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Landslide Liquefaction 
Dynamic 

compaction  

Topographic and 
stratigraphic 
amplification 

Rockfalls 

ÅLiquefaction is a phenomenon associated primarily, but not exclusively, 

with saturated cohesionless soils. Earthquake shaking generates excess 

fluid pressure within the soil leading to a loss of its bearing capacity. 
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Liquefaction: type of analyses 

Analysis Constitutive model Method Assessment 

Semi-empirical 
Basic 

(rigid-plastic) 

Pseudo-static 

Charts 
Action vs. strength 

Simplified 

Dynamic 

Simplified 

(visco-elastic, 

elasto-plastic) 

Dynamic 

with simplified geometry 

Stress, 

strain, 

pore pressure 

Advanced 

dynamic 

Advanced 

(elastic-plastic with 

hardening) 

Dynamic 

with complex geometry 

(sometimes including 

structure) 

Distributions of 

effective stress, 

pore pressure,  

strain, 

permanent 

displacements. 

Evaluation of the failure 

mechanism 



Landslide Liquefaction 
Dynamic 

compaction  

Topographic and 
stratigraphic 
amplification 

Rockfalls 

ÅLandslide is a rapid movement of earth materials down a slope, the 

materials ranging from huge boulders to soil. Landslides can involve the 

movement of just a small amount of material or enough to bury whole 

towns in their path.  

Earthquake induced geotechnical problems 
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Landslides: type of analyses 

Analysis  Constitutive law  Method  Assessment  

Pseudo - static  Basic  

(rigid -plastic)  

Pseudo -static  Global stability  

Empirical methods  Correlations  Displacements  

Simplified  

dynamic  

Simplified  

(visco -elastic,  

elasto -plastic)  

Dynamic  

with simplified 
geometry  

Displacements  

Advanced  

dynamic  

Advanced  

(elastic -plastic with 
hardening)  

Dynamic  

with complex 
geometry  

(sometimes 
including structure)  

Distributions of  

effective stress,  

pore pressure,  

strain,  

permanent 
displacements.  

Evaluation of the 
failure mechanism  
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- Transport gas pipeline 
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- Transport gas pipeline 

- Seismic event 

- Lifeline discretization 

- Simulations of IMs fields 

ÅSpatial correlation 

ÅIMs cross-correlation 

- Updating with stations data 

Hazard 



IMs Fields Simulations 

( ) ( )( )2log N log , f= ÖIM IM R

- IM: simulated intensity measures; 

- IM: central estimates obtained through proper GMPEs; 

- f: intra-event standard error of selected GMPEs; 

- R: correlation matrix; 



IMs Fields Simulations 

Five cases: 
1) IMs uncorrelated; 

2) IMs spatially correlated; (Goda & Hong 2008) 

3) IMs spatially correlated and cross-correlated; (Weatherill et al. 2014) 

4) Case 2 updated with data from stations; (Miano et al. 2016) 

5) Case 3 updated with data from stations. (Miano et al. 2016) 
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How to obtain PGD? 

Landslide and Liquefaction induced PGD 
- Similar three-phases approach: 

Susceptibility Triggering Displacements 

Based on Magnitude 

and Distance 

Demand & Capacity 

approach 

Based on empirical 

relationships 

PGA 

PGV 

PGD Landslide 

PGD Liquefaction 

Simplified Geotechnical Models 



Landslide-induced PGD 
Simplified Geotechnical Models 

Wilson & Keefer 1985 Planar landslides 

Newmarkôs method 

Susceptibility Triggering Displacements 

Saygili & Rathje 2008 
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Liquefaction-induced PGD 
Simplified Geotechnical Models 

Galli 2000 Semi empirical method 

CSR
FS

CRR
=

Susceptibility Triggering Displacements 

LPI ¢ 5 

  

0D=

Sand Boils: Settlements 

Takada & Tanabe 1988 

Bespoken for Italy 

Goda et al. 2011 

Kayen et al. 2013 

Seed & Idriss 1971 

Vs based 

20

0

( )LPI FS w z dz= Ö Öñ

LPI Failure potential 
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Vulnerability 

Literature empirical models 

1) The ñclassical approachò ï optimized to provide consequence assessment results 

mainly in terms of repair expenditures  

Fragility models can be divided in two categories, those considering damage 

caused by Strong Ground Shaking (SGS) and those caused by Ground Failure 

(GF), including fault displacements, liquefaction and landslides. For both causes 

we have the ñclassical approachò and the ñindustrial risk approachò 

2) The ñindustrial risk approachò ï optimized to provide consequence assessment not 

only in terms of structural damage but also including industrial risk consequences (e.g., 

release of flammable or pollutant liquid). 

SGS 

1)RR=a·IMb 2) P(5{җ5{ƛ or w{җw{ƛ ) 

GF 

1)RR=a·IMb 2)P(5{җ5{ƛ or w{җw{ƛ ) 



Vulnerability 

Literature empirical models 

1) The ñclassical approachò ï optimized to provide consequence assessment results 

mainly in terms of repair expenditures  

 

 The example of ALA (2001) vulnerability functions is considered. They are based on 

18 earthquake events and employed in Esposito et al. (2013) and (2015). For steel 

welded joint, large D (>400mm) pipelines K1 and K2 are equal to 0.15. 

