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Abstract. The present study aims to comprehend the determining factors in the 
seismic response of two typical slopes with contrasting characteristics in the city of 
Lima, Peru: one outlined as a basin-shaped slope adjacent to a rocky mountain and 
other located in a sandy dune. The analyses were conducted through the finite 
element modelling of the aforementioned types of slopes considering, first, the 
variation of the dynamic properties along their two-dimensional sections. In addition, 
simplified models were adopted in order to isolate the effects controlling their 
overall dynamic response. Finally, amplification factors were calculated along the 
surface of both models and evidenced that basically the joint interference of 
vertically-propagating waves and the surface waves generated either from the 
substructure or topographic irregularity governs their particular behavior patterns. 

Keywords. Populated slope, finite element model, Ricker wavelet, substructure 
method, amplification factors. 

1. Introduction 

During the last sixty years, Lima, the capital of Peru, has experienced a reconfiguration 

of the distribution of its population along its territory. The so-called mass migration 

started as a consequence of the unequal development of the country which accentuated 

the differences between the urban and rural zones [1]. It is in this context that people 

from different provinces decided to migrate towards the capital aiming for a better 

standard of living and chose to encroach areas in the outskirts of the city that finally gave 

rise to shantytowns and human settlements. 

One of the main problems of these new populated areas is that they were chosen 

without following any urban planning process and, therefore, located in a variety of 

places such as steep slopes with unfavorable geological and geotechnical characteristics. 

In addition, there is no available information regarding the seismic response of the 

majority of these slopes since they started to be populated after the last big earthquake 

that lashed Lima in 1974. Hence, a systematic analysis that includes their particular 
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characteristics is necessary, in order to understand the factors that govern their behavior 

under the effects of strong motions. 

2. Complex Slope Models 

2.1. Previous Research 

With the objective of encompassing the wide range of geotechnical and 

geomorphological characteristics of the populated slopes in Lima, previous studies were 

conducted in two typical slopes ([2] and [3]). Noticeable differences can be found 

between these two target areas: whereas one is located in the proximity of the Andean 

foothills and is mostly covered by stiff alluvial-colluvial materials and rocky outcrops 

are found towards the hilltop (Figure 1), the other is almost entirely placed in an eolian 

sand dune (Figure 2).For the ease of reading, hereafter, both places are referred to as their 

corresponding locations, i.e. Villa El Carmen and Lomo de Corvina, respectively. 

In general, the variations of the values of shear wave velocities of the underlying 

soil were estimated through the implementation of geophysical tests, such as MASW and 

miniature and large microtremor arrays, e.g. Ref. [4], conducted along the slopes and flat 

areas. Finite element models for each slope were generated and solved by means of the 

substructure method [5], which allows the computation of the solution of bi-dimensional 

soil profiles with geometric irregularities in the time domain. It has to be highlighted that, 

at first, the systems were solved for deconvolved in-plane synthetic accelerograms whose 

response spectra matched those specified in the Peruvian Building Code [6]. 

Concisely, results for the stiff populated slope (Figure 1) showed that values of 

absolute horizontal peak ground acceleration (PGA) evidence an irregular increment 

towards the left boundary of the model, whereas lower values tend to stabilize for the 

areas of full rocky outcrop. Further details can be consulted in Ref. [2]. 

On the other hand, results for the horizontal motion in the eolian sandy dune (Figure 

2) evidenced an irregular pattern of peaks and troughs along the face with a gentle slope 

showing a decrease of about 10% and increments of more than 40% of the absolute PGA 

at some points, when compared with the seismic response of equivalent one-dimensional 

soil columns. Considerable values of vertical acceleration along the steep slope were also 

evident as it can be examined in Ref. [3]. 
 

 

Figure 1.  Stratification of the soil substructure and distribution of the absolute horizontal peak ground 

acceleration (PGA) for the basin-shaped populated slope (Villa El Carmen). 
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Figure 2. Stratification of the soil substructure and distribution of the absolute horizontal peak ground 

acceleration (PGA) for the step-like sandy populated slope (Lomo de Corvina). 

