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Greetings by the Director of Department DICEAA of  
L’Aquila University 
 
It is the sixth Workshop on Dynamic Interaction of Soil and Structure 
(DISS) organized from Department DICEAA of L’Aquila University, 
each on a specific theme, this one on the decennial of the earthquake 
that our City suffered. 
At 3:32 a.m. of April 6, 2009, a Mw 6.3 earthquake struck the town of 
L’Aquila and the surrounding in Central Italy, causing 309 casualties.  
The shake was characterized by maximum MCS Intensity IX-X and 
maximum peak ground acceleration 0.66 g.  
The mainshock was preceded by a swarm, started at the end of 2008.  
Within the first three weeks, over 4,000 aftershocks occurred, 7 of 
which with magnitude greater than Mw 5.0.  
The effects were devastating, due to the population density in the 
stricken area, the epicenter being located just few kilometers far from 
the center of L’Aquila, a city with about 75,000 inhabitants and an 
important historical center.  
Many buildings were severely damaged and collapsed, with a tre-
mendous impact on the monuments. 
One of the most important causes of structures damage is inaccuracy 
in estimating earthquake excitation characteristics during the design 
phase.  
It is well known that many of the buildings in L'Aquila were built 
well over a hundred years ago.  
Hence the earthquake acted upon a variety of structures, some only 
designed for vertical loads whilst others with no structural design at 
all. It is therefore reasonable to expect that the majority of structures 
experienced some damage.  
 
The Director, Prof. Eng.  Angelo Luongo 
 
L’Aquila, November 28th 2019. 
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    The Construction Technologies Institute of the Italian Na-
tional Research Council (ITC CNR) enthusiastically joined the 
6th International Workshop on Dynamic Interaction of Soil and 
Structure - DISS, organized by the University of L’Aquila and 
the University of Roma TRE on November 28-29, 2019. The 
workshop covered may interesting topics and involved re-
searchers from several different Countries.  
I would like to take this opportunity to thank the organizing 
and the scientific committees for their invaluable contribution 
to the development of knowledge in the fields debated in the 
Workshop sessions.  
I would also like to thank the colleagues of the research team of 
the L’Aquila branch of ITC CNR for the excellent work devel-
oped and presented at the DISS Workshop. This has been a fan-
tastic opportunity to collaborate with internationally renowned 
researchers and professionals in the construction industry and 
to advance the research and the innovation in structural engi-
neering. 
 
Prof. Antonio Occhiuzzi 
Director of ITC CNR of L’Aquila 
 

L’Aquila, April 8th 2020. 
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Abstract 
A large experience was developed in Italy throughout the years in the 

field of restoration and conservation of historical masonry construc-

tions. The ancient masonry constructions are often vulnerable to the 

ground motions. In general, they were designed for vertical static 

loads, not taking into account the inertia loads due to the earthquakes. 

If the constructions are located within 10-15 km of an active fault, the 

ground motions can be larger than those suggested in seismic Codes. 

Restoration and conservation of historical constructions is a task of 

fundamental importance because of the cultural need to maintain and 

to transfer the heritage to the future generations. But the conservation 

must also guarantee an acceptable structural safety level. The ap-

proach for reducing the seismic vulnerability of historical construc-

tions is a complex task and the structural interventions should be dis-

cussed within an interdisciplinary group. 
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1.  Introduction 

A large experience was developed in Italy throughout the years in the 

field of restoration and conservation of historical masonry construc-

tions. In general the historical masonry constructions were designed 

for vertical static loads, not taking into account the inertia loads due to 

earthquakes. In particular the churches resulted to be vulnerable to the 

ground motions. 

The survey of damaged historical constructions after 2009 earthquake 

in L’Aquila showed that the most common type of failure was due to 

the loss of equilibrium of walls or assemblies of walls, with out of 

plane overturning at local and global level. High level of vulnerability 

was observed on mechanism related to voulted elements. Several 

shear plane mechanism and local disgregation of masonries were also 

observed. In most cases the constructions suffered more than one col-

lapse mechanism. 

The intrinsic fragility of historical masonry constructions is due to 

combination of: state of deterioration of materials and structures; 

heavy masses; risk of separation of connections between orthogonal 

load bearing walls. The most important causes of material and struc-

ture deterioration are due to: lack of maintenance; effects of aggres-

sive environment (microclimate, rain, air pollution); traffic vibrations; 

soil settlements; earthquakes. 

The ancient constructions are often composed of masonry, character-

ized by irregular stones and weak mortar, due to the material used and 

the time passed. The masonries are characterized, with regard to the 

structural behavior, by: a brittle behavior in tension; a frictional be-

havior in shear; a remarkable anisotropy. 

The heavy loads and the changes in the construction over the time can 

affect the distribution of stresses in multi-leaf wall causing long-term 

effects, accumulated damage and local brittle failure. 

 

2. The Basilica: the 2009 earthquake, the damages 

 

2.1. Masonry disgregation, Collapse of the Transept 

The connections between orthogonal walls, between floor and wall 

and roof and wall are frequently insufficient. 

The use of concrete ring beams, in order to stiffen the wall and to pre-

vent the collapse, proved to be not effective and many constructions, 

during strong earthquakes, collapsed due to the inconsistency between 
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the deformation of the ring beam and the deformation of the wall and 

due to the lack of mutual connection. 

 
Figure 1. The collapsed transept 

 

2.2 Inappropriate use of materials and techniques  

 
Figure 2. Use of reinforced concrete beam 
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Figure 3. Use of reinforced concrete in the dome 

 

2.3. Long-term effects, accumulated damage and local brittle failure, 

the collapsed pillar 

Many recent experimental studies have shown a significant loss of 

both strength and stiffness of masonry structures under cyclic loadings 

and large imposed deformations. 

 
Figure 4. The collapsed pillar 

 

If the site of construction is located within 10-15 km of an active fault 

(epicentral area), its response would be significantly and adversely in-

fluenced by near-fault ground motions. The response can be larger 

than those ones suggested by seismic Code. 
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For close earthquakes source-to site distances and short periods of vi-

bration, the ratio of vertical earthquake response spectrum to the hori-

zontal one may reach or even exceed 1.0. 

Moreover, the soil can amplify the ground motion originated in the 

underlying rock. 

Conservation and restoration of historical constructions is of funda-

mental importance, because of the cultural need to preserve and to 

transfer this heritage to the future generations. But the approach to the 

conservation must also guarantee an acceptable level of structural 

safety for the construction occupants. 

  
Figure 5. The damaged pillars. 

 

2.4. L’Aquila 2009 Earthquake 

The level of seismic actions for the design of repair/restoration inter-

vention should be decided on the basis of importance of each histori-

cal construction (universal, national, local). Another aspect to take in-

to account is the occupancy (occasional, frequent, very frequent) of 

the construction.  

Thus, the definition of acceptable level of seismic actions may be in-

tended as a compromise between preventing the loss of human lives 

and preventing the loss in terms of conservation. 

The past earthquakes have shown that damages in historical construc-

tions were mainly due to the collapse of structure portions (macro-

blocks). The so called box-behavior (global response) is often not evi-
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dent in historical churches.The dynamic analyses of irregular, com-

plex constructions such as churches, often show that are activated 

many vibration modes which are characterized by small participation 

factors. 

In these cases the analysis of some structural sub-assemblage, in order 

to identify the most critical weakness, is applicable. The selection of 

reliable collapse mechanism can be complex and requires adequate 

experience, intuition and structural capacity from engineer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
a) Italy map of seismic hazard b) Instrumental seismicity around 

L’Aquila 
Figure 6. The 2009 earthquake of L’Aquila. [1] 

 
● 

● 

●

● 

Accelerometric data measured 

DPC (soil B) and soil C 

Estimated value from [1] 

Value estimated by Geer Ass. 2009 
 

Area affected by lifting 

Area with subsidence 

Epicentral area 
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   Location of the beginning of the first break that orig-

inated the event of April 6 according to INGV sources 

and propagation direction; 

   Location based on post-earthquake geo-

environmental evidence and direction of propagation; 

   Area affected by crustal seismogenic faults that orig-

inated the mainshock and the most significant after-

shocks.  

Figure 7. Macroseismic intensity [1]: --- 8÷10 MCS; ●●● 6÷8 MCS 
 

According to INGV, magnitude of the earthquake was MI=5.8 (Mw = 

6.3 respectively). A long-lasting seismic sequence: after the main 

shock, more than 30 minor earthquakes with magnitude 3.5<MI<5.0  
 

2.5 Near-fault ground motions 

Italy map of seismic hazard. Instrumental seismicity around L’Aquila  

(December 2008–September 2009 [1], as in Figure 7. 

 

2.6. Response spectra for different soils 

  
Figure 8a. Representative shapes of 

building code (or design) response spec-

tra for different soils 

Figure 8b. Period (in seconds) and building 

height 
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Figure 8c. Comparison of the acceleration spectra of the geometric average of the 

horizontal components of the signals recorded within 15 km (left) and beyond (right) 

with the spectral forms normally for soil A and C (Reluis) 

 
Figure 8d. Comparison of the acceleration spectra of the geometric average of the 

vertical components of the signals recorded within 15 km (left) and beyond (right) 

with the spectral forms normally for soil A and C (Reluis) 

 

2.7. Response Spectra 

 
Figure 9. Seismicity map and seismogenetic boxes in Abruzzo 

 

Acceleration response spectra (left) and displacements (right) of 4 re-

cordings in the CDB during the shock of February 22, 2011, compared 
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with the design spectra by code (NZS1170: 5, 2004. Thick red line = 

event with return period 2500 (Maximum Considered Earthquake); 

Red line = event with return period 500 years of the earthquake [2]. 

  
Figure 10. Response spectra: left) accelerations; right) displacements 

 

2.8. Matrix of seismic performance 

The seismic performance matrix, as defined by the guidelines SEAOC 

Vision 2000 Performance-based Seismic Engineering (1995). 

The dotted line (in blue) indicates the change suggestion [2] of the 

curve Objective (Base Objective) with translation towards a better 

performance (corresponding to levels of damage controlled also for 

high earthquake intensity). 

 
Figure 11. Matrix of sismic performance 
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3. Restoration experiences 

The available methods for the seismic analysis have different level of 

complexity: a) linear elastic analysis, static, dynamic; b) non-linear 

analysis, static, dynamic; c) limit analysis (local mechanism), linear, 

non-linear. 

Non-linear approach, in general, is preferable for the analysis of his-

torical constructions. 

The structural analysis is a complex task due to the large structural 

and typological variability. 

Often it is not possible to define standard methods for structural anal-

ysis and assessment procedure. 

The approach for reducing the seismic vulnerability requires a lot of 

data, such as: a) construction history, b) architectural alterations, c) 

structural additions, d) natural events, e) accurate field research, f) la-

boratory testing. 

In particular the history of construction is a very important point, be-

cause it can discover what occurred in the scale of space and time. 

The documentation should give the following information: a) geomet-

rical data, b) internal structure of the masonry, c) in situ strength of 

materials, d) characteristics of masonry walls, e) description of resist-

ing structural system, f) description of foundation, g) geotechnical 

properties of the soil. 

Historical and experimental data are foundamental bases for the seis-

mic assessment. However o lot of uncertaints (aleatory and epistemic 

type) will remain with regard to: a) dimensions, eveness and verticali-

ty, b) composition of masonries, c) material properties, d) incomplete 

knowledge of construction, e) reliability of mechanical models. 

 

3.1. Different typologies of Palazzo Camponeschi masonries 

 

  



L’Aquila Earthquake on April 6th 2009. Restoration Experiences 21 

 

 
 Legend 

 

Stone blocks size > 25 cm 

Medium sized stone blocks 12 - 25 cm 

Stone blocks with appeals 

Risarcitura 

Double close facing 
Figure 12. Palazzo Camponeschi 

 

4. Macro blocks 

The past earthquakes have shown that the damages in historical con- 

structions were mainly due to the collapse of structure’s portions 

(macro-blocks).  

The so called box behavior (global response) is often not present in  

historical churches. 

In these cases, the analysis of some related structural sub-assemblage, 

 in order to identify the most critical weakness, is applicable. 

Collapse mechanism analysis, by means of linear and non-linear meth- 

ods, is very useful for engineering purposes. 

However, the selection of reliable collapse mechanisms is complex  
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and requires adequate experience, intuition and structural capacity  

from engineers. 

The methods of seismic analysis have different level of complexity. 

In fact the engineers can use: a) linear elastic analysis, static, dynamic; 

b) non-linear analysis, static, dynamic; c) Limit analysis (analysis of  

local mechanisms), linear, non-linear 

In general, non-linear analysis is the reference method for the histori- 

cal masonry constructions. 

Every restoring interventions will cause loss of historic values. 

The purpose of every intervention should safeguard the cultural and 

 historical values of the construction. 

The definition of acceptable level of seismic actions may be intended  

as a compromise between preventing the loss of human lives due to  

environmental actions (earthquake, aging, ……) and preventing loss  

in terms of conservation. 

 

4.1. Assessment of the seismic vulnerability 

 

High risk building, 

characterized by a ca-

pacity / demand ratio 

 < 0.3. Particular atten-

tion must be reserved 

to ratio less than 0.15 

Medium risk building, 

characterized by a ca-

pacity / demand ratio ≥ 

0.3 and <0.6 

Low risk building, 

characterized by a ca-

pacity / demand ratio 

≥ 0.6 

Figure 13. Strength versus risk and ULS as reference point 

 

Every intervention aiming at structural consolidation, inevitably, 

comes into conflict with some important values of the construction 

(form, history,…..),with some social values (safety, costs,….),with 

some values of the intervention (durability, reversibility,….).  

Thus the structural interventions should be deeply discussed within an 

interdisciplinary design team. 
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Every restoring intervention will cause loss of historical values. The 

interventions should respect the culture, the materials and the technol-

ogies of the time and the place. 

The value of a historical construction is based on integrity of its com-

ponents and of its unique materials. 

Inappropriate interventions, in order to overincrease the structural 

strength, may have the effect, under strong ground motion, of causing 

local brittle behavior. 

Simple and less expensive measures, such as steel cross ties, in order 

to increase the connection among orthogonal walls, can reduce signif-

icantly the seismic vulnerability. 
 

4.2 New strengthening materials 

The development of innovative materials and technologies, that can be 

applied together with traditional ones, has gained attention in recent 

years. 

However, strengthening interventions must be compatible in stiffness 

and strength with original structures. 

There are several kind of structural intervention, such as: a) local re-

pair or strengthening of construction elements, b) efficient connection 

between orthogonal walls, c) addition of new structural elements, d) 

seismic isolation or energy dissipation devices, e) limitation or change 

of use of construction. 

New retrofit technologies, based on composite materials, are now 

available such as: FRP (Fiber Reinforced Polymer), SRP (Steel Rein-

forced Polymer), SRG (Steel Reinforced Grout), FCRM (Fiber Rein-

forced Cementitious Matrix). 

The composite materials are characterized by high mechanical proper-

ties, durability, reversibility and non-intrusiveness. 

The mechanical properties of masonries can be improved by adopting 

various specific techniques, such as: a) injection of non-cement based 

mortar grouting, b) local rebuilding, c) mortar bed-joints repointing, d) 

mortar bed-joints repointing with insertion of ultra-high strength steel 

wires, e) transversal connection between wall leaves. 

One of the most remarkable innovation is the use of structural health 

monitoring techniques. These techniques are the way to control the 

deterioration, to limit excessive conservative interventions and to im-

plement maintenance purposes. 
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Figure 14.  New strengthening materials 

 

5. Basilica of Santa Maria Collemaggio 

The Basilica has a central nave (61 m long and 11.3 m wide) and two 

lateral naves ((8 m wide). The central nave reaches a maximum height 

of 20.4 m; the side aisles reach 15 m. 

The façade has dimensions 29.5 m (in width) by 21.3 m (in height). 

 
Figure 15a. Plan 

 
Figure 15b. Longitudinal section 
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5.1. History of the Basilica of S.Maria Collemaggio 

 

5.1.1. Ending XIII century: construction 

 
Figure 16. Three constructive hypotheses 

  

 

 

Figure 17. Between 1275 and 1294 
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Between 1275 and 1287:  

a) start of the construction site; 

b) 1287 purchase of the land for expansion; 

c) 1288 solemn consecration of the Basilica not yet completed 

1294 coronation ceremony of Pope Celestine V and issuance of the 

Bull of Forgiveness. 

 

5.1.2. The historic earthquakes in the area of Umbria and Abruzzo 
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Figure 18. Supposed and measured Richter magnitude   

of the major events near L’Aquila 

 

5.1.3. Earthquake on 1461: chorus damages, major dome and abside 

 
Figure 19. Damages for earthquake on 1461. 

 

Damages at chorus, major chapel and aisle. 
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Realization of the abside shoe. Probable construction of the rooms 

currently in use as sacristies. 

XV century: Renaissance phase. 

Earthquakes 1639 and 1654 baroque transformation. 

Lowering of aisle walls ( 3 m). 

 

5.1.4. Earthquake on 1639 and 1654  

Construction of the vaults of the side aisles and "big hats". In the year 

1669, a massive intervention incorporated the octagonal stone col-

umns within cruciform pillars and reduced the ogives to full center 

flecks, framed in the classical manner, while front pilasters rose to 

support a cornice with an attic above, moved beyond belief by angels 

and putti and scrolls with festoons, which the light of oval windows, 

integrated with the decorative warp, highlighted more and more. At 

the top of this encrustation, a flat ceiling with octagonal coffered 

chromed in blue-red-gold crowned the new sumptuous, theatrical 

space; a space without restraints, which contrary to the medieval solu-

tion, Benedetti well observed, turned out to be turned upside down: in-

tense and vibrant in the air, calm and rhythmic in the low articulations 

of the arches, where therefore the merit was not in the quality of the 

stucco-on to which mediocrity Moretti substantially rested his self-

defense justifying the restoration - but in the quality of the space re-

sulting from the placement and movement of the stuccoes themselves 

[Antonini 2004 (da Benedetti 1980)].  
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Figure 20. Transformation after 1654 

 
Figure 21. Damages from earthquake on 1703 

 

5.1.5. 1915: Basilica façade damaged from Avezzano earthquake  

 
Figure 22. Façade damage 
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Figure 23. Buttress strengthening 

 

Interventions to increase strength and stiffness outside the plane: 

a) a grid of elements in reinforced concrete; b) a layer of brick in the 

rear part of the façade; c) three spurs at the longitudinal walls. 

 

5.1.6. Earthquake on 1958  

Rebuilding of dome over transept, with reinforced concrete. 
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Figure 24. Reconstruction of the dome over the transept,  

with reinforced concrete, on 1960 
 

5.1.7. 1970-72: Restoring of medieval façade  

 

 



L’Aquila Earthquake on April 6th 2009. Restoration Experiences 31 

  
Figure 25. a) Before 1972 b) Restoring after 1972 
 

Baroque stucco removal; Reopening of the rose windows on the fa-

çade. Rebuilding of stone covering for the piliere 

Rebuilding of the first two columns of aisle and arches’ covering. 

 
 

Figure 26. a) Damaged piliera. b) Damage of the first pillar of navata 
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5.1.8. April 6th 2009 earthquake 

 
Figure 27. Transept collapse 

 
Figure 28. Damaged pillar 
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Figure 29. Transept collapse 

 
Figure 30. Results from verticality analysis for northern façade 
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Figure 31. Cracks on the covering and on aisle walls 

  

  
Figure 32. Cracks on covering vault and on abside walls 

 

5.2. The investigations 

5.2.1. Dynamic tests 



L’Aquila Earthquake on April 6th 2009. Restoration Experiences 35 

 
Figure 33. The model. 

 

 

Figure 34. Tests instruments 

 

5.2.2. Geotechnical characterization of the subsoil of the Basilique 

 

 

Figure 35. Mean values for response spectra evaluated in the nodes placed at 

ground and comparison with input spectrum 
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Figure 36. Nodes placement in which the seismic action was evaluated 

 

5.2.3. Geological, geophysical and geotechnical characterization 

of the subsoil of the Basilica 

 
 

 

Figure 37. Geological, geophysical and geotechnical characterization of the subsoil 

of the Basilica 

 

5.2.4. Thermography and Georadar 
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Figure 38. Thermography 

 
Figure 39. Georadar 

 

5.2.5. Flat, single and double jacks tests 
Table 1. Flat, single and double jacks tests 
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Legend 

Kind of wall: AMA wall of L’Aquila type; P.DIS disordered stones; P.DIS E. L. 

disordered stones and clay bricks; BLOC stone blocks 

  
 

 
Figure 40. Double Flat-Jack test to characterize masonry of the wall of the church 
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5.2.6. Sonic tomography 

 

 
 

 

Figure 41. Sonic tomography 

 

5.3. Collapse mechanism 

The experience acquired following the numerous seismic events of the 

past, even recently, clearly shows that for historic masonry buildings, 

in particular religious buildings, the collapse occurs through the loss 

of balance of limited portions (macro elements) of the construction. 
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Figure 42. Macro-elements and mechanisms identified, with rotation outside the own 

plane; a) façade before earthquake on 2009; b) wall of the Holy Door in actual  

conditions; c) the apse in actual conditions 

 

Difficulties arise in the use of the procedures for verifying structural 

safety through global models: buildings often do not show a clear 

overall behavior and complex geometries, the absence of rigid decks, 

high and slender walls and difficulty to quantify the behavior of the 

wall damping make the safety check difficult and, in many cases, un- 

reliable. In light of these observations, it was decided to design a mon-

itoring system that would allow to keep under control the evolution, 

as well as of the modal parameters and of the cracking state, the trig-

gering of the mechanisms that could arise as a consequence of a sys-

tem. sma, taking into account the consolidation interventions carried 

out. In designing the monitoring system of the Basilica, the macro-

elements that proved most significant from the point of view of vul-

nerability were considered: the façade; the aisle walls, in particular 

that of the Holy Door, and the wall of the apse.For the façade, the 

local analysis has highlighted the possibility that the mechanics 

trigger overturning of the top part (Figure 42a); the same mecha-

nism could affect the apse wall (Figure 42c). The vertical flexing 
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mechanism has been identified for the wall on which the Holy Door 

opens (Figure 42b). 
 

5.4. Some strengthening interventions 

 
Figure 43. Holy Door wall: areas affected by structural reinforcement similar to 

the "Reticulatus" system; steel bars frame intervals: vertical 50 cm; horizontal 50 cm 

 
Figure 44. Nave walls 

 

 
 

Figure 45. Details of the strengthening with frame of steel bars 
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Figure 46. On navata pillars 

 
Figure 47. Front of façade of Holy Door, with strengthenings 

 



L’Aquila Earthquake on April 6th 2009. Restoration Experiences 43 

 
 

Figure 48. Section of façade of Holy 

Door, with strengthenings. 

Figure 49. Strenthening of buttress 
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Figure 50. Strengthening of aisle covering 

 
Figure 51. Masonry vault strengthened at their extrados by carbon FRP strips 
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Figure 52. Strengthening of arches 

 
a) 

 
Figure 53. Steel roof structure designed to replace the existing RC structure over 

the apse: a) the chapels and sacristies (in orange); 

b) Installation of the steel structure 
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Figure 53 shows how previous concrete roofs over the transept, 
chapels and apse were exchanged for a lighter steel frame struc-
ture. An additional Cross laminated timber (CLT) panel was 
placed on the traditional timber trusses. Retaining steel ties 
were implemented to prevent out-of-plane-mechanisms of the 
apse. Over the vaults, strips of Carbon fibre reinforced polymer 

(CFRP) was places in a cross-pattern to strengthen the masonry 
vault structure. 
 

5.5. Structural health monitoring 

Structural Health Monitoring (SHM) may have three principal objec-

tives, (i) detection of structural properties variations, due to slow and 

low-intensity phenomena, which may have longterm significant ef-

fects; (ii) detection of damage, due to earthquakes or other extreme 

events and (iii) use in the maintenance plan in order to plan the neces-

sary interventions. 

The monitoring system continuously acquires data from sensors 

(Galeota et al. 2017, IFCRASC), according to two possible recording 

patterns: (i) following a well-defined time schedule or (ii) when a cer-

tain acceleration threshold is exceeded. The first (i) is called "Opera-

tional Condition Monitoring", that is monitoring without interrupting 

the ordinary use of the buildings. 

The SHM last purposes consist in regularly reporting to the Admin-

istration in charge with the building maintenance about: (i) the 

evaluation of structural modifications with respect to a reference con-

ditions and (ii) time evolution of the identified modal parameters, 

mode shapes, natural frequencies and damping factors. 

Concerning the real time alarm system, two different alarm levels 

corresponding to two different acceleration thresholds, are defined: (i) 

an acceleration threshold corresponding to the recording of the seis-

mic events for the purposes of analysing the Basilica response; (ii) a 

higher acceleration threshold which triggers the event recording and 

the sending of a SMS to the University Staff, in charge with the Moni-

toring System Management and to the Stakeholders themselves. 

 

5.6 Field station 
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The installed sensors are of two types: the ones for the measurement 

of dynamic quantities, the accelerometers, the others for the measure-

ment of static quantities. 

Specifically, there are the following sensors: 9 optical devices for 

crack measurement with micrometric accuracy, 78 FBA accelerome-

ters (2 triaxial 12 biaxial and 48 monoaxial), 14 inclinometers and 

temperature / humidity sensors, see Figure 54.  

The dynamic sensors are characterized by a high dynamic range to al-

low the appreciation of both low and high intensity signals, expected 

from the structure being investigated. 

Crack monitoring devices are placed over historically relevant cracks, 

by the apse, the chapel vaults and the nave arches.  

From the accelerometric recordings, suitably filtered and integrated, it 

is also possible to obtain the inclination of the structural element, wall 

or pillar, on which the sensor is anchored.  

The accelerometers, connected to five data logger recorders placed in-

side and outside the Basilica, through an Ethernet cable, communicate 

with a central server, located in the sacristy.  

Data are digitized through devices with a 24 bit dynamics: both trem-

ors with PGA of 10-5g and strong-motion earthquakes can be effec-

tively acquired.  

The permanent data recording in the local unit is triggered when a pre-

established acceleration threshold (0.001g and 0.002g for ground and 

structure sensors, respectively) is exceeded. 

Sample rate for digitizing is 250 Hz. All system configuration parame-

ters can be changed remotely. 

 
a) 
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b) 

 
c) 

Figure 54: Monitoring system layout [17]: (a) plan view ((a) monoaxial FBA 

(Force Balance Accelerometer), (b) biaxial FBA, (c) triaxial FBA, (d) optical devic-

es for crack measurements with micrometer accuracy, (e) temperature and humidity  

sensor); (b) Transversal cross-section; (c) View of the apse 
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Figure 55: Longitudinal cross-section section of the Basilica [17].  

The nomenclature of the sensors is shown in Figure 1(a). 

 

Legend: monoaxial FBA (red), biaxial FBA (blue),  

triaxial FBA (yellow), crack monitoring device (orange),  

temperature and humidity sensor (T). 

 

This condition is indispensable for obtaining a good accuracy in esti-

mating the modal parameters and, consequently, a faithful and precise 

recognition of the structural conditions of the monitored asset. The 

sensors provided (Figure 54) are divided into sensors for the mea-
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surement of dynamic quantities (accelerations) and static quantities 

(opening of the lesions, inclination of structural elements, temperature 

and humidity). The two groups of sensors refer to different control 

units, the so-called data loggers-recorders where the A / D conversion 

takes place and the local storage of the data transmitted by the sensors. 

The data loggers-recorders guarantee essential internet communica-

tion for the management and dissemination of local status and 

alert messages to qualified personnel. Both the sensors and the data 

loggers, in the event of a power failure, guarantee operation as an al-

ternative system in order to have an autonomy of two hours.  

All data loggers transmit data to a data center which acts as a storage 

and processing center. It is accessed by users who are enabled for da-

tabase management, analysis and publication of results.  

The data center performs, among others, the following functions: 

acquires data in near real time on non-volatile disk ring-buffers, inter-

actively controls the equipment in situ, automatically monitors the 

functionality of the system, provides automatic data processing, col-

lects the data produced by the distributed system consisting of re- 

corders at the receptors, analyzes and shows system status infor- 

mation, manages the communication of messaging, stores the data in a 

relational database management system, provides all The operator of 

diagnostic tools (Figure 55) and command and control tools, carries 

out the diffusion (in the VPN network) of the data to other authorized 

analysis centers. 

The communication interface transfers data to the Data Center, ac- 

cording to scheduling, on request, or following an event-trigger.The 

monitoring system acquires the data recorded by the sensors continu-

ously  according  to  pre-established  methods:  at  pre-established 

time intervals and in the event of an event when the value of one or 

more quantities exceeds a programmable pre-set (trigger) threshold. 

The sensors provided consist of 9 crack meters, 62 accelerometers, for 

a total of 78 measuring axes, 5 temperature and humidity sensors. The 

recordings detected by the accelerometer sensors can be used to ob- 

tain, with appropriate integration and filtering operations, also the 

temporal trends of the inclination of the walls or columns on which 

they are applied. 

The positions of the accelerometers, on the walls and pillars of the 

nave, as well as on the apse (Figure 55), transept and façade (Fig-

ure 56), were also chosen taking into account the information provid-
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ed by the numerical models predictive of the structure's response. Two 

triaxial accelerometers were buried below the countryside level, in or-

der to record the response of the ground near the façade and apse. 

 

5.7. Some results of the structural health monitoring 
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Figure 57. Modal characterization (EFDD): frequencies and dampings 

 

Conclusions 

The restoration works, following the 2009 earthquake, aimed at reduc-

ing the effects of local collapse mechanisms, attempting to enhance 

the box-like behaviour.  

FEM analysis, carried out on several structural models representative 

of both the Basilica conditions before and after its rehabilitation, con-

firmed the benefits from the performed structural interventions.  

The Basilica represents an important case of study, where a complex 

monitoring system provides continuous information on the structural 

behaviour over time. 



Dante Galeota 

 
52 

From the analysis of the system eigenstructure, the current status of 

the Basilica can be assessed and compared with precedent structural 

conditions. 

The results of dynamic monitoring under operational condition and 

during seismic events are briefly reported. In particular, the maximum 

accelerations reached during the seismic events occurred in the last 

year are detailed for each macroelement.  

The authors will aim at implementing more sophisticated nonpara-

metric damage detection algorithms capable of tracking the structural 

status over time.  

The correlation between the results of damage detection tests and the 

occurrence of certain damage patterns, based on numerical or experi-

mental calibrations, could be effectively used for the on-line assess-

ment of the Basilica structural safety from data driven analysis.  

The recurrence of several damage patterns, observed in the Basilica 

after the 2009 earthquake, highlighted the issue of the seismic vulner-

ability of architectural heritage.  

Actually, the lack of reliable correlations between the results of struc-

tural monitoring, based on continuous dynamic tests, and the occur-

rence of damage in masonry like structures, determines a nonextensive 

use of dynamic monitoring.  

If further investigations are carried out in the future, dynamic monitor-

ing will represent a current and effective strategy for the direct and 

continuous assessment of structural safety of masonry-like structures. 
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Assessing the Wave Propagation Velocity and Damping 

at Commodus Passage of Colosseum Using Microtremor 

Applying the CERS methods 
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Abstract 
  The foundation of Colosseum is 12 m-thick spread foundation di-

vided into upper and lower 6 m-thick layers. Commodus Passage was 

constructed with cutting the upper foundation about 60 m-long as a 

private passage to connect between the residence of emperor and Col-

osseum between 81 AD and 96 AD. Various investigations have been 

conducted for this passage to analyze directly the foundation structure. 

This paper describes the assessed wave propagation velocity and other 

characteristics applying the CERS <səːrz> methods with measuring 

microtremor on the floor of the passage. The CERS methods is an in-

clusive term of four methods as the C, E, R and S methods. The C or 

E methods are to realize realtime calculation of the wave propagation 

time and damping factor between a free end and a point in a media or 

reflecting plane, respectively. The R and S methods can calculate gen-

erally the time difference between two points separated spatially in 

realtime based on the basis of maximum cross-correlation as the R 

method or the basis of simple least error as the S method. The calcu-

lated result of the CERS methods can be checked mutually. Please see 

Nakamura [1] in detail. As a result, it can be estimated the wave prop-

agation velocity of various wave motion component for every about 

10 m on the floor. This result is agreeable with the P wave velocity 

structure by previous research. 

 

Keywords: CERS methods, Foundation of Colosseum, Wave Propaga-

tion Velocity, Microtremor 
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1. Introduction 

The foundation of Colosseum built between 72 AD and 80 AD is 12 

m-thick spread foundation divided into upper and lower 6 m-thick 

layers. Commodus Passage was constructed with cutting about 60 m-

long as a private passage to connect between the residence of emperor 

and Colosseum during the reign of emperor Domitianus between 81 

AD and 96 AD. Various investigations have been conducted for this 

passage because it is possible to analyze directly the foundation struc-

ture of Colosseum. This paper describes the estimated wave propaga-

tion velocity and other characteristics applying the CERS <səːrz> 

methods with measuring microtremor on the floor of the passage. The 

CERS methods a inclusive name of four methods, C, E, R and S 

method, as Figure 1. The C method can calculate in realtime the wave 

propagation time and damping between a free end and a point among 

medium till the reflecting plane assuming a one dimensional wave 

field, and the E method can also calculate them between a free field 

and reflecting plane. Additionally, the R and S methods can generally 

calculate in realtime the time difference of waveforms between two 

points separated spatially based on the maximum cross-correlation ba-

sis and minimum simple error basis, respectively. The result of these 

four methods can be checked mutually. Please see Nakamura [1] for 

the detail of the CERS methods.  

 

 

2. Estimation method of the wave propagation velocity  

 

Free end 

Reflecting plane 

Figure 1. Concept of the CERS methods 
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2.1. The R method 

At first, the R method, estimating the wave propagation time be-

tween two points based on the maximum correlation function calcu-

lated from the microtremor measured at two points, is applied. Be-

cause it is considered that the source of microtremor is unclear and 

varies from hour to hour, the wave propagation time was presumed as 

the maximum value between estimated maximum time differences 

choosing as the large cross-correlation coefficient as possible in this 

instance. The detail is explaned in next section and also will be men-

tioned in the paragraph of the result of analysis. 

 

2.2. Concept of wave propagation time estimation applying the R 

method for microtremor 

Microtremor must be recorded for XYZ components setting the Y 

component as the direction of measurement line with sensors put on 

the measurement line. Figure 2 shows the image of the geological 
structure, sensor arrangement and measuring components.  

Recorded wave motion by the sensors at measurement points #1 

and #2 is considered not only as direct delivered wave but also as a 

wave delivered as an refracted wave propagating at the lower layer. 

Because of the wave direction and propagation direction, the sensor of 

the X direction is considered as measuring SH wave. In this case, alt-

hough the both waves propagating at the upper and lower layers are 

SH wave, the wave propagating at the lower layer seems to become 

dominant because the lower layer has larger velocity and lower damp-

ing. In case of the Y or Z component, it is also possible to exist both a 

direct delivered wave and refracted wave, but the direct delivered 

wave must be dominant because the refracted wave accompanies with 

conversion of wave kind. In case of microtremor, wave motion comes 

from various directions. On the estimation of the wave propagation 

1 2

ＬＨ1 Ｈ2

X 
Y 

Z 

Figure 2. Sensor arragement 
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time, the maximum absolute time difference is considered with large 

cross correlation for the R method or small error for the S method.  

Figure 3 shows the targeted wave motion of the direct delivered or 

refracted wave for each component, and the wave motion which tends 

to arise is marked in pink. Here the wave propagation time is estimat-

ed as approximating the critical angle as vertical. And t*12 means the 

wave propagation from the measurement points #1 to #2. 

 

2.3. The C and E methods 

Because the wave motion propagating in the foundation horizontal-

ly is considered as reflecting multiply in the foundation, it is possible 

to set #1 as a measurement point at the free end and #2 as a measure-

ment point in the medium with considering the wave motion field to-

ward the outer edge of the foundation from the arena. So the wave 

propagation time and the damping factor between these points are es-

timated with applying the C method. Then, if it is able to assume the 

foundation as the wave motion field with horizontal multiple reflec-

tion, it may be possible to estimate the wave propagation time and the 

damping factor of the foundation from the arena side to the outer edge 

applying the E method. 

3. Microtremor measurement and result of its analysis 

 

3.1. Distribution of the measurement points 

Figure 3. Variation of wave propagation between sensors #1, #2 
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  As seen in Figure 4, Commodus Passage of Colosseum passes linear-

ly the foundation from the south side of the arena with cutting the up-

per foundation and then it is directly connected to the tunnel to east 

leaving from the foundation. Microtremor measurement was conduct-

ed at every about 10 m of the part along the outer side of the arena to 

the entrance of Commodus Passage with 10 m long, from the entrance 

to the terminal of the tunnel with 60 m long and from the edge of the 

foundation to the terminal of the connected tunnel with 10 m long. 

Microtremor was recorded simultaneously at two points among points 

#0 to #8, totally nine points. The measurement was conducted in the 

morning on Wednesday, 18th October, 2017 in local time and Figure 

5 shows the distribution of the measured points with photographs dur-

ing measurement. Figure 6 shows the location of measurement points 

from #1 to #7 in outline adding a vertical cross-section figure ap-

peared on L. Orlando et al. [4]. The measurement instrument is New-

PIC++ manufactured by System and Data Research, which can  

Figure 4. Commodus Passage of Colosseum 

N
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NewPIC++

main body

sensor 1

sensor 2

#2#3 #1#4#5#6#7

Caution: site locations are not exactly.

upper 
lower 
foundation

ANNALS OF GEOPHYSICS, 60, 4, 2017, 
S0437; doi: 10.4401/ag-7183
Investigating the foundation of the 
Amphitheatrum Flavium
through the Passage of Commodus
Luciana Orlando,*, Giorgio De Donno, 
Luca Di Giambattista, Lucia Palladini

Figure 6. Measuring points at the passage   Photo. 1. Instrument 

(adapted from L. Orlando et al. [4]) 

Figure 5. Measuring points for microtremor at Commodus Passage 

(Map adapted from L. Orlando et al. [4]) 
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Map after Soprintendenza Archeologica di Roma.
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record accurate three-component waveform of two points simultane-

ously (see Photograph 1). Microtremor was recorded as eight sets of 

measurement point, #0 and #1, #2 and #1, #2 and #3, #4 and #3, #4 

and #5, #6 and #5, #6 and #7, and #8 and #7, for five minutes wave-

form in 100 Hz sampling. 

 

3.2. The wave propagation time estimation applying the R method  

Figure 7 represents an example for the time variation of time differ-

ence and cross-correlation coefficient between the points #2 and #1 

applying the R method using exponential smoothing for averaging 

with half-life period of 10 seconds. As this figure, the time difference 

between these two points fluctuates widely corresponding to the vari-

ous coming direction of the wave motion. The wave propagation time 

between the two points corresponds to the case when the coming di-

rection of each wave motion coincides with the direction of measured 

line, and it corresponds to the maximum or minimum measured time 

difference. At this time, it becomes important to find the time differ-

ence with the maximum cross-correlation coefficient.  

Figure 8 represents the relationship between the time difference and 

cross-correlation coefficient in case of the measurement set #2 and #1 

when the horizontal axis is time difference and the vertical axis is the 

cross-correlation coefficient. This figure shows that the cross-correla- 
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tion coefficient is basically over 0.6 for each direction as X(T), Y(R) 

and Z(V) without the tunnel on the foundation in the outer ground. 

Especially the coefficient becomes close to 1.0 for the R direction cor-

responding to the P wave. Also, this analysis used the calculation re-

sult of 290 seconds omitting the first and last 5 seconds data with con-

sideration for existing of the transitional result at the first and last part 

of the cross-correlation calculation.  

 

3.3. The wave propagation time estimation applying the C and E 

methods 

It is possible to estimate the wave propagation time between the 

points #1 and #2 applying the C method assuming the point #1 as the 

point at the free end and point #2 as the point in the media. And it is 

possible to estimate the wave propagation time between the free end 

and the reflecting plane applying the E method with waveforms at 

each point. The latter can estimate the wave propagation time at seven 

points on the foundation as points #1 to #7 and it is expected to know 

about the homogeneity on the materials of the upper foundation con-

firming with the behavior of the estimation result at each point. Here 

considers only about the R direction because it is possible to exist sta-

bly only the P wave motion of the R direction as orthogonal direction 

against the circumference considering a situation of the wave motion 

field. 

 

 

4. Estimated result and discussion  

Table 1 shows the estimated wave propagation velocity of each di-

rection by the R method arranging with each set of the measurement. 

This table also shows the estimated maximum wave propagation time 

and cross-correlation coefficient of that time for each direction of each 
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set. The V direction of each set corresponds to the SV wave or the 

bending wave, SB wave. The T and R directions of the horizontal 

component correspond to the P wave and SH wave, respectively, for 

the sets of #0 and #1, and #8 and #7, and SH wave and P wave, re-

spectively, for the other sets. In any case, the cross-correlation coeffi-

cient becomes small in order of P wave, SH wave and SV wave or SB 

wave. The waveforms of two points show high correlativity as ex-

ceeding 0.9 of the coefficient during the P wave. Here, “set of #A and 

#B” means the propagation from the point #A to #B in case of the plus 

value of the time difference, and, conversely, that from the point #B to 

#A in case of the minus value of the time difference.  

Without some exceptions, the result of the estimation basically 

shows the propagation time corresponding to one direction. It is infer-

able that the wave motion propagates mainly from the arena, or north-

ern side, in case of the direction of wave propagation at the points #1 

to #7 on the foundation. In case of the sets of #0 and #1, and #8 and 

#7 as the measurement line of east-west direction, bidirectional wave 

propagation can be confirmed. It may be related to the location of the 

wave source as road traffic at three directions on north, east and south, 

subway at north (under construction) and west or tram at east and 

south as Figure 9. 

Combination of points

Wave type Vsh Vp Vsv or Vb Vsh Vp Vsv or Vb Vsh Vp Vsv or Vb Vsh Vp Vsv or Vb

Correlation at Max. 0.9014 0.9902 0.8170 0.7459 0.9224 0.7706 0.9284 0.9463 0.8556 0.8971 0.9824 0.7516

Max. travel time in 0.01s -0.0643 -0.1042 -0.1927 1.1558 0.7346 1.6596 -0.0270 -0.1397 0.0206 0.3814 0.4158 1.8049

Min. travel time in 0.01s -0.5418 -0.2406 -1.4053 -0.1575 -0.4676 -0.5940 -0.7319 -0.2133 -0.0398

Correlation at Min. 0.9264 0.9941 0.8511 0.7135 0.9178 0.9543 0.9067 0.9315 0.9727

Distance in m 10.7 10.7 10.7 9.4 9.4 9.4 10.6 10.6 10.6 11.2 11.2 11.2

Component T R V T R V T R V T R V

Max. correlation 0.9264 0.9941 0.8511 0.9178 0.9543 0.9067

Estimated Velocity in m/s -1975 -4448 -761 -2267 -1784 -1448

Estimated Velocity in m/s 813 1280 566 2937 2694 621

Max. correlation 0.7459 0.9224 0.7706 0.8971 0.9824 0.7516

Combination of points

Wave type Vsh Vp Vsv or Vb Vsh Vp Vsv or Vb Vp Vsh Vsv or Vb Vp Vsh Vsv or Vb

Correlation at Max. 0.9183 0.9612 0.8540 0.5437 0.7049 0.8632 0.9083 0.9311 0.9005 0.7818 0.6568

Max. travel time in 0.01s -0.0801 -0.0707 -0.0420 0.9051 1.5803 1.7998 0.2639 0.3123 0.8335 0.4200 0.6258

Min. travel time in 0.01s -0.5783 -0.6617 -0.8434 -0.0532 0.4689 -0.4665 -0.1961 -0.5695 -0.7510 -2.7986

Correlation at Min. 0.8871 0.9467 0.8745 0.7745 0.5752 0.8926 0.9440 0.9236 0.8247 0.6223

Distance in m 10.9 10.9 10.9 7.1 7.1 7.1 10.1 10.1 10.1 11.5 11.5 11.5

Component T R V T R V T R V T R V

Max. correlation 0.8871 0.9467 0.8745 0.8926 0.8247 0.6223

Estimated Velocity in m/s -1885 -1647 -1292 -2165 -1531 -411

Estimated Velocity in m/s 784 449 394 3827 3234 1212 2738 1838

Max. correlation 0.5437 0.7049 0.8632 0.9083 0.9311 0.9005 0.7818 0.6568

#2 and #1 #2 and #3 #4 and #3 #4 and #5

#6 and #5 #6 and #7 #0 and #1 #8 and #7

Table 1. Estimated results applying the R method 
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Figure 10 shows the estimated wave propagation velocity corre-

sponding to the middle of the set of measurement point. The wave 

propagation velocity of the SH wave becomes higher than that of the P 

wave at the section including the point #4 and #5 from this figure. It 

suggests that the SH wave of microtremor mainly propagates from 

high velocity layer in underground, maybe lower foundation, to each 

point and there is little constituent propagating the surface layer.  

On the P wave, it seems that there is little propagation from under-

ground considering the direction of propagation and vibration and it 

mainly consists of direct wave propagating as the P wave in the sur-
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Figure 10. Estimated wave propagation velocities by the R method 

#1#0
#2
#3
#4
#5
#6

#7 #8

N
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face layer. If there is high velocity layer behind the wall, the SV or SB 

wave may behave mainly as the wave propagation from the layer with 

relationship between the direction of the vibration and propagation. 

However, because there is basically upper foundation behind the wall 

and the propagation velocity of the upper foundation seems to be low-

er than that of the lower foundation, the estimated propagation veloci-

ty can be considered consequently as the SV or SB wave propagating 

on the floor. So, if there is cavity under the floor, it is expected that 

the SB wave becomes slower at such point. Additionally, in case of 

the wave propagation time of the SH wave for the set of #6 and #7, 

because the cross-correlation coefficient between the waveforms of 

each point becomes extremely low, there is a possibility that the prop-

agation time is not estimated with proper accuracy. Although it is pos-

sible from the P wave velocity to estimate that the foundation close to 

arena is very hard, the P wave velocity at the main part of the upper 

foundation is almost less than 2000 m/s without rather high value be-

tween the points #4 and #5 slightly outer than the center. The SH 

wave distribution suggests the existence of the high velocity layer in 

underground around the site between the points #4 and #5 because of 

higher propagation velocity than the P wave around there. This por-

tion is where the structure still remains and it can be considered that 

the wave propagation velocity becomes large because of the affection 

of confined stress. 

