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Michoacan 1985 event: way to DF...



Tenochtitlan and Mexico City (DF)

La ciudad de Tenochtitlan y su entorno en el 
siglo XVI Pintura de Miguel Covarrubias, Museo 
Nacional de Antropología, México DF

The actual boundaries of the World Heritage 
Property follows the boundaries of the Historical 
Monuments Zones, according to the limits of the 
city in the 19th century (perimeter A), and a buffer 
zone (perimeter B)

Chapultepec. This dike was 12 km long and 20 m thick. He also built Chapultepec
Aqueduct to provide fresh water to the city (Serra Puche, in Kumate and Mazari 1990).

After the Spanish conquest, in 1521, the Aztec city was razed and the colonial capital
was founded in the same location. Mexica constructions were used as sources of building
materials. Floods and epidemics suggested a need to drain the lakes and this long effort
began near 1524. In 1607 Enrico Martinez designed a channel and tunnel at Nochistongo to
deviate the course of Cuauhtitlan River to the north. Because of continuing disastrous
floods, in 1629 King Charles IV ordered to move the capital elsewhere, but the settlers

Fig. 3 The Mexico Basin Lakes as the Spanish found them in 1392 (D. D. F. 1975). These days, there is
only a small lake near Xochimilco, which is a natural reserve

Nat Hazards (2007) 40:357–372 361

123



Michoacan 1985 event: GM in DF
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Michoacan 1985 event: damage in DF

Wreckage of a twenty-one-story building in 
Conjunto Pino Suarez Complex

Totally destroyed office building in the foreground, 
while the 44-floor Torre Latinoamericana office 
building, in the background on the right, stands



Response spectra

Response Spectrum

Modelling of spectral amplification
Response spectra can be computed using synthetic seismograms as input motion.

To estimate the spectral amplification due to a change in the model, computations of the
synthetic seismogram can be repeated changing any parameter of the model.

Example: two synthetic seismograms are generated modifying the properties of the structural
model. The ratio between their response spectra will show the relative amplifications due
to the change of the structure.

Usually, one synthetic seismogram is generated for a bedrock model, and kept as a reference.
The second synthetic seismogram is computed considering a structural model representative
of the site conditions, possibly taking into account lateral heterogeneities.
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Probabilistic Seismic Hazard Analysis (PSHA)

A Primer

Written by Edward (Ned) H. Field

These notes (available at http://www.relm.org/tutorial_materials) represent a
somewhat non-standard treatment of PSHA; they are aimed at giving an intuitive
understanding while glossing over potentially confusing details.  Comments and
suggestion are highly encouraged s (to field@usgs.gov).

The goal of probabilistic seismic hazard analysis (PSHA) is to quantify the rate (or
probability) of exceeding various ground-motion levels at a site (or a map of sites) given all
possible earthquakes.  The numerical/analytical approach to PSHA was first formalized by
Cornell (1968). The most comprehensive treatment to date is the SSHAC (1997) report, which
covers many important procedural issues that will not be discussed here (such as the use of
“expert opinion”, the meaning of “consensus”, and how to document results).  Except where
otherwise noted, the SSHAC report represents the best source of additional information (that I
know of).  It’s a must-read for anyone conducting PSHA.

Traditionally, peak acceleration (PGA) has been used to quantify ground motion in
PSHA (it’s used to define lateral forces and shear stresses in the equivalent-static-force
procedures of some building codes, and in liquefaction analyses).  Today the preferred parameter
is Response Spectral Acceleration (SA), which gives the maximum acceleration experienced by
a damped, single-degree-of-freedom oscillator (a crude representation of building response).
The oscillator period is chosen in accordance with the natural period of the structure (roughly
number_of_stories/10), and damping values are typically set at 5% of critical (see Figure 1).

M MM

~~
Building Response Mass on a 

Leaf Spring W/ ~5% Damping

The Free
Oscillation+

Figure 1.  The response-spectrum value is the peak motion 
(displacement, velocity, or acceleration) of a damped single-degree of 
freedom harmonic oscillator (with a particular damping and resonant 
period) subjected to a prescribed ground motion.

(        )

To keep things simple, PGA will be used as the ground-motion parameter here (the analysis is
otherwise equivalent).

PSHA involves three steps: 1) specification of the seismic-hazard source model(s); 2)
specification of the ground motion model(s) (attenuation relationship(s));  and 3) the
probabilistic calculation.



“Earthquake Hazard Analysis”, Reiter, 1990

SHA dualism: P & D



Italian building code (NTC08/18)

Seismic classification

https://rischi.protezionecivile.gov.it/it/sismico/attivita/classificazione-
sismica

Seismic hazard

http://esse1.mi.ingv.it

NTC08 Seismic code (§ 2.*; 3.2; 7.*)

https://www.gazzettaufficiale.it/eli/id/2008/02/04/08A00368/sg

NTC18 Seismic code (§ 2.*; 3.2; 7.*)

https://www.gazzettaufficiale.it/eli/gu/2018/02/20/42/so/8/sg/pdf

https://www.gazzettaufficiale.it/eli/id/2019/02/11/19A00855/sg

https://rischi.protezionecivile.gov.it/it/sismico/attivita/classificazione-sismica
https://rischi.protezionecivile.gov.it/it/sismico/attivita/classificazione-sismica
http://esse1.mi.ingv.it
https://www.gazzettaufficiale.it/eli/id/2008/02/04/08A00368/sg
https://www.gazzettaufficiale.it/eli/gu/2018/02/20/42/so/8/sg/pdf
https://www.gazzettaufficiale.it/eli/id/2019/02/11/19A00855/sg
https://rischi.protezionecivile.gov.it/it/sismico/attivita/classificazione-sismica
https://rischi.protezionecivile.gov.it/it/sismico/attivita/classificazione-sismica
http://esse1.mi.ingv.it
https://www.gazzettaufficiale.it/eli/id/2008/02/04/08A00368/sg
https://www.gazzettaufficiale.it/eli/gu/2018/02/20/42/so/8/sg/pdf
https://www.gazzettaufficiale.it/eli/id/2019/02/11/19A00855/sg


Italian code NTC18 - Seismic Action 

L'azione sismica è caratterizzata da 3 componenti traslazionali, due 
orizzontali contrassegnate da X ed Y ed una verticale contrassegnata da Z, 
da considerare tra di loro indipendenti. Le componenti possono essere 
descritte, in funzione del tipo di analisi adottata, mediante una delle 
seguenti rappresentazioni: 

- accelerazione massima in superficie;
 
- accelerazione massima e relativo spettro di risposta in superficie;
 
- storia temporale del moto del terreno. 