2.2. Complementary Computations 

With the aim of a deeper understanding of the propagation mechanisms, it is important 

to consider not only waveforms of complex frequency content, but also prescribed-

frequency single waves which might give a clue of the influence of the predominant 

frequency in the overall seismic behavior. Accordingly, in-plane input motions of well-

defined frequencies in the form of Ricker wavelets of unit amplitude [7] were also 

considered, whose most energetic frequencies were in the range of 1 Hz to 10Hz. 

Results of the PGA distribution along the flat and sloping areas in Villa El Carmen 

are presented in Figure 3 for the input wavelets of 2 Hz and 10 Hz. In particular, for low-

frequency input motions (Figure 3a), horizontal components are slightly amplified and 

negligible values of vertical motions are generated. Conversely, maximum local values 

and drastic alterations in the trends of horizontal and vertical PGA appear close to the 

foot of the slope (Figure 3b), making evident that high-frequency motions and irregular 

soil layering have stronger impact in the seismic behavior through the generation of 

surface waves travelling from the basin edge at the foot of the slope towards the flat areas, 

aggravating their one-dimensional response. 

Figure 4 shows the transfer function of the soil column at the left boundary of the 

model. Surface waves of considerable amplitude are known to have an important impact 

for frequencies higher than its value of natural frequency, as it can be observed in the 

coda of the extracted waveforms for 4Hz and 10Hz, in the same figure. 

With regard to the step-like sandy populated slope in Lomo de Corvina, a similar 

analysis of prescribed-frequency motions was conducted. Figure 5 shows the variation 

of the horizontal and vertical PGA along the model for the 2Hz-Ricker case, which is an 

accurate representation of the overall trends for other values of predominant frequency. 

Changes in the locations of punctual high acceleration areas are encountered, as well as 

the peaks become sharper, when considering high frequencies. 

Acceleration waveforms were extracted at points corresponding to the foot and crest 

of the slope for the 1 Hz and 4Hz-Ricker cases (Figure 6). A reduction of the response 

was observed at the foot while an increment was found in the crest, when including the 

geometric irregularity and variation in the soil substructure. This effect tends to be 

reduced while increasing the frequency. In addition, the presence of vertical components 
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is more evident at the crest of the slope which might be an indicator of the stronger 

influence of surface waves along the face with gentle slope. 

 

Figure 3. Variation of the PGA values for different prescribed-frequency input motions in Villa El Carmen. 

 

Figure 4. (a)Transfer function, (b) output waveforms for 4Hz-Ricker wave input and (c) output waveforms for 

10Hz-Ricker wave input at the surface point of the soil column corresponding to the left boundary of the slope 

model of Villa El Carmen. 
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Figure 5. Variation of the PGA for 2Hz-Ricker wavelet input motion in Lomo de Corvina. 

 

 

Figure 6. Waveforms at the foot and crest of the sandy slope for different Ricker input motions. 

3. Simplified Slope Models 

In order to isolate the plane wave propagation problem from the effects of multiple 

irregular soil layering, simplified analyses of the considered populated slopes were 

conducted. Regarding the stiff populated slope in Villa El Carmen, the basin-shaped 

region was assumed to be comprised of soil materials with a uniform value of shear-

wave velocity (VS) of 500 m/s and a Poisson’s ratio (υ) equal to 0.30. 

In addition to the single waves of prescribed frequency considered in the previous 

section, cyclic motions consisting of sinusoidal waves of unit amplitude and well-defined 

eight cycles were also adopted as input motions, with the objective of analyzing 

quantitatively the interference between body and the generated surface waves. 

Complementary one-dimensional computations were performed for soil columns 

that correspond to the underlying materials at the same discrete surface points where 

response was calculated in the two-dimensional model. Thus, horizontal and vertical 
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amplification factors were calculated with respect to the maximum absolute values of 

horizontal surface accelerations obtained from the solution of each of the soil columns. 