Figure 11 shows the result of estimated SH wave velocity at the 

both foundation using microtremor Nakamura et al. [3]. The red 

marked point is corresponding to the measurement point #5 of Com-

modus passage, and at the point, the SH wave velocity was estimated 

600 m/s for the upper foundation and 2000 m/s for the lower founda-

tion. The result agrees with that of measurement in this time.  

And it is confirmed that the wave propagation velocity of the SV or 

SB wave becomes significantly lower than that of the other wave 

component, between #0 and #1, #1 and #2, #4 and #5, and #7 and #8. 

Because it is estimated that the wave propagation velocity of the SV 

or SB wave becomes generally low when a cavity exists under the 
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floor, it suggests the existence of a cavity with horizontal crack or a 

soft layer under the floor around these points.  

Figure 12 shows a longitudinal section of the P wave velocity along 

Commodus Passage derived from a Vp tomographic image based on 

the inversion of the first arrival traveltimes by Salomon Hailemikae et 

al. [2]. This analysis was conducted as reading totally 1395 wave arri-

val time of stacked waveforms in 1/1000 second accuracy with wave-

forms recording vibrations three times hitting the floor every 2 m us-

ing 5 kg-hammer with installing 59 vertical sensors (geophone) on the 

center of the floor for every 1 m. It can be confirmed from this figure 

that there exists high velocity layer at the underground around the 

Figure 11. Estimated SH wave velocities in upper and lower foundation of 

Colosseum after Nakamura et al. [3] 

over 3500m/s   ↑

#1          #2 #3           #4   #5    #6

Figure 12. 2D tomographic model obtained by the seismic active data ac-

quired along Commodus Passage [2] 
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point #4 or #5 and the research estimates the P wave velocity as 3500 

to 4000 m/s and it is agreeable with the estimated SH wave velocity in 

this research as 1900 to 2900 m/s. The P wave velocity around the 

floor surface read from Figure 8 is shown on Figure 6 as a light col-

ored circle and is also agreeable with the result of estimation in this 

research although differing in detail. 

Exploration result using the ground penetrating radar (GPR) by Lu-

ciana Orlando et al. [4] confirms a cavity between the points #0 and 

#1 and layer construction in underground around the point #2, and 

these results agree with the result of the analysis applying the R meth-

od for microtremor. 

Next, the result of the wave propagation velocity estimation apply-

ing the C and E methods will be described. Figure 13 compares be-

tween the propagation time or distance attenuation factor every time 

and relative error. Estimating the waveform as in the medium at the 

point #2 from the waveform observed at the point #1 as the free end 

applying the C method for the measurement set of #1 and #2 with dis-

tance of 10.7 m, the wave propagation time and distance attenuation 

can be read as 0.724 (in 1/100 sec) and 11.5/1000 (in 1/m) for T direc-

tion corresponding to the SH wave, 0.458 (in 1/100 sec) and 

14.4/1000 (in 1/m) for R direction corresponding to the P wave and 

1.59 (in 1/100 sec) and 33/1000 (in 1/m) for V direction maybe corre-

sponding to the bending wave, as the minimum cross-correlation be-
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tween the estimated and observed waveform. It is estimated from this 

result that the SH wave velocity is 1480 m/s, the P wave velocity is 

2340 m/s, and the bending wave velocity is 673 m/s. it is considered 

that the velocity estimated by the C method averagely shows the be-

havior of entire the layer and the velocity estimated by the R method 

reflects the local behavior. The Poisson’s ratio derived from these re-

sults is estimated as 0.25. 

The propagation time estimated by the E method can be considered 

as giving the wave propagation time between the free end (the arena 

side end of the foundation plate) and the reflecting plane (outer side of 

the foundation plate), and this research considers on the radial direc-

tion corresponding to the P wave. Figure 14 shows the propagation ve-

locity of the P wave horizontally propagating in the foundation plate 

estimated at each measurement point. Here, the P wave propagation 

distance is assumed as the distance excluding the width of the retain-

ing walls at the end of the arena and periphery of the foundation from 

the width of entire the foundation, 53 m from Figure 5. These retain-

ing walls had worked as a formwork when constructing Colosseum. 

The P wave velocity between the points #1 and #2 derived from the C 

method is indicated as a mark “⋆” in Figure 14 and the velocity agrees 

with that derived from the E method. What the wave propagation ve-

locity becomes higher toward out side is considered that the measured 
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floor descends gradually after the point #3 and approach the lower 

foundation. 

 

 

5. Conclusion 

Microtremor was measured at the floor of Commodus Passage con-

structed by open-cut the foundation of Colosseum and the physical 

properties of the foundation were confirmed. As a result, it can be es-

timated the wave propagation velocity of various wave motion com-

ponent for every about 10 m on the floor. This result is agreeable with 

the P wave velocity structure by Salmon Hailemikae et al. [2] or the 

search result using the ground penetrating radar (GPR) by Luciana Or-

lando et al. [4]. It is expected that the CERS methods make possible in 

the future to confirm the physical properties of entire the foundation 

with simultaneous microtremor measurement not only at holizontally 

distanced two points but also at vertically distanced two points. 
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The respect of structural philology  
for historical masonries 

 
Gianfranco Valente 

 

 

Abstract 
We would like to conserve the original masonry monument and its 

original construction technique. In the past, for a large masonry struc-

ture, often the researchers arrived to an unsatisfactory result from ap-

proximate methods. The missing link is the evaluation of mechanical 

characteristics K and C. But in the third millennium, sometimes such 

evaluation may be attained by comparing analyses and tests. The pro-

posed methodology is absolutely original, reliable and promising, it 

can be applied to any masonry monument. The current monument is 

the Colosseum, for which we use ambient vibrations in order to obtain 

a reliable FFEE DISS model. We are far ahead for its completion. 
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1. Introduction 

In 1984 [9] it was said “nel campo della ingegneria strutturale, il mo-

dello è diventato numerico; …Purtroppo per le ossature murarie si sa 

tanto poco da rasentare il nulla; …. non sembri citata a sproposito 

una raccomandazione messa in bocca a Leonard Euler [1], probabil-

mente da Voltaire .... qu’il n’omploiera plus soixante pages de calcul 

pour arriver à une conclusion qu’on peut ètablir par un raisonnement 

de dix lignes”.  

The approximate methods for structural analysis enclose the above 10 

lines reasoning and 60 pages of analysis, and about them: 

1) they were the unique tools up to 1970s, for the inquiry of mason- 

ry walls;  

2) their main flaw is the lack of control of an analytical tolerance; 

3) our scientific field of interest is grateful to them and studied  

deeply them, as shown in § 2.  

Up today, Colosseum suffered different earthquakes, with the stronger 

one in the 14th century, and the actual stone masonry is the same since 

two millenniums. 

There is a real scientific problem, of a historical masonry, with two 

thousand years of age, which can undergo an intense seismic event, 

with a seismic probabilistic return period of many centuries, which we 

want to preserve from damage, without invasive devices. 

We should need a scientific method based on physical mathematical 

demonstration, with objective assurance of accuracy from the test 

analysis comparison, within the engineering value of 5%, indispensa-

ble for safety of people and money. 

A wonderful research could start, from the lacerating feeling of help-

lessness, due to the contrast between the Colosseum problem and the 

approximate methods. 

Since the 1970s [3÷8, 10, 11], the FFEE method was available with 

reliable solutions of real small problems; and only in the third millen-

nium, there are at disposal enough powerful and cheap PCs.  

Two new doubts appear, they are wonderful from the scientific re-

search viewpoint, and they are about the effective possibilities:  

a) to obtain a reliable solution of Colosseum problem with such 

powerful tools of the third millennium;  

b) the realization of such eventual theoretical solution. 

However, surely such research would produce a great improvement 

for the problems’ of all masonry walls.    
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2. The Fixation of Belief  

Sociologists and historians of science study science as a cultural pro-

cess. In "The Fixation of Belief" (1877), Charles Sanders Peirce 

(1839–1914)  sketched four methods of settling opinion, ordered 

from least to most successful: 

    1. method of tenacity; (policy of sticking to initial belief) - Once a 

certain belief has been made, it leads to trying to ignore the contrary 

information and opinions of others as if the truth were intrinsically 

private, not public. The method goes against the social impulse and 

falters when another's opinion seems as good as one's initial opinion. 

    2. method of authority; this kind of coercion is developed by tem-

poral powers, be they the State, the Church or the scientific communi-

ty. The fulcrum lies in the segregation of all those who do not believe 

in certain beliefs, assumed to be true and indisputable, with the conse-

quent condition of free thought, does not provide any secure belief or 

allow us to understand the facts for what they are. 

    3. a priori method; based on opinions and intuition, on "what is 

pleasing to reason", he claims accidental and capricious beliefs, leav-

ing some minds to doubt them, is subjective, not supported by a uni-

versal and irrefutable numerical guarantee. 

    4. method of science; as in the following specific § 3.  

The approximate methods are: model fixed at the basis, Limit Equilib-

rium Method (LEM) [20], shaking table [16, 32], transfer of functions 

through the soil [14], intuition in structural design [2], rules that allow 

personal discretion. 

The approximate methods are enclosed in the first three categories; 

they shy away from any objective dialectic; they are not looking for 

the assurance of objective control for errors.  

 

2.1 The intuition and other approximate method 

All the approximate methods are based on tenacity and/or authority 

and/or subjective choices, about them:  

a) the intuition is the true ten-line reasoning [2]; it is the more bril-

liant; it is the best for speed, economy and intellectual honesty; it 

does not need tests; it does not rest confused from many simplify-

ing hypotheses; it was the unique opportunity before seventies of 

the last millennium, and so it is still today for the majority of mo-

numents. 

https://en.wikisource.org/wiki/The_Fixation_of_Belief
https://it.wikipedia.org/wiki/1839
https://it.wikipedia.org/wiki/1914
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b) all the other correspond to sixty-pages of long and expensive ana-

lyses;  

c) for our problem, when it is possible the evaluation, the analytical 

approximations are always very rough.  

All the approximate methods produce subjective solutions.  

But anyone can have an intuition, even non-graduate. Which intuition 

is the best? 

 

2.2. Scale models and shaking table 

On 1937, P.L. Nervi declared the physical model to be the best so-

lution for himself [9]; at that time, he was right. For this choices, the 

Author recall that in 1996, for a two storey unreinforced masonry 

(URM) building [17], a full scale prototype was subjected to static ac-

tions, in Pavia, Italy. 

The same structure in a 3/8th model, for bricks and mortar too, was 

tested on a shaking table at Urbana in Illinois [16], with 22 kN of ad-

ditional weight added at each storey level because the mass density is 

not properly proportional between prototype and model, subjected to 

the Nahanni earthquake which occurred in NW Canada on December 

23rd 1985, recorded at a time interval of dt=0.005 sec, applied with 

the same amplitude and scaled time interval dt=0.0031 sec. 

It is impossible to reproduce the existing damages in the model, as 

cracks’ system. 

On between approximate methods with few elasticity modules, with 

respect to analytical model fixed at the basis (§ 3.3.1.1.), the shaking 

table introduces further errors due to the use of too many scales: geo-

metric, time, dynamic, mechanical, granulometric (logarithmic too).  

Besides this, in [32] the research for an analytical model started 

with n. 4 different elasticity modules; after a first unsuccessful charac-

terization trial, all the elasticity modules were reduced by a constant 

coefficient 4. If the same would be happened with a physical scale 

model, it was needed to destroy and to rebuild the model. All those 

above produce the incommunicability between physical models and 

reality. But intuition does it better, almost always. 

 

2.3. Hazards with Limit Equilibrium Method (LEM) 

In the 18th century, the LEM was proposed which consists in impos-

ing limit equilibrium conditions for rigid rotations of portions of wall 

obtained with selected planes. These parts of the wall are connected to 
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each other by plastic hinges in their corners; the designer selects some 

cutting plan systems, and he evaluates the minimum collapse multi-

plier. It seems a metaphysical method [20], because it considers too 

many hypotheses, which are (the real problem is shown in brackets): 

    1. horizontal static loads, (dynamic); 

2. monotone horizontal loads (alternating); 

3. constant horizontal acceleration along the height, (increasing); 

4. null tensile strength, (cannot be neglected to guarantee the shape  

only by gravity); 

5. structure fixed to the base (interaction of the soil structure); 

6. generation of macro elements by cutting planes; 

7. transformation of the problem from 3D to 2D, practically in 

Figure 4 the designer considers an arc with four hinges in 2D; 

8. the only conditions of equilibrium are imposed (the characteri- 

stics of the material are not used, why are there always tests?); 

9. introduction of plastic hinges (impossible stress concentrations). 

Each of them is a rough hypothesis, adopted without any errors’ con-

trol; their use all together may lead to the missing errors’ control.  

 

2.3.1. Noto cathedral, transversal structures and symmetry planes 

 
Figure 1. Plan, with structures of “navata” and “cupola”,  

hole in circled pulpit pillar. 

 

In the Cathedral building, as in the plan of Figure 1, some vertical 

transversal planes of symmetry exist (1-1, 2-2, 3-3, 4-4). For the load-

ing conditions G and SX, the longitudinal displacements are zero on 
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these planes, Y=0. As in Figures 1 and 2, two parts of the church are 

significant: 1) “navata”, depth 398 cm; 2) “cupola”, depth 1245 cm. 

 

 

 

 
a) Dom model b) Navata model 

Figure 2. Structures of: a) “navata”; b) “cupola”. 

 

2.3.1.1 How it was, and where it was, with LEM since 1727. 

 
 

 
a) Original, before collapse on 1996. b) Just after the collapse on 1996  

Figure 3. The third domes. 
How it was and where it was is a battle cry used for the reconstruction 

of the bridge destroyed by the Germans and for the church destroyed 
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by the earthquake, invoking the social need or hoping for a superior 

protection [24, 25, 27, 28].  

The Cathedral of Noto collapsed in 1780, in 1848 and in 1996. The 

last collapse on 1996 happened after the earthquake on 1990, with 

progressive evident increments of cracks opening and out of plumb, 

starting from outlined pillar in Figure 1, weakened from an hole 

opened for better access to the pulpit. 

Until today the dome has unchanged: a) height from the ground, b) di-

ameter, c) unreinforced masonry, d) use of LEM.  

Moreover, Tobriner talks about the third dome by di Cassone ([12], 

page 216, note 18) " il lato alto del rafforzamento della prima cupola 

che ancora esiste (anche se la cupola è crollata) .. ha una decorazione 

con modanature, segno inequivocabile della presenza di Gagliardi ", 

as in Figures 3a, 3b. 

 

2.3.1.2. LEM applied to Noto Cathedral 

 Then, the “navata” 3D is further simplified: 1) the central arch is 

disregarded, 2) the 3D model is transformed in 2D, 3) the “navata” is 

considered weaker than “cupola”, 4) one monolite for the geometric 

symmetry and the load anti-symmetry, as in Figures 4a, 4b. 

For Noto Cathedral it is possible to evaluate the error of LEM; we 

use LEM for the possible mechanism like in Figures 4a and 4b, the 

minimum collapse multiplier warrantees PGALEM = 0.3 g. 

  
Figure 4. Possible mechanisms of “Navata” 2D model. 

  
 2.3.1.3.  Hole in the pulpit pillar 
 On between the opening for veneration on 1862 and on ’50 after the 

2nd world war, a hole was opened (about 1,30 m from the floor) in the 
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fourth pillar from abside, in the right nave, looking the middle of the 

church. The slow and continuous damaging began from this pillar, in-

creasing from earthquake on 1990, up the final collapse, that happened 

without earthquake on 13.12.1996. 

 

2.3.1.4. Increasing cracks after earthquake on 1990 up to collapse 

on 1996 

On 1986, the Soprintendenza of Catania, Prof. Rosario Viola, “evi-

dent signals of troubles, principally in the architectural front and in 

the transet zone”. 

On 1986, municipal administration of Noto, Eng. Giovanni Lavore, 

“the cracking phenomenon of the trabeation, if it is not controlled, 

could get worse in not reversible phenomena of partial collapse”. 

On 1992, the Sovrintendenza of Siracusa and technicians of Rodio 

enterprise, “sudden aggravation of the static situation for the pillars 

of right nave .. disconnections of plaster in various zones, probably 

due to crushing of columns” starting from the fourth pillar having in-

ternal hole for the pulpit. 

On 1992, “visible vegetation .. rain water gathered in tanks”. 

In the preliminary design for the improvement of seismic strength, 

on May 1994, “earthquake on 13.12.90 .. the injuries appeared after 

the earthquake are enlarging sensibly in the time, manifesting a kind 

of instability of the configuration produced by them .. their system 

prefigures clearly the collapse mechanism to be feared .. displacement 

for about 6 cm through interior .. all the right pillars .. increasing 

from the front to the transet”.  

The designers deemed that [19] “the earthquake does not destroy 

in a disordered way ..but it selects the zones .. more weak .. by mecha-

nisms definable in advance”; those signals were considered a wonder-

ful prefiguration of   collapse mechanisms for a future earthquake, 

with a great misunderstanding, then the gravity alone produced the 

third collapse two years later.  

 

2.3.1.5. Maximum collapse PGA in the past  

Fidone [28] talks about three phases after each collapse: 1) resigna-

tion for the ineluctable loss, 2) removing from the collective memory, 

3) pushing to repeat the rebuilding challenge.  

This situation, with continuous use of approximate methods since 

’700, produced a sequel of sad results, together a unique scientific 
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documentation. It is possible to evaluate the seismic vulnerability for 

the domes of the Noto Cathedral by LEM. 
 

Table 1. Collapse PGA for earthquakes in the past. 

Date D Epic. MCS Locality Mg PGA Ref 

Feb 1818 78 IX-X Catania 6.4 .088 [26] 

Mar 1818 42 VII-VIII Mt. Iblei 5.9 .113 [18] 

Sept 1818 138 VII-VIII Madonie 5.0 .039 [21] 

Jan 1848 53 VIII-IX Augusta 5.5 .107 [21] 

 

The earthquakes which produced collapses of Noto cathedral are 

well documented, as in Table 1. To calculate PGA we take into ac-

count the seismic intensity Imcs, depth h and epicentre distance D, with 

their tolerances I, h and D introduced for maximum PGA in-

crease. 

To calculate PGA we use the relationship by Decanini et al. [15], as 

calibrated on local earthquakes, and used in the last design. 

 

log PGA [cm/sec2] =2,75 + 0,07 IMCS – 0,80 log R [km];      

R = [(D-D)2 + (h-h)2 ]1/2         (1) 

 

The obtained upper bound for the collapse PGA is 0,113g; for 

which, the actual rule, prescribed an elastic linear behaviour. Lower 

values are obtained by means of a more recent attenuation law [30]. 

 But if we consider all the earthquakes happened in Sicily during the 

entire life of the Cathedral, by all regression formulas [15, 26, 30, 31], 

evaluating the distance of Noto and the depth in disadvantage of safe-

ty, we found PGATRUE=0.112 g. After nine simplified hypotheses, af-

ter geometric simplifications from the whole cathedral to two 3D 

models to the unique 2D model, we attain to the difference PGALEM / 

PGATRUE = 0.3/0.112 = 2.68. It is a metaphysical result without any 

control. But intuition does it better, almost always. 
 

2.3.2. Colosseum 

The following section will examine the behavior of the Colosseum’s 

structures with LEM [33, 38]. The ring walls can be represented by a 

series of single cells, together with the adjacent circumferential ar-

cades, the architraves, and the arches below, all taken along the piers’ 

half-spans as in Figure 5.  
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Figure 5. Structural cell: a) plan; b) front; c) axonometry.  

  

  
Figure 6a. Radial displacements in 

the curvilinear vault. 
Figure 6b. Compatible mechanism of the 

curvilinear vault. 
 

This type of mechanism regards only the outer wall and the circum-

ferential vault. Three external wall rotates outwards, while the internal 

and central walls do not move. 

The Figure 6 illustrate, s the vertical and horizontal components of the 

displacement field. The mostly downward displacement of the circum-

ferential arcades as the mechanism develops highlights the destabiliz-

ing effect of the loads acting on these vaults. All the displacements 

can be linked to parameter θ, that is, the rotation of the external wall. 

The relation between the displacements and rotation θ can be inferred 

from Figures 7a, 7b and 7c. Figure 8 shows the broadening of the wall 
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at collapse, like a quiet night flower in front of a disordered earth-

quake. But intuition does it better, almost always. 

 
Figure 7. Radial section: a) loading; b) displacements; c) centers of rotation. 

 

 
Figure 8. Broadening of the outer wall at collapse [38]. 

 

3. The scientific method  

The scientific method for natural sciences (hard sciences), is the typi-

cal way in which science proceeds to reach a knowledge of objective, 

reliable, verifiable and shareable reality; the principle of reproducibi- 

lity of the experiments is clearly applicable. 

Experimental studies and philosophical reflections on this have roots 

also in antiquity, in the Middle Ages and in the Renaissance by: Aris-
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totile (384-322 BC), Ruggero Bacone (1214-1274), Tommaso d'Aqui-

no (1225-1274), Leonardo (1452–1919), Galileo Galilei (1564-1642), 

René Descartes (1596-1650), Emmanuele Kant (1724-1804), Bertrand 

Russell (1872-1970), Albert Einstein (1879-1955), Alfred Tarski 

(1902-1983), Karl Popper (1902-1994), Charles Sanders Peirce (1839 

–1914), Lee Smolin (born on 1955). 

Only the scientific method can accept correction and therefore accepts 

the fallibilism and falsificationism of any initial conjecture, in order 

to arrive at the true objective solution. 

It requests pleasure of scientific research, because it is a more tiring 

and tearing method than the others, in fact: 

I) it consists of a struggle to move from an irritating and inhibitory  

doubt born of surprise of an inexplicable phenomenon; 

II) it can produce anger and frustration; 

III) it requires work on all possible conjectures and refutations; 

IV) it achieves objectively demonstrated belief up to an acceptable  

numerical tolerance regarding the test analysis comparison; 

V) it  encourages dissent and competition between different hy- 

potheses, without any pretense to establish a solution prematurely; 

VI) it tests those parts that seem more doubtful, even with inde- 

pendent double blind tests. 

We must proceed with the following steps, repeated cyclically: 

a) Observation, is the starting (and finishing) point of the cycle of 

acquiring knowledge in the sense that constitutes the stimulus for the 

search for a methodology that governs the observed phenomenon; 

b) Experiment, is programmed by the observer who measures the 

monument vibrations produced by natural environmental vibrations; 

c) Correlation, data processing consists in the construction of  

functions and graphs invariant with the forcing, but which depend on 

the geometric and mechanical characteristics of the structure; 

d) Physical mathematical model, is constructed with EEFF, which 

is supposed apt to represent the overall phenomenon to be studied, 

with appropriate mechanical characteristics, 

e) Verification and assurance, the mechanical characteristics are 

changed to reproduce the invariants of the previous steps with the best 

accuracy. 

 

3.1 Numerical analysis, with accurate errors control 
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Our problem is not algebraic, and the solution is numerical with con-

trolled accuracy, around 5%, evaluated in the dispersion between tests 

and analyses; so the reliable solution is obtained anywhere in the 

structure for the safety of people and financing. 

Numerical analysis is the study of algorithms, within assigned tole-

rances. From the earliest civilizations, numerical analysis was consid-

ered important for surveying, buildings, ships, astronomy; and we ob-

serve the following developments: 

a) around 1800 BC, the ancient Babylonians had already numerical 

system based on powers of 60, angle of rotation divided into 60 de-

grees, they knew how to calculate the hypotenuse of the right-angled 

triangle with a precision of nine significant digits, before Pythagoras 

(570 ÷ 495 BC), therefore they solved problems of trigonometry; 

b) in the 19th century binary algebra was founded, with two num- 

bers and two logical operators; 

c) modern computers began to develop during the II World War; 

d) In the early 1970s, finite element and nonlinear analysis codes 

were available [3÷8, 10, 11].  

So after this period an accurate calculation is possible, but the good 

accuracy is not always warranted, and the requested time for the re-

search is long. Without this accurate calculation there is a risk for 

people and financing, for buildings. Important researchers always 

knew that problems of numerical analysis were not simple to solve, in 

fact they engaged directly by themselves, like Boole, Coulomb, Euler, 

Fourier, Galileo, Gauss, Kepler, Lagrange, Laplace, von Leibniz, Na-

pier, Newton, Touring; they are remembered with their algorithms. 

 

3.2 The missing link is the reliable evaluation of K and C  

The collapse analysis is impossible to perform, because for each mate-

rial too many characteristics are requested, and they are impossible to 

obtain. But our unique interest is on monument preservation. 

So we study the linear elastic behavior of the monument alone, from 

the initial elasticity modules alone. 

The reliability of the analytical model of an ancient masonry structure 

is rarely attainable, it depends on analytical-experimental comparison 

of K and C. This condition is extremely interesting for the research, 

we wish to analyze: a) the actual static condition, b) seismic vulnera-

bility, c) subsidence produced from close excavations, d) seismic ac-

tions, e) effects of ambient vibrations. 
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The classical dynamic equation will be used, or its equivalent for sta-

tic problems: 

M ü + C  ú + K u = -M üG    (2)    (2) 

K u = F      (3)   (3) 

Where the dynamic strength (-MüG) is random, while the monument 

characteristics (M, C, K) are deterministic. In these equations, the true 

original characteristics must be used (M, C, K). 

M is easily evaluable, but a problem exists for C and K of original 

monument; then the accuracy of the model is depending on these last 

two characteristics. If C and K are rough, in the evaluations a)..e).  

 

3.3. Modal analysis 

 

3.3.1 Differences between tests and analyses, for f and K 

The Modal Assurance Criterion (MAC) [29] allows the correlations 

between analyses and tests for: a) modal shapes, b) frequencies, c) 

modal errors. 
Table 2. Experimental and analytical frequencies and related errors. 

Mode 1 2 3 4 5 6 

fE [Hz] 1.03 1.30 1.49 1.60 1.66 1.75 

fA[Hz] 1.03 1.30 1.49 1.60 1.66 1.75 

|fE-fA|/fE 0.0 0.0 0.0 0.0 0.0 0.0 

allowed ε Ε ε ε ε ε 

 

Table 3. MAC matrix: a) perfect coherence; b) approximate coherence to ε. 
a/e 1 2 3 4 5 6   1 2 3 4 5 6 

1 1 0 0 0 0 0   (1-ε) ε ε ε ε ε 

2 0 1 0 0 0 0   ε (1-ε) ε ε ε ε 

3 0 0 1 0 0 0   ε ε (1-ε) ε ε ε 

4 0 0 0 1 0 0   ε ε ε (1-ε) ε ε 

5 0 0 0 0 1 0   ε ε ε ε (1-ε) ε 

6 0 0 0 0 0 1   ε ε ε ε ε (1-ε) 

 

We perform n x n comparisons between analytical and experi-

mental mode shapes, and we obtain a matrix having range n. For the 

perfect coherence as in Table 3a, each element ij must have value 1 in 

case i=j, and value 0 for i≠j, and identical frequencies. 

In the real cases, as in Table 3b, the gap for i≠j represent the errors 

in the examined condition.  
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The value of the allowed tolerance is around ε=0.05. The modal as-

surance criterion [29] is a simple tool to measure the final scatter be-

tween analytical and experimental mode shapes. 

 

3.3.1.1. Analytical model with the structure fixed at the basis 
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Figure 9. Radial components of the first six experimental mode shapes [32]. 

 

Table 4. Experimental and analytical frequencies and related errors [32]. 

Mode 1 2 3 4 5 6 

fE [Hz] 1.03 1.30 1.49 1.60 1.66 1.75 

fA[Hz] 1.13 1.14 1.51 1.54 1.74 1.76 

100 |fE-fA|/fE 9.71 12.31 1.34 3.75 4.82 0.57 

 

Table 5. MAC matrix for fixed basis, few elasticity modules [32] 

a/e 1 2 3 4 5 6 

1 0.93 0.10 0.27 0.03 0.01 0.03 

2 0.10 0.89 0.11 0.02 0.00 0.06 

3 0.14 0.12 0.69 0.23 0.49 0.51 

4 0.12 0.05 0.28 0.32 0.64 0.50 

5 0.13 0.02 0.69 0.20 0.42 0.62 

6 0.15 0.09 0.37 0.47 0.45 0.39 
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Ambient vibration recordings were performed at six different levels: 

L1, L2, L4, L5 and L6 indicated in Figure 10c; at the basis no recor-

ding was performed. Only radial recordings were performed at radial 

accesses (RA) 24, 27, 32, 39, 47, 51, 53 as shown in Figures 9, 10, 11.  

This research started with n. 4 different elasticity modules (Travertine, 

Brick masonry, Tuff, Concrete); after a first unsuccessful characteriza-

tion trial, all the elasticity modules were reduced by a constant coeffi-

cient 4. This model is fixed at the basis [32], with 4 materials, the first 

6 modes are considered, as in Tables 4 and 5, and Figure 9 for modal 

analysis of radial components.  

  
In the plan: a) triaxial; b) radial;  c) in vertical section. 

Figure 10. Measurement points 

 
Figure 11. Model fixed at the basis, with few elasticity modules. 
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The first 2 modal shapes correspond to clamped behavior of buttress-

es, with errors for modal shapes and frequencies around 10%. Instead 

for the other four modes, and for 300 m of northern wall, the tests-

analyses comparisons are not good, the errors arrive up to 69%. Be-

sides this further errors may be produced with: a) transferring function 

from bedrock to ground; b) missing transmission of seismic or ambi-

ent vibration from the soil to the monument, as in Figure 11; c) the 

missing deformation of the basis as in Figure 11. 

In [13, 16, 19, 30, 32, 36] it is shown that the vibrations’ components 

are not negligible: d) at the basis of the monument with respect to 

those of the upper levels; e) in the tangential and vertical directions, 

with respect to radial component.  

In the present condition, the tests modal analysis: a)  are surely relia-

ble, for levels over the ground, and for radial directions; but further 

tests are requested at the basis; b) triaxial tests would be desirable in 

all points from the ground, to then elaborate the experimental vibra-

tion modes with their three components; with tripling the controls. 

The analytical model fixed at the basis produces the large scatter for 

modes over the second one. Intuition does it better, almost always. 

 

3.3.1.2. 3D DISS model  

 
Figure 12. 3D DISS FFEE model; with n. 3 recordings’ holes, at different levels,  

in 3D, in plane equilateral triangle. 

 

The whole model is shown in Figures 12÷15. It has 500,000 dof, it is 

defined by n. 700 d i f f e r e n t  materials, connected like LEGO. 

For each one the characteristic values (M, K, C) must be defined; K 

and C may be obtained by comparison between tests and analyses.  
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Figure 13. Zones with different elasticity modules on Northern wall. 
Section in the Colosseum station, load PZ and its displacement dz

 
Figure 14.  Section in the Colosseum station, load PZ and its displacement dz. 

 

 
Figure 15.  Foundations for Z=-1.00-7.00 m., n.5 tunnels (E, S, W, N, Commodo).  

 

3.3.1.3. Modal analysis for 3D DISS FFEE model 
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The MAC coefficients are shown in Table 7, with scatters less than 

19% between numeric and experimental behaviors, A better accuracy 

could be attained, by deepening the tests. Such errors actually are 

around one fourth of the model fixed at the basis.  
 

Table 6. Experimental and analytical frequencies and related errors. 

Mode 1 2 3 4 5 6 7 

fE[Hz] 1.03 1.30 1.49 1.60 1.66 1.75 2.75 

fA[Hz] 1.011 1.236 1.478 1.585 1.598 1.740 2.848 

100 |fE-fA|/fE 1.8 4.9 0.8 0.9 3.7 0.6 3.4 

  

a) Plan    b) RA XLVII  

Figure 16. Northern wall. Mode 7 [13, 36]. Rad. Vert.: (-------) test; (-------) anal. 
 

Table 7. MAC matrix for 3D DISS model, many elasticity modules [34] 

a\e 1 2 3 4 5 6 7 

1 0.94 0.10 0.17 0.03 0.01 0.03 0.05 

2 0.10 0.97 0.11 0.02 0.00 0.06 0.11 

3 0.14 0.12 0.66 0.18 0.17 0.16 0.17 

4 0.12 0.05 0.18 0.73 0.18 0.19 0.18 

5 0.13 0.02 0.19 0.17 0.72 0.17 0.18 

6 0.15 0.09 0.17 0.17 0.15 0.79 0.17 

7 0.04 0.08 0.18 0.12 0.17 0.18 0.88 

 

4. Tests for foundations and soil 

The diagram H/V was initially proposed since 1983 [19, 23, 34, 36, 37], 

it is invariable with the action ( ambient vibrations, earthquake) with the 
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seasons, it depends on soil characteristics and stratigraphy. The tests 

and the analyses were performed in n. 99 points (12 points, Nakamu-

ra in DISS_15), on the ground outside the monument, on the founda-

tions, inside the hypogeum and in the Commodo passage, as in Figure 

17. 

 
Figure 17. Entire QTS around the basement; n. 99 points. Tests in elevation [34, 37]. 

 

5. Further tests  
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Figure 18.  Insertion in existing holes at SSW of: a) geofono; b) sparker source. 

 

 
Figure 19.  Investigation in Hole, yellow benchmarks define study area (Google). 

 

We are referring to [35, 38]. Further tests are requested for: 1) com-

pleting the map of elasticity modules; 2) developing the map of damp-

ing coefficients; 3) permanent dynamic recording in 50 points, up the 

depth of 100 m, with n. 3 recordings’ holes, at different levels, in 3D, 

in plane equilateral triangle, as in Figures 12, 18, 19 and on the 

monument; 4) dynamic tests inside holes up 100 m, during short time. 
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Tests having the model as target; the elasticity modulus obtained by  

comparison between tests and analyses is the mean value in the vol-

ume, taking into account the disconnections between stone blocks 

and their damagings. The good tests are those able to produce the im-

provement of MAC matrices. 

 

6. Geotechnical characteristics 

We know initial elasticity modules for soil. 

We hypotize different geotechnical models: Drucker-Prager, Cam-

Clay, Mohr-Coulomb, etc. 

For each model we hypotize a fork analysis, with maximum and min-

imum mechanical characteristics. 

 

7. Verify in every point of the model 

  
Figure 20. Vibrations of the skyline. Figure 21. Accelerations reduction at 

seismic device. 
 

The planning must be able to control stresses, strains, displacements, 

velocities, accelerations in every point of the structure, with a tole-

rance less than 5%. The effects on the building depend on the earthquake 

intensity and on its frequencies content, and we do not know exactly the 

kind of earthquake to be expected. 

For the evaluation of the advantage produced by seismic devices, two 

foundamental checks may be performed: 

1) for the three directions (x, y, z), the accelerations reductions may be 

evaluated between top and bottom of the device, as in Figure 21   
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η1 = |TOPa|MAX / |BOTa|MAX <  η1MAX = 5÷10%       (4) 

 

2) with referring to gravity stress G (which represents the safety), 

we evaluate stress scatter  

 

η2 = GZ /GZMAX < η2MAX = 5%                         (5) 

 

8. Conclusions 

Scientific progress is not linked to the mechanical application of a 

method but to the existence of a community of specialists guided by 

common ethical principles, in which: 

a) tell the truth and argue rationally on the basis of publicly availa- 

ble data; 

b) when the available data are not sufficient for binding argument,  

encourage dissent and competition between different hypotheses 

without pretending to establish new paradigms prematurely. 

The proposed method wishes to solve a real problem of many monu-

ments, for example about Colosseum:   

c) it suffered strong earthquakes in the 14th century,  

d) today we want to preserve the remaining masonries, with its  

structural philology of two thousand years ago, without intervening 

with modern reinforcements.  

Could scientific researchers solve a scientific problem, by scientific 

methods? Let us observe the solution of some excellent examples: 

1) Gravitational waves are disturbances in the curvature of 

spacetime, generated by accelerated masses, that propagate as 

waves outward from their source at the speed of light. They were 

predicted in 1916 by Albert Einstein and on 2016 Virgo announced 

the first direct observation, from measurements of the break of two 

black holes.  

2) Rocky habitable planets request conditions roughly compara- 

rable to those of Earth. Ross 128 b is the nearest exoplanet around a 

quiet red dwarf Ross 128, at a distance of about 11 light-years from 

Earth. It has these characteristics and it was discovered on 2017, indi-

rectly from the periodic vibrations of the star.  

3) the curvature of starlight, it is an unexplained exceptions to  

https://en.wikipedia.org/wiki/Spacetime
https://en.wikipedia.org/wiki/Wave_propagation
https://en.wikipedia.org/wiki/Wave_propagation
https://en.wikipedia.org/wiki/Speed_of_light
https://en.wikipedia.org/wiki/Gravitational_wave#History
https://en.wikipedia.org/wiki/Gravitational_wave#History
https://en.wikipedia.org/wiki/Albert_Einstein
https://en.wikipedia.org/wiki/Virgo_interferometer
https://en.wikipedia.org/wiki/First_observation_of_gravitational_waves
https://en.wikipedia.org/wiki/Red_dwarf
https://en.wikipedia.org/wiki/Ross_128
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Newton's laws and predicted and explained other observations such as the 

deflection of light by gravity, the prove that mass and energy are being 

bent by observing the solar eclipse of 29 May 1919 on the west Afri-

can island of Príncipe. 

The three above examples have the same scientific approach of our  

proposed problem, but ours are much less demanding, in fact we may 

observe that: 

I) both are based on classical test analysis comparison, with  

controlled accuracy; 

II) our proposed method employs Physics and Mathematics of high  

school, and test analysis comparison with Engineers’ accuracy, around 

5%. 

For the proposed problem, it was shown that approximate methods 

produce an error over 100%; they are independent of the need to eval-

uate accuracy; they are based on subjective and qualitative reasonings. 

The paper [29] of 2003 showed that the unique way to assure quantita-

tively an investigation is the measuring the numerical deviation of the 

test analysis comparison by means of MAC. 

It is a great satisfaction from the research point of view, even if doubts 

remain about the real feasibility.  

Of course, the maturation of this research could only take place with a 

broad scientific and administrative consensus. 

Which administration and which technical office would be able to 

control such research? However, the following are needed: e) further 

tests for K and C; f) simultaneous permanent recordings for 50 points, 

in elevation and on the ground.  
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Abstract 
The building, known as the Temple of Minerva Medica, dates back  

to the 4th century A.D. The building presents different critical aspects: 

first of all the monumental pillars rest on pre-existing archaeological 

sites and inhomogeneous layers of soils, moreover the integrity of the 

structure is endangered by severe vibrations induced by the frequent 

transit of the nearby trains and the local tramway. Due to the instabil-

ity of the surviving portion of the dome (the main part collapsed in 

1828), there were commissioned in 2012 by the “Soprintendenza Spe-

ciale Archeologia Belle Arti e Paesaggio di Roma” relevant restora-

tion and consolidation interventions. These works restored the majesty 

and reliability of this monument that is undervalued and often forgot-

ten. Onsite testing gained a fundamental role in the identification of 

the construction, in particular, Ambient Vibration Test (AVT) pro-

vides global information on the overall dynamic characteristics of the 

structures. This paper, through the case study of the Temple of Miner-

va Medica, aims to prove the reliability of Operational Modal Analy-

sis (OMA) in the identification of the dynamic behaviour of a large 

masonry building (natural frequencies, modal damping and modal de-

formations). Two sets of measurements were recorded by the laborato-

ry of Proof testing and Research on Structures and Material (PRiSMa) 

of the “Dipartimento di Architettura” of Roma Tre University. A rea-

sonable number of accelerometers, were suitably positioned and the 

dynamic response of the structure to wind and the surrounding traffic 

was recorded; the measurements of the two halves of the temple were 

processed and later merged through the Multi-Run technique in order 

to identify the dynamic behaviour of the entire structure. 
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1.  Introduction 

 

The temple of Minerva Medica located in Via Giolitti in Rome is 

one of the main monuments that suffers the problem of the deteriora-

tion over time. In fact, following the rapid expansion of the Umbertino 

district, it is literally suffocated by the Termini railway station and the 

adjacent tramway.[1] This has caused, over time vibrations on the 

temple, that have brought out the need to carry out monitoring and 

control surveys of the structure. [2] In the months of June and July 

2019 the PRiSMa Laboratory of the “Dipartimento di Architettura” in 

Roma Tre University, realized a campaign of accelerometric meas-

urements on the temple of Minerva Medica. The study was carried out 

in order to understand the dynamic behaviour of the structure especial-

ly after the important structural interventions commissioned by the 

“Soprintendenza Speciale Archeologia Belle Arti e Paesaggio” of 

Rome.[3] The task was performed using the OMA technique (Multi- 

Run Operational Modal Analysis), with the aim of dynamically char-

acterizing the structure by determining the modal parameters, (natural 

frequencies, damping values and corresponding modal forms). The 

study of dynamic behaviour is fundamental both to understand a pos-

sible response of the structure following a seismic event and also to 

understand the effects due to the surrounding traffic. [2] 

 

 
Figure 1. Three-dimensional view of the temple of Minerva Medica  

Temple of Minerva Medica 

Tram Termini-Centocelle 

Termini station 
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2.  Temple of Minerva medica in Rome 

 

2.1. The construction of the building 

In via Giolitti in Rome resists, although suffocated by the tracks of 

the Termini Station and the popular housing of the neighborhood, the 

imposing building that from 500 A.D is commonly known as "Temple 

of Minerva Medica". The name dates back to a wrong interpretation of 

Pirro Ligorio who believed, thanks to the finding of a statue “Minerva 

con dracone”, that was a temple dedicated to Minerva Medica. [4] 

It is a monumental structure that is traditionally built in two phases in 

the first decades of the 4° century A.D, identified as a nymphaeum of 

the Horti Liciniani, that was a large residence with gardens ("horti") 

belonged to the emperor Licinius Egnatius Gallienus. [5] 

The building consists of a large hall with a decagonal plan covered 

by a substantially hemispherical dome with a lowered center, which, 

with its diameter of 25 meters, is the third largest in Rome. The dome 

reached initially a height of 32 m, today reduced to 24m after the col-

lapse in 1828. On nine sides of the perimeter there are semicircular 

niches that protrude externally, while on the tenth side, to the north, 

there is the entrance with a round arch. In this way the dome rests on 

ten pillars placed at the corners of the decagon which gradually trans-

form the polygonal shape of the structure into a hemispherical shape 

[6] (Figure 2). 

 
Figure 2. Reconstruction of the original temple of Minerva Medica.  

 

Just after its construction it was realized a structural consolidation of 

the dome, it consists in the creation of two external buttresses on the 

south of the structure (Figure 2). Above the arches of the niches there 

is the drum with buttresses in the corners and ten arched windows that 
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had the double function of providing light and reducing the weight of 

the structure. The decagonal shape passes, through the use of a frame, 

to the circular perimeter of the dome, only partly preserved, which is 

made with the use of concrete and progressively lightened with pum-

ice layer at the top of the vault [7]. The structure also has radial brick 

ribs for the purpose of general strengthening and distribution of the 

loads, while the existence of a large hole (oculus) on the dome's crown 

is only hypothetical. 

 

3.  Instrumentation and Setup 

 

3.1. PCB (Piezoelectric accelerometers) 

The dynamic effect on the structure is mainly due to vehicular traf-

fic, the vibrations induced by the trams, the trains and the action of the 

wind, whose intensity was almost constant during the acquisition.    

For measure the main acceleration on the temple there was used 12 pi-

ezoelectric accelerometers, these were set for both Runs as follows: 

 

• 10 ICP piezoelectric monoaxial accelerometers, PCB 393B12 model  

• 2 ICP mono-axial piezoelectric accelerometers, PCB 393B31 model  

The setup for both accelerometers was done with a sensitivity of 10 

V/g, a range ± 0.5g. and 1μg rms resolution; 

 

The analysis was carried out on 11/07/2019, for an acquisition pe-

riod of approximately 45 minutes. For each channel, the measure-

ments were performed at first with a sampling frequency 

fs=441samples/s, subsequently resampled to 60Hz according to the 

significant frequency band of the monument. The accelerometers have 

been fixed on metal supports, which allow to set the accelerometers in 

the mono, bi and triaxial configuration.  
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4.  Localization of accelerometers 

The instrumentation measures the response in terms of acceleration 

of some representative points of the structure. These measurement 

points were instrumented with accelerometers oriented according to an 

X-Y-Z system with the X axis placed to 144 ° from the North. 

The positioning of the instruments at 12 and 25 meters was possible 

with the help of a mechanical arm.  

In the figure 4 there is the positioning of the two measurement sets 

of 12 piezoelectric accelerometers (PCB), for two different recordings 

each of about 45 minutes. 

    

       
Figure 4. Plants and elevations of the temple of Minerva Medica  

 

Table 1. Type of accelerometers used in the different runs  
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5.  Operational Modal Analysis (OMA) 

With the modal analysis it is possible to characterize a structure in 

order to understand the behaviour in terms of vibration frequencies, 

damping coefficients and vibration modes. In the field of dynamic 

tests, the operational modal analysis (OMA) is used when the excita-

tion that acts on a structure is unknown. Even if the excitation source 

is not measured, it is sufficient to have only the data relating to the re-

sponse of the structure due to the ambient vibrations, infact through to 

suitable modal extraction algorithms (output-only analysis) it is possi-

ble to determine its dynamic characteristics.[8] The algorithms used is 

the polyreference least-squares complex frequency-domain method 

implemented in the software Simcenter Testlab. [9] The total number 

of accelerometers available was not sufficient to assess the overall be-

haviour of the building, for this reason it was implemented the Multi 

Run Operational Modal Analysis method. The method post processes 

the operational modal analysis of each run relative to the main parts of 

the construction, the modes of each run are later combined and scaled 

based on the most appropriate and complete run (target modes).[10] 

The analysis is carried out through to the Teslab software according to 

the following phases. 