Le due componenti ortogonali indipendenti che descrivono il moto 
orizzontale sono caratterizzate dallo stesso spettro di risposta o dalle due 
componenti accelerometriche orizzontali del moto sismico. 



Italian code NTC18 - Elastic spectra 

Lo spettro di risposta elastico in accelerazione è espresso da una forma 
spettrale (spettro normalizzato) riferita ad uno smorzamento 
convenzionale del 5%, moltiplicata per il valore della accelerazione 
orizzontale massima ag su sito di riferimento rigido orizzontale. 

Sia la forma spettrale che il valore di ag variano al variare della probabilità 
di superamento nel periodo di riferimento PVR (vedi § 2.4 e § 3.2.1). 

Gli spettri così definiti possono essere utilizzati per strutture con periodo 
fondamentale minore o uguale a 4,0 s. Per strutture con periodi 
fondamentali superiori lo spettro deve essere definito da apposite analisi 
oppure l’azione sismica deve essere descritta mediante storie temporali 
del moto del terreno. 



Italian code NTC18 - Elastic spectra
Lo spettro di risposta (componente orizzontale) è definito a partire dai 
valori dei seguenti parametri, validi per sito di riferimento su suolo rigido:

ag accelerazione orizzontale massima al sito

F0 è il fattore che quantifica l’amplificazione spettrale 
massima, su sito di riferimento rigido orizzontale, ed ha 
valore minimo pari a 2,2

TC* (valore di riferimento per la determinazione del) 
periodo di inizio del tratto a velocità costante dello 
spettro in accelerazione orizzontale. 
Viene quindi definito: TC= CC TC*

     dove CC  dipende dalla categoria del sottosuolo

I valori di tali parametri sono forniti dalla NTC18, per tutti i siti considerati, in forma 
tabellare. Per la pericolosità in particolare (ag):

http://esse1.mi.ingv.it

http://esse1.mi.ingv.it
http://esse1.mi.ingv.it


Italian code NTC18 - from hazard to “design”

Per ciascun nodo del reticolo di riferimento e per 
ciascuno dei periodi di ritorno TR considerati 
dalla pericolosità sismica, i tre parametri si 
ricavano riferendosi ai valori corrispondenti al 
50–esimo percentile ed attribuendo a F0 e  TC* i 
valori ottenuti imponendo che...

le forme spettrali in accelerazione, velocità e 
spostamento previste dalle NTC scartino al 
minimo dalle corrispondenti forme spettrali 
previste dalla pericolosità sismica (la condizione 
di minimo è imposta operando ai minimi quadrati, 
su spettri di risposta normalizzati ad uno, per 
ciascun sito e ciascun periodo di ritorno). 



Italian code NTC18 - Elastic spectra

Normativa sismica

Corso di Ingegneria Sismica  -  a.a. 2009/10 - Pag. 2.33 - 

In mancanza di tali determinazioni, per le componenti orizzontali del moto e per le categorie di 
sottosuolo di fondazione definite nel §3.2.2, la forma spettrale su sottosuolo di categoria A è
modificata attraverso il coefficiente stratigrafico SS, il coefficiente topografico ST e il coefficiente 
CC che modifica il valore del periodo TC.

Normativa sismica

Corso di Ingegneria Sismica  -  a.a. 2009/10 - Pag. 2.34 - 

� Amplificazione stratigrafica

Per sottosuolo di categoria A i coefficienti SS e CC valgono 1. 

Per le categorie di sottosuolo B, C, D ed E i coefficienti SS e CC possono essere calcolati, in 
funzione dei valori di F0 e TC

* relativi al sottosuolo di categoria A, mediante le espressioni 
fornite nella Tab. 3.2.V, nelle quali g è l’accelerazione di gravità ed il tempo è espresso in 
secondi.
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TB è il periodo corrispondente all’inizio del tratto dello spettro ad accelerazione costante, 
TB =TC /3; TD è il periodo corrispondente all’inizio del tratto a spostamento costante 
dello spettro, espresso in secondi mediante la relazione: TD =4.0 * ag/g+1.6

η è il fattore che altera lo spettro elastico per coefficienti di smorzamento viscosi 
convenzionali ξ diversi dal 5%, (η= [10/(5+ξ)]0.5≥0,55), e valutato sulla base di materiali, 
tipologia strutturale e terreno di fondazione
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Site effects and NTC18 - Elastic spectra & soil

Normativa sismica
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2.1.2 Eurocodice 8 (Norma di III generazione)

L’Eurocodice 8 ha fornito le basi per lo sviluppo della Normativa sismica italiana più recente 
(OPCM 3274, NTC2008). L’Eurocodice 8 è una delle norme che, al pari di altre (SEAOC-
Vision, ATC40, FEMA273), si basa sul perseguimento di obiettivi puramente prestazionali
(Performance Based Design, PBD). 

Si assiste quindi all’abbandono del carattere convenzionale e prescrittivo delle normative 
precedenti a favore di un’impostazione prestazionale, nella quale gli obiettivi della progettazione 
vengono dichiarati esplicitamente ed i metodi utilizzati a tale scopo vengono opportunamente 
giustificati.

Questa impostazione fornisce al progettista la consapevolezza della finalità e del rilievo di ogni 
singola operazione e consente di graduare le prestazioni richieste all’opera in relazione ad 
esigenze di natura sociale ed economica. 

