio values greater 
than eight, the transmitted energy within the bedrock is 
nearly zero and most of the energy is reflected back into 
the soil domain, i.e. approaching the perfectly rigid bedrock 
assumption.   
 
 
Table 1. Considered soil parameters. 
 

Parameter Value 

Modulus of elasticity, E 
(MPa) 

1333 

Mass density, ρ (Mg/m3) 2 

Poisson’s ratio, v (-) 1/3 

Horizontal coefficient of earth 
pressure, Ko (-) 

1 

Damping ratio, ξ (%) 5 (achieved by varying Rayleigh 
damping parameters) 

 
 

Topographic effects are numerically assessed by de-
coupling them from the soil layer effects. To achieve this 
decoupling, results from the 2D seismic response 
analyses, accounting for both topographic and soil layer 
amplification, are compared with 1D column analysis 
results which represent the free-field response and account 
only for the soil layer amplification. Acceleration time-
histories at discrete points along the ground surface were 
obtained as the main output of the 2D analysis. The free-
field motion corresponding to the crest stratigraphy was 
used for the Step I column analyses (i.e., the 1D model 
thickness for Step I was considered as z). The topographic 
amplification factor is usually determined as the ratio of 2D 
to 1D (column) peak ground acceleration values or as the 
ratio of 2D to 1D response spectra at the ground surface. 
For this study, both definitions are employed with ratios of 



 

 

the peak horizontal ground accelerations denoted as Ah 
and peak horizontal spectral accelerations as Sah.  
 
2.2 Wavelet Excitations 

 
In the first set of analyses two different wavelets were 
considered as input excitations. The Ricker (1953) pulse 
was used in most of the reviewed studies and it was 
considered herein for comparison with the literature and 
because of its simplicity. An acceleration time history for 
this pulse is given by Equation 1: 
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where b is a constant equal to (π/Tp)2, Tp is the 
predominant period of the pulse, to is the time of the 
maximum acceleration and t is time. A plot of the Ricker 
(1953) acceleration-time history is shown in Figure 2 for 
Tp=0.5sec (grey line) considering b=39.5 and to=1sec. 
 
 

 
Figure 2. Input wavelet motions for input period Tp=0.5sec 
with grey line considering b=39.5 and to=1sec for the Ricker 
(1953) pulse and black line with α=4, β=50 and γ=5 for the 
Saragoni and Hart (1974) wavelet motion.  
 
 

The second acceleration time history is a harmonic 
wavelet with period Tp, modulated by the Saragoni and Hart 
(1974) temporal filter. This input is the same as the Chang 
pulse that was used by Bouckovalas and Papadimitriou 
(2005) and was considered as appropriate for better 
simulation of the limited duration and the gradual 
acceleration amplitude variation with time compared to real 
earthquake time histories. The acceleration time history of 
the Saragoni and Hart (1974) wavelet is given by Equation 
2:  
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where α and γ are constants controlling the shape of the 
acceleration-time history, β is a constant controlling the 
amplitude, Tp is the predominant period of the pulse and t 
is time. For every considered period Tp, the values of to for 
the Ricker (1953) pulse and α, β and γ for the harmonic 
Saragoni and Hart (1974) wavelet were varied so as to 
achieve a unit amplitude of the input excitation.  The 
number of cycles of the Saragoni and Hart (1974) wavelet 
motion are kept constant and equal to 12 for all the 
examined input motion periods Tp. The black line of Figure 
2 represents the Saragoni and Hart (1974) harmonic 
motion with Tp=0.5sec, α=4, β=50 and γ=5. 
 
2.3 Selection of Real Ground Motion Records 
 
In the second set of analyses 30 earthquake records were 
examined. To select the relevant records, a target 
response spectrum was defined using the Boore et al. 

(2014) ground-motion model. The scenario for which this 
target was established was a strike-slip rupture occurring 
with a rupture distance of 10km (this distance is not 
particularly important because the analyses are linear). 
The target spectrum is defined for a velocity horizon 
characterized by Vs,30=760m/s. Target spectra were 
computed for five magnitudes (M=5.5, 6.0, 6.5, 7.0 and 7.5) 
so that the influence of spectral shape could be 
investigated. Six records for each magnitude were selected 
by finding those records with the PEER NGA West 
database that best matched the target spectra. Restrictions 
upon the scenario were imposed with records for each bin 
needing to have magnitudes within 0.25 units of the central 
bin value and distances less than 50km. The relatively 
relaxed distance range reflects the weak impact that 
distance has upon spectral shape. Individual components 
were assessed for their match to the target using an RMS 
measure computed on the logarithmic spectral ordinates. 
The selected records are listed in Table 2.  
 