 

5.1. Geometric model 

The first phase is the definition of a kinematic geometric model in 

order to represent the modal deformations of the structure. This con-

sists of a simplified pattern, relative to the measurement points (Mas-

ter nodes) connected together by lines and surfaces. In order to im-

prove the visualization of the modal forms, additional points (Slave 

nodes) have been added, depending on the movement of the main 

nodes. 

 
Figure 5. Geometric model of the temple of Minerva Medica 



Operational Modal Analysis in the Temple of Minerva Medica in Rome 

 

105 

5.2. Time histories and data pre-processing 

The second phase is the analysis of a properly filter in order to re-

duce the noise of the electronic devices and eliminate the insignificant 

signals. Subsequently for the dynamic extraction it is necessary to de-

fine the cross-power, which are calculated for each signal recorded re-

spect to one or more signals taken as reference. For the analysis it was 

necessary to identify a "Reference" node (NODE A) in order to corre-

late the different signals for the calculation of the Crosspowers. 

The analysis was carried out by setting a value of 1024 “number of 

time lags” and a 1% “windowing”. These parameters were chosen in 

order to have good resolution with not too much noise in the Cross-

powers. 

 

5.3. Extraction of modal parameters 

The third phase concerns the extraction of the modal parameters 

through the PolyMAX algorithm implemented in the Testlab soft-

ware.[10] The PolyMAX is based on a model called common-

denominator transfer function model, which allows us to estimate the 

recorded data contained in the cross-spectra. These are modelled by a 

rational function with complex values, that is, expressed as a ratio be-

tween two polynomials, whose degree represent the order of the mod-

el and the zeros of the denominator polynomial, called poles, these 

identify the modes of vibration of the system. The stable poles, de-

fined with a letter s, like in the figure 6, are selected by the user in the 

stabilization diagram. 

The definition of the parameters, necessary to identify the natural 

vibration modes of the structure, is followed by three sub-phases: 

 

• Selection of the analysis band (0 - 10Hz); 

• Choice of the size of the polynomial model (Model size 80), creation 

of the stabilization diagram and selection of stable poles; 

• Calculation of the modal forms and visualization of the modal de-

formations of the structure through the defined geometry. 
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The image of the PolyMAX obtained from the “Run 2” is shown 

below: 

 
Figure 6. Extraction of the main frequencies of the blue Run 

 

The following table shows the obtained modal parameters (fre-

quency and damping) for the two runs. 

 
Table 2. Frequencies calculated for both runs.  

MODE 
RUN 1 RUN 2 

Frequency [HZ] Damping [%] Frequency [HZ] Damping [%] 

1 2,054 0,36 2,064 0,93 

2 2,765 1 2,455 1,44 

3 3,6 0,89 2,579 1,31 

4 5,231 2,22 2,78 1,98 

5 6,65 1,08 3,598 1,49 

6 6,6946 1,49 5,603 2,54 

7 8,656 1,9 6,917 1,43 

8 9,643 3,34 7,713 0,98 

9 - - 9,908 3,48 

 

 

 

 

 



Operational Modal Analysis in the Temple of Minerva Medica in Rome 

 

107 

5.4. Multi – Run Merge and global modes 

The last phase, once the fundamental frequencies were selected for 

each run, consist to combine and scale the different analysis using the 

Multi-Run method, in order to obtain the vibration modes of the entire 

structure. The merging process is performed by considering the modes 

of a target run (named “target modes” in the software), as reference 

for the other modes. [10] 

The modes were scaled considering the “scale factor” defined in (1). 

 

                               

         

: ith common mode shape value of the target mode, 

: ith common mode shape value of the mode to be merged 

* denotes the conjugated value  

The table below shows the modes obtained once the two different 

Runs have been merged: 

Table 3. Frequencies calculated after multi run 

MODE 
MULTI-RUN  

Frequency [HZ] Damping [%] 

1 2,064 0,93 

2 2,455 1,44 

3 2,579 1,31 

4 2,78 1,98 

5 3,598 1,49 

6 5,603 2,54 

7 6,917 1,43 

8 7,713 0,98 

9 9,908 3,48 

 

5.5. Data validation 

The selection of the proper vibration frequencies was carried out 

considering four different method: 

 

1) Lowest Modal Assurance Criterion (MAC) between each 

mode; MAC is an indicator of linear correlation between two 

modal vectors. A MAC equal to one represents that the two 

modal vectors are one a linear combination of the other.          

A MAC equal to zero represents two independent modal vec-

tors [10]. 

(1) 
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Figure 7. The Multi-Run MAC  

 

2) Highest Modal Phase Collinearity (MPC), MPC is an indicator that  

express the linear relationship between the real and imaginary part 

of a modal form, in case of real modes, MPC is 100% [10]. 

 

3) Lowest Mean Phase Deviation (MPD); MPD is an indicator for the 

statistical variance of the phase angle from its mean value for each 

coefficient of the examined modal form, in case of real modes 

MPD is equal to 0 [10]. 

 

 
Figure 8. MPC and MPD of the Multi-Run 

 

4) Highest correlation and lowest error between the originally calcu-

lated set of Cross-power spectra and the final synthesized ones.  

 

 
Figure 9. Correlation and error of Cross-Power Ax with reference Ax  
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5.6. Results 

 The results obtained from the Operational Modal Analysis provide 

the global dynamic characteristics of the structure. In the figure 10 are 

showed the main frequencies and damping associated with the main 

vibrating modes. 

 
MODE 1° - 2,06Hz / 0,93% MODE 2° - 2,45Hz / 1,44% 

  
MODE 3° - 2,57Hz / 1,31% MODE 4° - 2,78Hz / 1,98% 

  
MODE 5° - 3,59Hz / 1,49% MODE 6° - 5,60Hz / 2,54% 

  
Figure 10. Experimental results from Multi-Run Operational Modal Analysis 
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 In synthesis, the results showed that the structure's vibration modes 

are rather irregular and not homogeneous, this could be caused by the 

different behaviour, in terms of stiffness, of some parts of the 

structure. It is known that different structural interventions have been 

carried out on the South-East side of the temple [12] [13]. 

These restructuration have probably influenced the dynamic response 

of the structure increasing the rigidity and the masses of the structure 

[3]. As can be seen from the calculated modes, the structure has minor 

displacements near the intervention that have been realized, with a 

frequency range around 2Hz,  3Hz. 

In the following figure there are some images that showed the 

structural interventions made on the temple of Minerva Medica. 

 

      
 

Figure 11. Reconstruction of the drum of the temple of Minerva Medica  

 

6. Conclusion 

 

Thanks to the permission given by the” Soprintendenza Speciale 

Archeologia Belle Arti e Paesaggio di Roma, it was possible to carry 

out a campaign of surveys through the Mobile Unit of the PRiSMa la-

boratory of the “Dipartimento di Architettura” of the Roma Tre Uni-

versity. 

The study focused on understanding the dynamic characteristic of 

the Temple of Minerva Medica in Rome.  

The operational modal analysis (OMA) represents today a valid 

approach for the study of the dynamic behaviour of large historic ma-

sonry buildings. The placement of a reasonable number of accelerom-
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eters at strategic points represented a fundamental aspect of the analy-

sis. 

The Multi-Run Operational Modal Analysis technique allowed to 

significantly reduce the number of sensors used. In fact, by arranging 

the accelerometers in different configurations, it was possible to ob-

tain more measurements and modal parameters, subsequently joined 

and scaled together by the Multi Run technique, in order to obtain the 

overall behaviour of the structure. 

The results showed that the structure's vibration modes are rather 

irregular and not homogeneous, this is probably due to the different 

stiffness, of some parts of the structure, which have been modified af-

ter relevant structural interventions. These changes have transformed 

partly the dynamic aspect of the temple because they have stiffened 

the part exposed on the South, increasing the masses of the drum of 

the temple. As can be seen from the analysis, the structure has minor 

displacements near the intervention carried out with a frequency range 

close to 2Hz. 

The final results of the Multi-Run Operational Modal Analysis rep-

resent a valid reference and a starting point for future works; an ade-

quate on-site survey campaign can provide real experimental data nec-

essary for the realization of a suitable monitoring and control of the 

temple. 
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Abstract 
The bending stiffness of existing concrete bridges are estimated from 

dynamic measurements under known moving loads. The bridge deck is 

modelled as a single-span, simply supported and uniformly prestressed 

Euler–Bernoulli beam subjected to a travelling force. 

The prestressing force and the elastic modulus are identified by an Or-

dinary Least Square operator with a Bayesian uncertainty estimation, 

by approximating the known term of the governing equations due to the 

travelling force with a square wave signal. 

The procedure is tested on six prestressed concrete girders and com-

pared with the design values of the parameters. 
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1. Introduction 

 

Many developed countries are facing the problem of ageing infrastruc-

tures and a limited budget on their maintenance. Quick and non-destruc-

tive test methods to assess the condition of existing structures are re-

quired for their maintenance and repair  [1]. 

Some of these methods may rely on the identification of the dynamic 

properties of the structure in its in-situ condition [2]. 

In the current work, it is attempted to deliver a straightforward proce-

dure for the bending stiffness identification based on an elementary in-

verse problem formulation. The method is tested on six PSC girders: 

the results are compared with the design values of the estimand param-

eters. However, the main objective of the paper is to see if the proce-

dure, based on an Ordinary Least Squares operator [3] [4] [5] [6], would 

at least get the magnitude of such parameters, providing a sort of pre-

liminary validation of the procedure. 

In the first section, the forward mathematical problem is presented 

while in the second section the inverse problem based on a least-squares 

optimization and a Bayesian estimate of uncertainty are described. 

In the fourth section, the results of six full-scale bridge spans tests are 

reported. In the last section, the main findings are summarized. 

 

2. Methods 

2.1 Forward Problem 

The equation representative of a bridge deck of length 𝐿, modelled as a 

single-span simply supported and uniformly prestressed Euler-

Bernoulli beam subjected to an external force 𝑃(𝑡) travelling with 

velocity 𝑐 can be written as:  

            𝜌𝐴
𝜕2𝑦(𝑥,𝑡)

𝜕𝑡2 + 𝑑
𝜕𝑦(𝑥,𝑡)

𝜕𝑡
+ 𝐸𝐼

𝜕4𝑦(𝑥,𝑡)

𝜕𝑥4 = 𝑃(𝑡)𝛿(𝑥 − 𝑐𝑡) (1) 

 where: 𝜌 is the mass per unit length of the beam, 𝐴 is the cross-sectional 

area, 𝑑 is the damping of the beam, 𝐸 is the Young modulus, 𝐼 the 

moment of inertia of the beam cross-section, 𝑦(𝑥, 𝑡) is the transverse 

displacement function of the beam and 𝛿(. ) is the Dirac delta function. 
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The Young modulus 𝐸 is assumed constant along the whole beam. 

Following [2], it is believed that the tendon eccentricity does not affect 

the dynamic properties of the beam. The dynamic deflection of the 

beam 𝑦(𝑥, 𝑡) is assumed as a linear combination of mode shape 

functions 𝑌𝑖(𝑥) multiplied by modal amplitude functions 𝑞𝑖(𝑡). 

Multiplying both terms of Eq.(1) by the generic mode shape function 

𝑌𝑖(𝑥) and integrating them with respect to 𝑥 between 0 and 𝐿, given 

modal orthogonality, the generic 𝑖𝑡ℎ modal equation can be written as:  
𝜕2𝑞𝑖(𝑥,𝑡)

𝜕𝑡2 + 2𝜉𝜔𝑖
𝜕𝑞𝑖(𝑥,𝑡)

𝜕𝑡
+ 𝜔𝑖

2𝑞𝑖(𝑥, 𝑡) =
1

𝑚𝑖
𝑓𝑖(𝑡) (2) 

 where 𝜔𝑖 = √𝐸𝐼

𝜌𝐴
(

𝑖𝜋

𝐿
)

4

, 𝜉𝑖 and 𝑚𝑖 are the reduced modal frequency, the 

damping ratio and the modal mass of the 𝑖𝑡ℎ mode, 𝑓𝑖(𝑡) =

∫
𝐿

0
𝑃(𝑡)𝛿(𝑥 − 𝑐𝑡)𝑌𝑖(𝑥)𝑑𝑥 is the modal force. For a simply supported 

beam, assuming the following normalization  

𝑚𝑖 = ∫
𝐿

0
𝜌𝐴𝑌𝑖(𝑥)2𝑑𝑥 = 1              (3) 

 the beam mode shapes are 𝑌𝑖(𝑥) = √2/(𝜌𝐴𝐿)𝑠𝑖𝑛((𝑖𝜋/𝐿)𝑥). Eq.(2) in 

matrix form can be written as:  

{�̈�} + [𝐶]{�̇�} + [𝐾]{𝑞} = {𝑓}                  (4) 

 where {𝑞} = {𝑞1(𝑡), . . . , 𝑞𝑛(𝑡)} collects the 𝑛 modal amplitude 

functions, {�̈�} indicates the second derivative with respect to time, 

{𝑓} = {𝑓1(𝑡), . . . , 𝑓2(𝑡)} collects the 𝑛 modal forces, [𝐶] = 𝑑𝑖𝑎𝑔(2𝜉𝜔𝑖) 

[𝐾] = 𝑑𝑖𝑎𝑔 (
𝐸𝐼

𝜌𝐴
(

𝑖𝜋

𝐿
)

4
) are the damping and stiffness matrices. 

 

2.2 Inverse Problem 

The prestressing force and the bending stiffness are estimated from 

measured accelerations. The measured accelerations may be expressed 

as  

{�̈�}𝑛𝑚×1 = [𝑌]𝑛𝑚×𝑛{�̈�}𝑛×1             (5) 

 where {�̈�} is the vector of accelerations at 𝑛𝑚 measurement locations, 

and 𝑛 is the number of measured modes in the response. The modal 

accelerations can be written using the least-squares pseudo-inverse  
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{�̈�}𝑛×1 = ([𝑌]𝑛𝑚×𝑛
𝑇 [𝑌]𝑛𝑚×𝑛)

−1
[𝑌]𝑛𝑚×𝑛

𝑇                 (6) 

 The modal displacement and velocity of the beam responses can be 

obtained from Eq.(6) by numerical integration. 

 

2.3 Estimate of moving load excitation 

In the current paper an alternative and possibly straightforward 

approach is proposed based on the approximation of the modal load 

excitation vector into a square wave under the following assumption: a 

moving load with known weight 𝑃 and unknown velocity 𝑐 is moving 

back and forth on the bridge deck. A moving load can be represented 

by the following equation  

𝑓(𝑡) = 𝑃𝛿(𝑥 − 𝑐𝑡)  (7) 

 where 𝑐 is the moving load velocity, 𝑥 the abscissa spanning the bridge 

length and 𝑡 the time. The 𝑓(𝑡) function, projected on the first mode 

shape, assuming 𝑌𝑖(𝑥) = 𝑠𝑖𝑛 (
𝜋

𝐿
𝑥), can be written as [25]  

𝑓(𝑡) = ∫
𝐿

0
𝑃𝛿(𝑥 − 𝑐𝑡)𝑠𝑖𝑛 (

𝜋

𝐿
𝑥) 𝑑𝑥

= 𝑃𝑠𝑖𝑛 (
𝜋𝑐

𝐿
𝑡)

          (8) 

 The moving load projected on the first mode can be then estimated by 

(i) computing {𝑓(𝑡)} assuming the pulsation value 𝜔1 and the modal 

damping factor 𝜉1 estimated from Operational Modal Analysis (OMA) 

Eq.(9), (ii) approximating the obtained vector with a square wave 

having absolute maxima equal to 𝑃.  

𝑓(𝑡) = {�̈�} + 2𝜉𝜔{�̇�} + 𝜔2{𝑞}     (9) 

2.4 Estimate of moving load excitation 

In practical situations, the high-frequency mode shapes may be 

negligibly excited, even under moving loads. The sole first mode may 

reveal to be a sufficiently stable one and that the higher modes do not 

significantly participate in the overall structural response. 

In the current paper, an OLS linear regression model is proposed for the 

estimate of prestressing and bending stiffness from the first mode shape 
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response. The OLS problem is not ill-posed as the bending stiffness is 

estimated using all measured samples 𝑛𝑠, (𝑛𝑠 >> 1):  

[𝑋]𝑛𝑠×1{𝛽}1×1 = {𝑦}𝑛𝑠×1 (10) 

 where {𝛽} = {𝐸𝐼0} is the unknown vector, {𝑓} Eq.(11) is the note 

vector and [𝑋] the coefficient matrix Eq.(12)  

{𝑦}𝑛𝑠×1 = {𝑓} − {�̈�} − [𝐶]{�̇�} (11) 

  

[𝑋]𝑛𝑠×1 = [(
𝜋

𝐿
)

4 1

𝜌𝐴
{𝑞}] (12) 

 The estimand of interest {�̂�} is computed from Eq.(10)  

{�̂�}1×1 = ([𝑋]𝑛𝑠×1
𝑇 [𝑋]𝑛𝑠×1)

−1
[𝑋]𝑛𝑠×1

𝑇 {𝑦}𝑛𝑠×1 (13) 

 In the OLS in Eq.(13) the observation errors are assumed independent 

with equal variance 𝜎2 [26]. 

The Bayesian uncertainty associated to the OLS model in 

Eq.(12) is estimated by means of the convenient noninformative prior 

distribution in Eq.(14), currently adopted for normal regression models:  

𝑝(𝛽, 𝜎2|𝑋) ∝ 𝜎−2 (14) 

 As stated by Gelman et al. [26], the adopted noninformative prior 

distribution gives acceptable results when there are many data points 

(𝑛𝑠) and a few parameters (dim({𝛽})=2 × 1). The marginal posterior 

distribution of 𝜎2 has a scaled inverse-𝜒2 form  

𝜎2|𝑦 = Inv − 𝜒2(𝑛 − 𝑘, 𝑠2) (15) 

 where 𝑛 − 𝑘 = the model degrees of freedom and  

              𝑠2 =
1

𝑛𝑠−1
({𝑦} − [𝑋]{�̂�})

𝑇
({𝑦} − [𝑋]{�̂�}) (16) 

 The marginal posterior distribution of 𝛽|𝑦, averaging over 𝜎, is the 

multivariate t-distribution with 𝑛𝑠 − 1 degrees of freedom. 

 

3. Case study 

A set of six 40 years old PSC beams was tested. The considered 

spans belong to different viaducts. They are labelled after the belonging 

viaducts: San Nicola, Biselli, Le Grotte, Cretara, Temperino, Cerchiara 

4 and Cerchiara 7. Each span consists of a PSC box girder having a 

trapezoidal cross-section, 2.3 𝑚 high with two cantilevered wings 

3.85 𝑚 wide, prestressed by bonded post-tensioned tendons. A limited 
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prestressing condition was designed, i.e. the tensile stress under service 

loads are accepted provided that they are below the concrete tensile 

resistance. An approximately constant prestressing force was achieved 

by symmetrically arranging the tendons, to avoid the variation of 

prestressing due to friction. 

The prestressing force Td expected at service after the short and long-

term losses is about 29000 𝐾𝑁. The design modulus of elasticity 𝐸𝑑 is 

35000 MPa, while the inertia is approximately 4.338 𝑚4. The box 

girders are supported by a pier at each end, whose centre distance is 

about 40 𝑚. Some of the original bridge bearings, made of rollers and 

racks, were replaced by elastomeric bearings, safer against seismic 

actions. 

It is believed that, under the testing conditions, no significant moments 

are transferred throughout the support, hence the beam structural type 

may be considered as simply supported. The concrete piers have a 

hollow cross-section, reinforced at their corners. 

 

4. Experimental setup 

 

 

Figure 1. Experimental Setup. 

The experimental setup is shown in Figure(1). Ten Force Balance 

accelerometers (FBA) were used to determine the deck’s response to 
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the excitation. The accelerometers were arranged into two measurement 

chains, each one driven by a master recording unit connected to a Wi-

Fi access point and synchronized by GPS sensors. 

The dynamic tests were carried out under similar environmental and 

weather conditions so that the influence of temperature and humidity 

on modal parameters can be considered negligible. The time series is 

about 20 minutes long. The girders were excited by a car weighing 

1750 𝐾𝑔 moving back and forth on the bridge deck at a speed between 

30 and 60 𝐾𝑚/ℎ. The modal parameters are estimated from Output-

Only Experimental Modal Analysis (EMA) using the Covariance-

driven Stochastic Subspace Identification [7]. 

 

4.1 Dynamic Identification 

The data were sampled at a rate of 200 Hz. The cut-off 

frequency of the anti-aliasing filter was set to 40 Hz. The preprocessed 

data were used for SSI and subsequent modal analysis, resulting in 

eigenfrequencies, damping ratios, mode shapes and covariances of 

these modal parameters for each setup. The parameters used for the 

identification are 𝑖 = 7, 𝑛 = 20 and 𝑛𝑏 = 70.  

 

 

Figure 2. Stabilization diagram and first mode shape of a PSC girders. 
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The first identified eigenfrequencies and damping ratios and their 

estimated uncertainty bounds 2𝜎 are shown in Table (1).  

As noticed from Figure(2), the sole first mode shapes are sufficiently 

stable modes. This can be physically understood from the fact that the 

structure was forced by a moving load with a trajectory almost 

coincident with the longitudinal symmetry axis: the torsional modes 

were not significantly exited. The low contribution of the second 

flexural mode to the overall response could be due to the proximity of 

the excitation frequency (𝑓 = 𝑐/2𝐿 Eq.(8)) to the first natural 

frequency. 

The frequency of the first modes are quite different between each other, 

despite the bridges have been identically designed. There are several 

reasons why the bridges behave differently: (i) different boundary 

conditions; (ii) interactions soil-piles-structures; (iii) interactions with 

adjacent girders; Specifically, (i) the different boundary condition could 

be due to the inhomogeneous distribution of roller and rack bearings 

and elastomeric ones. (ii) The soil-piles-structures interaction changes 

from one bridge span to another given the different heights of the piles. 

(iii) The influence of adjacent girders may lead to nonlinear interactions 

from the reciprocal contact between girders induced by the horizontal 

friction component of the moving load itself. 

 
Table 1. Eigenfrequencies and damping ratios of the identified first modes: 𝜇𝑓1 is 

the mean of the identified frequencies and �̂�𝑓1 the estimated variance, 𝜇𝜉1 is the 

mean of the identified damping ratios and �̂�𝑓1 the estimated variance. 

 𝝁𝒇𝟏 𝟐�̂�𝒇𝟏 𝝁𝝃𝟏 𝟐�̂�𝝃𝟏 

Le Grotte 2.6524 0.0004 2.12% 0.12% 

Biselli 2.6519 0.0043 2.03% 0.30% 

Cerchiara 7 2.6380 0.0003 2.00% 0.02% 

Cretara 3.4138 0.0003 2.00% 0.10% 

Cerchiara4 2.2474 0.0042 2.02% 0.30% 

San Nicola 2.6933 0.0070 3.34% 0.14% 

Temperino 2.4832 0.0001 2.22% 0.25% 

 

4.2 Model updating 

The comparison with acquired data shows that the simply supported 

beam model is ineffective to describe the experimental behaviour of the 

spans. In some cases, it isn’t able to identify the modes following the 
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first one but having its similar shape, in others this kind of model seems 

to be in accordance with the experimental data, but calculated 

frequencies are different from that identified. 

This problem leads to the implementation of more complex models, in 

which parameters must be optimized to reach correspondence with 

experimental results. The two different situations described above lead 

to the definition of two different models: 

- A model with flexural stiffness at each end, able to catch both 

the effect of the continuity between nearby spans along the 

longitudinal direction of the bridge and the real stiffness 

explicated by the supports (Figure 3); 

- A pile-beam system, evaluating the interaction between vertical 

and horizontal elements through the supports (Figure 4). 

 

In each case, the values of the modulus of elasticity of the beams are 

that derived from the experimental tests, while the optimization process 

focused on the definition of the correct boundary conditions. 

The objective function to be minimized  take into account experimental 

and numerical frequencies and modal shape [8]: 

𝐹 = ∑ 𝛾𝑖 (
𝜔𝑖

𝑚−𝜔𝑖
𝑐𝑎𝑙𝑐

𝜔𝑖
𝑚 )

2

+ 𝛽 ∑ (1 − 𝑑𝑖𝑎𝑔 (𝑀𝐴𝐶(𝜙𝑖
𝑐𝑎𝑙𝑐 , 𝜙𝑖

𝑚)))𝑁
𝑖=1

𝑁
𝑖=1  (17) 

This function represents the distance between measured modal data and 

FEM calculated modal data. Here, 𝑚 indicates a measured variable, 

𝑐𝑎𝑙𝑐 indicates a calculated one, 𝜔𝑖 is the ith natural frequency, 𝜙𝑖 is the 

ith mode shape vector, 𝑁 is the number of modes, 𝛾𝑖 is the frequency 

weighting factor, 𝛽 is the weighting function on the mode shapes. 𝑀𝐴𝐶 

is the Modal Assurance Criterion, assumed to evaluate the 

correspondence between experimental and calculate modal shapes. 

 

For spans N2 and N3, dynamic identifications showed the presence of 

more than one mode with shape similar to the first mode of a simple 

supported beam. This particular behaviour can be due to interactions 

between nearby spans, or to the nature of the supports. In order to value 

these interactions, the model in Figure 3 has been adopted.  
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Figure 3. Static scheme adopted for the model updating of spans N2 and N3. 

The following hypothesis has been formulated: 

- The values of the modulus of elasticity are that of the 

experimental test; 

- An identical value of the stiffness Kf for all the supports is 

considered, for a minor computational effort; 

The number of variables reduces to one, the stiffness Kf. Table 2 shows 

the results of the model updating, for span N2 and N3. 

Table 2. Comparison between experimental and calculated frequencies: spans N2 

and N3. 

Span 
Kf 

[KN m/rad] 

Experimental 

frequencies [Hz] 

Calculated 

frequencies [Hz] 

Err 

% 

Cerchiara 10000000 

3.40 3.48 +2.2 

3.75 3.57 -4.8 

4.06 3.95 -2.7 

4.22 4.30 +1.9 

Cretara 4500000 

2.62 2.63 +0.38 

2.89 2.99 +3.1 

3.30 3.04 -8.9 

In the remaining cases, the simply supported beam model exhibits a first 

mode shape similar to the experimental one, but with high differences 

in terms of frequencies, addressable to several reasons: 

- The presence of adjacent spans; 

- The characteristics of the supports; 

- The eccentricity between the foothold of the span and the axes 

of the piles and with the centre of gravity of its section; 

- The characteristics of the piles. 
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Figure 4. Static scheme assumed in the optimization procedure for spans N1, N4, 

N5 and N6.  

In order to take this contributes into account, scheme showed in Figure 

4 is adopted: the presence of the piers and a more detailed outline of the 

supports are modeled. The variables identified with the model updating 

procedure are the two stiffness Kv and Kh of the supports: their values 

are considered the same for both the left and right end of the span. 

Results are showed in the Table 3. 

Table 3. The variables identified with the model updating procedure 

Span 
Kv 

[KN/m] 

Kh 

[KN/m] 

Flexural 

mode 

Experimental 

frequencies 

[Hz] 

Calculated 

frequencies 

[Hz] 

Err 

% 

Biselli 1.50 e+06 5.00 e+05 
I 2.66 2.46 -5.7 

II 8.04 8.02 -0.25 

Le Grotte 1.50 e+06  5.00 e+05 
I 2.65 2.80 +5.6 

II 8.20 8.35 +1.8 

San Nicola 1.50 e+06  5.00 e+05 
I 2.68 2.53 -5.1 

II 8.72 8.38 -4.1 

Temperino 5.00 e+05  3.00 e+05 
I 2.48 2.47 -0.40 

II 7.85 7.91 +0.76 

5. Results 

The procedure followed for the estimate of the bending stiffness is here 

itemized:   

-  To purge the recordings from the torsional component, the mean 

of the responses of each pair of accelerometers, placed at the same 

distance from the supports, is computed assuming the PSC box 
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girder infinitely rigid torsionally. The five resulting time histories, 

approximately corresponding to the sole flexural response of the 

beam, are used for the estimate of both the prestressing force and 

the elastic modulus; 

- The modal responses are estimated from Eq.(6), and the velocity 

and displacement are obtained from simple integration;  

-  The modal excitation vector {𝑓} is computed by approximating 

the sine function with a sequence of square waves, Figure 5.  

The resulting bending stiffness is reported in Figure 6 for each PSC 

girder under test. 

The confidence intervals are further indicated in terms of three times 

the Bayesian variance (± 3𝜎) of the associated t-distribution, Eq.(16). 

 

 
 

Figure 5. Approximation of the modal forcing function by a square wave and a 

zooming on the modal forcing function.  

 
    

Table 4. Identified parameters with their estimated 2𝜎 confidence bounds. 

 EI [Nm2] 𝟐𝝈𝑬 [m4] 

Biselli 1.1205E+15 1.3699E+01 

Cerchiara 4 8.0524E+10 1.1160E+01 

Cerchiara 7 1.1095E+11 3.1960E+01 

Cretara 1.8579E+11 1.3239E+01 

Grotte 1.1209E+11 1.1940E+01 

Nicola 1.1564E+11 1.2240E+01 

Temperino 9.8305E+10 1.3874E+01 
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The specific weight of concrete 𝜌 = 25 𝐾𝑁/𝑚3 is assumed in the 

analysis since its oscillations in the range 24-26 do not sensibly affect 

the final results. 

The identified prestressing forces and elastic moduli are reported in Fig-

ure 6 f and Table 4.  
 

 
Figure 6. Identified bending stiffness with the estimated confidence intervals. 

 

The identified parameters and prestressing losses must be further 

investigated from in-situ Load Testing and other specific tests. The 

proposed procedure is meant to provide a sort of low-cost scanning of 

the state of PSC girders, preluding further specific and time-consuming 

analysis. Actually, current load tests provide the sole bending stiffness 

𝐸𝐼: eventual prestress losses may be indirectly detected from the slope 

change of the loading curves (increasing load-deflection of the beam), 

if concrete cracks: the prestressing force, in fact, guarantees the elastic 

behaviour of the section under loading. Nevertheless, static loading 

tests give no direct estimate about the actual status of prestressing. 

 

6. Conclusions 

An elementary and straightforward method was proposed for the 

identification of both the bending stiffness of concrete girders under 

known moving loads. It is based on an elementary ordinary least square 

operator for the identification of the parameters and a Bayesian estimate 

of the uncertainty: (1) the modal displacements are obtained from 

measured accelerations and Operational Modal Analysis; (2) the modal 
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force vector is then approximated by a square wave with known 

amplitude; (3) then the unknown parameters are estimated. The 

procedure was applied to six of full-scale PSC box girders: the results 

approximately match with the expected magnitude of the estimand 

parameters. The ageing of prestressed concrete structures urges civil 

engineering, as no straightforward strategies were devised for the 

identification of existing prestressing with low-cost and non-destructive 

tests. Elementary procedures, easily implementable by the Stakeholders 

in charge with the structural management and maintenance, are needed, 

for the sake of safety and economy to draft an accurate time schedule 

for the replacement of damaged structures. The proposed method 

provides the current estimate of the Bayesian uncertainty, which could 

be effectively used in further investigations for the evaluation of the 

structural reliability from probabilistic limit state function formulations. 
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Abstract 
The post-earthquake reconstruction of L’Aquila represents an ex-

traordinary experience of management, protection and restoration 

of cultural heritage, fully supported by public funds. This process 

was further complicated from 2016, by the subsequent earth-

quakes which devastated Amatrice, Norcia and a large part of 

Central Italy, not far from here. 

The definition of the governance and the legal framework of the 

reconstruction, the challenging tasks of restoring cultural heritage 

and the planning and technical-economic evaluations of interven-

tions, are some of the main topics managed in the integrated ap-

proach assigned to the L'Aquila Superintendence, the first 

such Superintendence in Italy with combined powers in monu-

mental, historical, artistic, archaeological and landscape fields. 

This has given us an extraordinary overview of a complex pro-

cess, due to the importance of the cultural heritage, the severity of 

the damage, and the solutions found. It has also been a very 

strong opportunity for study, research and scientific discussion on 

the post-earthquake recovery of cultural heritage. 
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1. Introduction 

The post-earthquake reconstruction of L’Aquila represents an extraor-

dinary experience of management, protection and restoration of cul-

tural heritage, fully supported by public funds. This process was fur-

ther complicated from 2016, by the subsequent earthquakes which 

devastated Amatrice and a large part of Central Italy, not far from 

L'Aquila. 

The definition of the governance and the legal framework of the re-

construction, the challenging tasks of restoring cultural heritage and 

the planning and technical-economic evaluations of interventions, are 

some of the main topics managed in the integrated approach assigned 

to the Superintendence for L'Aquila and its Seismic Crater, the first 

such Superintendence in Italy with combined powers in monumental, 

historical, artistic, archaeological and landscape fields. 

This has given us an extraordinary overview of a complex process, 

due to the importance of the cultural heritage, the severity of the dam-

age, and the solutions found. It has also been a very strong opportunity 

for study, research and scientific discussion on the post earthquake re-

covery of cultural heritage. The most interesting case, for us and for 

the whole reconstruction, has been the coordination of the largest pri-

vately funded intervention in L'Aquila: the restoration of the Basilica 

of S. Maria di Collemaggio, site of the Perdonanza Celestiniana. 

The achievements of our work in this ten year reconstruction have 

been presented at several scientific meetings in Italy and abroad, with 

the aim of sharing experiences and best practices, to make these avail-

able to the scientific community and to the decision makers in Italy 

and in Europe. 

It is an engagement that forces us to face different difficulties in order 

to ensure safety, urban regeneration, structural and technological im-

provement, energy efficiency, landscape protection and, especially, 

good and proper use of the restoration methodology. 

As 2016 ICOMOS [1] Post trauma reconstruction Colloquium de-

clared, in the face of destruction many issues need our attention: iden-

tity, memory, tradition and innovation. Therefore reconstruction 

means also creating new identities and new relationships. And must 

focus on rebuilding not only stones, houses and cities, but also the 

connections between people, spaces and relationships. This is a pro-

cess that needs the contribution of all the players in the game and that 

can proceed only with a shared commitment to common goals: giving 
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back to every city its people, and at the same time, giving back each 

community to its identity and its history. Back to its memory and, fi-

nally, back to its future. 

 

2. Seismic craters 

 
Figure 1. Seismic craters on 2009 and 2016. Strong earthquakes in Italy 

 

As you can see, the so-called 2009 and 2016 "seismic craters" are 

so near and partly overlapped. Their territories have strong geo-

graphic, historical, economic and social affinities. And most of 

their problems are the same. The grey area is the 2009 crater 

while the red line defines the southern limit of the 2016 crater. 

So, I would like to focus problems, governance, tools, issues, 

methodologies and tangible results. And, finally, share experienc-

es and best practices about restoration and heritage protection, 

applied and led to an advanced stage in the post 2009 reconstruc-
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tion, that can then be made available for the new reconstruction to 

start after 2016 earthquake.  

 
Figure 2a. Seismic crater 2009. 2387 Kmq (23% Abruzzo), 144,000 inhabitants 

 
Figure 2b. Seismic crater on 2016 
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And now, let’s have a look back to the 2009. The earthquake 

shocked a vaste area (almost a quarter of the Abruzzo region) in-

habited by more than 140.000 people, including a regional capital 

and 56 municipalities with several small historical centers and 

hamlets (270 or most). And caused three hundred and nine vic-

tims, thousand and five hundred injured and seventy thousand 

refugees. 

That territory was dramatically damaged, also in its precious his-

toric image and cultural heritage: a big historic center and many 

small ancient villages, with a widespread heritage and ancient 

traces of a great past.  
 

3. Cultural heritage  

Since 2012 L’Aquila’s historic center is a huge, hard-working, 

engaging construction site with masons and laborers, trucks and 

cranes, café, restaurants, shops and offices opening day by day, 

but few inhabitants. They have been, since 2009, spread out in 19 

districts called “new towns”.  

But those who have choosen that name probably didn’t know that 

L'Aquila was itself an old new town, a new-founded city of the 

XIII century that kept its shape for centuries. A founded city that, 

after the earthquake, has become a city to be refounded. A city 

that, with its past, also contains an extraordinary lesson in urban 

and civil history, useful for its reconstruction and its future. 

That foundation was a response to a widespread need from the 

communities, finding in their aggregation a way to increasing 

their social and political strength. A great project shared by nine-

ty-nine castles, whose result was not only a “new town” but also 

the creation of an extraordinary and unique relationship: between 

each founding castle and "its double" in town, between the new 

city and its wide countryside. 

L’Aquila was then settled where the ninety-nine founding castles 

identified the most suitable site for the new city. So, the whole 

countryside was divided into four quarters, crossing at the exact 

point where the new city will be built. The city was, in turn, di-

vided into four quarters (quarti), designed to receive the commu-

nities from the corresponding territorial quarter. Each quarter was 

then divided into small areas (locali), with the same name as the 
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founding castles, where the future residents would have to build 

their own homes. 

Indeed, new inhabitants could move to the city only after having 

provided for the construction of their square, their church and 

their fountain that are, in fact, the representative and symbolic 

places of the common assets: the civil aggregation (the square), 

the religious community (the church) and the common resources 

(the fountain). Today we use to call it “public common works” or 

“opere di urbanizzazione”. 

It’s an extraordinary lesson of civil engagement of the communi-

ties in that shared project of foundation of a new town. 

In every area (locali), the church kept the name of the correspond-

ing church and, sometimes, even the name of the castle. So, each 

founding castle had its “double” in the new city and the new city 

was strictly linked to its territory. 

Only a few years later, the inhabitants of the new city commit 

themselves to the realization of the great common works, as the 

large Market Square, the Basilica di Collemaggio, and the big 

Fontana delle 99 Cannelle. In this way they built, all together, the 

square of everyone, the church of everyone, the fountain of eve-

ryone.  

Then the new town was enclosed by a 5 km city walls, still com-

pletely preserved.  

In the following centuries the historic center was enriched with 

many important buildings as the monumental S. Bernardino 

church and the mighty spanish fortress, churches and palaces.   

The Antonio Vandi’s map shows the XVIII century city. 

An ancient new town, many other ancient villages, castles, 

churches, monasteries, palaces, ancient routes, valleys and moun-

tains in a stunning landscape: this is the cultural heritage devas-

tated by the 2009 earthquake: almost 942 private-owned monu-

ments are protected, largely concentrated in L’Aquila, and also 

many other public monuments (more than 1000) are protected by 

law.  

The cultural heritage highlighted on this map explains that recon-

structing cultural heritage in L’Aquila means reconstructing 

L’Aquila. 
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Figure 3. About 500 building of cultural interest  

Map of protected heritage, subject to: 

--- direct protection; --- to ope legis; --- to indirect protection 

 

3.1. The territory of L’Aquila. A lesson from the past 

 
Figure 4. Topographic map. Contado and Diocese of L'Aquila by. C. Franchi, 1752 
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Figure 5. The territory, the founding castles, the town 

 

3.2. The «capodiquarto» churches 

The foundation and settlement rules:  places, churches, fountains,  

public spaces, religious sites, resources. The founding castle and “his 

double”. 

 

 
Figure 6a. S. Maria (Paganica) 
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Figure 6b. S. Giusta (Bazzano) 

 

 
Figure 6c. S. Pietro (Coppito). 
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Figure 6d. S. Silvestro (S.Giovanni di Lucoli in the past) 

 

3.3. The churches of the «capodiquarto» castles 

 
Figure 7a. S. Giusta (Bazzano) 
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Figure 7b. S. Maria (Paganica) 

 
Figure 7c.  S. Pietro (Coppito) 
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 Figure 7d.  S. Giovanni (Lucoli) 

 

3.4. The «commonworks» 

 
Figure 8a. S. Maria di Collemaggio 
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Figure 8b. Fountain of Ninty nine Cannelle 

 
Figure 8c. Mercato place 

 

4. Symbolic values and identity 

Italy is an earthquakes country. And L’Aquila is an earthquake 

town, since its foundation. After the 1359 and the 1461 shocks, a 
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new A new strong earthquake completely destroyed in 1703 the 

city and the villages: reconstruction brought in L’Aquila a new 

baroque image, giving the city the most precious churches and 

palaces that compose, still today, its image. At that time almost all 

the existing churches were seriously damaged and rebuilt in their 

interiors according to new architectural style.  

And so, since almost eight centuries, this continuous process of 

building and collapsing and rebuilding due to the earthquakes is 

one of the main characters of L’Aquila history and of L’Aquila 

restoration, giving us every day new discovery and surprises, that 

I’ll show you at the end of this presentation. 

In that earthquakes history, cultural heritage destruction has been 

always one of the most problem of reconstruction. A problem that 

forces us to ensure safety, structural and technological improve-

ment, energy efficiency, urban regeneration, landscape protection 

and, at the same time, conservation and restoration methodology.  

In 2016 we brought L’Aquila experience in the ICOMOS Interna-

tional Meetings in Paris and Istanbul, especially focused on Post 

trauma and Post Disaster Reconstruction.  

As the debate declared – this is a working paper coming from Par-

is discussion groups -in all countries affected by natural or human 

destruction - earthquakes, floods, tsunami or wars, air raids and 

terrorist attacks - in the face of destruction many issues need our 

attention: identity and memory, tradition and innovation, balance 

between conservation and living heritage.   

So, buildings that may have had little interest to the community 

can suddenly become extremely symbolic: and that’s what’s hap-

pening in L’Aquila right now. 

Therefore reconstruction means reconstructing identity and rela-

tions. Also with history and memory of local communities. Trying 

to give back to the people – that after trauma can develop a fear 

after of old building and traditional construction methods and, 

therefore, required only new ways to rebuild, restore and reinforce 

buildings – a new confidence in the ancient technologies. And a 

new strong relationship with its cultural heritage and its memory. 

Identity and relationship between heritage and communities are 

also the goals of the Faro Convention on the Value of Cultural 

Heritage for Society, that emphasizes the important aspects of 

heritage as they relate to human rights and democracy.  
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It promotes a wider understanding of heritage and its relationship 

to communities and society and encourages us to recognize that 

objects and places are important because of the meanings and us-

es that people attach to them and the values they represent. 

One of the most interesting and symbolic case - for us and for the 

whole reconstruction - has been the restoration of the Basilica of 

S. Maria di Collemaggio: one of the most important Middle Age 

monument in Central Italy, site of the Perdonanza Celestiniana, 

and, at the same time, one of the most damaged monument in the 

2009 earthquake, completely restored in less than two years with 

the largest privately funded intervention in L'Aquila. 

After the 6 april shock, the Basilica completely collapsed in his 

central area, in the cross between the aisle and the transept. Eight 

months later, after the emergency works, with scaffolding, but-

tresses and underpinning, was celebrated the Christmas mass un-

der a provisional coverage. 

In 2012 ENI (the big Italian energy company) subscribed a spon-

sorship with L’Aquila Municipality to support the Basilica recon-

struction, involving Superintendence (my office) to cohordinate 

project (with the Roma, Milano and L’Aquila Universities) and 

supervision of works. 

The project was concluded in 2015 and the works started in Janu-

ary 2016. On december 2017, in less than two years, the restora-

tion was completed and the “newfound Basilica” has been finally 

gave back to the city. 

The restoration began from the structural reinforcement of the 

aisle pillars, completely dismantled and remounted for half of 

them, to check resistance and structural integrity.   

Next step was the walls reinforcement and the reconstruction of 

the two big pillars collapsed with the whole transept, and the de-

stroyed vaults. Other works involved the apse with the important 

Chapels. Then started the most delicate restoration of plaster-

works, sculptures, marbles and the famous red-white stones of 

floor and façade. 

That phase gave us many amazing surprises, discovering original 

baroque colours and gildings in the Celestino Chapel. 

Just a few weeks after the opening, the Basilica was included in 

the programs of an important tourism website as the main reason 

to visit L’Aquila in 2018. 
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Now the work of the offices of Ministry of Culture in the Basilica 

is going on, with the relocation, in the 2018 summer, of the mon-

umental precious gilded baroque organ and the current program of 

restoration of the many paintings, including the precious cycle of 

Bartholomaeus Ruthert paintings that wait to come again on the 

Basilica’s walls, and the extraordinary Saturnino Gatti’s XVI cen-

tury Madonna con bambino, now temporary displayed in Munda 

Museum. 

 

5. Restoration, Recovery, Reconstruction 2009-2019 

 
Figure 9. Private-owned cultural heritage/historic centre blocks. 

Approved projects 

 
Figure 10. Private-owned cultural heritage/historic centre blocks 

Public funds (in Euro billions) 
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Figure 11. Reconstruction…how it goes? Blocks/monuments with approved project 

and works ongoing/completed 

 

Two years after the earthquake, the reconstruction finally began 

to involve the old center, with construction sites and works in 

progress. Many of them have ended long time ago and returned, 

day by day, to an urban image which is discovering itself, waiting 

to become again a living city. Today there are already extensive 

works in progress or concluded. More than 36 public monuments 

(30 in L’Aquila) are restored, 3 are nearly finished and 12 are on-

going. The restoration projects have been approved for 320 

blocks, including more than 350 private monuments and build-

ings. 

As regards the private cultural heritage – most of the old town 

centre – that represent the greater part of the Superintendence’s 

work, the graphical shows the viewing trend over the last 10 

years…. 

1) n terms of numbers, that is the blocks with projects approved, 

works in progress or, most of them, finished; the red line shows the 

total (320 blocks) including L’Aquila and, with the blue line, the 

crater’s villages; 

2) n terms of costs, that is the value of the public contributions ap-

proved,; in this image you can also see the total amount, now corre-

sponding to about 1 billion and 300 millions of euro, and also the 

smaller part of less than 400 millions, calculated with the paramet-

ric system; it means that the remaining amount of 900 millions of 

euro of public contributions has been calculated, verified and ap-

proved only by the Superintendence. That’s an effective indicator 

of our work and, most of all, of it positive effects and impact on the 
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whole reconstruction process, as you can easily check walking in 

the old town.  

Next slides shows the same viewing trend for the public cultural 

heritage, almost all restored by Ministry of Culture offices (Re-

gional Secretariat and Superintendence). Only the few monu-

ments highlighted in red are restored by other offices... 

A big work that instantly produced significant results and im-

portant economic and social outcomes.  