I livelli di prestazione introdotti dall’Eurocodice 8 corrispondono a: 

- No collapse requirement (SLU):

“The structure shall be designed and constructed to withstand the design seismic action defined 
in Section 3 without local or global collapse, thus retaining its structural integrity and a residual 

load bearing capacity after the seismic events.” 

Normativa sismica

Corso di Ingegneria Sismica  -  a.a. 2009/10 - Pag. 2.6 - 

- Damage limitation requirement (SLD):

“The structure shall be designed and constructed to withstand a seismic action having a larger 
probability of occurrence than the design seismic action, without the occurrence of damage and 

the associated limitations of use, the costs of which would be disproportionately high in 
comparison with the costs of the structure itself.” 

L’azione sismica è descritta sotto forma di spettro di risposta elastico in accelerazione e spettro 
di progetto.

S è il coefficiente che tiene conto della categoria di sottosuolo e delle 
condizioni topografiche mediante la relazione:  S= SS ˙ST

SS è il coefficiente di amplificazione stratigrafica
ST è il coefficiente di amplificazione topografica 



Site effects and NTC18 - Soil classification

16   CAPITOLO  3 
Tab. 3.2.I – Probabilità di superamento P

VR
 in funzione  dello stato limite considerato 

Stati Limite P
VR

: Probabilità di superamento nel periodo di riferimento VR 

Stati limite di esercizio  
SLO  81%  
SLD  63%  

Stati limite ultimi  
SLV  10%  
SLC  5%  

Qualora la protezione nei confronti degli stati limite di esercizio sia di prioritaria importanza, i valori di PVR
 forniti in tabella 

devono essere ridotti in funzione del grado di protezione che si vuole raggiungere. 

Per ciascuno stato limite e relativa probabilità di eccedenza PVR
 nel periodo di riferimento VR si ricava il periodo di ritorno TR del 

sisma utilizzando la relazione:  

TR = - VR / ln (1- PVR
) = - CU VN / ln (1- PVR

)   [3.2.0] 

3.2.2  CATEGORIE DI SOTTOSUOLO E CONDIZIONI TOPOGRAFICHE 

Categorie di sottosuolo 

Ai fini della definizione dell’azione sismica di progetto, l’effetto della risposta sismica locale si valuta mediante specifiche analisi, 

da eseguire con le modalità indicate nel § 7.11.3. In alternativa, qualora le condizioni stratigrafiche e le proprietà dei terreni siano 

chiaramente riconducibili alle categorie definite nella Tab. 3.2.II, si può fare riferimento a un approccio semplificato che si basa 

sulla classificazione del sottosuolo in funzione dei valori della velocità di propagazione delle onde di taglio, VS. I valori dei 

parametri meccanici necessari per le analisi di risposta sismica locale o delle velocità VS per l’approccio semplificato costituiscono 

parte integrante della caratterizzazione geotecnica dei terreni compresi nel volume significativo, di cui al § 6.2.2.  

I valori di VS sono ottenuti mediante specifiche prove oppure, con giustificata motivazione e limitatamente all’approccio 

semplificato, sono valutati tramite relazioni empiriche di comprovata affidabilità con i risultati di altre prove in sito, quali ad 

esempio le prove penetrometriche dinamiche per i terreni a grana grossa e le prove penetrometriche statiche. 

La classificazione del sottosuolo si effettua in base alle condizioni stratigrafiche ed ai valori della velocità equivalente di propaga-

zione delle onde di taglio, VS,eq (in m/s), definita dall’espressione: 
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>3.2.1@ 

con: 

hi   spessore dell’i-esimo strato;  

VS,i velocità delle onde di taglio nell’i-esimo strato;  

N  numero di strati; 

H profondità del substrato, definito come quella formazione costituita da roccia o terreno molto rigido, caratterizzata da VS 

non inferiore a 800 m/s.  

Per le fondazioni superficiali, la profondità del substrato è riferita al piano di imposta delle stesse, mentre per le fondazioni su 

pali è riferita alla testa dei pali. Nel caso di opere di sostegno di terreni naturali, la profondità è riferita alla testa dell’opera. Per 

muri di sostegno di terrapieni, la profondità è riferita al piano di imposta della fondazione. 

Per depositi con profondità H del substrato superiore a 30 m, la velocità equivalente delle onde di taglio VS,eq è definita dal para-

metro VS,30, ottenuto ponendo H=30 m nella precedente espressione e considerando le proprietà degli strati di terreno fino a tale 

profondità. 

Le categorie di sottosuolo che permettono l’utilizzo dell’approccio semplificato sono definite in Tab. 3.2.II. 

Tab. 3.2.II – Categorie di sottosuolo che permettono l’utilizzo dell’approccio semplificato. 

Categoria  Caratteristiche della superficie topografica  

A  

Ammassi rocciosi affioranti o terreni molto rigidi caratterizzati da valori di velocità delle onde 

di taglio superiori a 800 m/s, eventualmente comprendenti in superficie terreni di caratteri-

stiche meccaniche più scadenti con spessore massimo pari a 3 m.  

B  

Rocce tenere e depositi di terreni a grana grossa molto addensati o terreni a grana fina molto consi-
stenti, caratterizzati da un miglioramento delle proprietà meccaniche con la profondità e da 

valori di velocità equivalente compresi tra 360 m/s e 800 m/s. 

C  

Depositi di terreni a grana grossa mediamente addensati o terreni a grana fina mediamente consi-
stenti con profondità del substrato superiori a 30 m, caratterizzati da un miglioramento del-

le proprietà meccaniche con la profondità e da valori di velocità equivalente compresi tra 

180 m/s e 360 m/s. 

D  

Depositi di terreni a grana grossa scarsamente addensati o di terreni a grana fina scarsamente consi-
stenti, con profondità del substrato superiori a 30 m, caratterizzati da un miglioramento del-

le proprietà meccaniche con la profondità e da valori di velocità equivalente compresi tra 

100 e 180 m/s. 

E 
Terreni con caratteristiche e valori di velocità equivalente riconducibili a quelle definite per le catego-
rie C o D, con profondità del substrato non superiore a 30 m. 
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Tab. 3.2.II – Categorie di sottosuolo che permettono l’utilizzo dell’approccio semplificato. 