 
Table 2. Considered earthquake scenarios. 
 

Magnitude ID Earthquake record description 

M5p5 

00209T Imperial Valley, 10/16/79, 0658, 
Westmoreland Fire 360 (CDMG 
STATION 5169) 

00234L Mammoth Lakes 05/25/80 16:49, Long 
Valley Dam UPR L, 000 (CDMG 
STATION 54214) 

00244L Mammoth Lakes 05/26/80 18:58, 
Convict Creek, 090 (CDMG STATION 
54099) 

00561L Chalfant 07/21/86 1451, Zack Brothers 
Ranch, 270 (CDMG STATION 54428)     

00561T Chalfant 07/21/86 1451, Zack Brothers 
Ranch, 360 (CDMG STATION 54428)     

00710L Whittier Narrows 10/04/87 1059, 
Inglewood Union Oil, 000 (CDMG 
STATION 14196) 



 

 

M6p0 

00001T Helena Montana 10/31/35 1838, Carroll 
College, 270 

00239T Mammoth Lakes 05/25/80 1944, Long 
Vall Dam UPP L, 090 (CDMG STATION 
54214)                               

00456T Morgan Hill 04/24/84 04:24, Gilroy Array 
#2, 090 (CDMG STATION 47380)            

00594L Whittier 10/01/87 14:42, Baldwin Perk-
N. Holly, 180 (USC STATION 90069)       

00649L Whittier 10/01/87 14:42, LA Habra-
Briarcliff, 000 (USC STATION 90074)      

00652T Whittier 10/01/87 14:42, Lakewood-Del 
Amo BLVD, 090 (USC STATION 90084)  

M6p5 

00068T San Fernando 02/09/71 14:00, LA 
Hollywood Stor Lot, 180 (USGS 
STATION 135)       

00164L Imperial Valley 10/15/79 2316, Cerro 
Prieto, 147 (UNAM/UCSD STATION 
6604)        

00167L Imperial Valley 10/15/79 2316, 
Compuertas, 015 (UNAM/UCSD 

STATION 6622)          

00719L Superstition Hills 11/24/87 13:16, BRW, 
225 (USGS STATION 5060)                  

00985T Northridge 01/17/94 1231, LA Baldwin 
Hills, 360 (CDMG STATION 24157)         

00993L Northridge EQ 1/17/94, 12:31, LA 
Fletcher, 144 (USC STATION 90034)      

M7p0 

00730L Spitak, Armenia, 12/07/88, Gukasian, 
000                                                            

00730T Spitak, Armenia, 12/07/88, Gukasian, 
090                                                            

00739L Loma Prieta 10/18/89 00:05, Anderson 
Dam Downstream, 250                             

00739T Loma Prieta 10/18/89 00:05, Anderson 
Dam Downstream, 340                             

00754T Loma Prieta 10/18/89 00:05, Coyote 
Lake Dam Downstream, 285 (CDMG 
STATION 57504)                                  

00755L Loma Prieta 10/18/89 00:05, Coyote 
Lake Dam DAM SW Abutment, 195 
(CDMG STATION 57217)                         

M7p0 

00139L Tabas, Iran, 09/16/78, Dayhook, LN         

00848L Landers 7/23/92 18:49, Coolwater,  LN 
(SCE STATION 23)                                  

01165T Kocaeli 08/17/99, Izmit, 090 (ERD)          

01402L Chi-Chi 09/20/99, NST, E                         

01402T Chi-Chi 09/20/99, NST, N                         

01489L Chi-Chi 09/20/99, TCU049, E                   

 
 