Figure 7 shows the computed amplification factors for single and cyclic motions in 

Villa El Carmen. Results for the 1-Hz case are omitted since there is no significant 

amplification of the applied motion. It has to be noted that the fluctuation in both 

directions becomes larger while increasing the reference frequency and the maximum 

values result, in some cases, near or greater than two for the lowlands. On the other hand, 

for the highest frequencies analyzed, the values of the vertical amplification surpass those 

in the horizontal direction in areas close to the foot of the slope. Therefore, it is evident 

that the inclusion of more cycles of motion plays an important role in the constructive 

and destructive interference paths of the waves produced due to the topographic and 

substructure irregularities. 

 

 

Figure 7. Horizontal and vertical amplification factors for the basin-shaped slope in Villa El Carmen. 
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Similar analyses were performed for the step-like eolian sandy slope in Lomo de 

Corvina, in order to evaluate the impact of the reflection of the vertically incoming SV-

waves along the steeper face and the generation of surface waves in the opposite side. In 

this case, for the entire finite element model, the adopted VS was equal to 250 m/s, 

whereas υ took a value of 0.30. Amplification factors shown in Figure 8 confirm the 

negligible effect of Rayleigh waves along the lowlands. On the other hand, minor 

fluctuations are encountered on the face with gentle slope for the case of Ricker wavelets, 

attributed to the small topographic variations along that side. Finally, when including 

more cycles, constructive and destructive interferences of Rayleigh waves are evident, 

as well as location shift of the maximum amplification value. 

Quantitatively, the minimum horizontal amplification factor encountered was about 

0.70, evidencing a deamplification of the horizontal components located in the steeper 

face for all frequencies and both types of excitation. On the other side of the slope, 

horizontal amplification factors for cyclic motion fluctuate within the range of 1.60 and 

0.60, in average, aggravating the values computed for the case of Ricker wavelets. It has 

to be mentioned that values of vertical motion vary from 0.35 to 0.60 and their locations 

coincide with that for the minimum horizontal amplification factors.  

 

 

Figure 8. Horizontal and vertical amplification factors for the step-like sandy slope in Lomo de Corvina. 
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Finally, it should highlighted that the distance between two consecutive peaks, or 

troughs, of the distribution of amplification factors decrease while increasing the 

frequency of analysis. This is strictly related to the wavelength of the excitation involved 

in the analysis. 

4. Conclusions 

The present study aimed to comprehend the determining factors in the seismic response 

of two populated slopes with contrasting characteristics in the city of Lima, Peru: one 

characterized as a basin-shaped slope adjacent to a rocky mountain (Villa El Carmen) 

and the other placed in an eolian sandy dune (Lomo de Corvina). Finite element models 

of the aforementioned slopes were generated and solved for complex and prescribed-

frequency in-plane input motions. 

In case of Villa El Carmen, its dynamic behavior is mainly determined by the 

influence of the basin formed in the lowlands, which is mainly comprised of relative stiff 

materials. The analyses conducted for Ricker wavelets suggest a stronger influence of 

high-frequency components in the global response as well as in the generation of surface 

waves from the topographic and subsurface irregularity. These surface waves travel 

towards the flat areas causing joint interferences with the vertically propagated and 

refracted body waves, reaching values of amplification as large as two, in both directions, 

when cyclic motions are considered in the simplified model adopted. 

Conversely, in Lomo de Corvina, the analyses of Ricker wavelets indicate a stronger 

influence of motions within the range from low to medium frequency in the surface 

response. Surface waves, produced by the reflection along the steeper face of the 

vertically incoming body waves and its eventual impinge in the opposite side, also play 

an important role in its seismic behavior. Important fluctuations of the amplification 

factors in the simplified model, suggest the presence of constructive and destructive 

interference along the face with gentle slope, with values as large as 1.60 for the 

horizontal motion close to the crest and a minimum of 0.70, in a location close to that for 

the maximum vertical amplification factor. 
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