Categoria  Caratteristiche della superficie topografica  

A  

Ammassi rocciosi affioranti o terreni molto rigidi caratterizzati da valori di velocità delle onde 

di taglio superiori a 800 m/s, eventualmente comprendenti in superficie terreni di caratteri-

stiche meccaniche più scadenti con spessore massimo pari a 3 m.  

B  

Rocce tenere e depositi di terreni a grana grossa molto addensati o terreni a grana fina molto consi-
stenti, caratterizzati da un miglioramento delle proprietà meccaniche con la profondità e da 

valori di velocità equivalente compresi tra 360 m/s e 800 m/s. 

C  

Depositi di terreni a grana grossa mediamente addensati o terreni a grana fina mediamente consi-
stenti con profondità del substrato superiori a 30 m, caratterizzati da un miglioramento del-

le proprietà meccaniche con la profondità e da valori di velocità equivalente compresi tra 

180 m/s e 360 m/s. 

D  

Depositi di terreni a grana grossa scarsamente addensati o di terreni a grana fina scarsamente consi-
stenti, con profondità del substrato superiori a 30 m, caratterizzati da un miglioramento del-

le proprietà meccaniche con la profondità e da valori di velocità equivalente compresi tra 

100 e 180 m/s. 

E 
Terreni con caratteristiche e valori di velocità equivalente riconducibili a quelle definite per le catego-
rie C o D, con profondità del substrato non superiore a 30 m. 



La classificazione del sottosuolo si effettua in base alle condizioni stratigrafiche 
ed ai valori della velocità equivalente di propagazione delle onde di taglio, VS,eq 
(in m/s), definita dall’espressione: 

con hi spessore dell’i-esimo strato; VS,i velocità delle onde di taglio nell’i-esimo 
strato; N numero di strati; H profondità del substrato, definito come quella 
formazione costituita da roccia o terreno molto rigido, caratterizzata da VS 
non inferiore a 800 m/s.

Per depositi con profondità H del substrato superiore a 30 m, la velocità 
equivalente delle onde di taglio VS,eq è definita dal parametro VS,30, ottenuto 
ponendo H=30 m nella precedente espressione e considerando le proprietà 
degli strati di terreno fino a tale profondità.  

Site effects and NTC18 - VS,eq
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Nelle definizioni precedenti Vs30 è la velocità media di propagazione dei primi 
30 m di profondità delle onde di taglio e viene calcolata con la seguente 
espressione:

dove hi e Vi indicano lo spessore (in m) e la velocità delle onde di taglio (per 
deformazioni di taglio γ < 10-6) dello strato i-esimo, per un totale di N strati 
presenti nei 30 m superiori.

V
S30

=
30

h
i

V
ii=1,N

∑
     [m / s]

VS30



Per condizioni topografiche complesse è necessario predisporre specifiche 
analisi di risposta sismica locale. Per configurazioni superficiali semplici si può 
adottare la seguente classificazione (Tab. 3.2.III): 

T1 Superficie pianeggiante, pendii e rilievi isolati con inclinazione media i≤15°

T2 Pendii con inclinazione media i>15°

T3 Rilievi con larghezza in cresta molto minore che alla base e inclinazione 
media 15≤i≤30°

T4 Rilievi con larghezza in cresta molto minore che alla base e inclinazione 
media i>30°

Le suesposte categorie topografiche si riferiscono a configurazioni 
geometriche prevalentemente bidimensionali, creste o dorsali allungate, e 

devono essere considerate nella definizione dell’azione sismica se di altezza 
maggiore di 30 m. 

Site effects and NTC18 - Topography



NTC18 - Time histories (3.2)
Gli stati limite, ultimi e di esercizio, possono essere verificati mediante l’uso di 
storie temporali del moto del terreno artificiali o naturali...
L’uso di storie temporali del moto del terreno artificiali non è ammesso nelle 
analisi dinamiche di opere e sistemi geotecnici. 

L’uso di storie temporali del moto del terreno generate mediante simulazione 
del meccanismo di sorgente e della propagazione è ammesso a condizione che 
siano adeguatamente giustificate le ipotesi relative alle caratteristiche 
sismogenetiche della sorgente e del mezzo di propagazione e che, negli intervalli 
di periodo sopraindicati, l’ordinata spettrale media non presenti uno scarto in 
difetto superiore al 20% rispetto alla corrispondente componente dello spettro 
elastico. 

L’uso di storie temporali del moto del terreno naturali o registrate è ammesso 
a condizione che la loro scelta sia rappresentativa della sismicità del sito e sia 
adeguatamente giustificata in base alle caratteristiche sismogenetiche della 
sorgente, alle condizioni del sito di registrazione, alla magnitudo, alla distanza 
dalla sorgente e alla massima accelerazione orizzontale attesa al sito. 



NTC18 - Space variability (3.2.4.1)

Nei punti di contatto con il terreno di opere con sviluppo planimetrico 
significativo, il moto sismico può avere caratteristiche differenti, a causa del 
carattere asincrono del fenomeno di propagazione, delle disomogeneità e delle 
discontinuità eventualmente presenti, e della diversa risposta locale del terreno.

 
Degli effetti sopra indicati deve tenersi conto quando essi possono essere 
significativi e in ogni caso quando le condizioni di sottosuolo siano così variabili 
lungo lo sviluppo dell’opera da richiedere l’uso di accelerogrammi o di spettri di 
risposta diversi. 



NTC18 - Local response (7.11.3)
Il moto generato da un terremoto in un sito dipende dalle particolari condizioni 
locali, cioè dalle caratteristiche topografiche e stratigrafiche del sottosuolo e 
dalle proprietà fisiche e meccaniche dei terreni e degli ammassi rocciosi di cui è 
costituito.  Alla scala della singola opera o del singolo sistema geotecnico, 
l’analisi della risposta sismica locale consente quindi di definire le modifiche che 
il segnale sismico di ingresso subisce, a causa dei suddetti fattori locali. 
...
 
