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ABSTRACT: It is recognised that site effects have a great impact on seismic ground motion characteristics and this can 

lead to higher structural damage. Lisbon has a moderate to high seismic risk due to its historical seismicity, socio-economic 

importance and dense urbanisation. Furthermore, its geological setting is characterised by a complex lithostratigraphic 

structure, complex buried and surficial morphologies, shear wave velocity inversion and weathered rock layers. To assess 

the seismic site effects in Lisbon, a site response numerical analysis was performed along a profile characterised by the 

presence of a topographic relief and slightly inclined layers, considering the available geotechnical and geophysical data and 

the two types of seismic action defined in the Portuguese Annex of Eurocode 8. The results are shown in terms of 

amplification factors and acceleration response spectra at selected points. The physical phenomena governing the site 

response were also investigated by comparing 1D and 2D numerical analyses. At the top of the crest, an amplification factor 

equal to 3 was estimated within the period range of 0.05-2.50 s, which is related to bidimensional topographic effects. 

 

RÉSUMÉ: Il est reconnu que les effets de site ont un grand impact sur les caractéristiques du mouvement sismique du sol 

ce qui peut accroître les dommages structurels. Lisbonne présente un risque sismique modéré à élever en raison de sa 

sismicité historique, de son importance socio-économique et de son urbanisation dense. De plus, son contexte géologique se 

caractérisé par une structure lithostratigraphique complexe, morphologies complexes enterrées et superficielles, l'inversion 

de la vitesse des ondes de cisaillement et des couches rocheuses altérées. Pour évaluer les effets sismiques du site à Lisbonne, 

des analyses numériques de la réponse des sites est réalisée le long d’un profil caractérisé par la présence d'un relief 

topographique et de couches légèrement inclinées, en tenant compte des données géotechniques et géophysiques disponibles 

et des deux types d'action sismique définis dans l'Annexe Portugais de l'Eurocode 8. Les résultats sont présentés en termes 

de facteurs d'amplification et de spectres de réponse d'accélération à certains points. Les phénomènes physiques qui sont 

responsables de la réponse du site sont également étudiés en comparant les analyses numériques 1D et 2D. Au sommet de 

la crête, un facteur d'amplification de 3 a été estimé entre 0.05 et 2.50 s, liés aux effets topographiques bidimensionnels. 
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1 INTRODUCTION 

Since the combination of the many geological features 

of Lisbon’s geological setting (Figure 1) increases the 

potential of site effects related to an earthquake, it is 

essential to identify and quantify them to delimit the 

areas of highest local hazard and contribute to long-

term urban planning and seismic risk mitigation.
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B – Geohazards 

 
Figure 1. Geological map of Lisbon County (adapted from Almeida, 1986), displaying the spatial distribution of available 

geotechnical and geophysical data. The NW-SE profile is also identified with a red line. 

 

This paper presents the results of numerical 

analyses carried out along a NW-SE profile 

characterised by topographic relief, slightly inclined 

layers and S-wave inversion. The profile was drawn 

based on the geological cross-section provided by 

Almeida (1986). The subsoil model was defined 

considering all the available geotechnical and 

geophysical data (see Figure 1), while the two types of 

reference spectra corresponding to seismic action type 

1 (AS1) and seismic action type 2 (AS2) (return period 

of 475 years) defined in the Portuguese Annex of 

Eurocode 8 (IPQ, 2010) were considered to select two 

sets of seven accelerograms compatible with the 

reference spectral shapes. Figure 1 shows all of the 2D 

profiles that were modelled as well as the 1D analyses 

that were performed. However, due to limited space, 

the study focuses on the NW-SE profile. 

The 1D numerical analyses were performed using 

STRATA (Kottke and Rathje, 2008), while the 2D 

analyses were carried out using LSR2D 

(www.stacec.com), with both employing an 

equivalent-linear viscoelastic approach. The 1D 

simulations were performed considering the same soil 

properties and input motions as the 2D response 

analysis. The compliant (elastic) base boundary 

condition was applied in both the 1D and 2D analyses. 

In 2D analysis, the free-field condition is applied to the 

lateral boundaries, leading them to operate as a system 

capable of absorbing reflected waves that would 

otherwise be artificially reintroduced into the model. 

 

2 GEOTECHNICAL PROFILE 

The NW-SE profile is characterised by a significant 

topographic variation, with the presence of a crest at 

90 m a.s.l. and an adjacent shallow valley with a width 

of 95 m and filled by sediment of thickness around 15 

m (Figure 2). Below the Miocene layers, the 

geological bedrock is composed of Cretaceous 

formations, including basalt rocks from the LVC and 

limestones from the C3 and C2 formations (Figure 1). 

The shear wave velocity (VS) of each geological 

unit was estimated through the site-specific VS-depth 

equations developed for the Lisbon area (Oliveira et 

al., 2023), considering the average depth of each layer. 

The bedrock depth was calibrated to numerically 

reproduce the resonant frequencies measured through 

the noise (HVSR) measurements. Poisson’s ratio (υ) 
was not directly measured in any geological 

formations. The Poisson’s ratio was set at υ = 0.49 for 
saturated soil, υ = 0.35 for unsaturated soil and υ = 
0.30 for rocks (Oliveira et al., 2023). 

