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Introduction

A methodology is presented to:

ascertain rockfall hazardsascertain rockfall hazards

determine associated risks along transportation 
networksnetworks

Based on combined analysis of:

recurrence of rockfall eventsrecurrence of rockfall events 

frequency volume statistics of rockfall events

results of a physically based and spatially 
distributed rockfall simulation model
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Study Area

48 sq km area near Triponzo village in Valnerina region
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48 sq. km. area near Triponzo village in Valnerina region, 
central Italy



Recurrence Statistics of Rockfalls

Determined from available historical information on 
rockfall occurrence

Two sources:

l f hi i l h k i h i f ia catalogue of historical earthquakes, with information 
on ground failures

a catalogue of historical landslide events

Information on seismically induced landslides, including 
rockfalls is available for six earthquakes in the 160 yearsrockfalls, is available for six earthquakes, in the 160 years 
period from 1838 to 1997
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Recurrence Statistics of Rockfalls

At least 111 landslide events at
90 sites occurred in Valnerina
during 1918–2002

35 events were rockfalls, topples
andminor rock slides at 27 sitesand minor rock slides at 27 sites

10 rockfall events at 9 sites 
occurred in Triponzo study area
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Frequency‐Volume Statistics of 
RockfallsRockfalls

Detailed inventory of rockfalls available for September‐Detailed inventory of rockfalls available for September
October 1997 earthquake in the region

Three data sets containing information about:Three data sets containing information about:

1. volume of 155 rockfallsmapped across entire area 
ff t d b th th k ( b t 1 100 k )affected by the earthquake (about 1,100 sq. km.)

2. volume of 1696 rockfall fragmentsmeasured along a 
regional road (SS 320) and in a river (Corno) in the 
region

3. cumulative volume of 62 rockfalls obtained by 
summing volume of each rock fragment based on a 
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common source area



Frequency‐Volume Statistics of 
RockfallsRockfalls

The three data sets obeyThe three data sets obey 
power laws
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This information is used to 
ascertain rockfall risk and 
select volume of boulders 
for rockfall energy analysis
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Spatial Distribution of Rockfall 
HazardHazard

The computer program STONE is usedThe computer program STONE is used

Input data required:

Location of the detachment areas of rockfalls
Number of boulders launched from each detachment 
area
Starting velocity and horizontal angle of rockfall
Velocity threshold below which the boulder stops
Digital elevation model (DEM) describing topographyg ( ) g p g p y
Coefficients of dynamic rolling friction and of normal and 
tangential energy restitution, used to simulate the loss of 
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g gy ,
energy when rolling and at impact points.



Spatial Distribution of Rockfall 
HazardHazard

Uncertainty in input data is dealt with by:Uncertainty in input data is dealt with by:

launching a variable number of blocks from each 
detachment celldetachment cell
varying randomly the starting horizontal angle, the 
dynamic rolling friction coefficient and the normal anddynamic rolling friction coefficient, and the normal and 
tangential energy restitution coefficients
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Spatial Distribution of Rockfall 
HazardHazard

Output:Output:

two‐ and three‐dimensional rockfall trajectory lines
id ( t ) t igrid (raster) maps portraying:

cumulative count of rockfall trajectories that passed 
th h h llthrough each cell
maximum computed velocity
largest distance of boulder to ground computed 
along the rockfall trajectories (flying height)
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Spatial Distribution of Rockfall 
Hazard Input ParametersHazard – Input Parameters

Data input for STONE obtained from:Data input for STONE obtained from:

existing topographic and geological maps
i t t ti f t t f l (1 13 000) dinterpretation of two sets of large‐ (1:13,000) and 
medium‐scale (1:20,000) aerial photographs
fi ldfield surveys

Digital Elevation Model (DEM) describing topography with a 
ground resolution of 5 x 5 m prepared by interpolating the 10‐
d i l li b i d f 1 10 000 land 5‐m‐interval contour lines obtained from 1:10,000 scale 

topographic maps of the area
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Spatial Distribution of Rockfall 
Hazard Input ParametersHazard – Input Parameters

Source areas of rockfalls mapped from aerial photographsSource areas of rockfalls mapped from aerial photographs 
and verified in the field surveys

About 3 0 sq km of rockfall source areas identified – aboutAbout 3.0 sq. km. of rockfall source areas identified – about 
6.25% of the study area.

F h t i t d i f i ti l d l dFor each terrain type, dynamic friction angle and normal and 
tangential energy restitution coefficients obtained from 
literature and authors’ experience in the use of STONEliterature and authors  experience in the use of STONE

Land cover information was obtained from a regional land use 
h h i i f di l i lmap through interpretation of medium‐scale aerial 

photographs
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Spatial Distribution of Rockfall 
H d D i ti f M d lHazard – Derivation of Model

Spatially distributed rockfall model derived through anSpatially distributed rockfall model derived through an 
iterative procedure

Step 1Step 1

A preliminary model produced by launching one boulder 
f h kf ll llfrom each rockfall source cell. 