Nelle analisi di risposta sismica locale, l’azione sismica di ingresso è descritta in 
termini di storia temporale dell’accelerazione (accelerogrammi) su di un sito di 
riferimento rigido ed affiorante con superficie topografica orizzontale. 

L’applicazione del metodo richiede la valutazione dell’accelerazione critica, che 
deve essere valutata con i valori caratteristici dei parametri di resistenza, e 
dell’azione sismica di progetto, che deve essere rappresentata mediante storie 
temporali delle accelerazioni. Gli accelerogrammi impiegati nelle analisi, in 
numero non inferiore a 7, devono essere rappresentativi della sismicità del sito 
e la loro scelta deve essere adeguatamente giustificata (vedi § 3.2.3.6). Non è 
ammesso l’impiego di accelerogrammi artificiali. 



GROUNDSHAKING
SITE EFFECTS

SURFACE TOPOGRAPHY EFFECTS
 
(convexity) sensitivity to:  

a) type of wavefield
b) angle of incidence

   c) shape and sharpness

SOFT SURFACE LAYERING

a) 1-D: trapping of waves for impedance contrast; vertical resonances
fn=[(2n+1)β]/4H;  A≈(ρ2 v2)/(ρ1 v1)

b) 2-D, 3-D: complex energy focusing; diffraction effects; 
basin edge waves
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heavy-damage
zone

slight-damage
zone

650 m apart 1 sec

L.A. Basin
Sediments

Santa Monica 
Mountains

Santa Monica

1 km

Bedrock

Figure 4. Particle-velocity seismograms (top) of a
1994 Northridge-earthquake aftershock recorded at
two sites in Santa Monica, California, located just 650
m apart (from Gao et al., 1996). The higher-amplitude
seismogram corresponds to a location that suffered
greater damage during the main shock. A cross sec-
tion (bottom) adapted from Graves et al. (1998) il-
lustrating how this difference may have resulted from
a constructive interference, or focusing, caused by the
subsurface basin structure (the rays are drawn for il-
lustrative purposes only).

CDMG, 2000), presumably due to basin-edge-induced
waves. This should not be surprising given the close juxta-
position of the Landers and Hector Mine ruptures. The rele-
vant question with respect to PSHA is whether this part of
the Coachella Valley will constitute a bright spot when the
earthquake is in an entirely different location.

Subsurface Focusing. Another important basin effect is
focusing caused by subsurface structure. Perhaps the most
dramatic example of this was observed in Santa Monica dur-
ing the Northridge earthquake sequence (Gao et al., 1996).
Aftershock recordings just 650 m apart exhibited peak-mo-
tion differences of up to a factor of 5 (Fig. 4). These differ-
ences generally correlate with the damage distribution of the
main shock (Gao et al., 1996). Such observations are at least
100 years old.

It is an easy matter to select two stations within 1,000
feet of each other where the average range of horizontal
motion at the one station shall be five times, and even
ten times, greater than it is at the other (Milne, 1898).

However, modern studies are providing the physical ex-
planation for this variability. A debate remains over whether
the damage in Santa Monica resulted from the deeper (Gao
et al., 1996) or shallower (Alex and Olsen, 1998; Graves et
al., 1998) wedge structure depicted in Figure 4. Both expla-
nations involve constructive interference, or focusing, of
waves traveling different paths. As such, they both imply
that the exact pattern of shaking will be sensitive to source
location, a fact born out by the aftershock observations (Gao
et al., 1996). With respect to PSHA, this raises the question
of whether the amplification pattern from the Northridge
earthquake, or any site-effect map that is dominated by this
earthquake (e.g., Fig. 1), is applicable to other events as well.
It also raises the question of how much effort is warranted
in determining the exact subsurface structure when the final
result will be sensitive to the unknown locations, and per-
haps even slip distributions, of future earthquakes.

Another case of subsurface focusing was documented
by Hartzell et al. (1997) in Sherman Oaks, California. In
fact, they concluded that “ . . . sedimentary structures in the
upper 1 to 2 km and topography on the sediment-basement
interface . . . can be the dominant factor in the modification
of local ground motion” (p. 1377). This also suggests that
the amplification pattern will be somewhat, perhaps even
largely, dependent on earthquake location.

Intrinsic Variability. The presence of basin-edge-induced
surface waves and focusing effects does not bode well for
predicting site effects in PSHA; it suggests that site response
will have a large intrinsic variability with respect to source
location. This would help explain several studies, in southern
California alone, that identify large differences in earthquake
shaking over hundred-meter distances (e.g., Steidl, 1993;
Field and Hough, 1996; Hartzell et al., 1996, 1997; Mere-
monte et al., 1996), and that find ground motion to be sen-

sitive to source location (e.g., Frankel, 1994; Hough et al.,
1995; Meremonte et al., 1996; Scrivner and Helmberger,
1999). In fact, from 3D finite-difference simulations for a
simplified San Andreas fault rupture, Frankel (1993) showed
that the amplification pattern in the San Bernardino Valley
is sensitive to the distribution of source asperities as well.
Thus, not only is the separation of path and site effects some-
what vague and arbitrary, but so is the separation of source
effects.

Average Behavior. Although an intrinsic variability of
basin response with respect to rupture location seems inev-
itable, there may be some systematic behavior on average.
Recall, for example, that Rogers et al. (1985) identified a
correlation between spectral-ratio amplitudes and basin
depth. In fact, this had been noted even earlier (e.g., Trifunac
and Lee, 1978; Rogers et al., 1979), and has been noted since
(e.g., Campbell, 1987; Hartzell et al., 1996; Hartzell et al.,
1998). For this reason, and as discussed below, considerable
effort has gone into understanding a possible basin-depth
effect in the Phase III collection of articles.