But, as I said, our office has been since 2015 the first such Super-

intendence in Italy charged of an integrated approach to the con-

servation and protection mission, with combined powers in mon-

umental, artistic, archaeological and landscape fields. 

And so, let’s have a look at the other issues of this reconstruction. 

 

6. Public cultural heritage 

The restorations works were developed in the following way: 

a) completed restorations for Novantanove Cannelle, Palazzetto  

dei Nobili, S. Maria di Farfa, S. Biagio/S. Giuseppe Artigiano, Cristo 

Re, Crocifisso, ex ISEF (GSSI), Porta Napoli, Porta Castello, Conven-

to di S. Giuliano, Madonna Fore, S. Giuseppe dei Minimi, S. Pietro 

Apostolo a Onna, Mura urbiche, S. Bernardino, Museo Nazionale 

d’Abruzzo (ex Mattatoio), S. Vito alla Rivera, Convento di S. Amico, 

Fontana Luminosa, S. Maria del Ponte, S. Gregorio, Basilica di Col-

lemaggio, Palazzo dell’Emiciclo, Palazzo ex GIL (GSSI), Amphi-

sculpture al Parco del Sole, Palazzo Camponeschi, S. Maria del Suf-

fragio/Anime Sante, S. Maria del Soccorso, S. Silvestro. 

b) outside the city for S. Clemente a Casauria, S. Maria della Con- 

solazione a Picenze-Barisciano, S. Sebastiano a Navelli, Beata Vergi-

ne delle Grazie a Torre de’ Passeri, S. Spirito al Morrone a Badia 

Morronese - Sulmona, S. Maria ad Cryptas a Fossa, Abbazia di S. Lu-

cia a Rocca di Cambio, etc. 

c) nearing completion for Chiesa-Teatro S. Filippo, Palazzo Ar- 

dinghelli, S. Pietro Coppito. 

d) ongoing works for Forte spagnolo, S. Sisto, S. Giusta, S. Fla- 

viano, Misericordia, Teatro comunale, S. Agostino, S. Maria della 

Croce a Roio, S. Maria di Roio, S Margherita-Gesuiti, Palazzo Mar-

gherita ⃰, Palazzo del Governo, etc. 

Note: red indicates the restorations carried out by public offices  

other than MIBAC. 
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Figure 12a. Timeline 2009-2014. Reconstruction of public and private heritages 
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Figure 12b. Timeline 2015-2019. Reconstruction of public and private heritages 

 

7. Cultural heritage as a development driver 

The economic amount produced by the reconstruction of private cul-

tural heritage and public cultural heritage demonstrates the great ca-

pacity of "development driver" of the reconstruction process. 

Cultural heritage is a development driver, with: 

a) approved public funds 1.300 mln, private cultural heritage;  
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b) about 220 mln public heritage (MIBAC/Segretariato regionale); 

c) about 250 mln, public heritage (Provv.to OOPP, Regione, Co- 

mune, etc. 

The private reconstruction contributions are approved on evaluation 

and self-authorization of the projects by the Superintendence. 

The spending capacity of public funds produces the "draw" effect on 

subsequent planning with material results, finished works, return of 

activities, work for companies, workers and other professionals. 

 

8. Archaeological protection, a closer look 

Archeology of the city and territory were studied. 

The reconstruction always includes: 

a) processes that involve underground excavations, with 30%  

archaeological surveys, 56% archaeological assistance, 14% art. 90 

BBCC Code. 

b) activity like Post-earthquake monitoring and first recovery in- 

terventions, Infrastructure networks, Authorizations in areas of ar-

chaeological interest, reconstruction preventive archeology valorisa-

tion and scientific activities. 

c) urban archeology interested: underground services, public  

works, private construction, 

d) Reconstruction in the area, rubble monitoring, areas of archaeo- 

logical interest 

e) Development and territorial networks, railways (Necropoli On 

na, Popoli tomb, Roman road S. Elia), SNAM (Barete preventive ar-

cheology), fiber networks (control over the territory) 

f) Enhancement about agreements for studies and research (ISCR  

and MUCIV) Promotion exhibition of archaeological finds (POMAQ) 

Hypogeum rooms Hemicycle / Archaeological Garden Palazzo Pascali 

Project Archaeological Civic Museum in S. Maria dei Recommended 

Archaeological restoration project with Academy of Fine Arts AQ Ar-

chaeological area management agreement Tempio Italico Castel of 

Yesterday / Restoration Torrione Discoveries and discoveries. 

 

8.1. Urban archaeology  

 – Accessories, over 130 discoveries. 
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Figure 13. Map of Urban archaeology Discoveries 

 

9. Best practices. Sharing experiences 

The achievements of our work in this ten-year reconstruction have 

been presented at several scientific meetings in Italy and abroad, 

with the aim of sharing experiences and best practices, to make it 

available to the scientific community and to the decision makers 

in Italy and in Europe. 

Since the beginning we tried also to activate a constant and sus-

tained dialogue with Universities, Masters and post-graduate 

Schools, in Italy and abroad, to offer case studies and to activate 

discussions and researches.  

We promoted many activities in information and communication 

about cultural heritage reconstruction: with the other players but, 

more, with the communities. Participating to every public event to 

present results and works in progress, to ensure information and 

accountability. Organizing public events in the restored places or 

about restoration in progress. Sharing everything about our expe-

rience: so good and bad questions. 

One of the most important tools in this work has been also the 

media and web communication: our fb page, activated in april 

2016, has soon became the most effective way to share the recon-

struction work in progress. Now we have more than 5000 follow-

ers and we wish you were soon part of them. 
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Therefore reconstruction means also creating new identities and 

new relationships. And must focus on rebuilding not only stones, 

houses and cities, but also the connections between people, spaces 

and relationships.  

In the 2018 European Year of Cultural Heritage was launched the 

European Framework for Action on Cultural Heritage, with 5 are-

as of action for an inclusive, sustainable, resilient and innova-

tive Europe, and for stronger global partnerships.  

In this context was promoted also the European Quality Principles 

for EU funded Interventions on cultural heritage: in this picture 

you can see the presentation in venise. please note, behind the 

speakers, Collemaggio on the screen. Yes, because they opened 

their meeting just talking about L'Aquila and the Collemaggio 

Basilica restoration! 

This is a short summary of the document.... 

And after the big fire of Notre Dame de Paris, sharing knowledg-

es and capacities on cultural protection has become a shared need, 

as clearly declared also the president Macron. So, our experience 

in post earthquake reconstruction, can be strategic. 

 

9.1. Scientific collaborations  

- Italia Nostra (training course for teachers) 

- Ufficio Scolastico Regionale (alternating school-work) 

- Banca Intesa Sanpaolo ("Returns. Restored art treasures" project) 

- Ordine degli Architetti della Provincia dell’Aquila (Landscape day) 

- Università degli Studi dell’Aquila (University Museum Pole, 

Landscape Day) 

- Museo delle Civiltà e Istituto Superiore per la Conservazione e il Re-

stauro, Roma (interventions on human remains and funerary outfits 

from the necropoli of the territory) 

- Università della Calabria e istituti vari consorziati (diagnostic inter-

ventions applied to Cultural Heritage)     

- Università degli Studi «G. D’Annunzio» (monographic issue of 

Opus magazine) 

International and local meeting and conferences: 

a) participation in ICOMOS international initiatives in Istanbul  

and Paris é [1, 2];  

b) “Living with Earthquakes” conference in Cambridge [4]; 

c) speeches during the LuBeC and Salone del Restauro exhibitions  
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in Ferrara [5]; 

d) study days and national conferences promoted by ARCo (Mace- 

rata, Naples) [6, 7]; 

e) Council of Europe Faro Convention Workshop (Fontecchio) [8]. 

 

9.2. Cultural heritage as a development driver: tourism 

In the heart of Abruzzo, at the foot of the Gran Sasso, there is a city at 

the same time as strong as stone and delicate as snow: L'Aquila, a 

wonder broken by the earthquake, but today stronger than before. This 

historic university city, much loved by tourists and students, offers a 

remarkable artistic heritage, with a center dotted with palaces and 

churches one more beautiful than the other, starting from the majestic 

and high Basilica of Collemaggio. The aftershocks of 2009 had dam-

aged the basilica, but now the extensive restoration works have 

brought the façade masterpiece and its rose window back to life. After 

a tour of the city, stretch out on the nearby coast of the trabocchi, that 

of the province of Chieti, not forgetting to touch destinations such as 

Punta Aderci and Puntapenna, with the spectacular fishing stilts over-

looking the Adriatic. 

 

9.3. Policy making difference after disaster 

From Forum «Abruzzo verso il 2030, sulle ali dell’Aquila», about 

Building resilient region after a natural disaster, it was said: “In terms 

of culture and heritage, it is imperative to find ways to link the past to 

the present and also to the future, by creating synergies between the 

cultural heritage and the surrounding environment and by exploiting 

the economic potential (in terms of jobs, new enterprises, upgrading 

of skills etc.) of cultural interventions…” 

We were able to verify in the field how much identity, belonging, rela-

tionships, history and memory are fundamental ingredients to support 

the most complex reconstruction processes of places, communities 

and people. It is the 'social and cultural value' of reconstruction, the 

response to the growing need for re-appropriation of lost places and 

the extraordinary potential for building a new future. 

Each initiative, each completed restoration, each public event become 

an opportunity to return to the founding places of the urban scene and 

to collective spaces, in search of a new sense of community, rediscov-

ering in the cultural heritage the synthesis of common values and 

identity, elements of a new awareness of the value of the city and the 
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territory, the 'common good' par excellence. In this process, it was 

fundamental to nourish every possible channel of communication with 

citizens and communities, starting from the constant presence on so-

cial channels with the Facebook page of the Superintendence, which 

in a few years has reached significant numbers. 

The Superintendence received in its fb page: more than 5300 likes af-

ter just two years, more than 1000 posts and spikes of about 50,000 h 

for the most appreciated posts. 

 
Figure 14. Policy making after disaster. Helping regions become resilient 

 

9.4. Ethical and technical guidance on the quality subject 

 
Figure 15. Policy making after disaster. Helping regions become resilient 
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In November 2018, the European Commission and ICOMOS [11] In-

ternational presented the new quality principles for interventions on 

cultural heritage at the Cherishing Heritage Conference in Venice [3], 

It was said: «quality requests time, engagement, stress, application». 

 

 
Figure 16. Venice, November 2018 [3] 

 

Understanding of and respect for cultural heritage and its significance: 

it is paramount that uses of - and interventions on - cultural heritage 

respect and keep the character of the place and its values: 

a) Adequacy of feasibility studies and detailed conservation plans: 

analysis and diagnosis of the cultural asset are requisite for any inter-

vention. 

b) Precaution in designing: “be prudent, especially if knowledge /  

information is insufficient or unaffordable”. 

c) Authenticity and integrity: essential. 

d) Reversibility of the interventions: recommended. 

e) Efficacy: the desired results have to be formulated and agreed  

upon in advance. 

f) Preventive care: “it is always better than subsequent traumatic  

interventions”. 

g) Minimum intervention: “do as much as necessary and as little  

as possible”. 

h) Compatibility of design solutions: “use adequate materials,  
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techniques and detailing” in regard to material and physical-chemical -

mechanical interactions between the new and the existing. 

i) Multidisciplinarity: “call upon skill and experience” from a range  

of relevant disciplines. 

j) Use of the cultural asset and regular programmed maintenance:  

necessary to extend life of   the cultural asset. 

And there the images of L’Aquila and the devastated and reconstruct-

ed Basilica of S. Maria di Colle-Maggio were the background for the 

opening session of the conference, in which Silvia Costa, Rapporteur 

of the “Creative Europe” Program, commented on the photos of the 

collapses and the recent restoration “I chose these images…as a sym-

bol of the extraordinary commitment to reconstructing L’Aquila in the 

last ten years…a unique case in Europe of post-earthquake reconstruc-

tion of an entire city of art. ...The value of this image contributes...to 

the definition of an integrated quality approach to cultural heritage in 

exceptional circumstances.…Restoring cultural heritage after a trage-

dy by meeting community values and expectations is an intrinsic as-

pect of quality, a way of rebuilding and restoring hope and trust as 

well. " 

 

9.5 Resilience 

Reconstruction started since 2010. But for the first two years al-

most nothing happened in the historical center, garrisoned by the 

army, with roads closed, homes inaccessible to the people who 

lived there, the forbidden "red zone" extended to the whole city 

center.  

The 19 new towns has been an immediate response to homeless 

people, but they produced some non-places scattered, devoided of 

any urban character, hosting “people without cities” while in the 

historic centers lay abandoned houses, empty squares, forbidden 

streets. Cities without people. 

And those keys, hanging provocatively on metal fences that sur-

rounded the "red zone" until 2013, reminded of that sense of deep 

deprivation that the inhabitants of the center have suffered in the 

years, losing all ties with their places and their houses, of which, 

indeed, they did not remain nothing more than a useless - and un-

usable - bunch of keys. 

That's why the “L’Aquila case study” has much to say about resil-

ience. For its origins, for its history and for its unfortunate centu-
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ries-old custom with earthquakes. A single story that impressed in 

this town – in its squares, streets, urban shape, monuments and al-

so in the buildings masonry – an extraordinary “lesson from the 

past”. A lesson of urban planning and resilience. 

And today, ten years after, what’s happening in L’Aquila? …and 

in the crater’s villages?  

Many topics ask us questions about cultural heritage reconstruc-

tion: safety vs conservation? Restoration vs reconstruction? Im-

provement vs structural upgrading? Protection vs innovation? 

Public interests or individual rights?  

And finally…. old villages or new suburbs?  

The L’Aquila Municipality has recently approved a new version 

of its masterplan that allow widespread demolitionsin the historic 

centres of its settlements, with increased density in the reconstruc-

tions. Is this really a good approach to design the future of this 

territory and landscape? 

And, someone says that this is a slow reconstruction. I don’t 

agree, at least for cultural heritage restorations, that’s becoming 

one of the key factors of this hard city rebirth.(as also OCSE 2012 

Report said). 

 

10. Reconstructing rediscovered heritage 

 
Figure 17. A closer look…  archaeology 

 

10.1 Hidden chronicles coming back from the past. 
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Post seismic reconstruction forced us also to open many unknown 

pages of history, discovering amazing surprises, often due to the 

previous earthquakes:  

old antiseismic devices inside the masonry; 

old structures and sculptures hidden in the walls; 

painted wooden ceilings resurfaced above the vaults; 

many wonderful unknown paintings and frescoes under plaster 

and decorations. 

extraordinary locations (Ardinghelli Palace, a baroque palace to 

be transformed in contemporary art museum; 

or the restoration and nightlighting 5km City walls. 

And, at least, amazing archaeological sites and ruins (pre-roman 

and roman age) or unexpected discoveries during restorations and 

reconstructions. 

It’s a wonderful work that always proposes difficult problems to 

solve, facing different challenges in order to ensure safety and 

good reconstruction, social reporting and accountability of public 

funds.  

Therefore, we are - all together – responsible: for giving back to 

every city its people and returning, at the same time, to each 

community its identity, also represented by the places of its histo-

ry and its memory. It’s a process that will need its time, but must 

focus on rebuilding not only homes and cities, but also the con-

nections between stones, buildings, spaces and relationships.  

Monuments, churches, historic buildings, streets and squares are 

finally coming back: rebuilt, restored, safe and beautiful, better 

than before.  

So, give back the citylife in the city center is now the most im-

portant – and the most difficult –mission to conclude the recon-

struction, giving back to the communities the keys of their cities 

and of their lives and, at the same time, giving back each commu-

nity to its identity and its history. Back to its memory and, finally, 

back to its future. 

In the 1975, more than 40 years ago, the headline of the European 

Year of the Architectural Heritage was “A Future for our Past”, 

that’s the key of our mission. But can be also, even inverted as “A 

past for our future”, a key for the resilience of our territories and 

societies, that needs future but cannot forget its past. Especially if 

it’s so wonderfully present.  
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10.2 Santa Maria del Suffragio. Old antiseismis devices 

Wooden chains and frameworks inside the masonries. 
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Figure 18. Wooden chains and frameworks inside the masonry 

 

10.3. Ardinghelli Palace 

Ardinghelli Palace is placed in an extraordinary locations. It is a ba-

roque palace to be transformed in contemporary art museum. 

 
Figure 19. The façade 
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Figure 20. Particular of the façade 

 
Figure 21. Internal court 
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10.4. City Walls: the earthquake damages 

 
Figure 22.  L’Aquila, Plan by P. Fonticulano and J. Lauro, 1600 

 
Figure 23. Porta Brinconia 
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Figure 24. Rediscovered city gate  near to Porta Stazione 

 

 
Figure 25. Amazing discoveries and restorations of preroman and  

roman ruins also during reconstructions! 

 

The complete restoration was performed, with reconstruction and 

nightlighting of the old City walls, for the length of 5 km.  
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Figure 26. View in the night lighting 

 

Conclusions 

The L'Aquila experience was presented by the Superintendence in two 

important ICOMOS events in 2016, in Paris and Istanbul [1, 2], fo-

cused precisely on the reconstruction of cultural heritage after disas-

ters. 

In L'Aquila, cultural heritage has a pervasive and relevant presence, 

both in quantity and quality. That's why…rebuild the cultural heritage 

in L'Aquila, it means rebuilding L'Aquila. 

We need to balance different issues, such as the issues to do with 

monuments and archeological issues versus the idea of living heritage 

and the right to shelter of the population.  

In the face of destruction, structures that may have had little interest to 

the community can suddenly become extremely symbolic. 

Sometimes, after a trauma, local communities also develop a fear after 

of traditional methods. They lose confidence in the traditional con-

struction methods and buildings. They might misunderstand how tra-

ditional construction works when it comes to rebuild. That is why they 

need to be given the scientific proof of how the traditional construc-

tion worked and how it survived. 

Reconstruction sometimes means creating new identities. If popula-

tion stay away for a long period of time, they may no longer have a 

connection to the place and it may be very hard to bring people back 

into location. 

What this restoration experience can leave us for our future?  

…to its city and citizens 

…to our country 
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…to the restoration methodology 

…to the near appennines regions facing a new post-earthquake recon-

struction 

..to the european countries… 

In term of capacity building, best practices, results and more? 

Reconstructing cultural heritage … hidden chronicles coming back 

from the past. 

The main questions for ourselves are: 

• Safety or conservation?  

• Restoration or reconstruction?  

• Improvement or structural upgrading?  

• Protection or innovation?  

• Public interest or individual rights? 

• Old villages or new suburbs? 

The reply maybe double:  

1) “The city doesn't talk about its past, but contains it…” 

by Italo Calvino, “Le città invisibili”, 1972;  

2) “There is a crack in everything. That’s how the light gets in”  

by Leonard Cohen, “Anthem”, 1992. 
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Abstract 
A relentless and tight story by images, composed of a sequence of 

complex processes and meticulous restorations, reconstructions of en-

tire parts ruined collapsed and rediscovered of precious and un-

published decorations, sophisticated machinery with daring support 

structures and delicate interventions manuals conducted with the pre-

cision and lightness of scalpels and brushes. It is the synthesis of the 

two intense years enclosed in the large space of the Basilica, the heart 

of an extraordinary project made of technique, competence and pas-

sion, in which experts, technicians and workers have animated - and 

concluded in record time - a real " yard of knowledge ". 

An experience that allowed the Superintendence to share a stimulating 

opportunity for extended collaboration with Eni, Universities and 

Administration.  

And to contribute - with the role played in project and in the direction 

of the works - the restitution of a symbol of the city, of history, of art 

and of faith, in which the value of physical reconstruction is nourished 

and multiplied in the collective added value of rediscovery, identity 

and of belonging. That added value that gives meaning and meaning 

to all our daily work on the cultural heritage damaged by the earth-

quake, for which the "rediscovered Basilica" also becomes a symbol 

of the thanks that we owe to all those who are active protagonists. 
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1. Introduction 

A story told in pressing, rapid images, consisting of a sequence of 

complex processes and painstaking restorations, reconstructions of en-

tire parts which had disastrously collapsed and rediscoveries of pre-

cious and original décor, sophisticated machinery with inventive 

supporting structures and delicate manual operations carried out with 

the precision and lightness of scalpels and paintbrushes.  

This is the synthesis of two intense years enclosed in the large space 

of the Basilica: the heart of an amazing project founded on technique, 

skill and passion, in which experts, technicians and workers have giv-

en life to - and concluded in record time - a true “worksite of know-

ledge”. 

This experience allowed the Superintendence to share an exciting col-

laborative opportunity with Eni, Universities and Administration. 

As well as to contribute – with its role in the design and works man-

agement – to the return of a symbol of the city, history, art and faith, 

in which the value of the physical reconstruction is nourished and 

multiplied in the collective added value of rediscovery, identity and 

belonging.  

That added value that gives sense and meaning to all our daily work 

on the cultural heritage damaged by the earthquake, for which the 

“Refound Basilica” becomes the symbol of gratitude we owe to all 

those who are active protagonists. 

 
Figure 1. The collapse of the transept area, just after the earthquake on 2009 
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2. The earthquake and the monument’s importance 

On the 6th of April 2009, a strong earthquake struck L’Aquila, con-

demning most of the city’s buildings.  

One of the numerous severely damaged historical monuments was the 

city’s most important Church, the Basilica of Santa Maria di Colle-

maggio: the transept and central dome collapsed, there was serious 

damage to the apses, widespread damage to the walls and collapsing 

columns in the naves, as in Figure 3 [4]. 

Founded thanks to the will of the hermit Pietro del Morrone, who was 

later crowned Pope Celestine V, the Basilica is an icon in the history 

of medieval architecture and 15th- century L’Aquila. Over the centu-

ries the Church has become one of the city’s identifying elements, and 

is the seat of the Jubilee of Forgiveness, the spiritual legacy of Pope 

Celestine V and the devotion of the community of L’Aquila. With the 

damage suffered in the earthquake and the subsequent restorations 

completed in November 2017, the Basilica is set to become a symbol 

of the city’s revival and the reconstitution of its cultural heritage. 

 
Figure 2. Plan of the Basilica of Santa Maria di Collemaggio 

 

 

 

 

 

 

 

Figure 3. Damages on the Basilica of Santa Maria di Collemaggio [2] 
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2.1. The emergency, between April and May 2009 

 
Figure 4. Aerial view of Basilica and its provisional covering [17] 

  
Figure 5. Provisional strengthenings of naves [17] 
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Figure 6. View of transept and its strengthening [7] 

 

From the report about the safety of the church [11], it is deduced that 

the greatest concern in the early stages of the intervention was given 

by the crushing of the pillars of the nave and only one intervention 

immediate, before hooping, then shoring could have avoided the total 

collapse of the building. The circling was carried out, in about ten 

days, with the insertion of bands in synthetic material that well resist-

ed the aftershocks also of strong intensity recorded in the days follow-

ing the earthquake.  

The shoring of the arches of the nave was made with tube-joint ele-

ments sized to absorb the weight of the upper arches [7, page 63]. 

Other interventions concerned: 

a) insertion of tie rods between the three aisles; 

b) temporary circle outside the apse with strips of synthetic material; 

c) harness of some segments of the ribs and arches of the apse area; 

d) removal of partially detached dangerous parts, such as cornices, re-

inforced concrete curb and disassembly of stone elements; 

e) temporary circle of the top part with strips of synthetic material and 

the shoring of the four single lancet windows of the bell tower; 

f) punching of the northern wall of the transept; 
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g) application of FRP (Fiber Reinforced Polymer) strips along the end 

of the walls of the central nave, 11]. 

After, different solutions were designed for a temporary roof structure. 

A reticular metal structure was chosen, with a single roof, resting on 

steel pillars placed inside the church. The roof has been sized so as not 

to interfere with the reconstruction and to allow working in the future, 

protected from the weather [7, page 65]. 

The post-seismic restoration work on the facade involved: 

h) temporary shoring works (with recovery of detached fragments); 

i) detection of disconnections and interstitial voids between ashlars; 

j)-demolition of all the grouting made dilapidated by telluric move-

ments and therefore no longer adhering to the facade surfaces; 

k) execution of the filling and deep grouting, in correspondence with 

the cracking voids created by the earthquake; 

l) disassembly of a portion of the top cover, in correspondence with 

the detachment above the octagonal tower; 

m) execution of injection procedures based on hydraulic mortars 

mixed and calibrated area by area; 

n) security of the central rose window by relocating the two key seg-

ments; 

o) relocation with epoxy resin of the various block or flake elements 

detached from the original materials [18, page 2]. 

 

2.2. The Basilica reuse on Christmas 2009 

 
Figure 7a. The coffin with the remains of Celestino V during provvisonal works. 
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Figure 7b. Celebration of Christmas on 2009. 

 

3. Timeline 2013-2017 

2013. ENI grants the most substantial funding from a private entity 

made operational with the protocol 'Starting afresh from Collemaggio', 

signed with the Municipality (29 August 2013) for the restoration of 

the Basilica and the arrangement of the Parco del Sole. 

2014. Establishment of a scientific committee made up of MIBAC, 

with the Regional Directorate and the Superintendence for Architec-

tural and Landscape Heritage, which later became ABAP Superin-

tendence for L'Aquila and the crater (with the task of coordinating the 

design and direction of the works), with three groups of experts from 

the University of Rome 'Sapienza', from the Polytechnic of Milan and 

from the University of L'Aquila (to support the planning), the Munici-

pality and the Diocese. The committee draws up the guidelines for the 

restoration, the Superintendence assumes the tasks of planning and 

supervising the works, with the following timing. 
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December 2014. Completion of the final project with the coordination 

of the ABAP Superintendence for L'Aquila and the crater. 

February 27th 2015. The final plan is approved by the Municipality 

of L'Aquila; Eniservizi S.p.A. starts the implementation process with 

an invitation only tender, entrusting the works to Arcas S.p.A., a com-

pany with consolidated experience in the field of restoration. 

November 12th 2015. Eniservizi S.p.A, Prefecture of L'Aquila, So-

printendency of L'Aquila and the Municipality sign a specific "Memo-

randum of Understanding for the prevention of attempts to infiltrate 

organized crime". 

December 2015. With the solemn commitment to return the Basilica 

restored in two years, the construction site is started. 

December 2017, Christmas celebration in restored Basilica, as in Fig-

ure 70. 

 

4. Historical analysis 

4.1. Past works’ memories 

 

 
Figure 9. Restoration of a main 

Pillar taking again the polylobate 

Romanesque section 

Figure 8. The interior  
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Figure 10. Details of pillars 

 

Between 1969 and 1972 the restorations were carried out under the di-

rection of Superintendent Moretti [15] during which the sumptuous  

baroque guise was eliminated which, between the seventeenth and 

eighteenth centuries, had hidden the interior of the medieval building 

of the thirteenth-fourteenth century. 

The original stone blocks are hardly seen, under the substantial eight-

eenth-century remaking, in brick, but they seem cross-shaped. 

 

4.2. Historical analysis, architecture 

 
Figure 11. Plan of L’Aquila with Basilica, by S. Antonelli, March 1622 
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Figure 12. Construction sequence in the centuries. 
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5. The design phases 
 HISTORICAL SURVEYS 

 

SURVEYS  

 

DIAGNOSTIC  

 

 

TECHNICAL-SCIENTIFIC 

CONSULTING 

 

 

 

 

COORDINATION  

Soprintendenza archeologia 

belle arti e paesaggio per 

L’Aquila e i comuni del 

cratere 

 

 

ARCHITECTURAL 

DESIGN 

 

HISTORICAL ARTISTIC 

RESTORATION 

 

 

STRUCTURAL 

DESIGN 

 

 

POLITECNICO DI MILANO 

Prof. S. Della Torre (coord)  

 

UNIVERSITÀ ROMA  

“SAPIENZA” Prof.  

G. Carbonara (coordinator) 

 

UNIVERSITÀ DEGLI STU-

DI DE L’AQUILA Prof.  

D. Galeota (coordinator) 

 SYSTEMS DESIGN 

 

MAINTENANCE PLAN 

 

 

6. The emergency surveys and securing works 

 

6.1. Plan 

 

6.2. Longitudinal section 

 Figure 13. The longitudinal section 
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Figure 14. Damaged state Figure 15. Securing state 
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6.3. Transversal section 

Figure 16. Transversal section 

 
Figure 17. Damaged state. 

 
Figure 18. Securing state. 
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6.4. Trusses in central nave 

 Figure 19. Transversal section on abse. 

 
Figure 20a. Damaged state. Transversal section on abse. 

 
Figure 20b. Securing state 
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7. Survey of degradation morpholo-

gies  
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Figure 21. Longitudinal section 
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Figure 22. Lateral façade 
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Figure 23. Longitudinal section, façade view 

 

Table 1. Damagings and materials 

DAMAGES LEGEND 

Stone surfaces (D) 

MATERIALS  LEGEND 

Walls with stone elemnts (M) 

 

D01 Patina 

 

D02 Surface 

   deposit 

D03 Biological  

   colonization 

D04 Encrusta-  

   tion 

D05 Lack 

 

D06 Pouring 

 

D07 Different 

   degradation 

D08 Gap 

 

D09 Detach-   

   ment 

D10 Exfoliation 

 

D11 Stain 

 

D12 Disruption 

 
 

M01 - Masonry in regular segments of  

   white and pink concrete 

M02 - Chaotic brick masonry and stone 

   elements of different sizes 

M03 - Masonry with rough-hewn blocks 

   of various sizes 

M04 - Aquila masonry regular rows 

   squared blocks compact limestone 

M05 - Wall fixture with sub-horizontal 

   applications in blocks and flakes of  

   compact limestone (especially 1971) 

M06 - Masonry with irregular ashlars 

   and sub-horizontal joints 

M07 - Masonry in large squared blocks 

   of alveolar compact limestone 

M08 - Carved stone elements 

 

M09 - Regular stone blocks 

 

M10 - Stone blocks masonry with dif -  

   ferent dimensions (repair) 

M11 - Masonry in rough limestone 

   blocks 

M12 - Solid brick masonry 

 

8. Masonries analysis 
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Possible dating XVIII century 

    NAME 

MIXED MASONRY IN STONE AND BRICK 

PIECE     INSTALLATION 

With wedges 

    STRATIGRAPHIC RELATIONS 

Subsequent masonry of window and wall of 

bottom of the chapel 

    STORAGE STATUS 

Slightly disconnected with a gap due to an essay 

performed on the right side 

    OBSERVATIONS AND SPECIAL ELEMENT 

In the essay opened in the lower right corner of the in-

fill a window jamb was found whose nature is con-

firmed from a railing attachment hole, including 

fragments inclined threshold (conch). Above, door 

holes damaged in two different eras, in origin two of 

them lined up on the left. 

STATIC FUNCTION 

infill 

 

EXT. PARAMENT ex-

ternal side inspec. - not 

inspectable  

EXTERNAL PARA-

MENT internal side  in-

spectable - not inspectable  

FILLING CORE 

 inspectable - not in-

spectable 

STONE 

 

 

 

BRICK 

 

 

 

MORTAR 

 

TYPE OF STONE 

PIECE 

PROVENANCE 

 

TYPE OF BRICK 

FORM 

ORIGIN 

 

TYPE OF MORTAR 

BINDER AGGRE-

GATE 

GRANULOMETRY 

Compact limestone 

Varies 

Local quarries 

 

Bricks and tiles 

Irregular ragments 

For reuse 

 

Originally (coc-

ciopesto) Mortar and 

brick powder.  

COLOR PROCESSING 

DIMENSIONS (min 

max) 

 

SHADES ' DOUGH 

DIMENSIONS (min 

max) 

 

COLOR 

CONSISTENCY 

DIM JOINT (medium) 

WHITE (gray is altera-

tion) Smoothed seg-

ments, ax-cut drafts 50 

x 22 cm 

RED Irregular frag-

ments 

2x4 - 14x8 cm 

 

REDDISH 

" 

0.5 - 2.0 cm 

View of the vestment - LOCATION 

Eastern front of the North Chapel 

Any dating clues 

Detected on April 2013 

 
 

 

 

 

 

Figure 24. Detail of restoring 

9. Masonries analysis 

 Figure 25a. Lateral view 
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Figure 25b. Side view 
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10. Geothecnical investigation 

 
Figure 26. Geological section n. 1 

 
Figure 27. Geological section n.2 
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Figure 28. Locations of geotecnical tests 

 

11. The reconstruction / restoration design 

 
Figure 29. Section with works and materials 

 
Figure 30. Plan with works and materials 
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Table 2. Works and materials, for Figures 29 and 30 
 FAÇADE: Consolidation of buttresses and masonry by injections 

LATERAL MASONRY: Consolidation of the masonry by overlocking and   

         “cross-linked” interventions 

TRANSEPT: consolidation with over-stitching and injections, wound closure, 

         chain insertion, coverage remaking 

TRANSEPT ROOFS: reconstruction in light masonry 

OCTAGONAL PILLARS: Breakdown and reconstruction with replacement of  

         damaged segments 

POLYLOBATE PILLARS: reconstruction with the use of recovery segments 

MASONRY RECONSTRUCTION of the wings and arches of the transept 

RECONSTRUCTION of the collapsed roof with wooden trusses, consolidation  

          of the existing trusses, XLAM panels connected to the perimeter walls 

REVIEW of existing curbs and construction of reinforced masonry curbs 

 

 

 

 

 

 

 

 

 

 

 

 

 

12. The reconstruction work, the working site, December 2015 – 

December 2017  

Construction supervision, Supervision of archeology, fine arts and 

landscape for the city of L’Aquila and the municipalities of the crater 

by: 

Arch. Antonello Garofalo (architectural consolidation and restoration), 

Dr. Biancamaria Colasacco (historical and artistic restoration). 
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Table 3. The works’ progress, between December 2015 and December 2017. 
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12.1. The pillars reconstruction 

12.1.1 Pillars’ damages 
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 Figure 31. Pillars location 

 
a)     b) 

Figure 32. b) The foundation of one of the collapsed “polylobate pillar”;  

c) Damage of the nave pillar to the right [21] 

 

The “polylobate pillars” collapsed as in Figure 32a, by producing the 

great damage of transept. 

Furthermore, some pillars of the nave suffered evident damage, name-

ly vertical crushing and cracks (Figure 32b, [4]). 

The results of the experimental tests carried out on stone specimens 

taken from the columns have provided resistance values much higher 

than 50 Mpa, for compression tests. 

It was therefore decided to replace only the highly cracked segments, 

avoiding the introduction of vertical reinforcements inside the stone 

segments (Figure 39, [8, 7, 8]). 

 

12.1.2 Eidotype 

]In the days following the earthquake, the urgent need to contain the 

damage required temporary safety works, by shoring up the walls 

(Figure 5,[2]) and bandaging the individual pillars (Figure 34,[2]) . 

Much of the pillar element remained covered by the bandage, and 
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the definition of the main profiles of each pillar were obtained from 

the first laser scans, identifying each of the eight faces with a letter. 

The first phase concerned the measurement from the edges of the ver-

tical division joints and the control of the height of the individual ash-

lar for each face of the pillar, verifying the presence or absence of the 

bed of 

Malta; the second involved the drafting of the eidotype by reporting 

the measured data and graphically describing the crack pattern at a 

qualitative level, punctually deepening, with ad hoc measures, the 

more serious lesions (reporting the height and depth of the damage). 

A photographic campaign of the cracks was also carried out 

reporting on the eidotype the number of the photograph corresponding 

to the lesion. 

The first two polylobed pillars were not detected because they were 

entirely rebuilt in the 1970 restorations by Moretti [15]. 

 
Figure 33. Example of pillar eidotype (freehand relief) [2] 

 

12.1.3. Direct survey of the pillars and supplementary measurements 

From Ardighetti [2], the pillars have: a) offset in plan in both direc-

tions, with discards up to 50 cm; b) heights variable from 477 to 524 
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cm; c) rows with heights between 17 and 56 cm and an average value 

of 36 cm. 

The pillar is similar to an octagonal prism with the octagon side about 

50 cm long and circumscribed in a circumference with a diameter of 

about 120 cm, with n. 10 rows of variable height, on average 35 cm. 

Some black and white photographs, unfortunately not of an optimal 

quality, taken during the Moretti restoration site [15], show the first 

row of a pillar (P08 or P16) being dismantled; an internal geometry 

with four segments can be glimpsed which however does not suggest 

whether the stone arrives near the core or if there is a central area with 

other material, as in Figure 34. 

 
Figure 34. Photo of pillar already cracked at the time of  

the discovery of the pillars by Moretti [15] 

 

We can say that the pillars are made up of three different types of ma-

terials: 

    1) from a hard, vacuolar limestone, which represents the main ele-

ment; 

    2) a mortar located in the vertical, horizontal joints and internal in-

terstices to fill the space and tie the various segments that make up a 

row (in addition to constituting a possible internal core);  

    3) a surface plaster traceable both with the uniforming function of 

the face of the pillar and as a preparatory layer for a pictorial decora-

tion (fresco). 
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12.1.4 - The reconstruction of the individual ashlars 

 
Figure 35. Reassembly of a column with original segments (dark color)  

and new segments (light color) [8, 7, 8] 

  

a) parameters of the single ashlar b) subdivision in four ashlars 

Figure 36. The original ashlars [2] 

 

The return of the individual segments requires a careful operation to 

sew the damaged parts, after defining the exact geometry of the seg-

ments to be replaced. 

The reference ashlar is an irregular pentagonal prism, which consti-

tutes ¼ of an octagon; with possible adaptation to the irregular geome-

try found, as in Figure 36. 
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Then, for each row, the real reconstructive geometry is obtained, as in 

Figures 37 and 38. 

  
Figure 37. Layout of the segments 

showing all the typologies found in the 

pillar P04, row V [2] 

Figure 38.  The ashlars disassembly 

and reassembly on the floor [8, 7, 8] 

 

12.1.5 Geometry of Pillar 05 [2] 

The difference in height between the floor at the foot of the pillar and 

the tax plan of the arches is equal to 521cm and has 10 rows inside, 

with elements between 29 cm and 56 cm (row IX). Also in this case 

the rows are made up of 4-5 ashlars for a total of 45 elements and pre-

sent a non-staggered overlap, consistently with the general trend of the 

right row, as in Figures 40 and 41. 

    Mortar 

There is no mortar / plaster present superficial but abundant restoring 

mortar in many areas expelled as a result of the movement of the 

support to which it was anchored. The part of the stem most near the 

base on side b has an obvious missing. 

    Cracking pattern 

The pillar has an important crack through which the entire pillar from 

top to bottom on the side h and two other non-full-height lesions on 

sides d and f. The most obvious crack affects once again the h side 

along all the vertical development and those minors insist on sides d 

and f with minor development: you notice how the cracks follow the 

trend of joints and how these are staggered, affecting only those where 

the corners of the quoins. Overall, the P05 has 6 segments in bad state 

of conservation out of 45 (13%). 
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N.4 wooden board in a) c) e) g) 

Legend of ashlars N.1; in yellow, the broken ashlars [2] 

 
Legend of geometric analysis for ashlars N. 2 [17] 

 
Degradation analysis for ashlars N.2 [17] 

 
Figure 39. Pillar P05 with rows and ashlars 

 

12.1.6 Comparison between the geometrical data on columns 

and the information derived from the restoration activities [17] 

The first phase of the restoration of the columns consisted in the 

removing of the vertical loads, by inserting progressively metal 

temporary structures under the two relevant arches.  

This operation allowed proceeding with local intervention of stone 

ashlar replacement or with the complete disassemble operation of 

the columns. First were disassemble, starting from the upper part, 

numbered and reassemble on the floor, the ashlars of the central pillars 

(P04-05-06-12-13-14), the most stressed by the seismic actions and 

extremely degraded [8, 9, 10]. This operation allowed to verify the ex-
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act geometry of the stone elements, to evaluate the material and thick-

ness of the central core (Figure 37), to recognize the broken elements 

(not visible from outside) and to refine and rectify the drawings made 

during the diagnostic phase (Figure 40). The comparison between all 

the information gathered has permitted to validate the survey method 

used in the diagnostic phase and the results obtained, both in terms of 

geometric analysis and of volume’s stone to replace (approximately 

50% of the total volume of the columns).  

In the complex, in fact, it was registered a good correspondence be-

tween the geometry of the blocks detected with the real ones, albeit 

with some expected and in some cases also important differences.  

The major differences are linked to the failure detection of the broken 

stone elements in the inner part, along fracture lines not visible from 

the outside, or covered by temporary wooden structures. 

Regarding the patch stone elements, mostly due to restoration work 

performed by the Superintendent Moretti [15] in the ‘70s of the twen-

tieth century, it was recorded a substantially their limited thickness, so 

as assumed in the diagnostic phase. 

 

12.1.7 Pillars strengthening 

For strengthening the octagonally masonry pillars along the nave rein-

forcing steel bars was used. The helical bars were inserted horizontal-

ly in drilled core holes, as in Figure 40 [1]. 

 

 

a) core hole b) inserting the bar 

Figure 40. Reinforcement of masonry columns by means of helical steel bars [1] 
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12.1.8 The “Polylobate pillars” or “Piliere” or “Main pillars” 

 
Figure 41. New “polylobate pillar” cross section [21] 

 

In the rehabilitation work parts of the church was completely rebuilt, 

among which the transept and the “polylobate pillars”. The previous 

pillar construction with poor filling material was exchanged with a 

hollow reinforced concrete beam, covered with the recovered stones 

from the previous pillars. 

The authors states that the RC column was covered with stone blocks 

that has been recovered from the previous pillars. The new pillar core 

consisted of 40 Ø 32 longitudinal rebars each, circularly placed in two 

lanes inside the hollow concrete pillar, as displayed in figures 42 and 

44b. The geometrical characteristics of the new “polylobate pillars” 

are the following: 10 m height, 2.10 m outer diameter and 1.30 m in-

ner diameter (Figure 41). 
 

12.1.9 The new “polylobate pillars” foundation system 

The new “polylobate pillars” foundation system consists in a couple of 

mixed structures realized by a circular steel plate, 2.5 cm thick, em-

bedded in a high strength concrete cast, where the 30 Ø 50 steel mi-

cropiles are anchored (Figures 42, 43 and 44) [5].  

The longitudinal pillar rebars and the micropiles are mechanically 

connected to the steel plate by tightening of washers and nuts.  

Additional radial rebars are added, at the level of the steel plate, in or-

der to complete the strut and tie resisting mechanism for vertical loads 

and bending moments (Figure 43). 
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Figure 42. New “polylobate pillars” foundation system [21] 

 
 

Figure 43a) Hollow circular steel 

plate of the foundation [21] 

b) Longitudinal steel and stirrups 

 

Considering the complexity of the system, a detailed FEM model of 

the foundation steel plate has also been implemented in order to eval-

uate the stresses acting only on the steel plate (Figure 44).  

The hollow circular plate is modelled with plate elements having an 

elastic constitutive law while the micropiles are implemented by elas-

tic beam elements with a simply supported restrain. 

The load condition is the same of the other FEM models. Also in this 

case, the results of the analysis show that the stresses acting on the 
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steel plate, characterized by a maximum value close to 200 MPa, are 

compatible with the strength of the S355 steel. 

 
Figure 44. Steel circular plate FEM [21] 

 

12.2. The masonries 

On the perimeter walls were carried out localized interventions of 

consolidation using from time to time the technique of the 'cuci-scuci" 

means injections of special mortars or the lattice system, depending on 

local conditions of failure or inadequate construction. The top part has 

been reinforced with reinforced curbs and/or with the restoration of 

the pre-existing curbs. 

 
Figure 45. Reticolatus applied through horizontal stripes for all longitudinal length 
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A second application study was carried out on the reinforcement pro-

cesses to be carried out directly on the external and nave walls with 

the reticolatus technique, consisting in the laying of a retention grid in 

the course of the masonry ashlars subsequently tensioned by threaded 

bars inserted in the masonry same, see Figures 46 and 49c.  
 

12.3. Details 

  

Figure 46. Scuci-Cuci Figure 47. Consolidating 

 
 

 

External facing 

Filling core (bag) 

Internal vestment 

Vertical shirt pitch 50 cm, n. 3  

   strands galvanized steel UHTSS   

   (the strand 3 x 2 wires 

Steel strand fastening system to be 

   inserted until reaching the opposite  

   facing 

Horizontal shirt pitch 50 cm, n. 3 

   strands galvanized steel UHTSS 

   (the strand 3 x 2 wires 

Stilatura of the joint, mortar of  

    natural hydraulic lime 

Inclined perforation f16 for insertion 

    of stainless steel bar f12 

Injection of the perforation with  

   suitable lime mortar (see lime  

   mortar technical characteristics  

   indicated below) 

Figure 48a. Column capital (see Galeota paper in this Proceedings DISS_19) 
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Dry insertion of helical bars type 

  elfx: example of overlapping with  

  aligned joints 

Mortar joint to be stripped to  

  insert reinforcement and then  

  rebuild with suitable mortar 

Outdoor flooring 

Dry insertion of helical bars type 

  elfx: example of overlapping with 

  staggered joints 

Reticulatus system: vertical  

   warping 

Internal flooring 

 

 

 

 

Insertion of helical bars ø 12  

   diagonal for anchoring the  

   vertical frame 

 

 

 

 

 

Foundation soil 

Figure 48b. Foundation anchorage  

(see Galeota paper in this Proceedings DISS_19) 

 

 

Aquila wall fixture 

Mortar joint to be stripped to  

   accommodate steel strand 

Steel strand, vertical frame 

 

Strand with helical bar for anchoring the  

   reticolatus system to the masonry. The ope-  

    rator must take particular care in     inserting 

   the bar in order to respect the surface 

Steel strand, horizontal frame 

 

Joint to be rebuilt with suitable mortar 

 

Figure 49. Reticolatus (see Galeota paper in this Proceedings DISS_19) 
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12.4. The transept  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 50a. Section on “piliera” 
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Figure 50b. Transversal section on main pillars, with triumphal arch 

 Figure 50c. Plan with main pillars 

 

The transept suffered the greatest damage, with the total collapse of 

the large polylobed pillars, the triumphal arch and the roof. 