3 GROUND SURFACE AGGRAVATION 
 
In the first set of analyses the predominant input motion 
period (Tp) of both wavelets is varied in order to investigate 
its effect on the topographic aggravation at the ground 
surface. The examined frequency range is 0.5Hz to 5Hz. 
Figure 3 summarises all the parametric analyses resulting 
from six runs for each wavelength. The results are 
presented in terms of normalised horizontal acceleration 
(Ah) with normalised distance from the canyon axis of 
symmetry. It should be noted that the normalised response 
for the points at the crest areas refers to the ratio of the 
maximum horizontal acceleration at the crest level points 
resulting from the 2D numerical analyses to the maximum 

horizontal free-field acceleration, i.e., acceleration of the 
1D soil column with height equal to the crest height (z). 
Similarly, normalised response for the toe level points 
refers to the ratio of the maximum horizontal acceleration 
at the toe level points resulting from the 2D numerical 
analyses to the maximum horizontal acceleration of the 1D 
soil column with height equal to the toe height (z-H). Full 
lines of Figure 3 represent the results considering the 
Ricker (1953) pulse as an input while dashed lines are the 
results from the Saragoni and Hart (1974) input wavelet.  
 
 

 
Figure 3. Maximum horizontal aggravation Ah with 
normalised distance from the canyon axis of symmetry for 
several points on the ground surface for different input 
motion periods Tp. Full lines are the Ricker (1953) pulse 
results, while dashed lines are the Saragoni and Hart 
(1974) results. 
 
 

Both the amplitude and the shape of aggravation on the 
canyon ground surface change with distance from the 
slope and with the input motion predominant period Tp. The 
large step of the aggravation response at normalised 
distances of 1 and -1 corresponds to the different response 
of the crest and the toe points of the slope and is similar for 
both wavelet motions. Amplification of ground motion is 
mainly observed at the slope crest, while de-amplification 
is observed at the toe. This is consistent with previous 
results in the literature and can be explained considering 
the diffracted wavefield at the crest and the toe areas.  

For the same natural period Tp, the response for the 
Ricker (1953) input wavelet is smaller or equal to the 
Saragoni and Hart (1974) wavelet for most of the points at 
the ground surface. A larger difference of the two 
responses is observed at the crest and the toe areas closer 
to the topographic irregularity, with Ricker aggravation (Ah) 
having generally smaller values. This can be explained 
considering the different shapes of the input wavelets. The 
Ricker (1953) pulse is almost monochromatic and 
consequently the response is controlled by the 
predominant period Tp. When Tp coincides with the 
fundamental modes of the examined geometry, a larger 
response is observed and maybe quite different in shape 
compared to the response for other input periods Tp. For 
example, a larger response is observed for the Ricker 
(1953) pulse with Tp=0.6sec as this input coincides with the 



 

 

first fundamental mode of the toe. Similarly, the resulting 
response using a Ricker (1953) input with Tp=1sec has a 
different shape especially at the toe area. On the other 
hand, the Saragoni and Hart (1974) pulse is characterized 
by the predominant period of Tp, but its frequency content 
is richer than the Ricker pulse. The Saragoni and Hart 
(1974) pulse has many more cycles and longer duration 
than the Ricker motion and consequently it transfers more 
energy to the considered domain. The shape and 
amplitude of the response is also varying a lot with the input 
motion period Tp. Similar to the Ricker (1953) input motion, 
the response is larger for specific input motion periods 
(Tp=0.3sec, Tp=0.6sec and Tp=1sec) at the crest and toe 
areas due to the coincidence of this period with the natural 
modes of either the crest or the toe profiles. The response 
is also maximum for Tp=0.5sec due to the coincidence of 
the input motion wavelength with the crest-to-crest 
distance of the canyon. Aggravation at the canyon center 
is different from the expected free-field response. Results 
for larger Lctc values with this slope configuration show that 
only for Lctc values equal or larger than 500m free-field 
response is attained in the canyon centre. For the 
examined geometry only for very large (Tp=0.1sec) or very 
small (Tp=2sec) examined frequencies, response at the 
center coincides with the toe free-field response. For larger 
depths to bedrock, aggravation magnitude becomes 
smaller and the affected toe and crest distances become 
smaller and therefore topographic aggravation is milder in 
the canyon centre. A more detailed parametric study for the 
crest-to-crest distance and the depth to bedrock variation 
for a vertical slope configuration and the Saragoni and Hart 
(1974) input wavelet can be found in Skiada et al. (2017) 
with more information on the canyon response and 
expected resonances at specific input motion periods.  

Considering the large variation of the aggravation with 
the input motion, a second set of analyses was performed 
for 30 real earthquake records, which have a richer 
frequency content than both previously considered wavelet 
pulses. Figure 4 presents the ground surface aggravation 
with normalised distance from the canyon axis of symmetry 
considering the selected input motions of Table 2.  
 