Nonlinear Site Effects

In the complications described previously, we have so
far ignored the issue of sediment nonlinearity. To the extent
that sediments yield at high levels of strain—a violation of
Hooke’s law resulting in a nonlinear response—amplifica-
tion factors can be dependent on the ground-motion level
(Reid, 1910). Because the vast body of literature on this topic
has been reviewed elsewhere (e.g., Beresnev and Wen, 1996;
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EMPIRICAL 
TECHNIQUES

FOR
SITE EFFECT 
ESTIMATION

WEAK (AND STRONG) MOTION

a) S/B spectral ratio (Borcherdt, 1970) 
b) generalized inversion scheme (Andrews, 1986)
c) coda waves analysis (Margheriti et al., 1994)
d) parametrized source and path  inversion

(Boatwright et al., 1991)
e) H/V spectral ratio (receiver function)

(Lermo et al., 1993)

MICROTREMORS

a) peak frequencies examination
b) S/B spectral ratio
c) H/V spectral ratio (Nagoshi, 1971; Nakamura, 1989)
d) array analysis (Malagnini et al., 1993)
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Important issues in SRE

Near surface effects: impedance contrast, velocity

geological maps, VS30

Basin effects

Basin-edge induced waves

Subsurface focusing

In SHA the site effect should be defined as the average behavior, 
relative to other sites, given all potentially damaging earthquakes.

This produces an intrinsic variability with respect to different 
earthquake locations, that cannot exceed the difference between sites
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Peak Velocity Amplification from the 3D Simulations of Olsen (2000)
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Figure 9. Peak velocity amplification pattern for nine different 0–0.5 Hz 3D finite-
difference earthquake simulations (corrected for the 1D response at each site). The
earthquake simulated in each plot is indicated in the upper left-hand corner (NR, 1994
Northridge; LB, Long Beach; NI, Newport Inglewood; WN, Whittier Narrows; EP,
Elysian Park; SM, Santa Monica; PV, Palos Verdes; SAF (FROM SE) and SAF (FROM
NW), San Andreas with rupture initiating from the southeast and northwest, respec-
tively). The surface trace of the fault is plotted with a dashed white line (or dot), and
the minimum and maximum amplification factor is given on the lower left. Also shown
(upper right-hand plot) are predicted versus observed peak velocities for the 1994
Northridge earthquake. This figure is adapted from Figures 6 and 12 of Olsen (2000).

pointing in terms of predicting ground motion, the latter
lends support to the notion that basin depth may be a useful
parameter in earthquake hazard estimation.

Evaluation and Development of Attenuation
Relationships and Their Implications with Respect
to PSHA

We now focus on accounting for site effects in PSHA.
Again, in the context of the source and path effect model,
the question is how to appropriately modify an attenuation-
relationship prediction. Therefore the remainder of the Phase

III articles have concentrated on compiling new and relevant
data, evaluating existing attenuation relationships, develop-
ing new attenuation relationships for southern California,
and evaluating the implications of all relationships with re-
spect to PSHA. Following Field and Petersen (2000), differ-
ences in ground motion that exceed 10% are referred to here
as “important” because this is the threshold that typically
influences engineering design. Similarly, “significant” is re-
served for statistical statements at the one-sigma level (68%
confidence), which is also customary in earthquake engi-
neering.

Amplification patterns...
 ....may vary greatly among the earthquake scenarios, considering different source locations (and 
rupture ...)



Seismic Source effects

Michoacan, 1985

Fling & Directivity
aka

Near-field & Near-source 
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Figure 1. (a) Map of California with the site location; (b) the surface faults and the
epicenter of the 1992 Landers earthquake, together with the location of the observation
station at the Lucerne valley; (c) the velocities; and (d) the displacements at the station.
Panel (b) also shows the direction of the strike slip, the directions of the fault-normal and
-parallel components, and the directions of the maximum velocity and displacement.

Green’s functions with shallow source points. Therefore, the
second obstacle is that the integrands of wavenumber inte-
grations (equation 2) do not converge with wavenumber
when the depths of source points are close to or on the free
surface (e.g., Apsel and Luco, 1983; Hisada, 1993, 1995).
In particular, the convergence is extremely slow in the case
of the static Green’s function (x ! 0). Therefore, special
techniques are needed to overcome the two obstacles.

The purpose of this article is to propose a mathematical
methodology for computing near-fault ground motions ef-
fectively and to use it for investigating the effects of fling
and directivity in several simple situations. We first carefully
check the fault integration (equation 1) using the simplest
fault model: an axially symmetric circular fault in a homo-
geneous full-space. Based on the results from this simple
case, we will then propose a new form of the representation
theorem for calculating the fault integration efficiently for
more general cases, involving arbitrary kinematic faulting
models in layered half-spaces. In addition, we propose an
efficient method for calculating the wavenumber integration
(equation 2), considering the surface faulting. Finally, we
check the validity of the proposed method and investigate
the physical basis of the fling and directivity effects.

Efficient Methods for Computing Near-Fault Ground
Motions in Layered Half-Spaces

Near-Fault Ground Motions Using an Axially
Symmetric Fault Model in a Homogeneous
Full-Space

We first check the basic characteristics of the dynamic
and static Green’s functions in the fault integration (i.e.,
equation 1) to find efficient ways for computing the near-
fault ground motions. In this section, we use the simplest
fault model, that is, the axially symmetric circular fault
model in a homogeneous full-space. In addition, we will
check the attenuation relation of the static offset using this
model.

Figure 2 shows the fault model and the location of an
observation point. R is the radius of the circular fault model.
We assume a uniform slip, D, over the fault plane. The ob-
servation point is located at a distance, z, above the center
of the fault. The dynamic displacement, U, in the same di-
rection as D, is easily obtained by substituting Green’s func-
tion of the homogeneous full-space (e.g., Kane, 1994) into
equation (1),



Equivalent Forces

The scope is to develop a representation of the displacement 
generated in an elastic body in terms of the quantities that originated 

it: body forces and applied tractions and displacements over the 
surface of the body.

The actual slip process will be described by superposition of equivalent 
body forces acting in space (over a fault) and time (rise time).

The observable seismic radiation is through energy release as the fault 
surface moves: formation and propagation of a crack. This complex 

dynamical problem can be studied by kinematical equivalent approaches.