The pillars have been completely rebuilt - with internal structure in re-

inforced concrete and facing stone recomposed by reusing the recov-

ered stones - together with the new triumphal arch, determining an el-

ement of strong resistance capable of adequately absorbing the stress-

es in the event of a new earthquake 

Figure 50d. Plan of masonries 
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Figure 51a. Damaged state on transept 

  

Figure 51b. Referring zones 
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12.5. The transept reconstruction 

The seismic stress has caused serious damage to decorative stucco 

equipment, causing deep injuries, fractures by flooding staggering of 

floors, adhesion defects, hundreds of fragments found in the area of 

collapse, appropriately catalogued and selected on the basis of archae-

ological criteria and methodologies. The restoration provided for the 

restoration of the threatened portions, after their detachment and sub-

sequent repositioning, the reestabilishment  of the adhesion, the com-

pensation of the injuries, the recollection of the fragments. 
 

 
Figure 51c. Damaged state, right nave 
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Figure 51d. Damaged state, left nave 

 

 
Figure 52a. Dome ortophoto before 2009 earthquake          b) After 2009 earthquake. 
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Figure 52c. Plan 

 
Figure 53. Before 2009 earthquake       Figure 54. After 2009 earthquake 

 
Figure 55. Restored transept 
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Figure 56. Details 

 

13. The rooftop 

  Original covering 

 Reconstructed roof in steel 

 Reconstructed roof, type A 

 Reconstructed roof, type B 

 

 

Figure 57. Plan of roof types 

 

The top part has been reinforced with reinforced masonry curbs and / 

or with the restoration of the curbs existing.  

Coverage was subject to stiffening flaps by means of panels in lami-

nated wood 

 

12.6. The rooftop 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Type A 
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Figure 58a. Details of coverings, Types A and B 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 58b. Trusses of the roof 

 

Type B 
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Figure 58c. Trusses of the roof 

  
Figure 59a. Installation of the steel roof structure 

designed to replace the existing RC structure over 

the apse, the chapels and sacristies 

Figure 59b. Details of truss in 

the central nave 
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Figure 59c. Details of truss strengthening in central nave 

 

14.  The chapels 

14.1. The Celestino V chapel, discovered baroque elements  

Figure 60. Location of Celestino chapel 
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Figure 61a. Details 

 

The removal of heavy blankets, applied over the years, has allowed 

the full recovery of the original finishes of the  

Baroque stucco residue, revealing unpublished aspects of considerable 

value, with unexpected and refined chromatic combinations. From the 

sober and elegant dialogue between the rose of the flat surfaces and 

the ivory of the plastic reliefs of the chapel of Jean Bassand, which 

clearly refers to the analogous chromatic play of the floor, facade and 

chapel of the Abbot… 

…We move on to the rich and articulated apparatus of the chapel of 

the Saint, now clearly reconfigured by the new luminous image de-

termined by the discovery of abundant gilding in silver meccato, pre-

viously concealed by a banal painting. 
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The intervention ended with the total integration of the missing parts, 

including the gilding, in order to regain the overall decorative plot its 

expressive potential and to ensure the correct readability in full respect 

of the original typology, language and history of the asset. 
 

 
Figure 61b. Details 

 
Figure 62. Restored chapel 

 

14.2. The Jean Bassand chapel 
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Section C-C’ Figure 63. Location of Bassand chapel 

 

 
Figure 64. Securing works 

 
Figure 65. Details 
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15. The stone floor 

The violent impact of the dreadful mass of rubble precipitated by the 

transept has severely damaged the whole area below: in par ticolar 

way, the floor sunk for an extension of about 70 square meters and 

shattered in several points; the side altars, conspicuously discomforted 

the earthly slabs of heavenly abbots and the tombs of access to the 

chapels and the presbyterial area. 

The mapping, disassembly and recomposition of the single pavement 

sections, thanks to which the vast degraded portion has recovered the 

original flatness, integrating itself perfectly with the neighboring areas 

not affected by the collapse. 

 
Figure 66. The floor works 

 

16. The Façade 
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Figure 67. The façade works 

 

16. The structural monitoring system 

A system for monitoring the Basilica through fissures, inclinometers, 

accelerometers and thermo-hygrometers has been set up to permit as-

sessment of conservation status from the structural and maintenance 

point of view. The system provides a comparison between changes in 

the data collected and those of recorded environmental parameters 

(humidity and temperature) and allows to study the dynamic and state-

ic behaviour of the structure providing data that can be shared with 

Protezione Civile law, Universities and other interested bodies. 
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Figure 68. The instruments location 

 

18. Reconstrution organization 
PROJECT 

SOPRINTENDENZA ARCHEOLOGIA, BELLE ARTI E PAESAGGIO PER LA 

CITTÀ DELL’AQUILA E I COMUNI DEL CRATERE 

Direction 

Arch. M. Alessandra Vittorini 

Restoring project  

Arch. M. Alessandra Vittorini, Arch. Antonello Garofalo  

Collaboration: Geom. Raffaele Chelli 

Historical-artistic restoration project 

Dott. Fabrizio Magani (MIBAC - Direttore Regionale dell’Abruzzo), Dott.ssa Lucia 

Arbace (MIBAC - Soprintendente per i beni storico artistici ed etnoantropologici per 

l’Abruzzo), Dott.ssa Biancamaria Colasacco. 

Coworker: Geom. ClaudioTatoli 

Coordinator of security during the project 

Ing. Maurizio Floris  

SCIENTIFIC CONSULTING FOR THE DESIGN 

POLITECNICO DI MILANO 

Prof. S. Della Torre (coordinatore), Arch. L. Cantini, Ing. A. Pili, Prof.ssa R.  

Brumana, Arch. D. Oreni, Ing. L. BarazzettI, Ing. F. Roncoroni, Arch. F. Banfi, Ing. 

M. Previtali, Arch. B. Cuca, Arch. S. Arrighetti, Arch. L. Bertola, Arch. A. Livietti, 

Dott. R. Valente, Prof. A. Franchi, Prof. P. Ronca, Ing. P. Crespi, Ing. N. Giordano, 

Ing. N. Longarini, Ing. L. Mazzoleni, Ing. F. Tesei, Prof. M. Trani, Ing. M. Cassano, 

Ing. C. Bernareggi, Prof. N. Aste, Ing. C. Del Pero, Arch. M. Buzzetti, Ing. F.  

Leonforte, Ing. M. Maistrello, Ing. M. Manfren, Ing. P. Palladino, Arch. L.  

Tagliabue 
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UNIVERSITÀ “SAPIENZA” DI ROMA 

Prof. G. Carbonara (coordinatore), Arch. B. Vivio, Arch. R. Mancini. 

UNIVERSITÀ DEGLI STUDI DE L’AQUILA 

Prof. D. Galeota (coordinatore), Prof. F. Benedettini, Prof.ssa D. Dominici, Prof. R. 

Quaresima, Prof. G. Totani, Ing. E. Antonacci, Ing. L. Fanale, Arch. F. Fusco 

CONSTRUCTION SUPERVISION 

SOPRINTENDENZA ARCHEOLOGIA, BELLE ARTI E PAESAGGIO PER LA 

CITTÀ DELL’AQUILA E I COMUNI DEL CRATERE 

Restauro architettonico: Arch. Antonello Garofalo 

Restauro storico-artistico: Dott.ssa Biancamaria Colasacco. 

Assistenti e staff tecnico: Geom. Raffaele Chelli, Geom. Fernando Di Rocco, Geom. 

Claudio Tatoli 

DBA group - Ing. Andrea Sponchiado, Ing. Marco Ferrandino, Geom. Fabrizio  

Speranza 

Coordinatore della sicurezza in fase di esecuzione 

Teco Srl - Arch. Silvano Barani, Ing. Fabio Astori 

PROPERTY 

COMUNE DE L’AQUILA - Major, dott. Pierluigi Biondi 

SPONSOR 

ENI SPA - CEO, dott. Claudio De Scalzi 

OPERATOR 

ENI Servizi SPA - Ing. Paolo Luigi Strada, Geom. Giuseppe Botti 

CONSTRUCTION COMPANIES 

ARCAS Spa - Ing. Cesare Casassa, Ing. Luca Panigoni, Geom. Fabrizio Sisti con 

RIGAGLIA - restoration of artistic elements  

SEGHERIA ALTO TENNA - carpenter 

COLLELUORI – geothermical and warming system 

IMPRESA CCP - scaffoldings 

Dott. Piero Gilento, Dott.ssa Roberta Leuzzi – archeological assistance 

ADMINISTRATIVE STAFF  

SOPRINTENDENZA ARCHEOLOGIA, BELLE ARTI E PAESAGGIO PER LA 

CITTÀ DELL’AQUILA E I COMUNI DEL CRATERE 

Annarita Gianfrancesco, Daniela Rocchio, Livio Salvatore, Claudio Mastracci,  

Bruno De Amicis, Gianfranco Tollis 

 

19. A continuous site 

  
Figure 69a. Teaching, schools, University, specialistic schools, Master 
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Figure 69b. Specialistic 

schools BBCC and Land-

scape of Rome 

Figure 69c. Master  

University Roma 3 

Figure 69d. Project  

Unesco youth 

 

 

20. The re-opening on December 20th 2017, Basilica ritrovata 

 

 
Figure 70. The Basilica is re-opened for Christmas 2017, after two years of works 

 

20.12.17: Opening ceremony 

24.12.17: Christmas celebrations 

20.02.18: Concert by the orchestra of the Carabinieri Army 

14.04.18: Beethoven IX Symphony 

19.05.18: Musical concert by Angelo Branduardi 

15.08.18: Harp concert 

25.08.18: musical concert by Riccardo Cocciante 

28.08.18: 724° Celestino forgiveness 

28.08.18. Musical concert by Francesco De Gregori 
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Figure 71. Re-opening ceremony 

 

 
Figure 72. Ceremony of replacement for Celestino V coffin 
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21. Amphisculture Parco del sole 

 
Figure 73. A «theatre in the landscape» and, at the same time, 

a «landscape’s theatre»… (B. Pepper) 

 

Conclusions 

The Basilica’s restoration project, launched by the city of L’Aquila 

and Eni with a memorandum of understanding signed in August 2012, 

proposed a broadly-based collaboration model involving central and 

local institutions, universities and companies. 

The restoration project entrusted the planning and design, works direc-

tion and safety coordination to the Superintendency of Architecture 

and Landscape of Abruzzo, after which the Superintendence of Ar-

chaeology, Fine Arts and Landscape for L’Aquila and Cratere took 

over.  

The more technical and scientific support activities were guaranteed 

by the Polytechnic Institute of Milan, La Sapienza of Rome and the 

University of L’Aquila. 

In addition to financially contributing to the project, Eni offered its 

organizational skills in complex projects, the use of advanced technol-

ogies borrowed from its research and extraction activities in the ener-

gy sector and its management skills acquired from working on highly 

complex scenarios within a competitive international context. 

The main aims of the restoration project were preservation, safety and 

seismic improvements to the Basilica, while noticing the need to pro-

tect the monument’s historic, artistic and cultural values. 
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The structures have been consolidated, the collapsed parts rebuilt us-

ing advanced techniques and technologies which are compatible and 

compliant to the principles of art conservation and restoration. 
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“Palazzo dell’Emiciclo”. Reconstruction between  

recovery and discovery. Aspects of architecture 
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Abstract 
  Nine years after the tragic earthquake that, on the 6th of April 2009, 

struck the city of L'Aquila and a large territory in central Italy, the 

Palazzo dell’Emiciclo, seat of the Abruzzo Region Regional Council, 

was reopened. The architectural complex - founded by the Franciscan 

Capuchin friars in 1610, enlarged and given new functions in the 19th 

century, and finally turned into the seat of the Abruzzo Regional 

Council in the last quarter of the 20th century - was returned to the 

community of L'Aquila after two years of complex restoration works. 

This experience offered the opportunity to engage with the main 

themes discussed by experts in restoration, conservation, and en-

hancement of the built heritage. The solutions that were devised al-

lowed to improve the response of the building to seismic solicitation, 

complying with the most advanced safety standards without affecting 

the historical relationship between the different parts of the complex, 

their functions, and the fragile decorative schemes, such as those of 

the external colonnade. In addition, the working site, conceived as an 

open workshop, offered the opportunity to address issues related to the 

reuse of historical spaces, and/or of large portions of the monumental 

complex that had been hidden and/or thoroughly altered. The syner-

gies created between public and private entrepreneurs allowed to carry 

out a project that considered both the current function and possible fu-

ture scenarios. Thus, it enhances the historical and architectural values 

of the building, while increasing its seismic safety, its conservation 

qualities and possibility of civic enjoyment. The restored Palazzo 

dell’Emiciclo is an expression of social rebirth, of political sensitivity 

and technical expertise, which together have managed to build up 

spaces of "regional citizenship", where participation and civic func-

tions found the necessary balance aimed at the common good, sought 
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for and administered in accordance with the principles of democracy 

and representation. 

 

1.  Introduction 

 

  This contribution aims to show how the restoration of damaged his-

torical buildings can involve substantial structural intervention, with-

out damaging its matter and shape, or compromise its full functionali-

ty. The restoration project needs to start from a detailed study of the 

history of the building, reconstructing what happened over time 

around it, and its transformations. This preliminary phase allows to 

understand the original structures, to enhance them and make them 

live again, even if with new functions and for new purposes.  

This positive experience is not an isolated case in the process of re-

construction of the city of L'Aquila, currently underway. In L'Aquila, 

which has got one of the largest historical centres in Italy, buildings 

are often characterised by a construction stratification that testifies of 

a continuous process of transformation. In the restoration of this huge 

heritage, the conservation of the traces of the past must balance the 

complying of safety standards that guarantee the security of people. In 

order to achieve this goal, the officers of the Soprintendenza (the local 

office in charge of the conservation of the heritage) supervises all the 

restoration works on works of art and buildings that present a histori-

cal and cultural interest to be preserved. 

 

2.  History 

 

  The complex of the Palazzo dell’Emiclo, now the seat of the Presi-

dency and the Council of the Abruzzo Region and its offices, consists 

of different buildings built over a period of about four centuries: the 

San Michele Arcangelo Franciscan convent with an adjoining infirma-

ry, dating back to the early seventeenth century; the Emiciclo, a struc-

ture designed in 1882 in front of the former, to host the Regional Ex-

position of 1888; the offices of the Abruzzo Regional Council, built 

between 1979 and 1984 behind the above-mentioned older buildings. 

The San Michele Arcangelo convent was located in the quarter of 

Santa Giusta, one of the four in which the city of L’Aquila was orga-

nized topographically. Within that quarter, the convent was part of the 

"locali" (smaller areas) assigned to the communities of Monticchio 



“Palazzo dell’Emiciclo”. Reconstruction between recovery and discovery… 

 
231 

and Onna (two of the castles that founded L’Aquila in 1254). In the 

first known map of the city, designed by Pico Fonticulano in 1575, a 

small church dedicated to the Four Crowned Martyrs can be spotted in 

the area, close to the walls. The Franciscan Capuchin Friars began 

building a larger convent in 1610; the project was designed by Father 

Bernardo Romano and was funded by Friar Francesco, from the noble 

Vastarini family of L'Aquila. 

 

 
Figure 1. Detail of the map of L'Aquila by Scipione Antonelli, 1622.  

The perspective view shows the convent of the Capuchins and the church of San 

Michele in the foreground. 

 

  After the disastrous earthquake of 1703, works were needed to re-

build the church, which was razed to the ground, and reinforce the 

surviving structures, which had been heavily damaged. At the end of 

the nineteenth century, the convent was acquired by the municipality 

of L'Aquila, which decided to turn it into the headquarters of the 1888 

Regional Exhibition. The design was commissioned to architect Carlo 

Waldis, who connected the old building to the city with the construc-

tion of a large semi-circular porch, characterized by Ionic-style col-

umns. Thus, the building became the backdrop of the Villa Comunale, 

a park that was under construction at the time. It is precisely because 

of the shape of this porch that the palace begun to be identified as the 

Palazzo dell’Emiciclo. Waldis's interventions modified substantially 

the former convent, but some parts of the old complex survived, such 

as the church hall, with the four side chapels, and traces of the old 

cloister with the surrounding adjoining structures (warehouses, kitch-

ens, refectory and monastic cells). 
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Figure 2. Ground floor plan showing the surviving parts of the former convent of 

the Capuchins: 1) the side chapels at the church; 2) the church of San Michele; 3) 

the cloister. On the right-hand side, the 19th-century porch designed by Waldis. 

 

  In 1972, the Emiciclo became the seat of the Abruzzo Regional 

Council, which acquired the property and built the office towers be-

hind the old building, adjacent the civic walls, a new council hall in 

the former gym built on the occasion of the Regional Exhibition, and 

the invasive fence all around the complex. 

 

3. The project: enhanced spaces and rediscovered spaces 

 

  The 2009 earthquake caused severe damage to the ancient struc-

tures of the Palazzo dell’Emiciclo, which risked total collapse. The 

seismic waves had shown the fragilities of the building. The structural 

interventions, in addition to comply with safety standards, allowed to 

regain and improve surfaces and volumes of the original spaces, for 

which new functions were obviously defined. Some areas were freed 
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from debris and made functional again, ensuring that the different his-

torical phases of which each structure was a testimony, was enhanced 

and made recognisable. 

  Known spaces and volumes were reinterpreted to accommodate 

new functions that allowed to understand their original use: the 

church, freed from later incongruous additions, was restored to its 

previous aspect, the large, welcoming hall that used to be when it was 

rebuilt in the 18th-century; the area of the ancient cloister, formerly 

hosting a poorly designed conference room, was now made recog-

nizable again as an open space of encounter. Long-forgotten spaces 

and volumes were rediscovered and re-purposed: the convent’s service 

rooms, the well and pantry, once emptied and restored were turned in-

to a library. 

 

3.1. The former church of San Michele Arcangelo 

 

  The former church of San Michele, during the 1970s and ‘80s was 

turned into a hall, spoiling its spatiality and original functionality. 

  The entrance became the access to the Michetti hall, and hosted a 

canteen. The remarkable central section and apse of the former church 

were defaced by some elements with a strictly functional purpose: a 

ramp, which overcame a small gradient allowing access to the Council 

room, and, above all, a pretentious staircase leading to the new office 

block and parking lots, which denied the presence of the large stained 

glass window. This staircase, made of reinforced concrete, besides 

representing an obvious disturbance to the spatiality of the former 

church, was an element of seismic risk, because of the different re-

sponse to dynamic stresses between the connected parts, characterized 

by different materials.  
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Figure 3. The hall of the former convent church of San Michele Arcangelo. Once the 

cumbersome additions were eliminated, it was readable again as a former space of 

prayer, which can be used as an exhibition and/or conference space. It has been 

embellished by the stained-glass window by artist Franco Summa. 

 

3.1.1. A Cameo: the work of art in the work of art 

 

  At the back of the hall, in the window of the apse of the former 

church of San Michele, the work "The Days and the Works", by artist 

Franco Summa, was installed. The title recalls that of the text by Hes-
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iod, though with the words reversed. Following an international com-

petition organized by the Regional Council (which had made available 

a financing fund of 84,000 euros), the work was chosen by a commit-

tee of experts, out of 8 selected proposals.  

  Franco Summa was born in Pescara. After the secondary school di-

ploma, he enrolled at La Sapienza University of Rome, and graduated 

in History of Art, with a dissertation in Aesthetics. Since the mid-

1960s, his works addressed the relationship between men and natural 

environment, with interventions in public spaces. His first participa-

tion in important exhibitions dates back to 1964, when he was invited 

by art historian Giulio Carlo Argan to the "Vision Structures" show in 

Avezzano. This was followed by many others, both in Italy and 

abroad. 

  Summa's work for the Emiciclo is defined by architect Franco Pu-

rini as a "Chromatic Manifesto". He writes:  "... in his stained glass, 

Franco Summa reveals the presence of the theme of time as an ele-

ment that gives value to human existence in an incessant process of 

continuity and discontinuity whose end remains, however, always 

wrapped in a perspective as adventurous as it is indefinite. [...] His 

glass slabs, which seem to emanate a luminous energy produced by 

their own substance, are also, in many ways, the prophecy for L'Aqui-

la and its people of a future full of potential. The power of colours af-

firms the strength of the community; the geometric pattern illustrates 

a classification of vital moments, guided in their succession by a nec-

essary logic; the dialogue with the pre-existing space speaks of a col-

lective narrative that goes towards a wider and wider expression of 

what the city has given and will give to its inhabitants [...]". 

 

3.2. The former Michetti Hall 

 

  During the renovations of the 1970s and ‘80s, the area of the an-

cient cloister of the 17th century convent was occupied by a structure 

characterized by latticed beams resting on four metal pillars and cov-

ered by opaque surfaces. The structure hosted a small conference 

room named after the painter Francesco Paolo Michetti, losing the 

characteristics of an open space, and his function of all year-round 

outdoor place of rest, meditation or deambulatory, for the monastic 

complex. 



Corrado Marsili 236 

  The project allowed to reassert the functions for which this place 

was originally designed; the transparent glazed surface of the new roof 

allowed the view of the sky, so that the area of the ancient cloister re-

gained its original direct relationship with the outside; it takes the 

form of a large balcony around the four sides, while in the middle, a 

bright "winter garden" was arranged of the lower level. Passers-by can 

now stop and relax, or enjoy the natural light, while crossing the space 

to go from one part of the complex to another one. 

 

 
Figure 4. The area of the ancient cloister, turned into a conference room in the 

1980s, is again readable as such (the upper level is arranged as a four sides’ balco-

ny; the lower floor as a small garden). 
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3.3. The new library 

 

  At the lower level of the former convent, on the South-West side of 

the cloister, there were small vaulted spaces, long forgotten because 

partly interred, and partly used as boiler rooms. 

  The project aimed to recover the original volumes of these spaces, 

defining for them a new function. During the preliminary excavations, 

their material structure became evident (walls and vaults made of reg-

ularly-arranged stones), as well as the beautiful spatiality of these ser-

vice spaces of the 17th century convent; maybe, considering their con-

struction technique, they predate the convent, and had different origi-

nal functions. 

  Their size, features and location, which allowed an independent en-

trance from the outside, made these rooms suitable to host a new li-

brary, which allows their full enhancement and enjoyment. 

 

 
Figure 5.  Some spaces of the ancient convent of which memory had been lost, were 

rediscovered and given new functions. The service rooms, the well, and the pantry, 

once reinforced and restored, became a library. 
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3.4. The portico and the square of the Emiciclo 

 

  The portico of the Palazzo dell’Emiciclo was restored both in its 

structural elements, and in its decorative scheme (stuccoworks and 

painted surfaces), after a careful analysis of the original materials and 

colours. 

  The project involved the recovery of the continuity between the 

Emiciclo and the rest of the Villa Comunale dell'Aquila, by removing 

the heavy fence in front of the colonnade, and closing via Michele 

Jacobucci to vehicles.   

  These changes improved the urban design of the area, offering the 

possibility to facilitate the aggregation of the community during 

events, such as those that, since the 22nd of June 2018, when the 

Palazzo was reopened to the public, have followed both in the new 

halls of the public building, and outside, in the beautiful square in 

front of colonnade. 

  Thus, these places became important new spaces for the communi-

ty of L’Aquila, at a moment when it missed almost all the communal 

places that existed before the earthquake in the historic centre of the 

city. 

 

 
Figure 6a. The Palazzo dell’Emiciclo in an old photograph from the early 1900s. 
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Figure 6b. Originally, the square of the Emiciclo was directly connected with the 

green area in front of it, known as Villa Comunale. The restoration of the complex 

allowed to recover this important link, opening up an important new public space 

for the city. 

 

4. Security of restored historical buildings 

 

  The total safety of restored historic buildings must be ensured 

through gaining a detailed knowledge of their construction phases 

over time. 

  In L'Aquila, historical buildings characterized by a complex strati-

fication of diverse construction phases are very common, increasing 

the difficulty of the post-earthquake reconstruction carried out during 

the last ten years. 

  This is one of the questions, probably the most important one, 

which professionals must address when designing and carrying out 

works of seismic improvement of historical buildings. Too often, in 

the recent past, "innovative" techniques and materials were used with 

superficiality: they often proved to be elements of weakness which 

jeopardized, rather than improve, the structure's response to seismic 

stress. 
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Figure 7. Fifteenth-century frescoes are found on the walls behind the extrados of 

18th century vaults. 

 

 
Figure 8. Under a thick layer of plaster, a section of perfectly preserved historical 

masonry called "apparecchio aquilano" dating back to the 14th century was discov-

ered.  
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Figure 9. White and red limestone floor, dating back to the 15th century, rediscov-

ered under two, more recent, floors. 

 

For the work in the Palazzo dell’Emiciclo, the synergy created be-

tween the public administrations (Region, Municipality, So-

printendenza) and the professionalism put in place by private-

executors, has made possible the realization of an intervention that 

places the monument as an example of an intervention that has en-

sured a state-of-the-art seismic adjustment for a historic building, both 

nationally and internationally; an example of conservative restoration 

and enhancement that fully responds to the Papers, Guidelines and 

Regulations of the restoration of historical architectural heritage, also 

in relation to its function as a strategic public building. 

 

Conclusions 

 

The cultural formation of all actors - such as structuralists, restorers, 

conservators, researchers of the university and of the Ministry of Cul-

tural Heritage - called to operate on ancient artefacts, whether con-

strained or not under the law, must be such as to identify a shared path 

that leads to consider the project of structural consolidation, aimed at 

achieving adequate levels of security, as an integral part of the more 

general conservation project and not to constitute a theme in its own 

right. 

The restoration of the historic building must always start from a pre-

liminary historical-critical investigation that highlights its composi-
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tional characteristics, construction events, peculiarities, structural crit-

icalities. This,  together with the directives of the most advanced legis-

lation in this regard, with a vision of the project understood in a trans-

disciplinary way and not as a summation of knowledge, helps to avoid 

the conceptual separation of the work of the structuralist from that of 

the conservative architect by avoiding interventions that lead to the 

loss of the values of heritage and, at the same time, fully guaranteeing 

the protection of human life. 
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Abstract 
In a city such as L’Aquila, with a long history and a broad collection 

of monuments inside and outside its walls, both archaeological poten-

tial and archaeological risk are very high. It was possible to, in paral-

lel, both discover a still-intact past and to sensitively reconstruct the 

present in a way that was both in harmony with, and showing respect 

for, the traces of the past by means of a global approach to archaeo-

logical heritage protection during the post-earthquake reconstruction.  

The case of the Emiciclo forms a paradigmatic example of archaeo-

logical heritage protection in the context of urban archaeology and in 

terms of the positive outcome of multidisciplinary cooperation. In this 

paper, we illustrate – in a preliminary fashion – several archaeological 

aspects in order to contextualise the processes of protection and de-

velopment in a very complex environment such as that of the site at 

which this work took place. Official archaeological heritage protection 

and development activities in the city and territory of the pertinent So-

printendenza, under the direction of the architect Alessandra Vittorini, 

have been carried out – since December 2017 – by archaeologists 

(Deneb T. Cesana, Maria Teresa Moroni, Giulia Pelucchini) taken on 

for the role and based in the L’Aquila office. These archaeologists 

have guaranteed continuity of the official role previously principally 

undertaken by the archaeologist Rosanna Tuteri (Soprintendenza 

ABAP dell’Abruzzo). Furthermore, they have particularly focused on 

increasing the impact of dissemination activities and the development 

of archaeological heritage while considering the particular character of 

the urban landscape.  
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1. Introduction  

The case of the Emiciclo constitutes a paradigmatic example of as-

pects of archaeological heritage protection [1] in the context of urban 

archaeology [2] and of the positive outcomes of multidisciplinary 

cowork  [3, 4]. Examining, investigating and studying a city of artistic 

importance such as L’Aquila during the phase of post-earthquake re-

construction [5] meant, from the perspective of archaeological herit-

age protection, simultaneously confronting the discovery of a still in-

tact past, recognition of the need to reconstruct the present in a way 

that is in harmony with, and respectful of, the traces of the past, and 

the responsibility to secure an eco-sustainable and accessible future 

for the citizens and visitors [6].   

In a city such as L’Aquila, with a long history and a broad collection 

of monuments inside and outside its walls, both archaeological poten-

tial and archaeological risk are very high [7]. The increase in various 

types of work affecting the subsoil and construction projects (recon-

struction of public buildings, consolidation of private residences, res-

toration of ecclesiastical buildings, and invasive construction of un-

derground services) made it absolutely essential to identify appropri-

ate and sufficient strategies for the conservation and protection of ar-

chaeological heritage. Failure to do so would mean the irreversible 

compromising of – or destruction of – that heritage (Figures 1-4). 

The issues confronted include: a wide temporal range of finds, from 

Roman to modern; varying states of preservation; serious issues with 

structural projects (particularly underground); construction work tim-

ing; security needs.  

We focused on unknown (but knowable) sites, taking a global ap-

proach, not favouring one period over another and employing strati-

graphic excavation as an investigative tool. This was achieved by em-

ploying various protective measures [8]. In L’Aquila these were, prin-

cipally, agreed time schedules for excavation to allow documentation 

[9] and removal of things that were previously unknown or that 

“emerged” in the form of “interference” with structural work and, 

where preservation of archaeological materials in situ was necessary, 

evaluation of alternative options for changing plans. 

Protection of archaeological heritage in an urban context differs from 

other contexts in that it deals with the intact fragments of a very in-

tense stratification that emerge daily from the subsoil.  
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Figures 1-2. L’Aquila. Palazzo del Governo (foto Cesana, SABAP – AQ),  

Directors archaeological excavations: R.Tuteri, MT. Moroni, G.Pelucchini.  

Archaeologist: A.Cordisco, F. Savini. 
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Figures 3-4.  L’Aquila. Construction of underground services (Smarttunnel – I), 

Piazza Nove Martiri and via Campanaro (foto Cesana, SABAP – AQ). 

Directors archaeological excavations: R.Tuteri, DT. Cesana, G.Pelucchini.  

Archaeologists: C.Micari, L.Vacca, R.Leuzzi. 
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Failure to adequately protect them means risking not knowing, per-

haps losing forever, these traces of the story of human life in the city 

[10]. 

 

2. Under the Emiciclo: knowledge and protection of the archaeo-

logical stratification 

Archaeological structures, stratigraphy and finds emerged – in an un-

expected and interesting way – from the repair work (following the 

seismic events of 6 April 2009) to the Exhibition Centre known as the 

Emiciclo and the ex-male GIL building that is now the seat of the 

Abruzzo regional government in L’Aquila. These have allowed us to 

document and deepen our knowledge and the information available on 

the earlier phases of occupation of the area and the earliest years of the 

life of the Capuchin monastery. These resources represent the possi-

bility of new knowledge and can contribute positively to the clarifica-

tion and more precise delineation of the history of urban development 

in this part of the city of L’Aquila (Figure 5). 

During the work, there was constant careful archaeological supervi-

sion [11] of all digging, and expansions and detailed stratigraphic 

studies were undertaken to document and verify the presence (or not) 

of ancient stratigraphy, to date levels, to recover finds and to ensure 

their conservation. 

Our colleague Dr Rosanna Tuteri undertook scientific oversight of the 

archaeological heritage protection activities in 2016 and 2017. Fol-

lowing on, in 2018 and 2019, excavations were undertaken under the 

direction of the current author, focusing on the southern side of the 

building adjacent to the modern library. An interesting series of linked 

structures emerged that is worthy of further research and study (Fig-

ures 6-7). 

Overall, the activities of archaeological heritage protection involved:  

the small square in front of the Emiciclo, the southern longitudinal 

building (that now houses the library), and the external area adjacent 

to the southern perimeter (dubbed the “archaeological sector”). 

Results and archaeological finds are still undergoing further study and 

research (Figures 8-9).  However, we can here, in this publication, 

outline a preliminary chronological framework that is fundamental for 

understanding the great informational potential of the area, with its 

complex superimposition of anthropic stratigraphy and relationships 

with and among multiple architectural structures.  
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Figure 5. L’Aquila. Emiciclo, aerial view during excavation (documentation by Stu-

dio SAXA, archive SABAP-AQ). 

Directors archaeological excavations : R.Tuteri, D.T. Cesana. 

Archaeologists: P.Gilento, R.Leuzzi, T. Di Pietro and colleagues. 

 

 
Figure 6. L’Aquila. Emiciclo, southern side during excavation (foto Cesana SABAP-

AQ). Directors archaeological excavations : R.Tuteri, D.T. Cesana. Archaeologists: 

P.Gilento, R.Leuzzi, T. Di Pietro and colleagues. 
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Figure 7. L’Aquila. Emiciclo, southern side during excavation  

(foto Cesana SABAP-AQ). 

The chronological phases proposed here are, generally, based on data 

from recent excavations [12] and study of historical maps (Figures 10-

12). We can “leaf through” the phases that it was possible to docu-

ment from the most recent levels back to the oldest: 

1) Traces of the nineteenth century renovation of the Emiciclo;  

2) The foundations and layout of the Capuchin monastery of S. 

Michele (founded in the seventeenth century with renovations 

through to the modern period); 

3) A series of structures that predate the monastery and are datable to 

between the Late Medieval period and the Renaissance (note that 

there was a monastery of Servite Franciscans in this area in the six-

teenth century); 

4) Several burials probably from the Later Medieval era that show a 

funerary use of the area: the poor state of preservation does not, at 

the moment, permit saying more; 

5) Some well-preserved foundations and wall segments (with squared 

ashlar masonry and plastered outer surfaces) that might belong to 

buildings connected to the earliest religious foundations (thirteenth 

century) in this area within the city walls, known as the (Campo di 

Fossa”: the Benedictine monastery of S. Maria a Graiano and the 

church of Quattro Santi Martiri Coronati; 

6) Finally the negative impressions (that is, post holes) of a structure, 

maybe a type of hut, and a few coarse ceramic finds (in secondary 
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contexts) that seem to indicate a sporadic occupation of the area be-

fore the medieval town was laid out.  

  

  
Figures 8-9. L’Aquila. Emiciclo, archaeological materials (documentation by Stu-

dio SAXA, archive SABAP-AQ), post-medieval ceramic remains. 

 

-  
Figure 10. Placement in L’Aquila city, where today Emiciclo is placed, in historical 

map, detail from Fonticulano on 1575. 
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Figure 11. Placement in L’Aquila city, where today Emiciclo is placed, in historical 

map, detail from Vaticano on 1581. 

 

 
Figure 12. Placement in L’Aquila city, where today Emiciclo is placed, in historical 

map, detail from Bleu on 1663. 
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Conclusions: the future of the discoveries. 

This work offered the possibility of enhancing what is protected 

through a joint cultural project [13] undertaken with the Consiglio Re-

gionale of Abruzzo that includes: repurposing of ancient underground 

structures as a public library (Figures  13-14); the creation of a perma-

nent exhibition of archaeological finds in the headquarters building 

(the project has been approved and is underway); public visibility of 

the external archaeological excavations (approved and underway).   

 

 
Figure 13. L’Aquila. Emiciclo, ancient underground structures, today public li-

brary, before archaeological investigations (documentation by Studio SAXA, archive 

SABAP-AQ). 

 

Specifically, the results of the archaeological investigations will be 

made available to the public within the restored headquarters building 

by means of a visitor route with panels to explain the historical back-

ground and the display of finds. Outside, where substantial sections of 

wall (up to 2 metres) emerge from the subsoil and are architecturally 

“readable” a small archaeological area is planned where it will be pos-

sible to view and admire a series of connected rooms that contain ar-

chaeological levels datable to the end of the thirteenth century and af-

ter. This little archaeological area is characterised by direct strati-

graphic links to existing buildings (specifically the underground struc-

tures of the library) (Figure  15) and will not be presented as an artifi-

cially open “hole” in the urban fabric but, rather, as a “layer that con-
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tinues below the modern surface in all directions” [14], allowing the 

viewer to see the continuity between past and present within the 

framework outlined above. 

 

 
Figure 14. L’Aquila, Emiciclo. Ancient underground structures, today public li-

brary, after restoration (foto Cesana, SABAP-AQ). 

 
Figure 15. L’Aquila, Emiciclo. Southern side during excavation  

(foto Cesana SABAP-AQ). 
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building Base Isolation retrofit 
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Abstract 
The structural design requests two goals apparently in contrast:  

maximum safety for strategic local government site Vs preservation of 

monument. The topic of "seismic safety" can be summarized in the re-

quest of capacity greather or equal to the demand. In the case of a new 

building, is quite simple, the main parameters of the structure system, 

are established a priori and the designed according to the assumptions 

done for existing buildings, is little more difficult, the conventional 

strategy is increased strenght. The improvement of the seismic capaci-

ty, aimed to avoid collapse and severe damage in a future earthquake, 

must provide for the strengthening of the structural systems (conven-

tional strategy). In seismic enhancement of heritage buildings, the 

preservation goal of their historical value requires the use of materials 

equal or strictly coherent to the original ones. The use of modern ma-

terials must provide for non-invasive and reversible techniques. What 

generally occurs in practice is a compromise between the two design 

goals, preservation and performance, with the risk that none of the two 

is actually fully satisfied. 
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1. The Emiciclo Palace 

The structure is very complex in terms of plan, in particular its exten-

sion on the surface is truly considerable. 

The result of modifications to the original seventeenth-century plant 

with the addition in 1888 of the front from which it takes its name. 

The complex is characterized by an almost overall size 

inscribed in a square of 57 m side and reaches a height above ground 

of about 14 m at the main facade. 

The complex is entirely in masonry, mainly stones. 

The crack picture produced by the seismic crisis of April 2009 obvi-

ously highlighted all the structural vulnerabilities of the complex: 

a) the serious failure of “edicole”; 

b) the cracking at the base of the columns by pressure bending; 

c) the collapse of the upper parts of the facade and part of the cornices 

that they characterized; 

d) the cracking and the internal load-bearing walls with shear injuries 

and cracks also and above all in correspondence with the wall dis-

continuities; 

e) serious and widespread cracks in the vaults of the side chapels and 

the vaults of the “edicole”; 

f) localized collapses of floors at the facade. 

 
Figure 1. Aerial view of the complex. 
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Figure 2. Graphic reconstruction of the Palace. 

 
Figure 3. The Palace before the 2009 earthquake. 

 

It is possible to schematize the complex in four parts: a) the nave, b) 

the four side chapels, c) the former convent, d) the Emiciclo. 

The nave corresponds to the large central space corresponding to the 

main nave of the former Church of San Michele. 

The wall thickness of the perimeter walls is approximately 1.80 m. 

The nave is in turn divided into two large spaces, the real and proper 

nave and the part of the transept and apse, spaces separated by the tri-

umphal arch that rests on two Corinthian columns. 

The two spaces are both covered by vaulted ceilings, barrel-shaped 

and lunettes along the longitudinal shutter sides. 

The classroom of the Ex ante operam was characterized, before the in-

tervention, by a reinforced concrete staircase connecting to the other 

site of the Regional Council "Le Torri" located on the back of the 

Emiciclo Palace. 

The structure of the vault is made with a wooden crown and “can-

nucciato” mats that support the intrados plastered surface. 
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The hut-shaped roof is in clay-cement with brick joists and planks, ar-

ranged according to a simple "triangular" pattern of double brick strut 

and steel tie, capable of covering the entire transverse span of the 

nave. 

Both the vaulted ceiling and the roof are the result of the restructuring 

of the 1960s and are therefore relatively recent. 

The side chapels probably built in several phases are covered by brick 

vaults with a thickness of about "one head" shaped respectively with a 

lunette-shaped pavilion, with a lunette-shaped cross, while the last 

one, located alongside the transept area, has its original vaulted roof 

has been lost and is covered by a flat floor. 

Also this part is in masonry mainly in stone. 

The former convent, with a C-shape that circumscribes, together with 

the nave, the former cloister; it is the portion that has undergone the 

greatest and most profound changes and alterations over the centuries. 

 
Figure 4. Ground floor plan ante operam, crack picture. 

 

To date, what remains is mainly the external perimeter wall structure, 
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while the internal walls, almost replaced, have almost disappeared 

by dividing elements in non-load-bearing brick that mark spaces and 

rooms of the current destination to offices. 

Even the horizons have all been replaced by brick and concrete floors 

or iron and brick flooring. 

In the largest area the decks are in joists and slabs full in reinforced 

concrete cast on site. 

  
Figure 5. Wooden crowning for the construction of the vault in some photos of the 

renovation from the 60s of the twentieth century. 

 
Figure 6. Crack pattern of the vault of a side chapel. 
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Figure 7. View of the staircase before the doors operam in the center of the former 

transept and apse of the ancient Church of St. Michael the Archangel 

 

The covers are also made of brick and cement chin joists and piñata. 

It is this portion, for the downstream side which is characterized by 

the presence of an underground level almost intact in its original con-

figuration but in a total state of neglect. 

The large compartment covered by a vault in stone and material is di-

vided into several rooms by recently built walls in cement and / or 

brick masonry of recent production. 

The presence of these masonry indicates an attempt to remedy sagging 

and / or instability of the vaulted ceiling which presents at various 

points of deformation and inversion of the curvature. 

The ancient cloister was recently covered, in the 90s, by a metal struc-

ture in profiles arranged according to a spatial lattice that rests on four 

steel columns. 

This structure houses the current "Sala Michetti" space intended for 

conferences and conferences, and made it possible to create a large 

covered surface. 

The machines for the air conditioning and air treatment of the whole 

complex. 

The Palace is made of a sequence of Doric columns, twelve in total, 

arranged six on each side, in stone that delimit the Emiciclo and the 
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"square" in front of the building. The columns have a diameter of 

about 50 cm and a height of just over 5 meters. 

 
Figure 8. External view of the roof of the ex Sala Michetti. 

 
Figure 9. Internal view of the ex Sala Michetti, before the works,  
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Figure 10. Failure of the main facade of the Palace. 

 
Figure 11. Failure of the main facade of the Palace. 

 

The columns are at a wheelbase of about 2.45 m, are included between 

two masonry bodies, that of the entrance facade and the two niches at 

the end of the Emiciclo. 
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The two “edicole” are in masonry of stone covered, on the outside, 

with square facing stone with thickness between 15 and 30 cm, which 

characterizes the ornamentation of the “edicole” themselves. 

The internal perimeter of the covered walkway is a continuous curvi-

linear stone wall. 

The roof is flat and is the large terrace overlooking the square. This at-

tic is made of steel and brick flooring. 

Although the Palace could structurally be of less vulnerability as the 

heights above ground are limited, the great vastness of the building, its 

articulation in plan and above all the part of the Emiciclo placed on 

the front of the building, determine in its appendices an eccentricity 

between masses and really considerable stiffnesses. 

For example, the colonnade of the same Emiciclo, a structural element 

that is unable to offer shear strength, let alone at bending, represents 

an inertial element in the seismic phase which brings the masses of the 

roofing deck to stress the terminal parts inevitably causing collapse. 

Particularly serious was the instability of the ends of the Emiciclo 

where the prompt shoring intervention probably prevented the defini-

tive collapse. 

 
Figure 12. Side “edicole”, detail of the location of the blocks of squared facing 

stone following the shock earthquake of April 6, 2009. 
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Figure 13. Side “edicole”, detail of the location of the blocks of squared facing 

stone following the shock earthquake of April 6, 2009. 

 

The nave of the former church as well as the structures of the ancient 

courtyard (are obviously without transverse partitions and the relation-

ship between surfaces (masses) and seismic-resistant walls, also in this 

case, is largely deficient as shown by the wide and widespread crack 

pattern. 

 

2. Preliminary considerations 

The seismic crisis of April 6, 2009, which hit the territory of L'Aquila, 

provoked the seat of the Council Regional an extremely serious and 

widespread level of damage up to the point of collapse. 

The buildings are a historical testimony, as well as representative 

of the local organ.  

The fundamental peculiarity that cover both buildings derives from 

the apparent contrast of the objectives of protection and enhancement 

of the architectural and monumental aspects on the one hand and on 

the other to guarantee an adequate level of protection for the institu-

tional activity there is. 

As illustrated below, the intervention carried out successfully allows 

to find the right compromise between the reasons of safety and that of 

conservation, to free the original factory from tampering with incon-
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gruous interference and at the same time, especially in the case of the 

Emiciclo, to introduce NEW large areas for public and institutional 

use. 

This section analyses the structural analyses carried out and the subse-

quent execution phases, the specific problems relating to the realiza-

tion of this innovative strategy, operating in conditions of security of 

an isolation work at the base of an existing masonry building which is 

seriously damaged. 

 

3. "Traditional" intervention hypothesis - contraindications 

Since the buildings were of particular historical, architectural and en-

vironmental interest, it was necessary in any case to configure a bal-

anced intervention proposal that avoided the distortion of the factual 

situation. 

In other words, the reasons for safety for buildings of this kind must 

find a fair compromise with protection and respect of the historical 

and architectural value of the building itself. 

Taking into account the construction typology, it was clear from the 

outset that it would not be possible to guarantee with "conventional" 

interventions the ABILITY to absorb seismic accelerations as ex-

pected for seismic adjustment. 

The structural criticalities that immediately emerged to be faced with 

"conventional" methods were immediately numerous. 

As already highlighted, each building is of particular historical and ar-

tistic value and the value of each is expressed in a series of costructu- 

ral details that relate to the building in all its parts, the vestments exte-

riors rich in frames and decorative elements, internal fixtures, ceilings, 

floors, openings. 

There is therefore little room for maneuver to operate, for example, a 

"traditional" reinforcement and the elimination of those defects that 

led to failure (lack of resistant seismic masonry walls, construction ir-

regularities). 

A hypothesis of intervention with a "traditional" approach, aiming the 

execution of local wall renovations with widespread "Passive Safe-

guard" interventions, would have had the insurmountable contraindi-

cation to distort the buildings both architecturally and functionally. 

On the other hand, the problem of the non-linear behavior of such  

structure would remain unresolsolvable.  
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Taking into account the valuable characteristics of the protected build-

ing, the functions present there, this "conventional" approach proved 

to be unconvincing in that it would have entailed a strong general 

tampering with the building with the irreversible insertion of new 

structural elements whose functioning in the seismic phase would 

have remained in any case not verifiable, due to the differences in the 

functioning of the structures and the problems that would have oc-

curred on contact between the building masses and the steel and rein-

forced concrete structures of existing support. 

Nor was it possible to rebuild new walls that would have led to a func-

tional breakdown of the functional units and above all an irreversible 

tampering with the decorative elements existing in the case above all 

of the Palace. 