 

 
Figure 4. Maximum horizontal aggravation Ah with 
normalised distance from the canyon axis of symmetry for 
the 30 earthquake motions (five bins of different 
earthquake magnitude with six records in each bin). 

The 30 recorded motions were divided in 5 bins of 
different earthquake magnitude. Response is found to vary 
with distance from the slope, having its maximum values 
closer to the topographic irregularity as expected. Due to 
the large record-to-record variability within the same 
earthquake magnitude bin (variation of amplification 
amplitudes considering the same input motion magnitude 
is very large), earthquake magnitude was not considered 
as a parameter that significantly modifies the observed 
trends of topographic aggravation. Therefore, for the 
remainder of this study, the response resulting from the 30 
motions is not considered in different magnitude bins.  

Figure 5 compares both sets of analyses, wavelet 
pulses and real motions. Grey lines represent the response 
resulting from the earthquakes input, while the wavelet 
results are coloured.  

 
 

 
Figure 5. Maximum horizontal aggravation Ah with 
normalised distance from the canyon axis of symmetry for 
the input wavelets (coloured lines) and the thirty recorded 
ground motions (grey lines). 
 
 

The shape of the response has the same variation at 
the crest and the toe areas for all the earthquake input 
motions. Aggravation maxima lie within a narrower range 
for the earthquakes input than the wavelet motions. 
Wavelet aggravation maxima are larger than the 
earthquake excitation results for specific periods Tp, 
especially for the Saragoni and Hart (1974) input motion. 
This is a first indication that design with input wavelet 
consideration may be conservative depending on the 
selection of the input pulse. The same conclusion for 
conservative estimates of topographic aggravation when 
using the Saragoni and Hart (1974) pulse compared to 
three input earthquake records was reached by 
Bouckovalas and Papadimitriou (2005). They also found a 
very good agreement of the earthquake record and the 
wavelet results. Certain wavelet periods maybe need to be 
considered as an upper and lower bound (UB and LB) of 
the earthquake input response for design purposes. For 
example, a Ricker pulse with Tp=0.5sec can be used as an 
UB for the toe and a LB for the crest response, while a 



 

 

Ricker pulse with Tp=0.6secs for a LB for the toe and an 
UB for the crest. From the current analyses results, maybe 
the Tp=1sec Ricker pulse can be used as an approximation 
of the earthquakes average for the crest area but none of 
the wavelet analyses response approximates the 
earthquakes average at the toe. Generally, the response at 
the centre of wide canyons is expected to be close to the 
free-field response. For the examined geometry, however, 
response at the canyon centre was not found to be same 
as the free-field one, due to the proximity of the slope crests 
and the small depth to bedrock value.  
 
 

4 GROUND SURFACE SPECTRAL RESPONSE 
 
A representation of topographic amplification in terms of its 
spectral definition is useful, as it is compatible with most 
existing Ground Motion Prediction Equations (GMPEs), 
which consider spectral acceleration values, and it gives a 
better overview of the response in the frequency domain. 
For this reason, the response spectrum of every 
considered point along the ground surface was first 
calculated for a period range of 0.01secs to 10secs for 5% 
damping. The topographic amplification in spectral terms 
(Sah) is defined as the ratio of the 2D spectral response at 
each specific period to the corresponding 1D spectral 
response. For the points at the crest area, the spectral 
crest 1D response was considered as the spectral 
response of a soil column of height z, while for the toe level 
points the 1D spectral response resulted from a soil column 
of height (z-H).  

Spectral aggravation (Sah) considering the different 
earthquake scenarios input was checked for 22 period 
values - same as Boore and Atkinson, 2008 - in the range 
of 0.01secs to 10secs, and it was found to vary significantly 
with spectral period. However, three ranges can be defined 
depending on the average response value variation with 
spectral period. A small period range (T=0.01sec to 
0.075sec), an intermediate period range (T=0.1sec to 
0.75sec) and a large period range (T= 1sec to T = 10sec) 
were defined. It was found that the average spectral 
response is not changing with spectral period for the small 
and the large period range, while there were more changes 
in the intermediate period. This is reasonable considering 
the abovementioned input motion periods that coincide 
with the fundamental modes of the current numerical 
model. For these periods, which lie in the intermediate 
period range, larger aggravation is expected.  Although 
more intermediate ranges could be defined, for the sake of 
simplicity, one intermediate period range is considered at 
this stage. The characteristic shape of the average spectral 
response for each period range can be depicted from the 
response at periods T=0.01sec, T=0.5sec and T=3secs for 
the small, intermediate and large period ranges 
respectively. Figures 6, 7 and 8 present representative 
spectral response with normalised distance from the 
canyon axis, for the small (T=0.01sec), intermediate 
(T=0.5sec) and large period ranges respectively (T=3sec). 
In these figures, the average spectral response due to the 
30 earthquake motions (black line) is presented, in addition 
to (i) the spectral response for each record and (ii) the 
spectral response for input wavelets with predominant 
periods within each spectral period range. 