ÅIM = PGV 

Å  
SGS 

ÅIM = PGD 

Å  
GF 

( ) ( )1
1 0.002416RR in km K PGV in cm s= Ö Ö

( ) ( )0.319

2
1 11.223RR in km K PGD in m= Ö Ö



Vulnerability 

Literature empirical models 

1) The ñclassical approachò ï the example of ALA (2001) 

ÅIM = PGV 

Å  
SGS 

ÅIM = PGD 

Å  
GF 

( ) ( )1
1 0.002416RR in km K PGV in cm s= Ö Ö

( ) ( )0.319

2
1 11.223RR in km K PGD in m= Ö Ö

HAZUS 

(NIBS, 2004) 

Damage State Damage description Serviceability 

DS1 No damage No break/leak operational 

DS2 Leakage At least on leak along the pipe length Reduction of the flow 

DS3 Failure At least one break along the pipe length Disruption of the flow 

According to HAZUS the type of repair or damage depends on the type of hazard 

(i.e., SGS = 0.8 leaks + 0.2 breaks; GF = 0.2 leaks + 0.8 breaks) 



Vulnerability 

Literature empirical models 
2) The ñindustrial risk approachò ï optimized to provide consequence assessment not 

only in terms of structural damage but also including industrial risk consequences (e.g., 

release of flammable or pollutant liquid). 

 

 The example of Lanzano et al. (2014) is considered. They are based on 20 

earthquake events for continuous pipelines (CP) and segmented pipelines (SG) 

 

ÅIM = PGV 

ÅRSÓRS1 and RS=RS2 
SGS (for CP and SP) 

ÅIM = PGA 

ÅRSÓRS1 and RS=RS2 
GF (for CP and SP)  



Vulnerability 

Literature empirical models 

2) The ñindustrial risk approachò ï example of Lanzano et al. (2014) 

 

ÅIM = PGV 

ÅRSÓRS1 and RS=RS2 (or DS) 
SGS (for CP and SP) 

ÅIM = PGA 

ÅRSÓRS1 and RS=RS2 (or DS) 
GF (for CP and SP)  

States Hazard Patterns (structural damage) 

DS0 Slight Investigated sections with negligible damage; pipe buckling 

DS1 Significant Longitudinal and circumferential cracks; compression joint break 

DS2 Severe 
Tension cracks for continuous pipelines; joint loosening in the 

segmented pipelines 



Vulnerability 

Literature empirical models 

2) The ñindustrial risk approachò ï example of Lanzano et al. (2014) 

 

ÅIM = PGV 

ÅRSÓRS1 and RS=RS2 (or DS) 
SGS (for CP and SP) 

ÅIM = PGA 

ÅRSÓRS1 and RS=RS2 (or DS) 
GF (for CP and SP)  

States Hazard 
Patterns (loss of containment) 

Gas/Vapor/Liquefied gas Liquid 

RS0 No losees Investigated sections with negligible damage; pipe buckling 

RS1 

Very limited losses:toxic 

(f<1mm/m); flammable 

(f<10mm/m) 

Limited, time-distributed loss of hazardous substance: multiple 

losses (f<10mm/m) 

RS2 Non-negligible losses 
Large loss (e.g., entire tube surface) or multiple losses 

(f>10mm/m) 



Vulnerability 

Literature empirical models 
2) The ñindustrial risk approachò ï example of Lanzano et al. (2014) 

 
ÅIM = PGV 

ÅRSÓRS1 and RS=RS2 
SGS (for CP and SP) 

ÅIM = PGA 

ÅRSÓRS1 and RS=RS2 
GF (for CP and SP)  

Lognormal and Probit models for a) SGS and b) GF  



Case study 

- May 6, 1976 

- Mw: 6.4 

- Gemona fault 

- Reverse fault 

- Max MMI: X 

- Friuli earthquake 

- Discretization ~ 40 m 

- 10975 segments (~510 km) 



Case study 

USGS shake maps 



Case study 

Seismogenetic context 

Individual seismic sources Distributed seismic sources 

Basili et al. 2008 



Case study: collected data 

Vs 30 ï shear wave velocity 



Case study: collected data 

Vs 30 ï shear wave velocity 



Case study: collected data 

Geo-Lithology and Groundwater Res 1 : 50000 



Case study: collected data 

Geotechnical interpretation of geo-lithology 



Historical observed ground failures 

Case study: collected data 

CEDIT database 
Martino et. al 2014 



Observations from seismic stations 

Case study: collected data 

Only 9 at that time 



Observations from seismic stations 

Case study: collected data 

20 nowadays 



Case Study Network 



Case Study Network 

Data collection 
The transport of natural gas in Italy is an 

integrated service which involves the 

transport of the gas delivered to Snam Rete 

Gas S.p.A. at the entry points of the National 

Network up to the redelivery points of the 

Regional Network (in Italy this classification 

was made by DL164 23/05/2000). 

Pipeline 

System 

Pressure (bar) Diameter 

(cm) Nominal Operating 

National 

Network 
70 50 90-140 

Regional 

Network 
25 20 25-50 

Local 

Distribution 
5 4 8-15 



Case Study Network 

Data collection 

Open-source data on the Italian network were 

considered: 

o Localization of the network (for geo-referencing) 

 

 

o Diameter 

 

 

o Max Operating Pressure [www.snamretegas] 

 

 

o Average Buried depth 1.5m, higher than 0.90m 

 

  [Vianello and Maschio, 2014; DM 17/04/2008]  