It was therefore decided to radically modify the approach, reversing 

the terms of the problem, no longer seeking an increase in the 

"STRENGTH" of the building to balance the seismic forces, but vice 

versa reducing the "STRESS" by isolating the base the building from 

the ground. 

In other words, the structural problem, which in a nutshell is summa-

rized in the inequality CAPACITY ≥ DEMAND conditioned by re-

spect for the historical monumental value of the intervention object, 

has been solved by reducing the term DEMAND rather than increas-

ing the term "passive resistance" "(CAPACITY)”.  

The conventional seismic improvement / adaptation intervention tends 

to operate in the direction of increasing the capacity by operating with 

reinforcement interventions that tend to be compatible with the histor-

ical and artistic value of the building, but in serious difficulty due to 

such large gaps between capacity and demand and with such strong 

limitations for the value of the building. 

For some particular situations such as the one covered by this work, it 

is possible to achieve a significant reduction in demand only by isolat-

ing the base of the building. 

The completed works intervene incisively below the ground floor 

walkway, concentrating almost exclusively the invasiveness of the 

work to the foundations, only to later lead the recovery intervention in 

the elevated part to a "simple" repair, or rather restoration, of the 

structural and non-structural parts, damaged by the seismic crisis. 
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The part of "sacrifice", below the walking surface, it is good to note 

that it would have been the subject of an underpinning intervention to 

seismically adapt the current foundations. 

The drastic reduction of acceleration at the base of the building 

through isolation therefore allows to minimize reinforcement interven-

tions in the elevation part and consequently limit the invasiveness of 

the intervention itself to the least valuable part of the building in ques-

tion, or the foundations. 

The "traditional / conventional" intervention is important to underline 

that according to the then current NTC '08 standard it is substantially 

"verified at break", that is, for the protection of human life, it is ac-

cepted that the structure and the Palace are damaged, even severely, as 

long as it doesn't collapse. 

In other words, if a seismic event comparable to what occurred on 

April 6, 2009, the building with a hypothetical conventional interven-

tion would probably again lose its functionality and efficiency and 

should be subjected to repair and administration to have to support 

new restoration costs. 

Viceversa, the isolation, having to design and verify the superstructure 

in the elastic field, decoupling its behavior from the ground through 

the isolators, after a severe seismic event remains fully efficient and 

fully functional with a drastic reduction in costs. 

 

4. Seismic isolation strategy at the base 

 
Figure 14. Balance between C and D. 

 

The design of a seismic adaptation of an existing building obviously 

differs substantially from the design approach of the construction of a 

new building. 
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The use of modern materials must provide for non-invasive and re-

versible techniques.  

What generally occurs in practice is a compromise between the two 

design goals, preservation and performance, with the risk that none of 

the two is actually fully satisfied. 

Does safety Vs preservation represent a contrasting goals problem? 

There is not preservation without seismic safety Heritage buildings 

damaged by earthquake in Italy. 

 
Figure 15. Demand ante operam 

 

Very low seismic capacity, due to both the scarce quality of construc-

tion materials and the inadequate structural configuration. 

The BI design strategy allows to contain the demand as a function of 

the available capacity. For this reason, the first design step consists of 

evaluating the seismic capacity of the existing superstructure and then 

to determine the characteristics of the BI system in order to limit the 

stress in the elements below their capacity.  

This strategy, "reduction of demand” by base isolation, currently ap-

plies in Italy predominantly for framed structures in r/c, but it is more 

efficient for masonry structures since they are, in general more stiff 

and less ductile but BI strategy is more difficult to apply for masonry 

building, expecially in historical towns because: 

1) most of buildings are connected with others structures; 

2) foundations are often at different level; 

3) Underground historical artefacts, archeological heritages, etc. 
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Figure 16. Demand post operam 

 

 
Figure 17. Heritage masonry buildings models on shaking table. 

Base fixed vs base isolation 

 

The energy induced by the earthquake in the case of a base fixed is 

mainly dissipated by the wall structure with a monumental value (!!) 

which is plasticized (cracks !!), viceversa in the case of BI energy is 

filtered by "isolator" devices - the masonry structure tends to a rigid 

body motion and remains substantially in the elastic field (no cracks) 
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Figure 18. The insertion of one of the "isolator" devices. 

 

 
Figure 19. Graphic reconstruction of the intervention 

of seismic isolation at the base of the Palace. 
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Figure 20. Axonometric section exploded view of the Palace. 

 
Figure 21. Series of "isolator" devices. 

 

For a new structure the system performance is established, for exam-

ple period and damping, and then the new structure is designed so that 

its structural elements are able to resist stress. 

In the case of an existing structure, wanting to avoid strengthening (or 

limit) interventions, the CAPACITY resistant of the structure with re-

spect to the horizontal actions is determined first, and then to calibrate 

the characteristics of the isolation system, with the objective of limit-

ing the demand below the CAPACITY, that is to limit the seismic 

forces acting on the structure to values lower than the resistant ones. 
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Figure 22. Seismic isolation. Floor plan -3.50 m 

 
Figure 23. Seismic isolation. Floor plan -1.0 m 
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Figure 24. Application of seismic isolation. Section A-A and C-C 

 

 

 

 
Figure 25. Elastic spectrum for the Limit State of Collapse, for the protection of life 

and damage to buildings with a fixed and isolated base (x = 15% for T> 1.65s). 

 

In other words, the DEMAND (isolator) is designed so that it is less 

than the CAPACITY (characteristic of the building). 

The total reversal of approach with respect to an intervention is evi-

dent "Traditional", the design of which starts from the definition of the 

request, and then measures the interventions in order to provide the 
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existing structural elements with that CAPACITY, of ductility re-

sistance, capable of satisfying the demand itself. 

 

5. Structural analysis relating to the ante-operam state 

With the aim and purpose of numerically modeling the structural be-

havior of such a complex and articulated building and therefore of es-

timating the safety conditions ante operam, an overall finite element 

structural analysis of the building factory was carried out, to evaluate 

the current (pre-earthquake) "CAPACITY" ante operam of the build-

ings mainly for the actions in the plan, while some of the most likely 

were analysed local mechanisms that the general model could not de-

scribe in sufficiently adhering to the reality of the two buildings. 

The structure of the is made up of masonry walls arranged in the two 

main orthogonal directions and connected by sufficiently rigid inter-

mediate horizons; the particularity of the building is certainly consti-

tuted by the large ceiling light and the structure in c. to. and steel, pre-

sent in the assembly hall; the behavior of this building can be investi-

gated according to the recommendations provided in point 5.4.1 of the 

DPCM 9.2.2011 "Evaluation and reduction of the seismic risk of the 

cultural heritage", or by means of an equivalent frame modeling, in 

accordance with the provisions of the new buildings. 

The analysis of the global behavior at present under seismic actions of 

this building was carried out by means of a static analysis non-linear 

(push-over analysis), which consists in applying gravitational loads to 

the structure and, for the action considered for the seismic action, a 

system of horizontal forces distributed proportionally to the inertia 

forces and resulting equal to the shear at base; these forces are scaled 

so as to monotonously increase the horizontal displacement dc of a 

control point coinciding with the center of mass of the last level, until 

reaching the conditions of local or global collapse. 

The structure of the Emiciclo consists of very different bodies: a por-

tion consists of two levels, separated by intermediate decks, with the 

presence of floor curbs; a portion has the typical structure of single-

nave churches with full-height walls and with the presence of large 

vaulted surfaces; finally, the portico is an isostatic multi-slab structure 

connected by beams to the walls backwaters. 

The difficulty of a "traditional" modeling with an equivalent frame of 

this building is therefore evident; an analysis was then carried out for 
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the safety assessment of the structure of the Emiciclo linear dynamics 

with response spectrum on a continuous element model. 

This modeling allows a clearer interpretation of the overall behavior 

of the building, especially for particularly complex and articulated 

buildings. 

 

5.1. Seismic actions 

In calculating the seismic action for both buildings, the following data 

relating to the construction and the reference site were adopted: 

• Nominal life (VN): 50 years (ordinary works); 

• Class of use (class): IV (buildings with important public or strategic 

functions - buildings intended for regional administration offices); 

• Coeff. Usage (CU): 2.0; 

• Reference period for seismic action (VR = VN x CU): 100 years. 

• Seismic soil category: S2 (*). 

The seismic category of the soil led to the need for an analysis of the 

local seismic response of the soil, from which the elastic spectra 

adopted for the present project were obtained, shown below.  

The elastic spectra used in the project status, relating to the isolated 

buildings, are also reported. 

It should be noted that in the analysis of fixed base buildings at pre-

sent, a structure coefficient of q = 2.25 has been adopted, as suggested 

by Circular No. 617 of 02.02.2009 in point C8.7.1.2. 

 

5.2. Analysis of the current state  

The analysis of the current state has shown considerable vulnerability, 

showing plasticization areas for considerably extended tensile and 

compression tensions, relative to the seismic action required for the 

adjustment. 

The figures below show the areas where the tensions, detected by the 

dynamic linear analysis with structure factor, exceed the resistant ca-

pacities of the material. 

In order to determine the multiplier of the seismic actions that leads to 

the achievement of the life saving limit state for the construction at 

present, steps were taken to scale the incoming seismic action until a 

voltage state compatible with the resistances was obtained some mate-

rials. 

From the analyses carried out, the following capacity was obtained in 

terms of maximum ground acceleration and return time: 
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PGACLV = 0.214 g 

TR,CLV = 71 years old 

and the corresponding seismic risk indicator: 

IRPGA = PGACLV / PGADLV = 0.370 

IRTR = (TR,CLV / TR,DLV)0.41 = 0.345 

 

6. Structural analysis related to the project status  

 
Figure 26.Comparison of the spectral response of the structure for fixed base and 

base configuration isolated (spectral representation at ADS CAPACITY) 

 
Figure 27. Plan arrangement of the elastomeric devices and slides, indicating the 

center of gravity of the masses and stiffnesses of the isolation system 

 

The numerical analyses carried out lead to surprising values in terms 

of achieving the seismic safety of the building; it was in fact possible 

to achieve the seismic adjustment of both buildings despite the high 

level of seismic protection required and without any significant tam-

pering with the existing one. 
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The sizing of the isolation system was carried out by imposing a peri-

od of the isolation system of approximately 2 seconds; this value is in 

fact a reference value in the design of isolated systems, as it allows a 

correct decoupling between the frequencies of the superstructure and 

frequencies of the isolated system. 

Hence, there are enormous advantages in terms of reduction of 

horizontal accelerations transmitted to the superstructure. 

The elastic spectrum referring to the site in question is shown, with an 

indication of the accelerations at the base of the fixed base structure 

and of the isolated structure, both in the standard spectral representa-

tion and in the ADS capacitive representation ("Acceleration Dis-

placement Spectra"). 

By examining these diaghrams it is possible to detect the main effects 

obtained by the seismic isolation of the structure at the base, by means 

of HDRB elastomeric isolators. In particular: 

• a significant reduction in the accelerations transmitted to the 

superstructure, obtained by moving the main periods of the system 

towards spectral zones characterized by a lower density of power. 

Note that we pass from Se, bf (fixed base) 1.39g to Se, is (isolated) 

0.17g (!!!) a reduction of more than 8 times (!!!); 

• an increase in the number of trips required to the structure due to the 

increase in the system's own period; however, it should be noted that 

these displacements remain borne by the isolation plane only and 

therefore by the elastomeric devices, which have a high lateral de-

formability. 

• an increase in the system's own damping, from typical values of 

fixed base structures (5%) with much higher values (15%), which it 

has is a reduction in the movements required to the isolation system, 

is a further reduction of the accelerations transmitted to the superstruc-

ture. 

• a strong decoupling of the behavior of the superstructure from that of 

the ground, thanks to a Tis / Tbf isolation ratio of approximately 7. 

The design of the isolation system was therefore carried out by means 

of a complete model of the substructure-isolation subsurface structure, 

with the following objectives: 

a) period of the isolation system greater than that necessary for the ad-

aptation of the structure; 

b) arrangement of the isolators as much as possible at the perimeter of 

the structure, to ensure significant torsional rigidity to the system; 
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c) arrangement of the devices in such a way as to center them as much 

as possible the center of gravity of the masses of the superstructure 

and the center of gravity of the stiffnesses of the isolation system. 

In this way it was possible to obtain a substantial coincidence of the 

mass center of gravity and rigidity of the system, with a residual ec-

centricity of at most 18 cm; these values are more than one order of 

magnitude lower than the tolerance required by law. 

 

6.1. Modeling and analysis 

The modeling of the isolated structures at the design stage, post 

operam, was carried out using FEM finite elements with linear elastic 

behavior: solid elements such as 4-node tetrahedral bricks, triangular 

plates at 3 knots and linear beams and springs at 2 knots were adopted. 

The solid bricks elements were used to model the massive parts of the 

structure such as the masonry masts, the pillars, the arches and the 

base curb in reinforced concrete; flat plates for modeling vaults, floors 

and loading areas; beam elements for beams and curves; the springs 

elements for the isolators, assigning the axial and lateral stiffnesses 

provided by the manufacturer. 

The structural model is constrained by blocking the translations in cor-

respondence with the totality of the base nodes. 

Linear dynamic analyses with elastic response spectrum were there-

fore performed, which represent the type of reference analysis for iso-

lated systems according to the Technical Standards for Construction; 

the seismic action was considered simultaneously acting in the two di-

rections according to the combination rules referred to in point 7.3.5 

of the NTC'08; The spatial variability of the seismic motion and the 

uncertainty in the distribution of the masses were taken into account, 

taking into account an accidental ec-centricity of the center of the 

masses. 

Finally, it should be noted that the reliability of the modeling of the 

behavior of an isolated building is extremely high, as: 

a) the first two ways of vibrating of the structure are substantially 

decoupled and move the totality of the effective mass in the two 

main directions (dir.x and dir.y); 

b) dynamic behavior is essentially governed by the suns isolation de-

vices, the rigidity of which is a given design it is validated in the 

construction phase through qualification tests and acceptance; 
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Figure 28. Structural model adopted in design status of the isolated building 

 

c) for the superstructure, linear behavior is assumed, in which the me-

chanical characteristics of the plastic masonry, more difficult to 

evaluate and affected by considerable uncertainties; 

d) the seismic actions on the superstructure are reduced to the point of 

being able to to consider on the construction agents only gravita-

tional loads, for which these structures were originally conceived. 

It should also be stressed that the mechanical properties of the isola-

tors are controlled quantities and subject to minimal variations both 

inside of the production batch, both over the years; these devices are 

in fact characterized by a high durability, guaranteed by a design ac-

cording to the most recent European product standards (UNI EN 

15129: 2009), which set a minimum service life for elastomeric isola-

tors equal to 50 years, and confirmed from aging tests accelerated tires 

performed by the manufacturer during the qualification phase. 
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Figure 29. Modal form of the first three ways of vibrating the isolated structure 

 
Figure 30. State of displacement in seismic analysis 

linear dynamics with elastic response spectrum 

 

Below are some views of the calculation model adopted for the analy-

sis of the design status, in relation to Emiciclo. 
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Figure 31.  main minimum and maximum voltages - CURRENT STATUS - SLV + X 

-0.3Y (limited to masonry design limit values) 

  
Figure 32.  Minimum and maximum main voltages 

 

6.2. Seismic actions 

In the analyses related to the design status of buildings with isolation 

seismic, the elastic response spectrum for the site in question was 

adopted, defined using the parameters shown in the previous para-

graph. 

 

7. Results of the analyses 

The good design of the isolation system is finally confirmed by the 

three main ways of the isolated system, which are decoupled: the first 

translational in the x direction, the second translational in the y direc-

tion and the third rotational. 

The values of the period obtained from the analysis are substantially 

the same as those imposed during the sizing phase, and equal to 2.01s 

in both main directions; the mere mass of the first three ways of vi-

brating exceeds 99% of the total. 

The values of the period obtained from the analysis are substantially 

coincident with those imposed in the pre-dimensioning phase, and 

equal to 2.05s in both main directions; the mere mass of the first three 

ways of vibrating exceeds 99% of the total. 
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Also following the linear dynamic analysis with elastic response spec-

trum, it can be seen that the deformation state of the superstructure is 

substantially zero, close to that of a rigid body, while the displace-

ments are essentially dependent on the underlying isolation system on-

ly, as shown in the following figures. 

The maximum displacement detected in the isolators in the analysis in 

the state of Collapse Limit (SLC) is equal to 25.2 cm. 

The joint provided, at which the relative free movement of the super-

structure and substructure must be guaranteed, is therefore prudently  

equal to 30 cm for both buildings. 

The graphical display of the improvement achieved in terms of the 

maximum and minimum main stresses on the walls is therefore shown 

below, by comparing the current and project status. 

The stress values are limited to the resistant values of the walls; the 

areas in white indicate the areas in which the stresses exceed the re-

sistance of the material. 

The numerical analyses carried out in relation to the state of the pro-

ject (buildings isolated at the base) showed tensions in the masonry 

absolutely compatible with the resistance of the material, testifying to 

the strong reduction of the seismic actions transmitted by the isolation 

system to the superstructure; therefore, the achievement of the seismic 

adaptation of the building to the actions envisaged for new buildings 

is reaffirmed, a result that cannot be achieved with interventions of the 

type traditional with limited invasiveness. 

This result appears even more significant if we consider that the 

checks carried out in relation to the Limit State of Safeguarding Life 

in the design state of the isolated building, in line with the require-

ments of the Technical Standards for Buildings 2008 at point 

7.10.6.2.1, require the masonry to have a substantially elastic behavior 

( q = 1.5), therefore providing for almost no damage to the superstruc-

ture even in the event of severe seismic events.  

This requirement therefore assumes great importance for buildings of 

strategic importance and public relevance and at the same time of val-

ue monumental, like the two buildings covered by this project, with 

significant advantages in terms of building operations, content protec-

tion and economic savings following severe earthquakes. 

In other words, if a seismic event comparable to what happened on 

April 6, 2009 occurred, the building would not show cracks, (it re-

mains in the elastic range!) The content will not be damaged (furnish-
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ings, equipment, hardware, etc.) and the functions can remain in total 

and complete efficiency without therefore having to remedy the 

cracks and injuries that may occur following a seismic event with a 

"conventional" intervention. 

Therefore, dealing with the seismic event, being unfortunately a cycli-

cal event, with the use of the seismic isolation strategy, compared to 

"traditional / conventional" techniques, offers a drastic reduction in 

maintenance and maintenance costs being fully guaranteed efficiency 

and functionality even after severe seismic events, comparable or 

higher than what happened on April 6th 2009. 

 

7.1 Displacements from Earthquake on October 30th 2016 

  
Figure 33. Displacements produced by the earthquake. 

 

BI of heritage buildings satisfied at same time: 

1) CAPACITY > DEMAND;    

2) the preservation, tested at the date of this earthquake. 

Obviously the strategy of BI is not the panacea of all the seismic pa-

thologies of the existing historical buildings, in fact, the cases where it 

is possible to apply such strategy are rare !! 

The BI system in this intervention strategy is the only protection 

against seismic actions, if not well designed and realized it can be the 

Achilles heel of the building !! 

During all the lifetime of the building, it is needed to check the devic-

es for which: 

3) the space around is free; 

4) the mechanical characteristics of elasticity and damping are not  

deteriored. 

Maybe necessary an inspection at least annually 

 

8. The construction site and execution methods 
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Therefore, once the strategy was defined, the issue of carrying out the 

isolation work at the base for an existing building in brickwork and se-

riously damaged, which therefore must be separated from the ground, 

was addressed. 

The operating methods for the realization of this "innovative" strategy 

are based on traditional intervention methodologies widely tested in 

the context of the foundation works of a building based directly on the 

ground below obviously suitably adapted to the specificity of the case. 

The execution phases firstly repaired the most precarious masonry el-

ements, in order to limit the risk conditions by means of the repair 

techniques such as “cuci-scuci” and punctual reconstructions. 

After providing for a proper shoring of the scaffolding, the subdivi-

sion of the entire building into sub-construction sites was started by 

starting the excavation and the subsequent execution of the stalls in-

side each compartment. 

The sub-foundation occurs in sections, which provide for the removal 

of the current foundation and the replacement of this with new foun-

dation levels, the first integral with the ground the second, separated 

from the latter, integral with the elevation. 

The isolating devices are interposed between the two foundations. 

In correspondence with the positions of the isolators, "plinths" or sup-

port rods are built, closely connected to the portions of the future 

stalls, always operating for sub-construction sites; in these elements, 

accommodation holes must be provided to subsequently house the iso-

lator and the relative fixing bushings. 

The isolators are installed by screwing them to the upper counterplate 

and then inserting "disposable" flat jacks underneath the devices. 

Injecting inside the epoxy resin flat jack, part of the load of the upper 

structure is transferred to the isolator and also putting the new founda-

tion under pressure; in this way the probability of differential settle-

ment settlements due to the construction for intervention sites. 

All the demolition and excavation works are accompanied by works 

by shoring and monitoring of elevation structures. 

Always working for sub-construction sites not adjacent to each other, 

they repeat themselves therefore the various phases by arranging all 

the elastomeric and sliding isolators which will now definitively sup-

port the masonry structures above the sliding plane. 

Once all the plinths have been built and the isolators loaded, we pro-

ceed to the completion jet of the residual parts of the reinforced foun-
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dation that constitutes the rigid connecting element between all the 

plinths and the base of the isolation devices. 

The last process is the installation of a steel and corrugated sheet slab 

that will restore the floor below which the technical compartment for 

the maintenance and control of the isolators will remain and represents 

the rigid surface above the sliding surface. Summarizing therefore: 

a) We proceed to excavate and remove the ground inside the rooms of 

the building, for about two meters from the ground floor (Figure 

34). 

b) Subsequently, for small and limited portions, a part of the founda-

tions and of the soil underlying the walls are removed, (Figure 35). 

c) With the appropriate precautions, even using props and jacks, 

two new foundations were built, the first at the base, in solidarity with 

the ground, the second, above this, at the base of the wall in mason-

ry (Figures 36, 37). 

d) Between the two new foundations the "isolator" devices are insert-

ed, that precisely isolate the above part of the building from the un-

derlying part integral with the ground (Figures 38, 39). 

e) A free space must be left along the perimeter of the building so that 

the building can move, even in the order of tens of 20-30 centime-

ters, with respect to the surrounding ground in the event of a seis-

mic event (Figure 136). 

f) The last operation is the reconstruction of the walking surface with 

a new floor which will cover the isolation level (Figure 137). 

The isolation system adopted included 46 elastomeric devices for the 

For the building, 61 elastomeric type devices were instead inserted, 

flanked by 53 multidirectional sliding supports. 

  
Figure 34. Excavation and construction 

of the stalls inside the compartment and 

with the excavation part highlighted. 

Figure 35. Removal of part of the 

foundations of the ground beneath the 

walls of the building. 
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Figure 36. With the use of props and jacks, the two new foundations are built. 

  
Figure 37. The "isolator" devices are inserted between two new foundations. 

  
Figure 38. The space left free around the 

building to allow for any movement in 

the event of a seismic event. 

Figure 39. The reconstruction of the walk-

ing surface with a new floor that will cov-

er the isolation level. 

 

The arrangement of the elastomeric devices has been taken care of in 

such a way as to guarantee the centering of the center of gravity of the 

masses with the center of gravity of the stiffnesses;  

Moreover, the isolators were arranged as far as possible in a peripheral 

position, so as to maximize the torsional rigidity of the system. 

The masses involved are not such as to require a large number of elas-

tomeric elements and therefore it follows that about 40% of the devic-

es are slides, which in fact represent only a sliding support. 

This method illustrated for the general case has specialized according 

to particular cases such as the colonnade of the Emiciclo, the separa-
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tion of the vaults from the walls in the basement area and the rein-

forced concrete / steel parts. 

 
Figure 40. Insertion phase of the new foundations for the colonnade 

 

For the colonnade, for example, an initial work by foundation in the 

parts between the columns, on this "part" of foundation the shoring of 

the roof slabs and the columns themselves was positioned. 

Once the elevation structures were propped up, these structures were 

temporarily "suspended" below and the foundation and insertion of the 

isolators completed. 

 

9. Construction of two new spaces 

The intervention at the Palace has created and redefined two new sur-

faces and interior spaces. 
 

9.1. Ex Sala Michetti 

In this case the project proposal provided for the recovery of meaning 

of that space that represented the zipper of the life of the whole mo-

nastic complex and which, with its being protected from the weather, 

was also intended to allow parking and walking outside during the 

winter. 
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Figure 41. Sala Michetti 

 

The reconstitution of this character of the cloister is another of the 

founding elements of the design choices: the space of the cloister was 

return to being open, of disengagement and multi-purpose, suitable for 

stopping and walking, capable of offering the view of the sky and a 

feeling of contact with nature. 

For the recovery of this space, the conservation of the spatial reticular 

steel structure was planned by eliminating the opaque surfaces, the 

systems present on the roof and the creation of a transparent glass sur-

face. 

During the preliminary excavation phases for the insertion of the 

isolation the metal structure has been temporarily suspended, with its 

support columns on temporary support beams. 

With this trick it was possible to perform the excavation at the same 

time as the realization of all the isolation works envisaged. 

 

9.2. The new Auditorium / Conferences Room 

From a functional point of view, the elimination of the so-called Hall 

Michetti required the reproposal of a similar space, given the 

substantial scarcity of rooms suitable for meetings (only three, includ-

ing the Hall built in the ancient cloister) in the entire complex and also 

considering the small size of the rooms available. 
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The current Sala Michetti has an area of about 360 mq and is able to 

offer about 115 seats, just enough numbers for small conference 

events and quite suitable for very specialized and sectoral meetings. 

 
Figure 42. Auditorium 

 
Figure 43. 61 elastomeric bearings and 45 bidirectional sliders on July 2018 

 

The project proposal involved the construction of a new underground 

room located under the small square defined by the colonnade, facing 

west, towards the front. 

The new room has a useful area of 590 mq approx. and allows 
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various configurations passing from what makes it a perfect meeting 

room for the Regional Council itself. 

For the realization of this underground space it was necessary to carry 

out along the perimeter of the room, also along the colonnade of the 

Emiciclo, a bulkhead of poles capable of supporting the thrust of the 

ground and the structure of the Emiciclo itself. 

After the construction of the bulkhead for parts, the excavation was 

carried out to reach the project quota and from there start again with 

the construction of the foundations, the columns and the new roof slab  

of the underground room. 

The ceiling of this room is a plate in c.a. integral with the floor of the 

entire building and is separated precisely from the underlying walls 

against the earth through seismic isolators, located in this case in the 

pillars at the bulkhead of perimeter poles. 

 

CONCLUSIONS 

The safety of a masonry building, of historical artistic value, places 

the designer in the complex evaluation of which is the most appropri-

ate intervention in combining the reasons for safety with those of con-

servation. 

In short, the structural problem has as its objective the resolution of 

inequality 

CAPACITY ≥ DEMAND 

conditioned by respect for the historical monumental value of the 

subject of intervention. 

On April 6, 2009, the seismic crisis that struck L'Aquila produced a 

devastating effect in the historical and cultural heritage of the city and 

the territory, highlighting the problem of the safety of low CAPACI-

TY buildings in the face of a high seismic DEMAND, this for various 

reasons, but frequently attributable to the poor wall quality of the 

building, often highlighting how large the gap is between the two 

terms of inequality. 

The conventional seismic improvement intervention tends to operate 

in the direction of increasing the "passive resistance" by operating 

with reinforcement interventions often not compatible with the histor-

ical artistic value of the building, in serious difficulty due to such 

large gaps between CAPACITY and DEMAND. 
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However for such buildings, the least invasive intervention is that 

which reduces demand by decoupling the behavior of the superstruc-

ture from the ground by inserting isolators. 

The proposed intervention concerns two masonry buildings on which 

there is an incisive intervention below the floor of the floor earth by 

concentrating the invasiveness of the work exclusively to the founda-

tions, only to later restore the intervention in the elevated part to a 

"simple" repair, or rather, restoration of the structural and non-

structural parts damaged by the seismic crisis. 

The drastic reduction of acceleration at the base of the building 

through isolation, in fact, it allows to minimize reinforcement inter-

ventions in the elevation part and consequently limit the invasiveness 

of the intervention itself to the least valuable part of the building in 

question, the foundations. 

Hence a lower "direct" cost of the works and consequent the possibil-

ity of offering new spaces (conference room and restoration of the in-

ternal courtyard - ex Sala Michetti) and "indirect" costs of restoration 

and maintenance on the occasion of a future seismic event. 

This solution basically limits the structural intervention at the level of 

the foundations without introducing further tampering on the upper 

areas that will be affected exclusively by the repair of the numerous 

damages suffered following the earthquake. 

The great advantage is the achievement of a "seismic adjustment" lev-

el of security often unexpected for buildings with these characteristics 

without proceeding with highly invasive interventions. 

Indeed, this strategy allows you to eliminate incongruous tampering 

(the ladder in the Emiciclo) restore functions (winter garden in the old 

courtyard - ex Sala Michetti) and find large and new functional spaces 

(new conference room). 

Once the base isolation has been made concrete, the structural prob-

lem of the elevation is therefore traced back to a simple restoration, or 

better restoration, of a monumental asset using the restoration tech-

niques, as it would have been done if the building had been state in a 

non-seismic or low seismic area, achieving a "seismic adjustment" 

safety level. 

In a nutshell this strategy allows with security levels of the seismic ad-

justment: 

a) content protection; 

b) protection of the architectural asset 
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c) low perception of the earthquake by inhabitants / users; 

d) non-invasive interventions in the superstructure, it is no longer nec-

essary to operate a strengthening but a simple repair and restoration; 

e) guaranteed operations for buildings of strategic but also symbolic-

institutional importance…; 

f) drastic economic and maintenance savings due to the NO need to 

carry out repairs following earthquakes even of severe entity (this is 

"durability" too ...). 
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Abstract 
The proposed research is dedicated to a very specific case study  

related to the Rialto’s Bridge in Venice, for which the need to deeply 

understand the structural behaviour and structural conservation state is 

strategic. The experimental investigation, mainly carried out through 

ambient vibration analysis – by mean Tromino® device – focuses on 

the dynamic characteristics determination. More generally the monu-

mental structure is characterized by high structural and material decay, 

very complex structure and not clear interaction between structure, 

base and soil, due to also the very specific and fragile context due to 

the historic centre of Venice characteristics. More in detail, the aim of 

the research is to conduct a quickly modal characterization of the 

monumental bridge through passive approach and a single station, in 

short time, also to evaluate the reliability of the instrumentation and 

very complex, if any, boundary condition. The employed device po-

tentially optimized the measurement of the microtremor in the fre-

quency range between 0.1 and 200 Hz. The experimental investigation 

showed different amplitude between the central part of the bridge and 

side, related to the difference in stiffness. Final results are related to 

indicate fundamental frequency, with relieved structural critic aspect 

in relation also with basement and soil. 

 

Keywords: monumental bridge, experimental dynamic characteriza-

tion, passive ambient vibration, natural frequency, ND tests, Dynamic 

parameters, Rialto Bridge 
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1. Introduction 

 

The structural health monitoring (SHM) of historic buildings and 

monuments is by now strategic to better evaluate effective state of 

conservation in their overall and from a global point of view. Besides, 

SHM, especially through dynamic approach, allows to identify and 

discover not visible damage areas and residual strength after extreme 

events as well as earthquakes, hazards, floods; the same approach 

could be positive also as preliminary action respect structural restora-

tion due to natural decay. In the same frame the expected results be-

come more and more significant in presence of historic constructions 

and sensitive monuments as that object of the proposed research.  

 

The investigation is dedicated to a very specific case study related to 

the Rialto’s Bridge in Venice, for which the need to deeply understand 

the structural behaviour and structural conservation state is strategic. 

The experimental investigation, mainly carried out through ambient 

vibration analysis – by mean Tromino® device – focuses on the dy-

namic characteristics determination. More generally the monumental 

structure is characterized by high structural and material decay, very 

complex structure and not clear interaction between structure, base 

and soil, due to also the very specific context as the historic centre of 

Venice is. More in detail, the aim of the research is to conduct a 

quickly modal characterization through passive approach, one single 

station and rapid way, also to evaluate the reliability of the instrumen-

tation in hard boundary condition and complex site. The employed 

device potentially optimizes the measurement of the microtremor in 

the frequency range between 0.1 and 200 Hz. The experimental inves-

tigation showed different amplitude between the central part of the 

bridge and side, related to the difference in stiffness. Final results are 

related to indicate fundamental frequency, translations and potential 

modal shapes also in relation with basement and soil. 

 

Dynamic monitoring based on the passive use of natural sources as-

sumed as inputs – i.e., pedestrian traffic, wind and shaking induced by 

the waves of the Canal Grande – has been finalized by an identifica-

tion process to determine the dynamic parameters of frequency and 

modal shapes, [1,2]. 
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In the case of historic constructions or even old ones, ND and MD 

(minor destructive) diagnostics together with overall dynamic moni-

toring have an important role [3, 4, 5, 6, 7], since their common not 

invasive approach. A proper in situ experimental campaign of tests al-

lows the control of any degradation phenomena, which are often not 

perceived after a visual inspection [8]. In the case of the studied mon-

umental bridge, the in situ structural investigation was already planned 

some years ago from a general point of view [9,10]. 

 

2. Monumental bridge and device description 

 

The structural system which characterizes Rialto Bridge at first ap-

proach could appear simple and clearly expressed through the single 

span marble arch, which lies below the deck, till lateral basement in 

Rialto and San Marco Insula. The arch spans 28.8 m and reaches a 

maximum height of 6.4 m, giving it a span/rise ratio of 4.5. The shal-

low, elliptical shape generates large lateral thrust, which is transferred 

into the abutments. A parabolic arch, with a span/rise ratio of 4, would 

be more efficient but provide less height over the springing points 

[11]. All that said the bridge is in fact a complex and unique monu-

mental pedestrian infrastructure [12]. Indeed, from the construction 

point of view the static scheme is more complex than a simple arch 

scheme since that the over-structure (single box shops), see figure 1, 

defines a bridge not only with temporary load related to high pedestri-

an traffic, but also with not common permanent load. By the way the 

resistant cross section could be considered not only as that given by 

traditional arch deck above described, and an added structural contri-

bution due to the upper over structure could be considered. That frame 

describes therefore a complex marble a stone strut and tie with differ-

ent resistant cross section and also a central part, in correspondence of 

the arch’s key with specific over structures and steel cable (see again 

Figure 1). 

 

In detail, the superstructure that houses the side shops is composed of 

two parallel rows of masonry portico structures divided by a central 

pedestrian corridor, while externally, on the north and south sides, 
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there are two side ramps with stone floors that allow visitors to see the 

Grand Canal, protected by a stone balustrade that runs longitudinally 

all the bridge. Each of the two rows houses twelve commercial prem-

ises, six on the right and six on the left looking at the bridge from the 

Canal, and at the top there is a large corridor that allows pedestrians to 

cross the bridge transversely. This corridor is covered by a cylindrical 

dome vault, aimed at protecting visitors and Venetians from atmos-

pheric agents. The galleries just described are semi-circular and also 

the central dome vault has the same shape, (Figure 1), although of 

greater proportions, and this aesthetic choice gives the visual continui-

ty feeling across the structure, [13]. 

 

 
 

Figure 1. The Rialto Bridge in Venice 

 

The foundations were built with large blocks of Istrian stone [14] of 

1.40 x 0.70 m with height between 0.50 and 0.70 m, framed and 

linked to each other with ties 1.40- 1.70 m long. Besides the channel, 

the blocks were inclined following the arch voussoirs, while towards 

the inside they were set horizontally [15]. The stone masonry reached 

a height of 4.55-4.90 m; hence, the foundation was made of brick ma-

sonry with bed joints oriented towards the arch centre. 

The structure of the arch has variable section, with a thickness of 1.40 

m at the key and of 4.50 m at the buttresses. The arch was made of 

1.40 x 0.52 stone blocks, following an alternate pattern and linked to 

each other by 1.40 m long ties. The floor was covered with slabs of a 

Superior Myocenic sandstone (Molassa Prealpina), extracted from the 

hills around Treviso. The construction was terminated in July 1591 

with the workshops and the decorative or protective elements. Subse-

quently, the bridge underwent frequent repairing (badly damaged parts 
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were substituted), and occasional restoration, like in 1980s when all 

the stone coverings were cleaned [9]. 

 

About the device employed for rapid dynamic characterization 

through passive approach a Tromino® device that optimizes the 

measurement of the microtremor in the frequency range between 0.1 

and 200 Hz and passive way has been utilized. The Tromino® has a 

simple configuration, it is lightweight and compact, and it is easy to 

use everywhere (figure 1). The device is equipped with three high-

resolution electrodynamic velocimeter channels for the acquisition of 

the environmental seismic microtremor up to approximately ± 1.5 

mm/s. The tromograph has also three velocimetric channels for re-

cording strong vibrations up to ± 5 cm/s and three accelerometric 

channels. The sensors are located in three directions (x, y and z) and 

transmit the signal to a digital acquisition system. The data recorded 

via tromograph are loaded into a specific software (Grilla®), which 

potentially performs frequency, modal shape and damping coefficient. 

 

3. Experimental Setup 

 
 

Figure 2. General setup of the dynamic monitoring through passive approach and 

single station 
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The design of short dynamic monitoring with location of the Tromi-

no® device for rapid dynamic characterization is indicated in Figure 

2. Experimental investigation aimed to globally characterizes the 

monument and also any potential relation between soil and free field 

(see the survey point named ‘F’ in figure 2) with a very deep investi-

gation related to basement and monumental structure [16]. 

In detail investigations point type ‘A’ and ‘E’ are related to the base-

ment steps from the two venetian sides respectively named Rialto In-

sula, on the left, and San Marco one, on the right. Besides, with sym-

metrical approach points ‘D’ and ‘B’ are in correspondence of the first 

part of the arch; while finally point C – see again figure 1 and 2 - is on 

the middle of the structure. The position of the Tromino® device 

could be also more clearly understood in interaction between figure 1 

and 2. 

4. Experimental Results 

 

 
Figure 3. Amplitude frequency spectra for punctual investigation of Line A (figure 

2); x, y and z directions 

 

The above mentioned experimental design of short dynamic character-

ization focused to try to define longitudinal and transversal dynamic 

characterization, even though difference in each line could not be ex-

cluded [17]. The following diagrams take into account all these exper-

imental results. Particularly figures from 3 to 16 are related to punctu-

al amplitude frequency spectra, while figure 16 and 17 try to give an 
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idea about longitudinal and transversal behavior of the monumental 

structure in the potential more sensitive cross sections of the monu-

mental bridge. Site effects are finally indicated in figure 18 and 19 for 

Rialto and San Marco Insula/side. 
 

 
Figure 4. Amplitude frequency spectra for punctual investigation of Line A (figure 

2); x, y and z directions 

 
Figure 5. Amplitude frequency spectra for punctual investigation of Line B (figure 

2); x, y and z directions 
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Figure 6. Amplitude frequency spectra for punctual investigation of Line B (figure 

2); x, y and z directions 

 
Figure 7. Amplitude frequency spectra for punctual investigation of Line B (figure 

2); x, y and z directions 

 
Figure 8. Amplitude frequency spectra for punctual investigation of Line C (figure 

2); x, y and z directions 
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Figure 9. Amplitude frequency spectra for punctual investigation of Line C (figure 

2); x, y and z directions 

 
Figure 10. Amplitude frequency spectra for punctual investigation of Line C (figure 

2); x, y and z directions 

 
Figure 11. Amplitude frequency spectra for punctual investigation of Line D (figure 

2); x, y and z directions 
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Figure 12. Amplitude frequency spectra for punctual investigation of Line D (figure 

2); x, y and z directions 

 
Figure 13. Amplitude frequency spectra for punctual investigation of Line D (figure 

2); x, y and z directions 

 
Figure 14. Amplitude frequency spectra for punctual investigation of Line E (figure 

2); x, y and z directions 
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Figure 15. Amplitude frequency spectra for punctual investigation of Line E (figure 

2); x, y and z directions 

 
Figure 16. Amplitude frequency spectra for punctual investigation of Line E (figure 

2); x, y and z directions 

 

In detail punctual survey confirmed that mode, translations and fre-

quency peak are different in the bridge respect the basement and soil 

zones. About the structural survey, the longitudinal performance ap-

pears strongly different than the transversal one, as evidenced by 

means comparison between figure 17 and figure 18. Particularly of in-

terest is the higher amplitude relieved for transversal direction respect 

the longitudinal one for z direction. 
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Figure 17. Curve related to transversal section in correspondence of the arch’s key 
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Figure 18. Curve related to longitudinal section in correspondence of the middle of 

the structure 
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 Figure 19. H/V-frequency curve for Rialto Insula side 

  Figure 20. H/V frequency diagram for San Marco Insula side 

 

The evaluation of potential site effect has been showed in figures 19 

and 20, through which is possible to outline that from a general point 

of view the two curves appear close and similar [18], [19]. 

5. Discussion  

A first global evaluation of results in their overall could be proposed 

through analysis of the final experimental output indicated and sum-

marized in Table 1. From a general point of view the only two modes 

relieved confirmed the high level of mass and stiffness of the struc-

ture. Natural/fundamental frequency could be assumed equal to 5.8 

Hz, while the reduced difference form structural performance between 

longitudinal and transversal direction indicates again the particularity 

of the monumental bridge.   
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Table 1. Summarizing of the all experimental results; Modes and Frequencies 

Point 

Name 

Arch. 

position 
Mode 

North-

South 

[Hz] 

East-

West 

[Hz] 

Up-

Down 

[Hz] 

Major 

ampli-

tude 

Direc-

tion 

A Base Mode 1 - 22.3 22.4 EW-UD 

Vertical, 

Trans-

versal 

B Haunch 

Mode 1 - 5.09 5.03 EW-UD 

Vertical, 

Trans-

versal 

Mode 2 - - 7.5 NS 
Longitu-

dinal 

Mode 3 - 22.8 22.8 EW- UD 

Vertical, 

Trans-

versal 

C Keystone 
Mode 1 - 5.8 5.8 EW- UD 

Vertical, 

Trans-

versal 

Mode 2 - - 22.34 UD 
Vertical 

D Haunch 

Mode 1 5.25 5.25 - NS-EW 

Longitu-

dinal, 

Trans-

versal 

Mode 2 7.13 - 7.13 UD-NS 

Vertical, 

Longitu-

dinal 

Mode 3 - 22.25 22.25 UD- EW 

Vertical, 

Trans-

versal 

E Base 

Mode 1 - 5.03 - EW 
Trans-

versal 

Mode 2 7.65 - 7.65 UD-NS 

Vertical, 

Longitu-

dinal 

Mode 3 - - 22.4 UD 
Vertical,  

Free 

field 

Rialto 

Side 

  0.5    

 

Free 

field 

San 

Marco 

Side 

  0.31    
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6. Conclusions 

 

On the base of the all presented experimental results, the following 

first conclusion could be proposed: 

- Passive approach through single station and short time acquisition of 

ambient vibration tremors, evidenced some unavoidable defects but 

also a potential methodology for rapid dynamic characterization of 

complex monumental structure, 

- Ambient vibration analysis in utilizing both natural and anthropic vi-

bration as excitation’s source appear today very compatible respect the 

need and sensitivity of the monitoring of historic construction and or 

monumental structures, 

- Amplitude frequency spectra evidenced low flexural and torsional 

modes, 

- Fundamental frequency, around 5.8 Hz is compatible respect the 

mass and stiffness characteristics of monumental bridge, while not site 

effect has been relieved. 
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Abstract 
  Several masonry constructions found in the Kathmandu valley are 

inscribed on the UNESCO’s Cultural World Heritage list since 1979, 

due to their extraordinary number of mostly religious monuments and 

heritage buildings. The natural hazards and especially earthquake have 

always characterized this region, producing damage at large extent 

across the centuries. The aim of the research is the study of soil-base-

structure interaction in Nepali historic constructions, hit by the Gorkha 

2015 earthquake. That is because of the base masonry made between 

soil and structure is a specific characteristic of the Nepali temples and 

strongly influences the monument’s structural answer in presence of 

dynamic action. The investigated Hindu buildings, Sikharas-style and 

Dega pagoda temple, are characterized by a square floor, symmetrical 

structure and they are built in masonry and wood. After a careful an-

amnesis based on visual inspection and hypotheses on the temple’s 

structural behaviour, a global dynamic fast test through ambient vibra-

tion analysis was carried out for qualitative characterisation of the 

soil-structure system, residual stiffness and strengths. This type of 

analysis allowed to dynamically characterize soils, the bases and the 

buildings and, above all, their interaction.  

 

Keywords: Nepali constructions; ambient vibration; soil-basement in-

teraction; dynamic characterization; single passive station; tromo-

graph. 
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1.  Introduction 

 

  Several masonry buildings found in the Kathmandu valley are in-

scribed on the UNESCO’s Cultural World Heritage list since 1979, 

due to their extraordinary number of mostly religious monuments and 

heritage buildings. The natural hazards and especially earthquake have 

always characterized this region, producing damage at large extent 

across the centuries, [1], [2].  

 

The aim of the proposed research is the evaluation of soil-structure in-

teraction (in detail the soil-basement-structure one) in Nepali historic 

constructions, hit by the Gorkha 2015 earthquake. That is because of 

the basement masonry made – generally with decreasing and concen-

tric steps with a square plan till the constructions – as intermediate el-

ement between soil and structure, is a sensitive structural characteris-

tic of Nepali historic Temples and monuments. 

In other words, the aim of the proposed research is focused to clarify 

the potential influence and role of these step’s masonry basement on 

the monument’s structural answer in presence of dynamic action. 

The study was born from an opportunity started after the 2015 Gorkha 

earthquake from the UNESCO office in Kathmandu, related to the 

need to do a deep survey of the damage’s level in Nepali historic con-

struction and monuments [3]. 

More generally, the soil - structure interaction definitely influences the 

structural answer of a construction under seismic action also inde-

pendently from the type of interaction and the presence of a potential 

intermediate basement, [4], [5]. As well as, the real boundary condi-

tions with foundation’s typology have a not negligible influence on 

the structural performance of the monuments in presence of horizontal 

dynamic actions [6]. 