8. SEISMIC SOURCES 

cle dislocation. Each point on the rupture 
surface may also have a slightly different 
slip vector. In general, these slip vectors 
are expected to be nearly parallel, but the 
amount of slip can vary spatially within the 
rupture zone and must vary at the edges of 
the final rupture surface (where the dis-
placement goes to zero). While fault slip-
page results from the earthquake process, 
we ignore many other phenomena, such as 
local heating and perhaps mehing of rock, 
hydrologic pressure variations, and rock 
fracturing, to conceptualize the kinematic 
rupture history. Our goal is to replace this 
kinematic rupture process with a useful 
force system that produces equivalent seis-
mic-wave radiation. 

We proceed by "standing back" from 
the fault and considering the average 
properties of the rupture. We are mainly 
interested in gross characteristics such as 
the total rupture area, ^,_the average dis-
placement over the fault, D, and the aver-
age velocity and direction of rupture prop-
agation, y.. For seismic waves with periods 
longer than or comparable to the duration 
of rupture and for wavelengths that are 
large relative to the fault dimensions, we 
can visualize replacing the complex fault-

ing by a simple dislocation representation 
(Figure 8.9). In its simplest form the dislo-
cation model idealization will involve a 
point source (i.e., no spatial extent), with a 
simple dislocation time history to approxi-
mate the process of seismic-wave radiation 
during particle dislocation and expansion 
of the rupture area. More complex models 
of spatial distributions of dislocations can 
be constructed from this end-member case. 
Model complexity increases as the ratio of 
seismic-energy wavelength to fault length 
decreases. 

The average dislocation model in Figure 
8.9 now looks like a simple enough system 
to be replaced by a force system that would 
be dynamically equivalent, meaning one 
that produces equivalent seismic-wave ra-
diation. Indeed, it would appear that we 
simply need a time-varying force couple 
applied within the elastic medium to simu-
late the dislocation. The level of approxi-
mation implied in Figure 8.9 clearly de-
pends on the sensitivity of the seismic 
waves to the details of the faulting com-
plexity, which is frequency and wavelength 
dependent, and on the extent to which one 
wants to determine actual stresses on the 
fault. Both dislocation and equivalent 

Actual Fault 
Displacement History 

Average 
Dislocation Model 

Equivalent 
Body Force Systeni 

r 
I 

I ^ 

Y ^ if(t)i - r 

FIGURE 8.9 Concepts underlying equivalent body forces. Actual faulting involves complex 
cracking and frictional sliding over a surface in a short t ime that results in a space-t ime 
history of slipping motion. The finite spatial-temporal faulting process can be approximated 
by a dislocation model with dislocation time history D{t]. In turn, this dislocation model can 
be idealized by an equivalent force system that can be directly incorporated in the equations 
of motion. 

Actual slip vector field
in space and time

Average 
dislocation model

Equivalent 
body-force system



Body forces

Moment tensor and fault plane solution
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⎧

⎨
⎪
⎪

⎩
⎪
⎪



Final source representation

And if the source can be considered a point-source (for distances greater than 
fault dimensions), the contributions from different surface elements can be 

considered in phase. 
Thus for an effective point source, one can define the moment tensor:
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The Principal Mechanisms



FM & stress axes



Source spectrum
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Maximum Intensity is used to 
estimate the size of historical 
earthquakes, but suffers from 
dependence on depth, 
population, construction 
practices, site effects, regional 
geology, etc.

Maximum 

Intensity = VII

Maximum Intensity



These earthquakes were roughly the 
same size, but the intensity patterns in 
the east are broader than in the west 
(wait for Q...)

1906 SF and 1811-12 New Madrid



Mercalli Intensity and Richter Magnitude
Magnitude Intensity Description
1.0-3.0

Micro

I I. Not felt except by a very few under especially favorable conditions. 

3.0 - 3.9 

Minor

             

II - III II. Felt only by a few persons at rest, especially on upper floors of buildings. 


III. Felt quite noticeably by persons indoors, especially on upper floors of  buildings. Many people do not 
recognize it as an earthquake. Standing motor cars may rock slightly. Vibrations similar to the passing of a 
truck. Duration estimated.

4.0 - 4.9 

Light

             

IV - V IV. Felt indoors by many, outdoors by few during the day. At night, some awakened. Dishes, windows, doors 
disturbed; walls make cracking sound. Sensation like heavy truck striking building. Standing motor cars 
rocked noticeably.


V. Felt by nearly everyone; many awakened. Some dishes, windows broken. Unstable objects overturned. 
Pendulum clocks may stop. 

5.0 - 5.9 

Moderate

             

VI - VII VI. Felt by all, many frightened. Some heavy furniture moved; a few instances of  fallen plaster. Damage 
slight. 


VII. Damage negligible in buildings of good design and construction; slight to moderate in well-built ordinary 
structures; considerable damage in poorly built or badly designed structures; some chimneys broken. 

6.0 - 6.9 

Strong

             

VII - IX VIII. Damage slight in specially designed structures; considerable damage in ordinary substantial buildings 
with partial collapse. Damage great in poorly built structures. Fall of chimneys, factory stacks, columns, 
monuments, walls. Heavy furniture overturned. 


 IX. Damage considerable in specially designed structures; well-designed frame structures thrown out of 
plumb. Damage great in substantial buildings, with partial collapse. Buildings shifted off foundations. 

7.0 and higher  

Major   great 

             

VIII or higher X. Some well-built wooden structures destroyed; most masonry and frame structures destroyed with 
foundations. Rails bent. 


XI. Few, if any (masonry) structures remain standing. Bridges destroyed. Rails bent greatly. 


XII. Damage total. Lines of sight and level are distorted. Objects thrown into the air. 



Intensity scales

   
MM – Modified Mercalli; RF – Rossi-Forel; JMA – Japanese Meteorological Agency; 

MCS – Mercalli-Cancani-Sieberg; MSK – Medvedev-Sponheuer-Karnik

MM RF JMA MCS MSK

I
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II I

III III
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II
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III III IV
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VI IV VII VIVII

VII VIII
V
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VIII VIII
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XII XII



Magnitude Scales - Richter

The original Richter scale was 
based on the observation that 
the amplitude of seismic waves 
systematically decreases with 
epicentral distance.