The non-linear decay and damping curves 

computed for gravel soils by Rollins et al. (1998) were 

considered to describe landfill deposits and MVa 

complex (MVa3, MVa2 and MVa1 formations) 

behaviour due to their heterogeneous composition that 

can be comparable with gravel soil. The Darendeli 

(2001) curves were assigned to the alluvial deposit, 

MIVb, MIVa, MII and MI formations. The LVC 

behaviour is described by the Schnabel et al. (1972) 

curves and a linear viscoelastic behaviour was set for 

the MIII, C3 and C2 formations with damping D = 1%.
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Figure 2. NW-SE profile: median total amplification factors (AF2D) computed in the four period ranges T = 0.1–0.5 s; 0.5–
1.0 s; 1.0–2.0 s; 0.05–2.50 s for AS1 (top) and AS2 (bottom) compared to the values computed through 1D seismic response 

analyses (AF1D) along the verticals A, B, C and D. The geological formations are coloured according to Figure 1. 

 

3 RESULTS AND DISCUSSION 

Figure 2 shows the median AF2D total amplification 

factor variation computed for periods 0.1–0.5 s, 0.5–
1.0 s, 1.0–2.0 s and 0.05–2.50 s along the NW-SE 

profile, with the 2D response normalised by the input. 

In the range 0.1–0.5 s the maximum amplification 

factors (AFs) occur in the middle of the valley (B). 

Conversely, at the top of the crest (C), the peak 

amplification factor (AF) occurs in the range 1.0–2.0 

s. When the AF for the 0.1–0.5 s and 0.5–1.0 s period 

ranges are compared to the 1.0–2.0 s range in 

correspondence with the alluvial deposit (B), the 

expected dependence of AFs on the frequency and 

magnitude of the input motions is confirmed. On the 

other hand, a lower dispersion is associated with the 

outcropping stiff layers (e.g., A). Higher AFs occur in 

the intermediate to lower period ranges in 

correspondence of A and D for both AS1 and AS2. At 

the top of the crest (C) and the centre of the valley (B), 

an AF of ~3-3.4 and ~2.5 are computed in the 0.05–
2.50 s range, respectively. The comparison between 

the 2D median response spectra and median input 

spectra substantially confirms that the amplification 

takes place essentially for the periods lower than 0.5 s 

in the valley (B), more significant in AS1, and for the 

periods higher than 0.5 s at the top of the crest (C),  

 

observed in both AS1 and AS2 (Figure 3). The 

amplification takes place essentially for the periods 

higher than 0.3 s for AS1 and for the periods lower than 

0.3 s for AS2 in A. The amplification is essentially 

observed for the periods higher than 0.1 s in D. 

Spectral accelerations as high as 13–20 m.s-2 appear at 

B in the 0.3–0.5 s period range for AS1 and AS2; on the 

contrary, the spectral acceleration is lower than 10–12 

m.s-2 at A, C and D in the whole period range. 

To investigate the 2D physical phenomena that 

govern the local response, Figure 3 compares the 1D 

and 2D median response spectra for A, B, C and D, 

reporting the 2D/1D spectral ratios. 2D effects are 

noticed in B between 0.2 s and 0.4 s for AS1 and AS2 

(peaks of the 2D/1D ratio), related to the valley effect 

and basin configuration; here the 2D analyses are ~1.2 

(AS1) and ~1.3 (AS2) the amplitudes of ground motion 

predicted by 1D simulations (Figure 3). These effects 

are responsible for ground motion amplification in the 

0.1–0.5 s period range mentioned above. 

In C, clear 2D effects are observed in 0.5–1.0 s and 

1.0–2.0 s ranges for AS1 and AS2, evidencing the 

topographic effects related to the crest. In this case, the 

2D analyses return ~1.5 (AS1) and ~1.6 (AS2) the 

amplitudes of ground motion predicted by 1D 

simulations (Figure 3). With reference to A and D, 1D 

and 2D computations are much closer for both AS1 and 

AS2. The slight 2D effects are related to the buried 

morphology (i.e., inclined layers), leading to a residual 
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amplification factor. In this case, the amplification is 

mainly due to stratigraphic effects, which are well-

predicted by 1D seismic response analysis (Figure 3). 

According to the EC8 recommendations, the 

topographic amplification factor for ridges with crest 

width significantly narrower than base is 1.4 for slope 

angles i > 30º and 1.2 for gentler slope angles (15º < i 

< 30º) (CEN, 2004). In this study, the slope angle of 

the crest is roughly 20º and the maximum topographic 

amplification factor varies between 1.4 and 1.5, 

slightly higher than the EC8 recommended values.

 

Figure 3. Response spectra (ξ = 5%) (top) and spectral ratios (bottom) from the 2D and 1D numerical analyses computed 

at points A, B, C and D for AS1 (red) and AS2 (blue). 

 

4 CONCLUSIONS 

This analysis shows that in an urban area like Lisbon, 

assessing seismic site effects is essential to mitigate 

the impact of a seismic event. 

The presence of large topography differences, such 

as a crest and a valley filled with alluvial deposits, 

causes the observed valley and topographic effects. 

There are also slight 2D effects related to the buried 

morphology (i.e., inclined layers). Ground motion is 

aggravated by 2D site effects by a factor of 1.2-1.6 

when compared to 1D prediction. The topographic 

amplification factors obtained at the top of the crest are 

15% to 25% higher than the EC8 suggested values. 

This methodology can be applied to quantify the 

impact of 2D effects in other parts of the city. 
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