The investigated historic constructions are Hindu buildings, Sikharas-

style and Dega pagoda temple, and are generally characterized by a 

square floor, symmetrical structure and they are built by masonry-

wood structure. After a careful anamnesis based on visual inspection 

and hypotheses on each damage assessment of investigated temple’s, a 

global dynamic short passive test by means a single tromograph de-

vice and ambient vibration analysis was carried out. That is by now a 

common methodology widely used, [7], [8], [9], and also useful for 
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qualitative characterization of the soil-structural system, residual stiff-

ness and strengths. This type of analysis allowed specifically to dy-

namically characterize the soil, the step’s basement and the buildings 

with first of all the natural frequency evaluation.  

 

In detail, for each investigated monument the same type of experi-

mental test has been carried out, i.e. through single station tromograph 

in different positions that acquires ambient and anthropic vibration 

with short recording phase and passive approach, [10]. Punctual inves-

tigations have been related to the soil - just out of the step’s base – to 

the step’s basement (when possible in each step) and finally in the his-

toric construction. Specific comparisons between outputs for the 

above three positions and investigation zones are proposed. Following 

the research shows also the potentialities related to the use of the 

tromograph as single passive station and for short time recording of 

ambient vibration intended as fast methodology for dynamic charac-

terization of constructions.  

Many investigated case studies which are related to the most signifi-

cant historic construction with step’s masonry basement are analyzed. 

Similar experimental investigations have been already done in the 

same area, with interaction between single passive station analysis of 

ambient vibration and visual inspection, [11].  

The tests conducted on the step’s basement of Bhimsen and Krishna 

Temple seem to not present significant peaks, confirming the absence 

of local amplification effects.  In the Pancha Deval complex the step’s 

basement peaks showed the presence of local potential amplification 

effects; while in the case of Jagannath Temple the step’s basement has 

dampened the effect of local effects. 

 

The conclusions point out the influence of the step’s basement mason-

ry made, intended also as potential damper subject, on the damage dis-

tribution on historic constructions and their interaction respect soil and 

structure, experimentally analysed through the amplitude-frequency 

spectra and H/V ratio for site effects evaluation. 

 

2. Device’s characteristics for dynamic characterization through 

ambient vibration 
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  For the dynamic modal characterization of the structures and the 

subsoil we used the Tromino® device that optimizes the measurement 

of the microtremor in the frequency range between 0.1 and 200 Hz 

and passive way. The Tromino has a simple configuration, it is light-

weight and compact, and it is easy to use everywhere (figure 1). The 

device is equipped with three high-resolution electrodynamic veloci-

meter channels for the acquisition of the environmental seismic micro-

tremor up to approximately ± 1.5 mm/s. The tromograph has also 

three velocimetric channels for recording strong vibrations up to ± 5 

cm/s and three accelerometric channels. The sensors are located in 

three directions (x, y and z) and transmit the signal to a digital acquisi-

tion system. The data recorded via tromograph are loaded into a spe-

cific software (Grilla®), which potentially performs frequency, modal 

shape and damping coefficient. 

 

 
 

Figure 1. In situ use of the tromograph 

 

An important part of the damage related to the effects of earthquakes 

in building is associated with the amplification of seismic waves 

caused by the site effect. The performance frequency spectral ratio or 

HVRS (Horizontal to Vertical Spectra Ratio) [12], is one of the most 

common approaches to determine that effect. This approach proposed 

first in [13], and then by Nogoshi and Igarashi [14] is based on the ini-

tial studies of Kanai and Tanaka [15]. The test, born in Japan in 1970, 

is performed with a three-component seismometer. The tromograph 

software related to the Tromino allows to determine the site effect and 

use the well-known fast Fourier transform (FFT) to obtain related 

spectra [4]. The FFT is indicated through follow:  
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(1) 

 

with :  variable function; (F) Fourier transform and H ( ):  

 

 

(2) 

 

It is to be noted that the functions  and  form a pair of Fouri-

er transforms. The two variables t and f can be any pair of variables 

that have dimensions whose product is equal to 1. 

The Fourier transform is produced by (3): 

 

 

(3) 

 

where if we allow the period T of the Fourier series to tend to be 

infinities, the frequency f0 tends to zero and in this way an integral 

form of the Fourier series is obtained which can also be used with 

non-periodic functions. Then we proceed by calculating the ratio 

between the horizontal spectral component H and the vertical spectral 

component V, H/V analysis. The frequencies in which this curve 

shows maximums, are the resonant frequencies of the site below the 

measurement point. This technique is suitable for the study of the 

ground.  Generally, the environmental noise is divided into two 

categories: natural and anthropic. Very often, especially in urban 

areas, this subdivision corresponds to different frequencies [16]. At 

low frequencies, less than 1 Hz, the origin is essentially natural: 

marine waves, coast-tide interaction, wind, unstable meteorological 

conditions, thunderstorms. At high frequencies, above 1 Hz, the origin 

is mainly linked to human activities (traffic, industrial machinery), 

besides the H/V technique allows to eliminate from the recordings the 

noise’s effect to obtain a stable curve with own resonance frequencies 

of the ground [12]. It is possible to use the Tromino® also for the 

dynamic identification of buildings. In this case, it is necessary to use 

an analysis that can eliminate the site effects. Building could be first 

assimilated to complex oscillators that vibrate with maximum 

amplitude only in correspondence of specific natural frequency. This 

condition does not occur only when the structure is excited, like an 

earthquake, but also in presence of environmental tremors. The 
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practice is to place on the building one or more tromograph and record 

the time series f(t) for a few minutes. Then the available mathematical 

tools, such as the Fourier Transform, allow us to break down the f(t) 

series into a sum of elementary harmonics of the type (4): 

 

 

(4) 

 

In which the Ai is the amplitude of the i-th harmonic, ωi is the 

pulsation of the i-th harmonic and φi is the phase of the i-th harmonic. 

The technique used to eliminate the effect of the underground site in 

structure investigated is called Standard Spectral Ratio (SSR) while 

the analysis conducted to identify the vibration modes of the structure 

is a ratio between homologous Hi/H0 components (vertical or 

horizontal), able to identify different modal shape and amplify the 

frequencies [16]. The sampling frequency chosen for our building’s 

and base’s recording is 128 Hz, with 16 minutes. The duration of the 

registration is linked to the robustness of the statistical data. For a 

proper spectral resolution, the window has to be at least 10 times the 

period. In our case we expect minor periods of less 2 s (frequencies 

higher than 0.5 Hz), adopting windows of 20 s. For an adequate 

statistic the average is between 30-40 windows with a duration of not 

less than 20 seconds. The recording time cannot be less than 600 -900 

seconds or 10-15 minutes. Single station passive approach with short 

timing for each measure’s recording has been adopted. 

 

3. Case Studies 

 

All the proposed case studies (globally six temples hit by 2015 

earthquake) are historic Nepali constructions characterized by the 

presence of a masonry step’s basement between soil and building. The 

experimental investigations are related to institutional activities 

carried out through UNESCO and Iuav University of Venice. All the 

proposed cases are indicated in Figure 2, located in Kathmandu and/or 

Kathmandu Valley. 
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Jagannath Temple, 

Kathmandu 

 
Bhimsen Temple, Patan  

 
Pancha Deval 

Complex, 

Kathmandu 

 

 
Krishna Temple, 

Bhaktapur, Durbar 

Square 

 

           
Nyaatapola,Bhaktapur 

 
 

Radha Krishna 

Temple, Teku 

 

Figure 2. General view of the investigated Historic Nepali Constructions 

 

From a general point of view, the level of damage relieved in all 

constructions has been mainly concentrated in masonry bearing parts, 

while timber element inside and outside the masonry parts played a 

role of partial dissipation, as expected. For each case study, the single 

passive station (Tromino®) has been applied in the soil, in the step’s 

basement masonry made (globally with height between 0,7 mt and 3.0 

mt) and then finally in the constructions for recording ambient 

vibration. 
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Figure 3. Durbar Square, October 2015, Kathmandu, general view  

after 2015 earthquake 

 

Figure 3 shows from a general point of view the Durbar Square in 

Kathmandu after Gorkha earthquake with detail - on the right of the 

picture - of two cases of monument collapsed and originally located 

on the top of a typical Nepali step’s basement masonry made. 

 

 

4. Experimental Results 

 

Following for each monument, from figure 4 to 9, the experimental 

curves derived from the tromograph are presented. In detail they are 

the amplitude (velocity) – frequency spectra in three directions 

(North-South, East-West, Up – Down), and H/V frequency diagram, 

for which the H/V is the ratio between the horizontal and vertical 

component of the Fourier spectra of the ambient noise for the site’s 

effects and its characterization. Besides, for the amplitude –frequency 

spectra, each diagram is related to specific position of the tromograph, 

as indicated directly in each diagram. 
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Figure 4. Jagannath Temple, Kathmandu, 2016 
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Figure 5. Bhimsen Temple, Kathmandu, 2016-2017 
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Figure 6. Pancha Deval Complex, Kathmandu, 2017 



Eleonora Spoldi, Salvatore Russo 

 
 

324 

 
Figure 7. Krishna Temple, Kathmandu, 2016 
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Figure 8. Radha Krishna Tempe, Kathmandu, 2017 
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Figure 9. Nyaatapola Temple, Kathmandu Valley, 2016. 
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5. Discussion 

 

A first comparison between results presented in previous chapter 4, 

evidenced a sensitive influence of the step’s basement.  In detail, 

about Jagannath Temple in Figure 4, a peak of frequency between 2 

Hz and 3 Hz is clearly indicated; exactly the same tendency is 

evidenced in all three directions with the first mode. While the H/V 

ratio makes evident, the same frequency value, an amplification site 

effect. Besides two other peak of frequency are evident between 4 Hz 

and 5 Hz – even not in Up-Down direction, as confirmation of specific 

horizontal translation in the two directions. Again in correspondence 

of 4 Hz and 5 Hz frequencies, also another site amplification effect is 

evidenced. A final peak frequency is around 9 Hz corresponding to 

potential third mode.  

For figure 5 related to Bhimsen temple, the absence of site effect is 

consistent respect the absence of peak in H/V diagrams. Besides in the 

two horizontal direction, North-South and East-West, the consequent 

three peak for 2 Hz, 3-4 Hz and 5-6 Hz are evident, while the vertical 

direction seems to be characterized by first two flexural modes in East 

West (1,8 Hz) and North-South (2.0 Hz) directions. 

Figure 6 related to Pancha Deval Complex shows the higher site 

amplification in correspondence of the frequency peak between 2 Hz 

and 3 Hz with the same behaviour in the three directions and the first 

mode identification. Two other frequency peak are in correspondence 

of 6 Hz (even the curve and the signal are not clear and homogeneous) 

and 8 Hz could be considered as a third mode of vibration. We have to 

specify that respect other diagrams in this case the H/V diagram has 

been focused on the step’s basement due to their robustness, 

dimension and step’s number. The H/V analysis, carried out on the 

base and on the ground, shows in this case a peak at 2.5 Hz, 

highlighting a probable site amplification effects.  

Figure 7 shows three consequent frequency peaks around 2,5 Hz 

common to all three directions; then a kind of dispersion in term of 

translations characterizes the monument, without site amplification 

effects. In detail translation in direction NS and EW are evident for 

frequency between 5 Hz and 6 Hz. Final frequency is for 9 Hz, and a 

clear different amplitude is for ground respect first floor, as expected. 

Figure 8 evidences a too high level of dispersion of curves probably 

due to high level of damage. Indeed, only in vertical directions the 
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curves are partially overlapped. First frequency is around 1.8 Hz -2 

Hz; not evidence is about site amplification effects. 

Figure 9 indicates diagrams related to only the step’s basements which 

is one of the most impotent and bigger in Nepal. In considering all the 

survey for each step, first peak is for 1.6 Hz in all three directions; the 

second frequency and mode are for 2.5 Hz. Then only for NS and EW 

directions other two peaks for 4-5 Hz and 6-7 Hz respectively are easy 

to see. Besides some site effects are recorded only for higher steps 

(like pink and light blue measurements), with combined but not 

consistent local amplification. 

To better understand the Nepali step’s basement could be considered 

more as a part of the soil or more as a part of the building, in term of 

strength and interaction effect and contribution respect dynamic 

actions, following now a specific comparison between three curves of 

soil, step’s basement and building are proposed for each of the 

investigated temples. The spectra diagrams, amplitude-frequency, 

from figure 10 to 15, with same colours, give prominence to a 

graduation of frequency of soil, step’s basement and historic 

construction identified as ‘building’. 

From a general point of view, diagrams evidenced sensitive difference 

between soil and building amplitude, as expected, while step’s 

basement seems to plays always a role of intermediate element, again 

as partially expected.  Again, all three curves, independently from the 

peak, show, almost always, similar trend and relation between the 

three structural parts. That means also that mechanical interaction 

between soil, basement and building appears efficient and mechanical 

properties between base and building are potentially close. By the 

way, we have also to outline that the number of floor and then the 

slenderness value, unless the Nyaatapola case, are very low.  
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Figure 10. Jagannath Temple; soil-base-building comparison 

 

The specific comparison between amplitude-frequencies curves in 

Figure 10 related to Jagannath Temple, show between them high 

similarity and the perfect graduation and increasing of frequencies and 

amplitude from the soil to the building through basement. For 

Figure11, related to Bhimsen Temple, the interaction between soil and 

step’s basement appears high, while the relation with building seems 

to be less efficient. 
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Figure 11. Bhimsen Temple; soil-base-building comparison 

 

Figure 12 for Pancha Deval Complex shows in detail a very close 

interaction between the three structural parts as indicated in vertical 

direction, which more than other two directions testify that. Figure 13 

for Krishna Temple evidences then high dispersion of curves even 

though a kind of similar behaviours is still recognizable. Figure 14 

related to Radha, indicates high value of homogeneity between curves, 

while finally Figure 15 for Nyaatapola Pagoda, related only to soil 

basement curves shows that they are in good agreement. 
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Figure 12. Pancha Deval Complex, soil-base-building comparison 
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Figure 13. Krishna Temple, soil-base-building comparison 

 

From the damage point of view is not clear if the effect of the 

basement could be intended as a protection or, from another side in 

term of dissipation, as damper element, or in opposite way an 

increment of the seismic action. By the way also the type of 

mechanical interaction between monument and step basement has its 

influence in structural performance respect earthquake. About this 

point, after experimental curves analysis, we could consider that 
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boundary condition between basement and building are between 

clamped and supported one.  

 
Figure 14. Radha Krishna Temple, soil-base-building comparison 

 

By the way commonly the item is related to soil-structure dynamic 

interaction while the high peculiarity of the Nepali constructions and 

monuments means to soil-basement-structure interaction. In other 
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words, from one side the interaction appears more easy since that 

basement could be considered as a building’s part; but from the other 

side the interaction in reference to the structural answer of the 

construction respect potential seismic action becomes more 

complicated, at least in term of influence respect modal shapes.  

 
Figure 15. Nyaatapola Pagoda, soil-base-building comparison 
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The tests conducted in their overall evidenced a not negligible 

influence of the step’s base on the structural answer and damage 

distribution in Nepali historic construction subjected to seismic action 

[16,17]. In detail, the step’s base of Bhimsen and Krishna temple 

didn’t present significant peaks, showing the absence of local 

amplification effects.  In the Pancha Deval complex the base peaks 

showed the presence of local amplification effects [18]; while in the 

case of Jagannath Temple the base has dampened the effect of local 

effects. 

Finally, frequency values and an indicative technical judge, 

experimentally based, about the presence of the interaction between 

soil, basement and building is reported in Table 1 for all the 

investigated monument. 

 
Table 1. Peak Frequencies values for soil, basement and structure; 

 potential interaction.  
Where Jagan-

nath 

Frequen-

cy (Hz) 

Bhimsen 

Frequency 

(Hz) 

Pancha 

Frequency 

(Hz) 

Krishna 

Frequency 

(Hz) 

Krishna R. 

Frequency 

(Hz) 

Nyaatapo-

la Frequen-

cy (Hz) 

Soil 1.8 1.8 2.5 0.4 0.7 2.5 

Basement 

step’s 

2.5 2 2.5-3 2.2 1.8 1.5 

Historic 

construction 

2.5 2 3 2.5 1.8 / 

Base-

construction 

interaction  

yes not Yes not yes / 

Soil-

basement 

interaction  

not Yes Yes yes no yes 

 

6. Conclusions 

 

Following the proposed conclusion related to the experimental 

evaluation of the potential interaction between soil, basement and 

structure of damages Nepali monument and historic constructions hit 

by earthquake are reported: 
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1) Frequencies distribution between soil in free field area, the 

basement and the building, evidenced the value are very close, 

giving an idea of homogeneous behaviour between basement and 

building 

2) Experimental spectra diagrams between amplitude and frequency 

showed a gradual values increasing (both for amplitude and 

frequency) from the soil to the building 

3) The H/V diagrams related to the site amplification effects, 

evidenced, not for all monument, a clear influence. 

4) The role of the step basement respect is that it is a potential damper, 

as evidenced by the experimental results; nevertheless, that relation 

remains in any case more complex and influenced by other 

parameters as well as the slenderness of the monument and the type 

and robustness of the basement itself  

5) In many case the experimental curves evidenced the structural 

interaction between free field soil, basement and building is active 

with also amplification effects  

6) In presence of sufficient level of structural conservation of 

monument, the basement played a role as added damper with 

protection effects 
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Abstract 
The enterprises of some professionals – architects, engineers and 

contractors – in architecture and in utilizing reinforced concrete 

testifying the process of transformation of the infrastructural sys-

tem of the cities and their territory in Abruzzo, launched just before 

the First World War and boosted during the Twenties and Thirties. 

A development in step with the nationwide modernization of both 

territory and architectural language during the twenty years of Fas-

cism and in the immediate second post-war period. Significant ex-

empla are some bridges, starting from that on the River Pescara, 

uniting the two municipalities of Pescara and Castellammare Adri-

atico. Its construction started in the last decade of the Nineteenth 

century and was completed in 1933 with the creation of Ponte Lit-

torio, designed by the Roman architect Cesare Bazzani (1873-

1939) and built in reinforced concrete by the German-born engi-

neer and contractor Rodolfo Stoelcker. Twenty years later, the 

same contractor realized the bridge on the Orta river near Salle 

(PE), this time with the expert in prestressed concrete the engineer 

Riccardo Morandi (1902-1989). 
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1.  Introduction 

The idea of Neapolitan philosopher Giambattista Vico (1668-1774) 

that history is a ‘new science’ find, in the case of architecture, a tangi-

ble reality due to its intrinsic construction and functional components. 

History of the built heritage can be carried out through an integrated 

and multidisciplinary approach involving more specific methods. 

This article focuses on the analysis of historic structures and of the ar-

chitectural, typological and construction features of the built heritage 

located in Abruzzo region, also exploring the relationship building en-

vironment. A relationship highly influenced by recurrent seismic 

events that have been characterized the Central Italy particularly in the 

last two centuries. 

The vision is broadened to different periods and construction tech-

niques, with the introduction and development of the use of reinforced 

concrete in Abruzzo, both in case of large infrastructure and recon-

struction works carried out after the 1915 earthquake and with the 

adoption of reinforced concrete.  

The paper intends to stress as a critical and aware knowledge must be 

considered fundamental for the management of the built heritage, 

through a critical and analytical process of investigation of the archi-

tectural and historical features characterizing the heritage of Twenties 

Century. 

 

2. Architecture and Engineering: Rodolfo Stoelcker, Cesare 

Bazzani and Riccardo Morandi 

Testifying to the process of transformation of the infrastructural sys-

tem of the Abruzzo’s cities, are significant architects, engineers and 

contractors engaged in the ‘modernisation’ of building processes, 

from masonry to the adoption of reinforced concrete, in a historical 

and social context marked by earthquakes and consequent reconstruc-

tion of urban centres. A task scheduled in the years between the two 

World Wars, when the economic grows and changes of administrative 

structure invested the Region, particularly the two main cities of 

L’Aquila and Pescara. 

 

2.1 Reinforced concrete bridge, named Littorio, over Pescara river  

Until 1893 a wooden bridge connected the two municipalities of Pe-

scara and Castellammare Adriatico, before their union in province of 

Pescara (1927). 
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From 1893 until 1903 an iron bridge took its place. Its initial construc-

tion started on October 6th 1890 when the Provincial Administration 

awarded the construction of an iron bridge, to replace the previous 

timber structure, to the industrial enterprise for metal construction 

with its head office in Naples, whose Technical Manager was the en-

gineer Paolo Boubé, lecturer in metal construction at the Naples Scuo-

la di Applicazione.  

Completed on 27 April 1893, the bridge consisted of two piers whose 

foundations reached 15 m below the river’s low-water level, support-

ing the main two-girder bay with a span of 66 m. A third pier was 

erected, but with a less deep foundation, “to provide support, with the 

left-hand pier, to a subsidiary bay” also in iron, with a span of 12 m. 

The total width was m 5.50 with two 1 m cantilever footpaths. 

This last was replaced in 1933 with the creation of Ponte Littorio, de-

signed by the architect Cesare Bazzani and built in concrete by the en-

gineer and contractor Rodolfo Stoelcker, as in Figures 1÷5. 

Precisely, as soon after as 1925 the Provveditorato alle Opere Pubbli-

che Public Works Department, created by the Fascist Government, 

made provision for the building of a new bridge with a wider span. 

Two years later, the institution of the Province of Pescara, uniting the 

two municipalities, made urgent the bridge project, now also bearing 

tram lines.  

On 15 October 1928, the Pescara Public Works Office presented the 

preliminary plan, consisting of a reinforced concrete bridge with three 

bays, with a total span of 98 m, a width of 16 m, for a cost of Lire 4 

million; after approval by the Technical Administrative Committee a 

tender was published with expiry date on 10 July 1929.  

After two other tenders, in 1930 the firm of engineer Rodolfo 

Stoelcker won in collaboration with the architect Cesare Bazzani. In 

this years, Bazzani had acquired of professional success, utilised a 

dignified and monumental language that pleased the regime (Giorgini, 

Tocchi 1988; Pezzi, Serafini 2010); in the meantime Stoelcker consol-

idated his experience in building structures relating to water, utilising 

reinforced concrete and investing in piling systems for foundations 

(Ciranna 2018, Ciranna in press). 

The new bridge was 18 m wide (the carriageway was 12 m), 105.95 m 

long between the bridgeheads, with three bays (two side bays, each 

28.75 long, covering the flood plain on either side, and the central one, 

37.45 m long, covering the low-water river bed). The plinths of the 
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previous iron structure were partly re-utilised for the foundations, the 

one on the right forming the abutment and the middle one on the left 

the left-side pier. The right-side pier and the left-side abutment were 

new.  

The apparent structure of the bridge had very low arches: those on ei-

ther side had a rise of 2.44 m over a length of 28.75 m, and the central 

one 2.95 over 37.45 m. The bridge comprised seven continuous longi-

tudinal beams with four bearings and variable moments of inertia, 

with a bearing structure of reinforced concrete using 350 kg of high-

resistance cement.  

For the facing, were used: travertine from Ascoli on all structural ele-

ments (i.e. piers, abutments, the armille of the arches, cornices), Trani 

limestone for the decorative elements (such as parapets, ‘littorie’ col-

umns, bases, balconies) and Sardinian granite for the kerbs of the 

footpaths. The tympana of the arches and the intrados were plastered 

with cement mortar to imitate travertine. The bronze eagles were by 

the sculptor Ernesto Brozzi; the two statues by the sculptor Nicola 

D’Antino were put in place in July 1935 (Figure 1). 

Inaugurated in the summer of 1933, the bridge was destroyed in 1944 

and rebuilt after the war with the new name of Risorgimento. 

 
Figure 1. Picture of the bridge 
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Figure 2 Lateral view (Fago 1935) 

 
Figure 3. Drawings of project and picture just completed (Fago 1935) 

 

 
Figure 4. Armor of left pier (Fago 1935) Figure 5. Compaction piles (Fago 1935) 

 

2.2. Salle bridge on the River Orta 

Located in the Majella National Park, the Orta river rises from Passo 

San Leonardo and flows for 40 km downstream in the wild Orta Val-
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ley, between the massives of Majella and Morrone, before flowing in-

to the Pescara river, joins the river Orfento. 

Between 1949 and 1951, Stoelcker built the Salle bridge on the River 

Orta together with the engineer Riccardo Morandi, whose reputation 

and accurate design at that time merged with research on structural 

and static conditions in constructions, especially with pre-stressed re-

inforced concrete (Morandi 1954).  

This masterpiece was the conclusion of a process begun many years 

earlier and exemplified of the rapport in architecture between structure 

and form. This process is made clear in the drawings for the three pro-

jects dated 1926, 1933 and 1949-53 respectively.  

The first refers to the report by the engineer Vincenzo De Cecco. The 

bridge - located 300 m from the confluence of the Orta with the tor-

rent Farfenga, where “the valley narrows owing to a rocky spur that, 

on the right bank, stretches toward the river” – has the characteristics 

of a viaduct with two round arches of 28 m span and 14 m rise and 

two arches with a span of 8.00 m and rise of 4.00 m (Figures 6-7).  

The construction includes piers and abutments of stone masonry, 

faced with cut stone, arches of concrete and frontal armille of cut 

stone. Spaces in the tympana of the main arches were used to “lift the 

pressure line and create a decorative element”. 

 
Figure 6. Bridge on Orta River (1926-1928 eng. Vincenzo De Cecco) 

 

The Board of Public works for the Abruzzi and Molise requested a re-

vision of the design and a change to the project with two possible so-

lutions: either “with a single bay directly abutting the rock walls, or 

else a viaduct bridge of several arches with a span of about 10 meters, 

with abutments of stone masonry faced with ordinary cut stone facing 

in regular courses and concrete vault”. 
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Re-appointed in 1932, De Cecco adopted the second solution, study-

ing “a type of viaduct-bridge with five round-arched bays with a width 

of 10.50 m, with the roadway elevation, at the end towards San Tom-

maso, at 338.59 m, with a decrease of 6.41 m as compared to the ele-

vation of the preliminary design”.  

 
Figure 7. Bridge on Orta River, 1926-1928 project by engineer Vincenzo 

De Cecco (ASPPE, b. 1, fasc. 1) 

 
Figure 8. Bridge on Orta River, 1933 reviewed project by eng. Vincenzo 

De Cecco (ASPPE, b. 1, fasc. 1) 

 

His solution of 1933 shows a bridge 70.30 m long, with piers and 

abutments in freestone masonry and arches of concrete (Figure 8); fi-

nancial reasons prevented its realization. 

In 1949 Gino Ilari, the chief engineer of the Technical Office for the 

Province of Pescara, produced a new preliminary design promoted by 

the municipality of Salle at the foot of Mount Morrone, whose new 

town center was relocated downhill from its original location follow-

ing the 1933 earthquake.  

 
Figure 9. Bridge on Orta River, 1949 master plan by eng. Gino Ilari (ASPPE, ibid.) 
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The solution deemed most technically and economically congruous 

was a bridge located slightly upstream from the confluence of the Orta 

and the torrent Arigastia, where the left bank was almost vertical, high 

and rocky, and on the right a spur stretched out toward the river bed. 

A reinforced concrete structure consisting of a hingeless arch with a 

series of pillars that would reach both banks (Figures 9-11). 
 

 

 

 

Figures 10-11. Bridge on Orta 

River, related perspectives to the 

project of 1949 (ASPPE, ibidem) 

 

It took a further two years for the Cassa per il Mezzogiorno (South 

Italy Development Fund) to publish the call for tender for the bridge 

on the River Orta and connections between provincial road Scafa-

Caramanico-S. Eufemia with the municipal road Salle-Musellaro-

Tocco Casauria.  

The call did not exclude the use of pre-stressed reinforced concrete 

and required the project to be signed by a graduate engineer from one 

of the State Engineering Schools and countersigned by the firm pre-
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senting the tender. The detail design, dated 28 December 1951, bears 

the signatures of the firm, the engineer Stoelcker, and the engineer 

Morandi as winners of the contract. 

 

 
Figures 12-13. Bridge on Orta River, 22nd Dec. 1951 perspective and facade of 

project by eng. R. Morandi, building contractor eng. Rodolfo Stoelcker  

(ASPPE, ibid) 

 

In accordance with the preliminary design and after several changes 

made by the Public Works Office, the bridge’s design includes bays 

delineated according to a Ligowski catenoid, using the Strassner tables 

to define the influence line. Its development with a series of arches 

with a total span of 101 m (string theory) is of 176.20 m, comprising 

the retaining walls at the extremities, a height of 24.80 m with a theo-

retical width of 5.50 m in keystone at 7.00 m to the skewbacks.  
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The arch has a cellular structure consisting of a 22-30 cm intrados 

slab, three vertical baffles 35-45 cm thick and an extrados slab 22-30 

cm thick; the whole structure is connected by 13 traverses with a con-

stant thickness of 20 cm (Figures 12-13). 

 
Figure 14. Salle Bridge on Orta River in a vintage postcard 

 

The award to Stoelcker took place in August 1952, but the works end-

ed in September 1955 as a result of postponements and change orders. 

In the final solution, the archway is longer than in the preliminary de-

sign, the overall length increasing from 176.20 to 202.70 m, “includ-

ing the retaining walls, obtained by adding a bay to the secondary 

spans on the left bank” to adjust to the river’s topographical features. 

Furthermore, the pillars have a profile that tapers downwards, giving 

the overall design more elasticity and aesthetic elegance (Figure 14). 

 

2.3. Bridge on the River Vomano 

During the construction of Salle’s bridge, Stoelcker also built the 

bridge over the Vomano on the Cervaro-Aprati road, commissioned 

by the Provincial Administration of Teramo (funded by the Cassa per 

il Mezzogiorno). The Vomano river originates in the province of 

L'Aquila, near the Passo delle Capannelle, on the slopes of Monte San 

Franco, at about 1200 meters above sea level. It flows for about 70 km 

collecting the waters of over thirty more or less important waterways 

along its path, with stretch characterized by substantial erosive phe-

nomena, ending its course into the Adriatic Sea near Roseto degli 

Abruzzi.  
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Figure 15. Bridge on Vomano River under construction, 1952-53  

(Uffici Amministrazione Provinciale di Teramo)  

 

The preliminary design was drafted by the Provincial Technical Office 

and the call for tender dated March 1952 was won by Stoelcker, as de-

signer and contractor, with his design dated June of the same year. 

Completed in the summer of 1953, the hingeless arch bridge and con-

tinuous bridge deck with only end joints, with a span less than the 

previous one (arch about 70 m), was tested about two years later by 

the engineer professor Giuseppe Rinaldi (Figures 15-16). 

 
Figure 16. Bridge on Vomano River, project of April 30th 1952. 

(Uffici Amministrazione Provinciale di Teramo) 
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3. Earthquakes and Reconstructions. New San Bartolomeo church 

at Avezzano 

As early as 1920, citizens of Avezzano had attempted to obtain an ar-

ea for the cathedral, which was not contemplated in the New Master 

Plan designed by the engineer Sebastiano Bultrini before and after the 

earthquake of 1915. The new building would replace the historic par-

ish church of San Bartolomeo in the town centre devastated by the 

earthquake. 

In 1922 the bishop of the Marsi diocese, Pio Marcello Bagnoli, and 

the mayor entrusted the project to Bultrini; seven years later the firm 

Stoelcker signed the construction contract for the cathedral of Avez-

zano at the short end of Piazza Risorgimento, the centre of the expan-

sion and reconstruction plan.  

Between 1925 and 1926 Bultrini reviewed the project in the light of 

suggestions from the Public Works High Council, which were critical 

of the excessive revivalism of the initial design (Figure 17).  

In the revised solution, the church was conceived with a mixed struc-

ture: reinforced concrete up to the springing of the vaults and steel for 

roof covering. 

 
Figure 17. Project of new Avezzano’s Cathedral by eng. Sebastiano Bultrini (ADM) 
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The approved design dated 1927 provided the church with a Latin-

cross floor plan, with three aisles and an octagonal drum, the facade 

being inspired by fourteenth-century Italian churches.  

In the summer of 1929, Stoelcker received his contract but, in Octo-

ber, the Public Works Office intervened, requiring a different founda-

tion system that would take into account the marshy nature of the ter-

rain.  

The two engineers – designer and contractor - were in deep disagree-

ment about the type of foundations: Stoelcker’s firm proposed a sys-

tem with slab and simplex piles to consolidate the perimeter; the site 

manager Bultrini wanted to drain the perimeter of water and extend 

the foundation slab designed, judged the contractor’s proposal useless 

and costly. A dispute continued until the Spring of 1930 but, with the 

support of the bishop, the designer’s proposal obtained the definitive 

approval of the Ministry of Public Works, which introduced several 

changes, both structural and architectural. 

 

4. L’Aquila between Earthquake and Regime 

At L’Aquila, the damage caused by the earthquake of 1915 together 

with the progress of anti-seismic legislation (started after the earth-

quake at Messina and Reggio in 1908), accelerated the gradual appli-

cation of reinforced concrete started during the early decades of the 

twentieth century.  

Different interventions were carried out on existing structures, albeit 

little known and recently rediscovered also as a result of the 2009 

earthquake. In meantime, also the regulations for new buildings was 

implementing. These regulations were, however, affected by excep-

tions during the years prior to the Second World War and, after 1935, 

by the restrictions for many building materials, and especially iron. 

 

4.1 The building of Cassa di Risparmio 

The building of Cassa di Risparmio was raised between 1885-1889 on 

a ‘C-plan’. The author was the engineer Alessandro Vastarini-Cresi 

who reviewed the design by the architect Giulio De Angelis, winner of 

the contract. The building is shaped by a ground floor, with a central 

entrance lobby opening on to the portico on the Corso; a mezzanine 

floor, faced on to the inside of the portico and two floors above. Its 

masonry structure, done of stone with courses of tiles, was of the con-



Simonetta Ciranna 

 
352 

tinuous type with ’closed-meshes’ and curved horizontal elements 

with timber frame. 

 
Figure 18. Building of Cassa di Risparmio, before earthquake 2009 

 
Figure 19. Building of Cassa di Risparmio (ACAq) 

 

During the years 1950-1954 the building was extended: the engineer 

Pietro Parboni Arquati and the architect Massimo Parboni Arquati, to-

gether the engineer Sergio Musmeci created an elegant public salon on 

the ground floor, occupying the courtyard area. The young engineer 

Musmeci, later lecturer on “Bridges and majoor structures” at the 

Faculty of Architecture in Rome, performed the calculations for the 

reinforced concrete structure with a thin vaulted roof (varying from 8 

to 12 cm) covering 180 squares mts. Musmeci elegantly resolved the 

joining of a new reinforced concrete structure to an existing masonry 

structure, using two perimeter chains, each consisting of three 32 mm 
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diameter bar iron circles and four thin reinforced concrete walls join-

ing the existing masonry wall (Figures 18-20). The salon involved, al-

so, an independent and deeper foundation system, with the creation of 

underground storerooms and the strengthening of existing founda-

tions. 

 
Figures 20. L’Aquila, new public hall of the Cassa di Risparmio (ACAq) 

 

4.2 L’Aquila the building of Banca d’Italia 

The building of the Bank of Italy was part of the reconversion of the 

town center of L’Aquila, in particular, of its main axis (the Corso), al-

ready begun at the end of the nineteenth century, with the building of 

porticoes and the head office of the Cassa di Risparmio dell’Aquila. 

This process of ‘modernization’ saw, however, considerable accelera-

tion during the ’thirties owing to the intervention of the podestà 

Achille Serena. Banks, public and private institutions were built after 

demolition, consolidation and total or partial reconstruction of pre-

existing buildings, in tune with the idea of ‘Grande Aquila’ and man-

aging expropriations for reasons of public utility along the Corso.  

The palace was planned by the Bank’s technical office and its con-

struction was launched in 1939, entrusted to the L’Aquila firm of Ba-

rattelli. The skeleton comprised a brick-and-cement-mortar masonry 

framework, except for the basement walls which were of stone mason-

ry with rows of brick every 60 m; reinforced concrete string course; 

reinforced concrete covering slab for the basement and for the upper 

floors with a mixed structure of terracotta and reinforced concrete 

floor joints; reinforced concrete architraves concealed within the 

width of the wall supported the arched structures that had no bearing 

function. 
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The construction, however, met many difficulties due the restrictions 

of use of iron before and during the second World War (Figure 21). 

 
Figure 21. L’Aquila, new public hall of the Cassa di Risparmio (ASBI) 

 

4.3 1935, Monteluco di Roio, Colony IX Maggio 

The heliotherapeutic Colony at Monteluco di Roio was designed by 

the architect Ettore Rossi in 1934 for the Ente Assistenza Federazione 

Nazionale Fascista Gente del Mare.  

The Rossi’s professional ability, appreciated long after the Fascist era, 

especially for hospital buildings (Pandolfi 2013), had here the collabo-

ration of the firm Bonomi Federici, best-known in Rome for the pres-

tigious jobsite of the Via dell’Impero (1932). In the early ’thirties, he 

designed the hospital at Viterbo and at Modena. In the latter, in partic-

ular, Rossi verified a kind of watershed between hospitals with sepa-

rate pavillons and the monoblock type that he successfully proposed at 

Bolzano (1934), in which the layout is based on a double “T”, with 

unequal curving wings. In this solution the arrangement in zones and 

the south-facing body devoted to hospitalisation has strong compari-

sons with the Roio project designed that same year (Ciranna, Montuo-

ri 2019). 

In the course of its design, the choice to increase the height of the 

building by one floor involved a revision of the calculations for rein-

forced concrete - being a seismic area - and the need to study “special 
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sturdy structures in accordance with the new regulations and require-

ments of the higher technical authorities” (Figure 22). The procure-

ment of building materials, specially of iron, previously the restrictive 

laws of war, made possible to complete the project, unlike the con-

struction of the Bank of Italy’s of L’Aquila. 

 

 
Figures 22-23. L’Aquila, mountain Colony of Roio, plan of ground floor by eng. 

Luigi Musso 1955 (AES, fondo Ente Nazionale Assistenza Gente di Mare)  

 

The building vertically consisted of a basement floor for machinery, 

storerooms, laundry and toilets; a raised floor with gymnasiums, 

kitchens and toilets; a first floor, with four dormitories, surveillance 

and management areas and bursary; two other floors with four dormi-

tories and surveillance areas; a fourth floor with the sickbay. 

The private tender for the realization of colony, proclaimed and closed 

in August 1934, was won by the company Bonomi & Federici, in 

competition with other companies, as Carlo Cottini of Milan and 

Ercole Federici of Rome.  
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At the end of construction the Roio’s colony could accommodate 500 

seamen’s children from all over Italy; through three staircases, one 

central and two lateral, the building is divided into two distinct wings, 

one for the males and the other for the females, «in order to avoid 

more promiscuity» (Figures 22-23). These wings slope exactly fifteen 

degrees eastward to enjoy optimal sunlight throughout the day, even 

in winter. Rossi arranged the corridors and toilets on the opposite front 

of the dormitories to provide them with direct ventilation and sunlight. 

 

5. Conclusions 

All the buildings mentioned above are expressions of quality architec-

ture; they demonstrate the presence in Abruzzo of a constructional and 

technical know-how capable of uniting experimentation, structural and 

figurative research with professionalism.  

These architectures are of considerable historical-architectural interest 

and value, but, in large part, altered and in disuse. An architecture to 

be known, to re-learn and preserve and be recovered in harmony with 

the original shape and its environmental. 
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Geotechnical investigations and seismic response  

Analysis for two monuments in L’Aquila 
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Abstract 
«There is no design of structures that can be separated from the site  

or foundations. Earthquake damage to buildings is mainly due to site 

effects and unsuitable foundations» (Open Journal of Civil Enginneer-

ing). An adequate definition of seismic action is of crucial importance 

both in the design phase of new works and verification of existing 

ones, and in the territorial and emergency planning phase. 

   The Local Seismic Response (RSL) analyzes aim to evaluate, in a 

specific site, the set of variations that the seismic motion undergoes in 

relation to the mechanical and geometric properties of the deposits 

close to the surface and / or topography of the site. 

   RSL studies should involve multiple structures (e.g. belonging to a 

district and / or industrial core) and infrastructures with a considerable 

spatial extension, such as online works.  
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1.  Introduction  

This paper deals in the extensive site investigation by means of bore-

holes up to a depth of 80m, Down-Hole (D-H) tests, Seismic Dilatom-

eter Marchetti Tests (SDMT), Multichannel Analysis of Surface 

Waves (MASW) tests in the area of via XX Settembre of the city cen-

tre of L’Aquila (Italy), to obtain a detailed geotechnical model. Re-

sults of site investigations showed a marked variability of shear wave 

velocity Vs profiles, especially in the upper 5–10m, where different 

soil types are commonly encountered, all characterised by low values 

of Vs.In this paper the main features of the April 6, 2009 L’Aquila 

Earthquake (ML=5.8; MW=6.3) are also discussed. The earthquake 

caused 308 casualties and heavy damage in the city of L’Aquila and in 

the surroundings villages. Some accelerometric stations were located 

across the Aterno River Valley, while only one station (namely AQK) 

was located in the city centre of L’Aquila. The peak acceleration val-

ues ranged from 0.35g recorded in the city centre to 0.65g recorded in 

the middle Aterno valley. The recorded time histories were character-

ised by short durations and high peak accelerations both in the hori-

zontal and in the vertical directions.The area of via XX Settembre 

(southern part of the historic centre of the city of L’Aquila) was se-

verely damaged by the earthquake. This area, located at a very short 

distance from the city centre, includes also some reinforced concrete 

frame buildings, mostly 5–7 storey high, built between 1950 and 

1965. Old masonry buildings and some of these r.c. buildings col-

lapsed or suffered severe damage due to the main shock, causing sev-

eral tens of victims. The peculiar subsoil conditions locally detected 

down to about 40m depths in this area include fine-grained soils inter-

posed within, or placed above, “Brecce dell’Aquila” (typical of 

L’Aquila) and man-made fills. Low and variable shear wave velocity 

Vs values in the upper portion of the subsoil have locally originated 

major amplification of the ground motion during the main 

shock.Therefore the paper deals also in specific one-dimensional nu-

merical seismic response analyses performed. Significant amplifica-

tion effects related to local subsoil conditions, bigger than the amplifi-

cation factors given by the Italian Building Code NTC 2008, have 

been discovered by the seismic response analyses carried out at the 

site. The results of soil response analyses were compared with the oc-

curred damage in the area. 
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2. Umbria-Marche earthquake on 1997 

 
Figure 1a. Cesi Bassa and Cesi Villa, spectra. 

 
Figure 1b. Recent sand-clay deposits: 0-10 m; Vs=80-100 m/s; 10 m valley bottom: 

Vs=200-400 m/s. 
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Figures 2, 3. Geological section, seismometric recordings of Mount St. Eynard [28] 

 

3. L’Aquila neighborhood 

No significant difference in the vulnerability of buildings but strong 

differences in observed damage. 

The layers of foundation soil can substantially modify the seismic 

wave that rises to the surface, determining the characteristics of the 

movement of the soil in contact with the foundation structure of the 

building, both in terms of intensity (amplification) and frequency con-

tent (spectral form), both by duration. 

Each foundation soil has its own individuality and its response to 

seismic actions. Some terrains enhance the impact of the seismic ac-

tion on the artefacts (they amplify the seismic motion upon contact 

with the foundation structures). 
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Figure 4. Strong differences in observed damage 

 

 
Figure 5. Recent evidence of the effects induced by the earthquake:  

influence of local land conditions. 
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Figure 6. Experimental evidence of site effects. 

 

 
Figure 7. Example of seismic amplification [37]: a) soft soils with large depth, b) 

soft soil with small depth. 
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In summary: 

a) the layers of foundation soil can substantially modify the seismic 

wave that rises to the surface, determining the characteristics of the 

motion of the soil in contact with the foundation structure of the build-

ing, both in intensity (amplification), that by frequency content (spec-

tral form), both by duration; 

b) each foundation ground has its own individuality and its response 

to seismic actions. Some terrains enhance the impact of the seismic 

action on the artefacts (they amplify the seismic motion upon contact 

with the foundation structures). 
 

4. NTC / 2018 

The technical standards of constructions NTC / 2018 in Paragraph 

3.2.2 dictate the following. 

"For the purposes of defining the project seismic action, the effect of 

the local seismic response (RSL) is assessed through specific analyzes 

as indicated in paragraph C7.11.3 ..." 

 

4.1. Paragraph C7.11.3 

To perform specific RSL analyzes the operations are: 

Geometrically schematize the problem; 

Define the geotechnical model of the subsoil which in turn has been 

reconstructed through surveys of soil dynamics; 

Define the seismic actions on the rock substrate (accelerograms at the 

entrance of the soil layer above the rock; 

Choose an analysis procedure 

 

4.2. Paragraph 3.2.2 

But always in paragraph 3.2.2 the rules read: "... in the absence of 

such analyzes, for the definition of the seismic action, reference can be 

made to a simplified approach that is based on the identification of 

subsoil categories of reference ... (Vs, eq) ... (Vs30) ... " 

This simplification is an obstacle to the pursuit of the quality of the 

project which the standards themselves indicate as a process that be-

gins with the surveys, investigations, analyzes, calculations and con-

tinues on the construction site until the end of the works. 

 

4.3. Is Vs30 capable of evaluating local seismic amplification? 
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The answer is NO, because Vs30 is a synthetic parameter and as such 

cannot describe the site effects which are a complex phenomenon 

(source effects, bedrock depth, seismic stiffness profile, etc.). Vs30 

originated from a 1994 publication (in Earthquake Spectra magazine) 

by Borcherdt (from the US Geological Service). The Authors high-

lighted some relationships between Vs100ft (Vs30) and the seismic 

amplification recorded in different sites following the Loma Pietra 

earthquake (California, 1989). The Authors analyzed the data up to 

100 ft (30 meters) because that was the set he had and which referred 

only to those depths, and not because there was evidence that the Vs 

in the first thirty meters showed a relationship with the factor amplifi-

cation. In practice, it was the availability of the data and not their sig-

nificance that led to the choice of the Vs30 as the reference parameter. 