Data from local earthquakes in 
California

The concept of magnitude was introduced by Richter (1935) to provide an objective instrumental measure of 
the size of earthquakes. Contrary to seismic intensity, I, which is based on the assessment and classification of 
shaking damage and human perceptions of shaking, the magnitude M uses instrumental measurements of 
earth ground motion adjusted for epicentral distance and source depth.

The relative size of events is calculated by comparison to a reference event, with ML=0, such that A0 was 1 
μm at an epicentral distance, Δ, of 100 km with a Wood-Anderson instrument: 

ML=log(A/A0)=logA-2.48+2.76Δ.



Magnitude Scales - Richter

“I found a paper by Professor K. Wadati of Japan in which he compared large earthquakes by plotting the maximum ground motion 
against distance to the epicenter. I tried a similar procedure for our stations, but the range between the largest and smallest magnitudes 
seemed unmanageably large. Dr. Beno Gutenberg then made the natural suggestion to plot the amplitudes logarithmically. I was lucky 
because logarithmic plots are a device of the devil. I saw that I could now rank the earthquakes one above the other. Also, 
quite unexpectedly the attenuation curves were roughly parallel on the plot. By moving them vertically, a representative mean curve 
could be formed, and individual events were then characterized by individual logarithmic differences from the standard curve. This set 
of logarithmic differences thus became the numbers on a new instrumental scale. Very perceptively, Mr. Wood insisted that this new 
quantity should be given a distinctive name to contrast it with the intensity scale. My amateur interest in astronomy brought out the 
term "magnitude," which is used for the brightness of a star.”

Charles F. Richter - An Interview by Henry Spall, Earthquake Information Bulletin. Vol. 12, No. 1, January - February, 1980





Richter also tied his 
formula to a specific 
seismic instrument.

Wood-Anderson Seismometer



Magnitude Scales 

M seismic magnitude 

A amplitude

T period

f correction for distance and depth

Cs correction for site

Cr correction for source region

The original  ML is suitable for the classification of local shocks in Southern California only since it used data 
from the standardized short-period Wood-Anderson seismometer network.  The magnitude concept has then 
been extended so as to be applicable also to ground motion measurements from medium- and long-period 
seismographic recordings of both surface waves (Ms) and different types of body waves (mb) in the teleseismic 
distance range.
The general form of all magnitude scales based on measurements of ground displacement amplitudes A and 
periods T is:

ML Local magnitude

mb body-wave magnitude (1s)

Ms surface wave magnitude (20s)

M = log A
T
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The two most common modern magnitude scales are:

MS, Surface-wave magnitude (Rayleigh Wave, 20s)

mb, Body-wave magnitude (P-wave)

Teleseismic MS and mb



mb seldom gives 
values above 6.7 - it 
“saturates”.

mb must be 
measured in the first 
5 seconds - that’s the 
rule.

Example: mb “Saturation”



Saturation



Magnitude saturation

Nature limits the maximum size of tectonic earthquakes which is controlled by 
the maximum size of a brittle fracture in the lithosphere. A simple seismic shear 

source with linear rupture propagation  has a typical "source spectrum”. 

Ms is not linearly scaled with M0 for 
Ms > 6 due to the beginning of the so-

called saturation effect for spectral 
amplitudes with frequencies f > fc. This 
saturation occurs already much earlier 

for  mb which are determined from 
amplitude measurements around 1 Hz. 



Moment magnitude
Empirical  studies  (Gutenberg & Richter, 

1956; Kanamori & Anderson, 1975) lead to a 
formula for the released seismic energy (in 

Joule), and for moment, with magnitude: 
logE=4.8+1.5Ms  logM0=9.1+1.5Ms 

resulting in  

Mw=2/3logM0-6.07 

when the Moment is measured in N·m 
(otherwise the intercept becomes 10.73); 

it is related to the final static displacement 
after an earthquake and consequently to the 

tectonic effects of an earthquake.
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Strong motion seismology
Strong ground motion is an event in which an 
earthquake cause the ground to shake at least strongly 
enough for people to feel the motion or to damage or 
destroy man-made structures. 

The goal of strong motion seismology is to be able to 
understand and predict seismic motions sufficiently 
well that the predictions can be used for engineering 
applications 

The field of strong-motion seismology could initially be 
identified with a type of instrument, designed to 
remain on-scale and record the ground motion with 
fidelity under the conditions of the strongest ground 
motions experienced in earthquakes. 

Anderson J.G Physical Processes That Control Strong Ground Motion. In: Gerald Schubert (editor-in-chief) 
Treatise on Geophysics, 2nd edition, Vol 4. Oxford: Elsevier; 2015. p. 505-557. 



Strong motion seismology

Early instruments were typically designed so that ground 
motions up to the acceleration of gravity (1g) would be 
on-scale. 

The lower limit of ground motion considered by the 
early strong motion seismology studies was roughly 
defined by the thickness of the light beam read until the 
edge of a recorded film. The minimum acceleration 
resolved is somewhat less than 0.01g, that 
approximately coincided with minimum ground motions 
that humans are able to feel. 

Since much smaller ground motions can be recorded on 
modern instruments, the distinction between strong-
motion seismology and traditional seismology is blurred.



Example of Recordings 

The left panel is a plot of the three components of 
acceleration: strong, high-frequency shaking lasted almost a 
minute and the peak acceleration was about 150 cm/s2 (or 

about 0.15g). The middle panel shows the velocity of ground 
movement: the peak velocity for this site during that 

earthquake was about 20-25 cm/sec. Integrating the velocity, 
we can compute the displacement, which is shown in the right-
most panel: the permanent offsets near the seismometer were 

up, west, and south, for a total distance of about 125 
centimeters.

Ground acceleration, 
velocity and displacement, 
recorded at a strong-motion 
seismometer that was 
located directly above the 
part of a fault that ruptured 
during the 1985 Mw = 8.1, 
Michaocan, Mexico 
earthquake.