 
Figure 6. Spectral aggravation Sah with normalised 
distance from the canyon axis of symmetry for the input 
wavelets (coloured lines), the thirty recorded ground 
motions (grey lines) and the average of the earthquake 
motions (black line) for the small period range plotted for 
the spectral period of T=0.01sec. 
 
 

 
Figure 7. Spectral aggravation Sah with normalised 
distance from the canyon axis of symmetry for the input 
wavelets (coloured lines), the thirty recorded ground 
motions (grey lines) and the average of the earthquake 
motions (black line) for the intermediate period range 
plotted for the spectral period of T=0.5sec. 
 
 

For the small spectral period range, both the Ricker 
(1953) wavelets with predominant periods of Tp=0.3sec 
and 0.5sec can be used as an UB value of the response to 
the earthquake motions for the toe level points. Similarly, 
the Ricker (1953) pulse with Tp=0.6sec is a LB for the toe 
level points and an UB for the crest level points, 
considering it only as an envelope and disregarding its 
shape variations. The average crest response can be 
approximated by the Ricker (1953) pulse with predominant 
period of 1sec. 



 

 

For the intermediate period range, only the Ricker 
(1953) pulse with Tp=0.6 can be considered as a LB for the 
toe level points and an average approximation for the crest 
areas response. Finally, for the large spectral period range, 
Ricker (1953) pulses with Tp=0.6sec and Tp=2sec 
approximate the points at crest and toe levels as UB 
responses respectively.  
 
 

 
Figure 8. Spectral aggravation Sah with normalised 
distance from the canyon axis of symmetry for the input 
wavelets (coloured lines), the thirty recorded ground 
motions (grey lines) and the average of the earthquake 
motions (black line) for the large period range plotted for 
the spectral period of T=3sec. 
 
 

In general, the use of the Saragoni and Hart (1974) 
wavelet results in a very wide range of spectral response 
values which is not observed when using the earthquake 
ground motions as input. The results of this wavelet 
capture the maximum response at the crest and the toe of 
the slope. It also envelopes the response of all the points 
across the canyon surface. However, the response is 
always larger than the one resulting from the earthquake 
records. The same conclusion was also derived by 
comparing the wavelet to the earthquake input motion for 
aggravation in peak ground acceleration terms (Ah). This 
over-estimation is larger in pga terms (Ah) than in spectral 
terms (Sah).  
 
 
5 CONCLUSIONS 
 
This paper focuses on the effect of different input 
excitations to a 2D canyon formation of specific geometry 
in a soil layer over rigid bedrock. Vertically propagating SV 
waves were simulated using two wavelets, the Ricker 
(1953) and the Saragoni and Hart (1974) motions, and 30 
selected earthquake records grouped in 5 earthquake 
magnitude bins. The results of the wavelet analyses 
showed larger topographic aggravation factors for the 
Saragoni and Hart (1974) input motion than the Ricker 

(1953), both in terms of pga ratio (Ah) and in terms of 
spectral ratio (Sah).  

For the analyses considered in this study, no trend 
could be identified between the earthquake magnitude and 
horizontal aggravation factors Ah and Sah. The response 
within each bin varied significantly reflecting the record-to-
record variability. Analyses for other canyon configurations 
are needed to derive a more conclusive relationship 
between aggravation factors and earthquake magnitude. 
Comparison of the topographic amplification resulting from 
wavelet analyses with the response resulting from the 
earthquake motions showed that the Saragoni and Hart 
(1974) wavelet results in more conservative aggravation 
values. Some of the input wavelets of certain predominant 
periods Tp could be used for UB, LB and average canyon 
response approximations. The present results can 
contribute to deriving approximate equations of ground 
amplification for other canyon geometries.  
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