The map of rockfall count visually inspected and checked 
with location of known rockfalls and extent of landslide 
and debris deposits

Model parameters and initial conditions changed until 
the result was judged satisfactory
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Spatial Distribution of Rockfall 
H d D i ti f M d lHazard – Derivation of Model

Spatially distributed rockfall model derived through anSpatially distributed rockfall model derived through an 
iterative procedure

Step 2Step 2

A second model then produced by launching 30 boulders 
f h ll d b ll i d l i bl tfrom each source cell and by allowing model variables to 
vary randomly within 5% of the predefined values

Step 3

Number of rockfalls launched from each detachment cell 
varied according to rock type of source area
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Spatial Distribution of Rockfall 
H dHazard
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Classification scheme for model output



Spatial Distribution of Rockfall 
H dHazard

1 – 10 blocks1  10 blocks
11 – 100 blocks
101 – 250 blocks101  250 blocks
251 – 500 blocks
> 500 blocks> 500 blocks

Cumulative count ofCumulative count of 
expected rockfall 
t j t i
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trajectories



Spatial Distribution of Rockfall 
H dHazard

< 1 m< 1 m
1 – 5 m
5 – 10 m5  10 m
10 – 30 m
> 30 m> 30 m

Maximum rockfall flyingMaximum rockfall flying 
height
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Spatial Distribution of Rockfall 
H dHazard

1 5 – 25 km/hr1.5  25 km/hr
25 – 40 km/hr
40– 70 km/hr40 70 km/hr 
70 – 115 km/hr
> 115 km/hr/

Maximum rockfallMaximum rockfall 
velocity
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Rockfall Hazard Assessment
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Rockfall Hazard Assessment

Heuristic classification
VL – Very low

L – LowHeuristic classification 
of rockfall hazard

L – Low

M – Intermediate

H – High
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H – High

VH – Very high



Rockfall Hazard Assessment

Very lowVery low
Low
I diIntermediate
High
Very high

Rockfall Hazard Map
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Rockfall Hazard Map



Rockfall Defense Measures in 
th R ithe Region

Passive revetment nets Elastic rock fences
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Rockfall Defense Measures in 
th R ithe Region

Concrete retaining walls Artificial tunnels
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Rockfall Risk Assessment

Evaluation of effectiveness of existing defense measures inEvaluation of effectiveness of existing defense measures in 
mitigating rockfall risk carried out in three steps

1 Presence of only passive revetment nets considered1. Presence of only passive revetment nets considered. 

2. Presence of all defense measures considered.

3. Efficacy of rockfall retaining structures evaluated by 
considering the possibilities that:

maximum height of rockfall trajectories is higher than 
height of retaining structuresg g

a boulder could have enough kinetic energy to break 
through an elastic rock fence or a concrete wall
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through an elastic rock fence or a concrete wall



Rockfall Risk Assessment

Extent of rockfall 
prone areas in each 
hazard class

All existing rockfall defense structures not considered
P f l i t t t id dPresence of only passive revetment nets considered
Presence of all rockfall defense measures considered
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Presence of only “efficient” rockfall defense measures 
considered



Rockfall Risk Assessment

Total length of g
roads subject to 
rockfall hazard in 
each hazard class

All existing rockfall defense structures not considered
P f l i t t t id dPresence of only passive revetment nets considered
Presence of all rockfall defense measures considered
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Presence of only “efficient” rockfall defense measures 
considered



Rockfall Risk Assessment

Rockfall risk to vehicles estimated by calculating “AverageRockfall risk to vehicles estimated by calculating  Average 
Vehicle Risk” (AVR)

AVR measures the percentage of time a vehicle will beAVR measures the percentage of time a vehicle will be 
present in a rockfall hazard zone

AVR (ADT X SL X VL)/PSLAVR = (ADT X SL X VL)/PSL

ADT is the average daily traffic (in no. of cars per day)

SL is the length of hazard zone (in km.)

VL is the percentage of the vehicle that at any time can beVL is the percentage of the vehicle that at any time can be 
within hazard zone

PSL i h d d li i (i k /h )
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PSL is the posted speed limit (in km./hr.)



Rockfall Risk Assessment
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Rockfall risk along roads



Model Uncertainties and 
Li it tiLimitations

Quality of the rockfall hazard model dependent on variousQuality of the rockfall hazard model dependent on various 
factors, including complete and accurate identification of 
rockfall source cells and the quality of DEMq y

Evaluation of efficacy of rockfall defensive structures affected 
by the completeness and resolution of mapping as well asby the completeness and resolution of mapping as well as 
their degree of efficiency

Average values of flying height and travel velocity notAverage values of flying height and travel velocity not 
considered and frequency of extreme values is not known –
possible overestimation of riskpossible overestimation of risk

Evaluation of rockfall risk to vehicles does not consider 
variations in daily traffic volume and vehicle speed
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variations in daily traffic volume and vehicle speed



Conclusion
Rockfall hazard and risk assessment for a 48 sq. km. region in 
central Italy has been reported

A rockfall hazard map was obtained through a combined 
analysis of:y

recurrence of rockfall events 
frequency volume statistics of rockfall eventsfrequency volume statistics of rockfall events
results of a physically based and spatially distributed 

kf ll i l ti d lrockfall simulation model
Efficiency of existing rockfall defense structures was evaluated
Risks to transportation network and vehicles were assessed
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