Unfortunately … that work was implemented by local US seismic risk 

agencies and became directive. This part of the US directive on site 

classification has been implemented by the Eurocode and consequent-

ly by Italian legislation. Vs30 brings with it the following conceptual 

flaws: 1. it assumes that the properties of the soil layers below 30 me-

ters are the same everywhere; 2. it does not take into account the im-

pedance contrasts existing at depths well above 30 meters; 3. it is not 

always able to grasp the amplifications due to the surface layers close 

to the foundations. 

 

4.4 The amplification deduced by Vs30 is significantly different from 

the real one 

In summary of [7]: The amplification deduced by Vs30 is significantly 

different from the real one. 

 
Config. BC. Layer B: high velocity Config. CB. Layer C: low velocity 

Figure 8. The Paradigm of the Seismic Zonation Continuality. 
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Figure 9. The amplification deduced by Vs30 

 

5. Simplified elastic response spectrum 

The simplified elastic response spectrum based on subsoil categories 

(Vs, 30) and provided by the NTC / 2018 regulation is an "approxi-

mate" representation of the seismic action and does not meet the re-

quirements required by rigorous design practice. As they were built, 

the regulatory spectra mediate between possible earthquakes with an 

epicenter near and far from the site of interest (and median between 

various possible magnitudes). The regulations are a necessary refer-

ence, but they must be used with greater rigor. Doing analysis of local 

seismic response (RSL) means rigorously applying the legislation and 

ultimately means doing prevention, (i.e. it means protecting buildings, 

infrastructure, territory before the earthquake takes place). 

 

6. L'Aquila earthquake on April 6th 2009 

 
Figure 10. Response spectra of acceleration [30] 
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7. Earthquake in central Italy on August 24th 2016 

 
Figure 11. No damages 

 
Figure 12. Damages 
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Figure 13. Response spectra [17] 

       

7. Geotechnical models of underground for RSL analysis 

 
Input       Output 

Figure 14. Geotechnical Models 1-D of underground 

 

The analysis may be developed in time domain (not linear) or in fre-

quency domain (SHAKE). 

"The design analyzes must be based on geotechnical models derived 

from specific investigations and tests that the designer must define 

based on the typological choices of the work or intervention and the 

expected execution methods." 
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The most influential parameters in RSL analyzes are: 

1) the profile of the propagation speeds of the shear waves Vs; 

2) the variation curves of the shear modulus G, damping ratio D; 

3) the selection of seismic inputs. 

 
Figure 15. Geotechnical models, motions in foundations and in free field 

 

8. The basin and the city of L’Aquila 
MAR 

CM 

C 

 

C 

 

 

Erosion 

 

 

L1 

 

 

Erosion 

 

 

L2 

 

 

Erosion 

 

 

Actual 

Figure 16. Geo-evolution of the L’Aquila basin 
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Figure 17. The basin and the city of L’Aquila 

 

9. Heterogeneity of the deposit 

The heterogeneity of the deposit with the depth is an important factor 

in estimating the local seismic response and which must necessarily be 

taken into account. 

To take this into account, the support of an adequate stratigraphic 

characterization of the soil and a campaign of tests on site (DH, CH, 

SDMT, etc.) and in the laboratory (RC, TXC, DSDSS) that allow to 

obtain the continuous profile of the Vs (or module G) and the decay 

laws for the various materials encountered. 

The non-linearity of the soil behavior constitutes one of the factors 

that most influence the local seismic response, especially for certain 

types of soil (soft soils) and in correspondence with seismic events of 

a certain intensity (moderate to strong). 

 

9.1 Seismic dilatometer (SDMT) 

     The main characteristics of the test are: Combination S + DMT; 2 

receivers spaced 0.5 m; Vs determined from delay Δt of impulse arri-

val from 1st to 2nd receiver (same wave, no trigger influence); Signal 

amplified + digitized at depth; Vs measured every 0.5 m. 
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Figure 18. Seismic dilatometer (SDMT) 

 

9.2. Vs measurements by SDMT  

 
a) b) 

Figure 19. Vs measurements by SDMT in backfilled boreholes in non-penetrable 

soils: a) Schematic test layout and basis of the method; b) Validation of the method: 

comparison of Vs profiles obtained by SDMT in a backfilled borehole and by  

penetrating the natural soil [31] 

 



Geotechnical investigations and seismic response Analysis for two monuments.. 

 

 

373 

The SDMT procedure proves to be an effective, quick and cost-saving 

alternative to conventional Down-Hole tests in soft to firm soils (no 

need of holes with pipes to be grouted, operations requiring a few 

days pause before testing). A disadvantage of the SDMT is the impos-

sibility of penetrating very hard soils. However a procedure for ob-

taining Vs profiles – but not the other DMT parameters – in non-

penetrable soils (e.g. in gravel, or even in rock) has been devised by 

[31]. The procedure is the Figure 19a a borehole is drilled to the re-

quired test depth; 2) the borehole is backfilled with sand; 3) the 

SDMT is inserted and advanced into the backfilled borehole in the 

usual way (e.g. by use of a penetrometer rig) and Vs measurements 

are taken every 0.50 m of depth; no DMT measurements – meaning-

less in the backfill soil – are taken in this case. 

In this procedure the dilatometer acts only as a vehicle for inserting 

the seismic module. The method for measuring Vs is similar to a two-

receiver Down Hole test, except for the technique used to fix the re-

ceivers to the soil around the borehole (backfilling instead of casing) 

and for the insertion equipment. The possibility of such Vs measure-

ment descends from the fact that the wave travelpath from the surface 

to the upper and lower receiver includes a short path in the backfill 

which is assumed, in first approximation, to be of the same length 

(Figure 19a), i.e. the time delay 't does not change. Comparative tests 

at various sites where both the usual penetration procedure and the 

backfilling procedure were adoptable [31] indicate that Vs values ob-

tained in the backfilled borehole are essentially coincident with the Vs 

obtained by penetrating the soil (Figure 19b). 

 

10. Occurrence of an amplification of seismic motion 

The occurrence of an amplification of seismic motion depends on the 

Vs profile and the depth of the impedance contrasts. It is the Vs pro-

files that take on a decisive role and therefore reliable measurements 

are required, pushed to depths in some cases much greater than 30 me-

ters. These are the Vs profiles at the basis of the local seismic respon-

se analyzes. In Figure 20, the occurrence of an amplification of seis-

mic motion depends on the Vs profile and the depth of the impedance 

contrasts. It is the Vs profiles that take on a decisive role and therefore 

reliable measurements are required, pushed to depths in some cases 

much greater than 30 meters. These are the Vs profiles at the basis of 
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the local seismic response analyzes. The figure 20 shows the Vs pro-

files obtained with SDMT and CH in the area of 99 Cannelle fountain, 

L'Aquila. 

 

Shear wave Vs S1-S2  

 
 

Fill material 

 

Calcareous 

  Breccia 

 

 

 

 

 

 

 

 

 

Lacustrine deposits, 

silty sand and clayey 

silty sands 

Figure 20. Vs profiles obtained with SDMT and CH 
 

11. Palazzo Centi 

  
Side NW-SW Side NE-SE 

Figure 21. Schematic stratigraphies and Vs diaghrams 
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SURVEY (S), MEASUREMENTS Vs WITH SDMT 

     IN HOLE FILLED WITH GRAVEL 

SURVEY THROUGH FOUNDATIONS (F) 

MEASUREMENT STATION OF AMBENT 

      VIBRATIONS (PC) 

GEOELECTRIC SURVEYS  MASW 

PAST SURVEY 

HOLES
 

 
Figure 22. Investigations’ placements 

 

11.1 Site investigations in the south side of L’Aquila centre  

The study area was extensively investigated by means of fourteen 

boreholes to 20–35 m depth, two boreholes to 50–80 m depth, three 

down-hole tests (DH) to 30–35 m depth, one seismic dilatometer test 

(SDMT) to 49 m (Vs only measurements in a backfilled borehole, ac-

cording to [31], six surface wave tests (M), electrical tomography sur-

veys and seismic noise measurements.  

In addition, previous investigations obtained from the seismic micro-

zonation study [26] were available.  

Figure 23 shows the location of the site investigations, underground 

caves and r.c. buildings collapsed due L’Aquila earthquake, within the 

area of study. A detailed description of the geological setting and 

additional information can be found in [32]. The upper portion of the 

subsoil is constituted by the deposit known as “L’Aquila Breccias”. 

The breccias are superimposed to lacustrine deposits, placed on the 
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bedrock. The upper portion of the subsoil is irregularly affected by pe-

culiar local conditions (Figure 24): underground caves; finegrained 

soils interposed within, or placed above, the coarsegrained breccias 

(residual soils known as “red breccias”); manmade fills of maximum 

thickness  8–10 m. 

 
Figure 23. Location of site investigations in the study area. 

 

11.2 Stratigraphic cross section S1, S2 
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Figure 24. Stratigraphic cross section S1, S2 and shear wave velocity profiles 

(BH=borehole; DH=Down Hole; SDMT=Seismic Dilatometer Marchetti Test; 

M=Multi Channel Analysis of Surface Waves, MASW test). 
 

11.3 Site Response Analysis 

A 1D seismic response analysis was carried out using the computer 

code EERA [10]. The geotechnical model introduced in the analysis 

(Table 1, Figure 25) was defined based on the site investigations (Fig-

ure 23) integrated by the seismic microzonation study [26] and by 

deep investigations promoted by [9]. 

As typical of L’Aquila city centre, the subsoil is characterized by a Vs 

inversion at the transition from the upper 90 m thick breccias (Vs  

800–1200 m/s) to the underlying lacustrine silts (Vs  700 m/s); the 

bedrock is found at 350 m depth. The Vs profile in the breccias was 

measured by SDMT (Figure 24). In the lacustrine silts, in absence of 

direct measurements, Vs was estimated by experimental relationships 

[12, 13], in agreement with Vs measured by cross-hole [11] and by 

SDMT [23]. The geological bedrock was located at about 350 m depth 

and it was assumed as the seismic bedrock.  

It was characterized by Vs = 1250 m/s, obtained by cross-hole at the 

site of the strong motion station AQV [15]. 

The curves of normalized shear modulus G/Go and damping ratio D 

versus shear strain characterizing the behaviour of the “red breccias” 

were obtained by laboratory resonant column/cyclic torsional shear 
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tests carried out by the University of Naples Federico II on an undis-

turbed sample taken at 3.50–4.00 m depth in the BH4 borehole. 

In the breccias, in absence of laboratory data, literature G/Go −   and 

D −  curves, proposed by [22] for dense gravel, were assumed in the 

upper 25.5 m (weakly cemented, Vs  600 m/s).  

 
Table 1 Geotechnical model assumed for the ID analysis 

Depth [26] Layer Material Density Vs 

0.0 – 12.0 1 Fill material and “red brec-

cias” 

19 300-371  

12.0 – 25.5 2 “L’Aquila breccias” 20  

25.5 – 42.0 3 “L’Aquila breccias” 20  

42.0 – 47.0 4 Silky layers 19  

47.0 – 90.0 5 “L’Aquila breccias” 20  

90.0 -196.0 6 Lacustrine deposits 19  

196.0 – 350.0 7 Lacustrine deposits 19  

> 350.0 8 Bedrock 22  

[26]   [kN/m3] [m/s] 

 

Between 25.5 and 90 m (higher cementation, Vs > 1,000 m/s) the soil 

behaviour was assumed as linear elastic. The lacustrine silt was char-

acterized by G/Go −  and D −  laboratory curves obtained on an un-

disturbed sample (S3C8) taken in the same formation, at 50 m depth, 

in Roio Piano [26]. 

For the 1D numerical analysis seven accelerograms were selected as 

input ground motions.  

These accelerograms were scaled to a peak ground acceleration of 

0.261 g (return period TR = 475 years and ground type A) according 

to NTC (2008). Three of these accelerograms (DET_1, DET_2, 

DET_3) were defined for the seismic microzonation [26]. Four natural 

accelerograms were selected from the Italian Strong Motion Database 

ITACA [21] and the European Strong Motion Database ESD [20]. 

These accelerograms are: UM2_EW recorded at the Assisi station (Ita-

ly) during the 1997 Umbria-Marche earthquake; STR_EW and 

STR_NS recorded at the Sturno station (Italy) during the 1980 Irpinia 

earthquake; DIN_EW recorded at the Metereoloji Mudurlungo station 

(Turkey) during the 1995 Dinar earthquake. 

Their spectral compatibility was verified by considering the average 

root-mean-square deviation Drms, that was limited to a value of 0.1. 
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The results of the analysis show a 1D transfer function with two am-

plification peaks: the first peak at about 0.6 Hz indicates the deep bed-

rock (in agreement with the seismic noise measurements reported by 

[26], while the second peak at about 5 Hz detects the thickness of the 

“red breccias”. Figure 26 shows the comparison of the elastic accel-

eration response spectra resulting from the numerical analysis using 

the seven input accelerograms, the corresponding average spectrum 

and the elastic response spectrum defined according to the simplified 

approach of the Italian building code [27], for a reference return peri-

od TR = 475 years and B and E ground types.  

The average spectral acceleration Sa calculated by the numerical anal-

ysis is generally higher than Sa calculated according to B ground type, 

while it appears higher only in the range of periods T  0.15–0.35 s by 

considering E ground type. For all the input accelerograms the dia-

gram exhibits marked peaks of Sa concentrated within a narrow 

range of periods (T  0.15–0.35 s). At higher periods the average trend 

of Sa resulting from the analysis tends to become similar to the E 

ground type spectrum. Finally the local response analysis provided an 

amplification factor Fa of about 1.87. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25. G/Go −  and D −  curves assumed in the 1D numerical Modeling. 

Resonant column. Cyclic Torsional Shear Test on a sample of "Red breccias" 
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Figure 26. Elastic acceleration response spectra from the 1D analysis 

 

11.4 Schematic stratigraphic profile   
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Figure 27. a) Schematic stratigraphic profile; b) Vs measured by SDMT, in hole 

filled with sand (89 m), (Via De Bartholomaeis) 
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12. Governament Palace, Investigations 2013 

 
Figure 28. View of works. Surveys on 2013 

 
Figure 29. Stratigraphic sections - Surveys and Vs measurements 
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Figure 30. Stratigraphic sections (courtesy by Eng. Ph.D. Ferdinando Totani) 

 
Figure 31a. Plan. 
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Figure 31b. Stratigraphy and Vs 
 

13. Collemaggio Basilique, basin geological setting 

The complex geological setting of the L’Aquila basin is extensively 

described e.g. in [26] In the city centre, whe.re the Basilica di Colle-

maggio is located, the upper portion of the subsoil is constituted by 

the deposit known as “Brecce dell’Aquila”, composed of fine to 

coarse calcareous fragments of variable size (mostly of some centime-

tres) embedded in sandy or silty matrix, characterized by highly varia-

ble cementation and mechanical properties.  
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The breccias, about 80-100 m thick, lay on fine- to medium-grained, 

mostly silty lacustrine deposits of average thickness ≈ 250-270 m, 

placed on the limestone bedrock.  

Gravimetric investigations [26], confirmed by deep [2], have indicated 

that in the city centre the bedrock is located below 300 m depth. 

 

13.1 Site investigation 

A comprehensive site investigation was carried out in the area of the 

Basilica di Collemaggio, including deep boreholes, measurements of 

the shear wave velocity Vs by seismic dilatometer SDMT [24] and ac-

tive/passive seismic surface measurements (tomography, ambient 

noise, 2D array, [1], [24] as well as short vertical/inclined boreholes 

across the existing church foundations. 

Three boreholes (S1, S2, S3, Figure 32) were drilled respectively to a 

depth of 80 m, 120 m and 275 m from the ground surface, with Stand-

ard Penetration Tests and retrieval of samples.  

The deepest borehole (S3), drilled partly with core recovery and partly 

as core-destructive, was aimed at detecting the top surface of the bed-

rock, which however was not reached within the investigated depth. 

After completion the boreholes S1, S2, S3, plus an additional auxiliary 

borehole S3 bis b, were backfilled with clean fine-medium gravel 

(grain size 5-15 mm, no fines) in order to obtain Vs measurements by 

SDMT according to the procedure devised by [31] for non-penetrable 

soils, largely employed in the L’Aquila area in post-earthquake inves-

tigations [28].  

In this procedure the SDMT is inserted and advanced into a predrilled 

backfilled borehole by use of a penetrometer rig and Vs measurements 

are taken every 0.50 m of depth as usual, but without DMT measure-

ments (meaningless in the backfill). In this case the SDMT acts only 

as a vehicle for inserting the seismic module. 

Such technique is based on the assumption that the S-wave travel path 

from the surface to the upper and lower receiver in the SDMT seismic 

module includes a short path in the backfill approximately of the same 

length, i.e. the time delay between the two seismograms and the inter-

preted Vs do not change [31].  

Comparative tests carried out at sites where both the usual penetration 

procedure and the backfilling procedure were adoptable 1ndicated that 

the Vs obtained in the backfilled borehole are nearly coincident with 

the Vs obtained by penetrating the soil. 
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Figure 32. Location and Vs measurements by SDMT (in backfilled boreholes and in 

virgin soil, on 2013: a) 3 deep surveys (S1: 80 m, S2: 120 m, S3: 275 m) 

b) 15 leaning surveys through the foundations (1.6-6.3 m) 

c) 4 SDMT in hole – solo Vs (52-93 m) + 1 SDMT with pre-hole (34-36 m) 

d) measurements of ambient vibrations + tomography + seismic array (INGV) 
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The site investigation included Vs measurements by SDMT (Figure 

32) in four backfilled boreholes (SDMT 1, SDMT 2, SDMT 3, SDMT 

3bis b) to a maximum depth of 93 m from the ground surface (SDMT 

3), and a limited number of SDMT measurements by penetration in 

the virgin soil (SDMT3bis a, SDMT4). 

 

13.2 Surveys 2013 - Vs measurements with SDMT 

 

 

 

 

 

 

 

 

 

 

 
Figure 33. "Enhanced" seismic source (“Tirino Hammer”). 

 

An “enhanced” seismic source was specifically designed and tested at 

the University of L’Aquila to tentatively improve the quality of the 

signals and reduce the uncertainty in the interpretation of Vs meas-

urements by SDMT in deep backfilled boreholes. 

The “enhanced” seismic source (“Tirino Hammer”, Figure 33) is 

composed of a pendulum hammer having a mass of 130 kg, with a 

drop height of 2 m, which hits horizontally a ballasted steel anvil 

placed along one side of the truck, with the impact line parallel to the 

axes of the receivers.  

The “enhanced” seismic source was used only in SDMT 3, while all 

the other tests were carried out using the “standard” seismic source. 

 

13.3 Subsoil model for site response analysis 

The subsoil model was based on the site investigation carried out in 

the area of the Basilica di Collemaggio, and it was used for the site re-

sponse analysis, as illustrated in Figures 37, 38 and 39.  

Table 2 summarizes the geotechnical parameters of the materials in-

troduced into the analysis, in terms of unit weight γ, shear wave veloc-
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ity Vs, Poisson’s ratio υ, normalized shear modulus G/Go and damp-

ing D curves.  

In particular Vs values refer to the SDMTs performed in the four back-

filled boreholes, while υ values were estimated considering cross-hole 

tests carried out in similar soils.  

For the lacustrine deposits “L” and “LS”, the G/Go and D curves were 

derived from simple shear tests carried out at University of Rome “La 

Sapienza” with DSDSS apparatus [14]. 

Literature curves [34], with plasticity index PI = 15) were assumed for 

the fill material “R” and the residual soils “LAC1” and “LAC2”.  

A visco-elastic linear behavior was assumed for the calcareous brecci-

as “Ba” and “B”. 

 

13.3 Selection of input motion 

The acceleration response spectrum with a return period of 475 years 

suggested by the Italian National Building Code (NTC-08) for flat 

outcropping rock condition (class A subsoil and topography category 

T1) was assumed as reference for input motion definition. 

Seven recordings, compatible on average with the reference spectrum, 

were selected as input for numerical analyses.  

The following procedures for selecting and scaling natural accelero-

grams were adopted [29]: 

1. Candidate ground motion time-histories were extracted from the  

ITACA database (itaca.mi.ingv.it) on the base of magnitude M, 

source-to-site distance d and site classification.  

Based on the main active seismogenic structures in the region (Figure 

34), reference was made to a magnitude-distance window defined by 

M = 5.9-6.9 and d < 25 km, representative of the L’Aquila Upper At-

erno valley and Ovindoli- Pezza-Campo Felice fault systems (8 and 10 

in Figure 34).  

Recordings at stations of class B with Vs,30 > 650 m/s were included 

in the selection because accelerograms at rock outcropping conditions 

(class A subsoil) are very few in the national database, especially for 

Mw > 6 and near-field conditions.  

Focal mechanism was not included in the search, even if preference 

was given to recordings of normal fault events dominating the activity 

in central Apennines. 
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Figure 34. Main active faults and historical earthquakes with M > 5.5 in  

Central Apennines. Legend: (1) Gubbio, (2) Gualdo Tadino, (3) Colfiorito,  

(4) Norcia, (5) Mt. Vettore, (6) Laga Mts. fault, (7) Campo Imperatore Assergi,  

(8) L’Aquila, Upper Aterno Valley, (9) Salto Valley, (10) Ovindoli-Pezza-Campo 

Felice, (11) Middle Aterno, (12) Fucino, (13) Mt. Morrone, (14) Maiella, Mt. Porrara, 

(15) Aremogna-Cinquemiglia, (16) Liri Valley, (17) Upper Sangro [6] 

 

2. All candidate records were scaled to target peak ground accelera- 

tion PGA (0.26 g) by using a scaling factor F. 

3. Records characterized by F > 4.5 were rejected; the limit value of 
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scaling factor was assumed higher than in previous studies [29] to in-

clude available class A recordings from the 2009 L’Aquila earth-

quake. Parameters measuring spectral matching of single recordings 

with target spectrum (for example Drms) were not considered because 

a large period range (0.2-2.5 s) was considered for the spectral com-

patibility with reference spectrum. 

 
Table 2. Subsoil model for site response analysis (linear variation with depth) 

 
 

4. A selection of 7 recordings was finally made by comparing the  

average response spectrum with the reference one in the 0.2-2.5 s 

range; maximum underestimation of 10% with respect to target spec-

tral amplitudes was assumed as requirement for spectral compatibility. 

Basic characteristics of selected input motions are reported in Table 3, 

while single and average response spectra of input motion accelero-

grams are reported and compared with target spectrum in Figure 39. 

 

13.4 Numerical analysis 

The numerical analyses were carried out using FLAC 2D finite differ-

ence computer code [19]. 

The code incorporates a dynamic option allowing 2D full dynamic 

analysis. The mesh employed for the analyses, with a detail of the Ba-

silica area, is shown in Figures 36, 37 and 38.  

In order to achieve satisfactory accuracy, the height of the elements of 

the mesh was chosen as lower than Vs/(10 fmax), where fmax is equal 

to the maximum frequency to be transmitted, assumed equal to 15 Hz. 

The aspect ratio of the elements is about 1.  
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The radiation damping was simulated by employing a viscous bounda-

ry at the bottom and free-field boundary conditions at the lateral edges 

of the model. The input motions were applied at the base of the model 

in terms of shear stress time histories in order to simulate a transmit-

ting base [19]. 

The LAC2-Ba-B materials (Table 2) were assumed to be linear with 

damping properties modeled by the full Rayleigh damping formula-

tion with a single control frequency, set at 2 Hz.  

This latter was assumed to be in the range between the fundamental 

frequency of vibration of the deposit (about 0.6 Hz, see later in the 

text) and the predominant frequencies of the input motions (generally 

3-8 Hz, as shown in Figures 38b, c).  

The target damping ratio for LAC2-Ba-B materials was set at 0.5% 

considering that a slight numerical overestimation occurs in the fre-

quency range of interest. 

 
Table 3. Main characteristics of the recordings selected as input motion:  

Mw = moment magnitude, d = epicentral distance, amax = peak acceleration;  

Cat = subsoil class according to Italian Seismic code NTC-08, F = scaling factor. 

All accelerograms are referred to normal fault events with exception 

of Friuli 4th shock. 

 
 

For non-linear materials (R-LAC1-LS-L in Table 2), the Sigmoidal 4 

hysteretic damping formulation, available in the FLAC library, was 

adopted.  
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The model parameters were calibrated by using standard G/Go and D 

Vs shear strain amplitude curves listed in Table 2.  

A small amount (0.5%) of Rayleigh damping was also added to pro-

vide a non-zero damping at very small strains. 

 

13.1 Stratigraphic sections and Vs profiles 

 
Figure 35. Stratigraphic section 

 

13.3 Surveys 2013, Vs measurements with SDMT 

 
Figure 36. Surveys 2013 - Vs measurements with SDMT 
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13.4 Analysis of local seismic response  

 
Figure 37. Analysis of local seismic response, measurements in the Basilica area 

 
Figure 38. Analysis of local seismic response 

 

13.5 Results of numerical analyses 
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Figure 39.  a) Section; b) Average response spectra computed in the Basilica 

area at nodes A-D. c) The same spectra are reported in regularized 

form to be directly compared with NTC-08 code seismic action 

 

13.6 Geotechnical model 

The geotechnical model, used for these preliminary numerical anal-

yses, was based on the geological, geotechnical and geophysical in-

vestigations already provided by numerous previous studies produced 

in L'Aquila downtown [26, 2, 11, 3, 4, 23, 25, 36]. A refined model 

for the Basilica subsoil will be supplied once all the investigations, 

supported by Eni, will be available. 

The 2D seismic response analyses were performed by considering the 

geotechnical cross section shown in Figure 40, while the 1D numeri-

cal analyses were focused at the vertical in correspondence to Santa 

Maria di Collemaggio Basilica. 

The seismic microzonation studies [26] and the deep boreholes , [2] 

allowed to estimate the thickness and the mechanical and dynamical 

soil properties of each geotechnical unit GU: filling materials “Ri”, al-

luvial deposits “Al”, debris slope deposits “Dt”, colluvial deposits 

“Cl”, red breccias “LR”, calcareous breccias, divided into three sub-

layers, “Br1”, “Br2”, “Br3”, fluvial-lacustrine deposits, divided into 

five sublayers, “L1”, “L2”, “L3”, “L4”, “L5”, and calcareous bedrock 

“Bedrock”. 

Some refinements in the evaluation of the shear wave velocity VS were 

performed by considering the results of seismic dilatometer tests [4, 

23, 36] and cross-hole test [11] and by assuming VS ~ 2000 m/s [35]. 

In addition, stiffness decay curves G/G0 and damping ratio curves D, 

introduced into the numerical analyses, referred to: 
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Table 4. Mechanical and dynamical soil parameters of each geotechnical unit [4] 

UG 
γ 

(kN/m3) 
ν 

VS 

(m/s) 
G/G0 and D curves 

Ri 17 0.2 250 MS–AQ Working Group (2010) 

Al 19 0.2 200 MS–AQ Working Group (2010) 

Dt 19 0.2 300 MS–AQ Working Group (2010) 

Cl 19 0.2 350 Amoroso et al. (2014) 

LR 19 0.2 350 Amoroso et al. (2014) 

Br1 20 0.2 600 Modoni and Gazzelloni (2010) 

Br2 20 0.2 800 Modoni and Gazzelloni (2010) 

Br3 21 0.2 1200 
Linear elastic behavior 

(G0 ~ 9000 MPa, D0 ~ 0.5 %) 

L1 19 0.2 550 Monaco et al. (2012) 

L2 19 0.2 600 Monaco et al. (2012) 

L3 19 0.2 670 Monaco et al. (2012) 

L4 19 0.2 740 Monaco et al. (2012) 

L5 19 0.2 810 Monaco et al. (2012) 

Bedrock 22 0.2 2000 
Linear elastic behavior 

(G0 ~ 9000 MPa, D0 ~ 0.5 %) 

 

– the resonant column/torsional shear test results obtained by [4] into 

the red breccias of the Southern part of L’Aquila city for “LR” and 

“Cl” units; 

– the gravel reference curve used by Tito Sanò into the numerical 

analyses developed for the seismic microzonation studies [26] for 

“Al”, “Dt” and “Ri” units; 

– the dense gravel curve evaluated by [22] for “Br1” and “Br2” units; 

– a linear elastic behaviour, assuming a small strain stiffness G0 and an 

initial critical damping ratio D0 equal to G0 ~ 3200 MPa, D0 ~ 0.5 

%, for the “Br3”; 

– the resonant column/torsional shear test results obtained by C.A.S.E. 

Project [23] into the fluvial-lacustrine deposits of Roio Piano for 

“L1”, “L2”, “L3”, “L4” and “L5” units; 

– a linear elastic behaviour, assuming a small strain stiffness G0 and an 

initial critical damping ratio D0 equal to G0 ~ 9000 MPa, D0 ~ 0.5 

%, for the “Bedrock”. 

Table 4 summarized the mechanical and dynamical soil parameters of 

each geotechnical unit GU, by including unit weight γ, Poisson coeffi-

cient ν, shear wave velocity VS, stiffness decay curves G/G0 and 

damping ratio D curves. 
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14. Seismic adaptation of the buildings of Macerata University  

 
Figure 41. Investigations’ locations 

 

14.1. Geotechnical investigations  

  
Figure 42. Execution of Vs measurements by seismic dilatometer (SDMT2) in the 

backfilled borehole S4 with special heavy hammer as seismic source  

at ground surface 
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Figure 43. Vs da SDMT 

 

 

 

Landfills and fine silty sands 

 

Moderately plastic clay and silty 

clays 

 

Sands and silty sands with local 

sandstone levels. Thickens  

 

 

 

 

 

Very consistent gray clays  

 

 

 

 

SDMT test performed in 

 the 100-meter probing  

hole on April 23rd 2019 

Figure 44. SDMT test he 100-meter survey hole: a) 0-10, Landfills and fine silty 

sands; b) 10-20, Moderately plastic clay and silty clays; c) 20-40, Sands and silty 

sands with local sandstone levels. Thicken; d) 40-100, Very consistent gray clays 
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Figure 45. Normalized shear modulus G/G0 

and damping ratio D vs shear strain  from 

RC tests: (a) Unit A (silty clay); (b) Unit A1 

(clayey silts and sands); (c) Unit B (silty and 

clayey sand) 

 

Figure 46. Extension of the in-situ 

VS vs. depth profile in silty clay ob-

tained from SDMT2 (borehole S4) 

to a depth at which VS > 800 m/s, 

based on best-fit interpolation of 

laboratory RC test data and VS 

measured in situ 

 

15. DOMPE’ pharmaceutical factory expansion in L’Aquila  

S1: continuous probing and coring up to 30 meters, pushed to destruc-

tion up to 100 meters, and prepared for the SDMT test. 

At the end of the SDMT test, the hole will be equipped with pipes up 

to 30 meters for the DH (Down Hole) test. 

S2, S3, S4, S5: probes with continuous coring up to 30 meters, 

equipped with pipes for performing the DH test. 

Note: during perforations, SPT and pre-light tests of undisturbed 

samples will be performed.  
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a) Plan 

 
b) Aerial view 

 
Figure 47. Seismic vulnerability of the Coppito pole and geological-geotechnical-

geophysical investigation program 
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Figure 48. Plan 

 

------- SLV_catB_Vr75 (simplified approach 

        by legislation) 

------- Spectrum used (SLV_catB_Vr150  

        envelope and local seismic response) 

------- Own period T1 (1st way of vibrating) 

------- T2 proper period (2nd way of  

         vibrating) 

------- Period proper T3 (3rd way of  

       vibrating) 

 
a) Acceleration spectra 
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b) Velocity of shear waves 

Figure 49. Local seismic response analysis 

 

 

LOWLY CLAY LIMO with sandy-

brownish tracts. At times included 

limestone fragments. At the head of 

the o layer, 5 m of landfill.  

 

FRAGMENTS of a mainly calcare-

ous nature, heterometric (Dmax = 6-7 

cm), with sharp and rounded corners, 

in more or less abundant sandy-silty 

matrix of brownish and havana color.  

 

 

 

 

 

 

FRAGMENTS of a mainly calcare-

ous nature, heterometric (Dmax = 6-7 

cm), with sharp and rounded corners, 

in more or less abundant sandy-silty 

matrix of brownish and havana color.  

 

 

 

 

 

 

 

 

CORE DRILLING  

PERFORATION 
 

a) Stratigrafy b) Velocity of shear waves 

Figure 50. Vs da SDMT 
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a) 

 
b) 

 
c) 
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d) 

 
Figure 51. Local Seismic Response Analysis for the assessment of the seismic vul-

nerability of two buildings of the University of L'Aquila (Coppito locality) 
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Conclusions 

The evaluation of seismic action based on a "synthetic" parameter 

(Vs30) is currently not recommended in many countries of the world. 

The assessment of the project seismic action must be carried out rig-

orously through the analysis of local seismic response (RSL). 

In current professional practice, the use of local seismic response ana-

lyzes is still too limited. 

The contribution of researchers and professional experts in the field of 

RSL can make RSL confidential to the world of professional practice 

within the next 5 years. 
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In the same period of time, the research must improve the understand-

ing of the interactions between near source mechanisms and site re-

sponse (directional, impulsive, vibrational effects, whiplash). 

A model for evaluating the universally valid local seismic response 

and applicable in all situations does not exist. 

There is a "recipe", each time different, to be adapted to the case in 

question and which expertly doses all the elements of complexity that 

characterize the real situation in a model that is not excessively com-

plex (but not too simple) for the purposes of its application and which 

requires a reasonable retrieval of the necessary data. 

The treatment / improvement of foundation soils can help mitigate the 

effects of seismic actions on buildings 

Updating knowledge and its dissemination are two inseparable aspects 

of a single process of cultural advancement. 

Let us close with Italo Calvino: "There is a better part of Italy, which 

does not talk much about itself but which continues to do something 

serious for others with disinterest and passion". 
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Abstract 

  The earthquake that hit Abruzzo Region in Italy in 2009 affected 

both L’Aquila and many small towns in the Abruzzi region. The man-

agement of the reconstruction of the historic centres defined as minor 

was different from that of L’Aquila, to take into account their peculiar-

ities and their territorial context. Thus, to obtain useful elements for a 

more efficient management of future events in similar territorial con-

texts, the paper deals with the case provided by the municipality of Bar-

isciano, a small town near the city of L'Aquila, one of the most popu-

lated (1,831 inhabitants in 2009). The 2009 earthquake caused wide-

spread damage to a large part of the built heritage, making a significant 

part of the unusable buildings. Accounting for the urban and demo-

graphic characteristics of the municipality of Barisciano, two alterna-

tive forms of assistance to the population were adopted for temporary 

housing: accommodation in temporary residential settlements built in 

the town of Barisciano and in the hamlet of Villa di Mezzo or a public 

self-accommodation grant, aimed at providing direct economic support 

to displaced families. 

The paper describes and discusses the forms of assistance used in the 

municipality and the evolution over time of the costs incurred by the 

Italian government to assist the displaced people. The data analysis also 

involves the returning home process of the resident population. Alt-

hough limited to the municipality of Barisciano, the analysis allows 

some peculiarities of the reconstruction process adopted in the smaller 

centres to be highlighted, such as the need to provide accommodation 
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on site to avoid the depopulation of smaller towns and preserve them 

for future generations. 

 

1.  Introduction 

 

  The seismic sequence that hit the Abruzzo region on April 6, 2009 

affected a large portion of the region, causing both extensive damage 

and collapse of buildings in L’Aquila, the Abruzzo capital city, and in 

many neighboring municipalities, as well as numerous victims and dis-

placed people. The area affected by the event was wide and heteroge-

neous in terms of typological and construction characteristics, as well 

as the extent of damage. Therefore, the management of the reconstruc-

tion process of the historical centers needed to be different between the 

capital and the smaller centers both in terms of procedures adopted in 

the reconstruction of the damaged buildings and in terms of forms of 

assistance to the population. 

  Just a few hours after the event, 67,459 people were displaced, and 

accommodated in tent camps, arranged by the Civil Protection Depart-

ment (35,690 people) or in hotels or private homes (31,769 people) [1]. 

The results of the usability survey field inspection, conducted in the 

days immediately following the earthquake, and the high number of 

displaced people [2] highlighted the need to adopt forms of assistance 

to the population partly different from those used in previous Italian 

seismic experiences. Therefore, in addition to the already well known 

temporary dwelling modules (MAP), assistance in accommodation fa-

cilities, and self-accommodation grant (s.a.g., granted by the Italian 

Government so that people could provide for themselves in search of 

temporary accommodation), for the city of L'Aquila buildings were 

built, with high levels of quality, technological innovation, seismic pro-

tection through base isolation, energy conservation, and environmental 

sustainability, known as the CASE project (Anti-seismic, Sustainable 

and Ecologically Compatible Housing Complexes) [3]. The procedures 

adopted to start the process of reconstruction of the building stock 

(OPCM 3778 [4], OPCM 3779 [5] of 6 June 2009 and OPCM 3790 [6] 

of 9 July 2009), which provided for the repair and seismic improvement 

of damaged dwellings outside the historical centers in the first place, 

made it possible to accelerate the return of the assisted population to 

their homes and to limit the use of more expensive forms of assistance, 

such as hotels. For the city of L'Aquila [2], by December 2016 the 
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assisted population had decreased by about 80%: 10,834 assisted people 

compared to 53,968 in December 2009, and therefore 43,134 people 

had returned to their homes. 

  An analysis of the process of management and reconstruction of mi-

nor municipalities is currently being carried out within the research line 

Reluis 2019-2021 WP7 - Post earthquake data analysis, through a sci-

entific collaboration stipulated between the Special Office for the Re-

construction of Crater Municipalities (USRC), ITC-CNR and the Uni-

versity of Naples Federico II.  

  In this context, an in-depth study of the reconstruction process of the 

Municipality of Barisciano, one of the most populated minor centers of 

the affected area, located near L’Aquila, has been carried out.  

  First of all, an examination of the characteristics of territory and 

damage occurred is proposed. Then, the main indicators of the still in 

progress reconstruction process are presented, with particular reference 

to the assisted population, the dynamics related to the different forms 

of assistance and the demographic trend of the population of the munic-

ipality. 

 

2.  The damage of buildings in Barisciano 

 

  The Municipality of Barisciano is a small urban center situated along 

the Aterno valley, in a hilly area, which is part of a territorial system of 

great historical and environmental values. At the time of the earthquake, 

in April 2009, the resident population included 1,831 inhabitants, which 

had been reduced to 1,780 on 31/12/2018. 

  The municipal territory consists of the Main Town and the three 

hamlets of Petogna, San Martino di Picenze and Villa di Mezzo di 

Picenze (Figure 1). 

  The seismic events that hit the Abruzzo region on 6 April 2009, 

caused significant damage to the buildings in the territory of Barisciano, 

located at distances between 11 and 17 km from the epicenter; the mac-

roseismic [7] intensity was estimated by INGV between 6 and 6.5 and 

the level of acceleration on stiff soil was estimated between 0.12 and 

0.24 g (Figure 2). 

  The important variability of the estimated acceleration levels is jus-

tified by the geographical position of the various hamlets which consti-

tute the municipality of Barisciano, that are much closer to the epicen-

ter. 
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Figure 1. Geographical location of the municipality of Barisciano and its hamlets. 

 

 
Figure 2. Macroseismic classification, shake map and identification of built areas of 

the municipality of Barisciano and its hamlets. 

 

  The seismic shaking produced by the main event of 6 April and the 

following aftershocks produced widespread damage to the built herit-

age. In the municipality of Barisciano, 1,949 buildings have been sur-

veyed by using the AeDES forms to assess their damage and their usa-

bility [8] according to the following definitions: A – usable; B tempo-

rarily unusable (partially or totally) but usable after short term counter-

measures; C - partially unusable; E – unusable. Figure 3 show that about 

60% of buildings resulted temporarily, partially, or totally unusable, (i.e 

B or C or E usability rating respectively). 
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Figure 3. Usability rating of buildings in Barisciano surveyed with the AeDES 

forms. 

 

  Figure 4a shows the distribution of construction age of buildings, 

showing that about 60% were built before 1919. The usability ratings 

as a function of construction age is reported in Figure 4b, while Figure 

4c shows that the most common structural type was masonry, more than 

80% of the dataset. Figure 4d highlights that the most significant num-

ber of buildings with severe damage (i.e. E usability rating) was found 

in the masonry type dataset of buildings. They had been built according 

to the traditional rules of construction, often as part of a larger building 

system, the so-called structural aggregates, of which they constitute a 

growth or completion unit. In many cases, they are spontaneous build-

ing, which has undergone several changes over time and they are char-

acterized by a poor level of maintenance, also due to the depopulation 

process that has characterized most of the mountain centers of the cen-

tral Apennines since the early 1900s. 
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(a) (b) 

  
(c) (d) 

Figure 4. Building dataset construction age (a); usability rating of buildings as a 

function of construction age (b); structural types (c) and usability rating of buildings 

as a function of structural type (d). The black dotted line represents the cumulative 

percentage trend. 

 

3.  The reconstruction process policy 

 

  To speed up the return of people to their homes, a priority was ini-

tially given to interventions on buildings located outside the historical 

centers, since they hosted a larger part of the population than those in 

the historical centers. The reconstruction of such buildings was 
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regulated by the Ordinances of the President of the Council of Ministers 

(OPCM) n. 3779 [5], 3790 [6] and 3881 [9]. A detailed analysis of this 

reconstruction process can be found in [10] [11]. 

  The process of reconstruction of the historical centers has been fully 

implemented in 2013, with the adoption of a parametric procedure for 

determining the public grant for repair/retrofit of damaged buildings. It 

must be underlined that small grants were also issued for usable build-

ings (with usability rating A), for non structural interventions. 

In the minor historical centers, excepting for the city of L'Aquila, this 

procedure is called IMC, Integrated Model for the municipalities of the 

Crater. The procedure allows applying funding requests for grant for 

Aggregate Minimum Units (AMU’s), i.e. portions of structural aggre-

gates with homogeneous intervention and site characteristics [12] [13] 

[14]. An AMU may consist of single buildings, SB, (mono-building 

AMU) or multiple buildings (multi-buildings AMU). In the case of mul-

tiple-buildings AMU’s, the usability rating of the buildings composing 

it may be the same (mono-rating AMU’s) or different (multi-rating 

AMU’s). In most cases, an AMU corresponds with the whole aggregate. 

Therefore, for the sake of simplicity, AMU’s will be taken as reference 

units. 

 

4.  The assistance forms to the population of Barisciano 

 

  The significant portion of unusable buildings in Barisciano led to a 

significant number of displaced people compared to the total popula-

tion. In the days immediately following the seismic event, the displaced 

people were hosted in tent camps, in public facilities provided by the 

Government, or in hotels. In the following weeks, the self-accommoda-

tion grant (s.a.g.) was activated. Through this form of assistance, a mon-

etary contribution is provided to the families to find temporary accom-

modation independently. In February 2010 temporary dwelling mod-

ules (Moduli Abitativi Provvisori - MAP), made by modular wooden 

buildings, were completed. This latter form of assistance is the only one 

still active in Barisciano. 

 

4.1. The self-accommodation grant (s.a.g.) 

  The self-accommodation grant (s.a.g.) was introduced with the Or-

dinance of the President of the Council of Ministers no. 3754 of 9 April 

2009. As previously said, it is aimed at supporting people to 
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autonomously find an alternative temporary accommodation. Initially a 

monthly grant of € 100.00 was defined per person, with a maximum of 

€ 400.00 per family. A monthly grant of € 200.00 was approved to the 

families of a single person. An increase of s.a.g. of € 100.00 per month 

was released for people over 65 years or disabled people. In the follow-

ing months, the maximum monthly grant for each family was increased 

up to € 600.00 with € 300.00 for a single person family (Ordinance of 

the President of the Council of Ministers no. 3797 of 30 July 2009). In 

addition, a monthly supplement of € 200.00 per person per month was 

granted to host persons of other families needing assistance (Ordinance 

of the President of the Council of Ministers no. 3857 of 20 March 2010). 

  In Barisciano the provision of s.a.g. ended in August 2013, due to 

the availability of MAPs.  

  In the period from April 2009 to August 2013, the s.a.g. grant 

amounted to € 2,728,979.40. This corresponds to a total of 10,889 

monthly pay, with an average monthly cost per person of 250.62 

€/month. 

 

4.2. Temporary dwelling modules (MAP) 

  The design and construction of temporary dwelling modules had al-

ready been provided for in Article 2 of Decree Law 39 of 28 April 2009. 

These modules were intended to accommodate people living in the most 

damaged buildings for which medium to long time was required to re-

pair their house. The implementation of the MAP’s was carried out by 

the Civil Protection Department supported by local administrations, 

which helped to identify the most suitable areas according to the char-

acteristics of the territory and the needs of the population. The single 

housing module are small wooden buildings, typically of one floor more 

rarely of two. They are designed to meet, in addition to the requirements 

of safety and stability, requirements of removability and recoverability. 

Three different types of housing modules, of different capacity were 

realized: modules of 40 m2, for single-family units; modules of 50 m2, 

for families of two or three components; modules of 70 m2, for families 

with more than three components. Figure 5 shows some views of the 

modules deployed. 



The emergency management and reconstruction process in small towns…. 417 

 
(a) 

 
(b) 
 

Figure 5. MAPs deployed in the town of Barisciano (a) and in hamlet of Villa di 

Mezzo (b). 

 

  In the Municipality of Barisciano, between July 2009 and February 

2010, a total of 165 MAPs were built, out of which 107 in the main 
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centre and 58 in the hamlet of Villa di Mezzo (Table 1), with a total 

living area of about 8,600 m2.  

  The cost to build the 165 MAPs was deduced from the total cost to 

build all the MAPs in the affected area, reported in [15], and amounts 

to € 10,931,000.00. This includes the infrastructure and facilities costs, 

that is 42% of the total cost, but does not include any costs of property 

expropriation. The average unit cost of the MAP was about € 66,250.00. 

 
Table 1. Types of temporary dwelling modules in the Municipality of Barisciano. 

Types of MAP 

[m2] 

n. of MAPs 

in the main centre 

n. of MAPs 

in the hamlet 

Total 

40 36 13 49 

50 44 29 73 

70 27 16 43 

Total 107 58 165 

 

 

  The construction of the MAPs was completed in February 2010, 10 

months after the main seismic event. The maximum number of people 

assisted, 404 people, equal to 67% of the maximum capacity of the 

structures (600 people), was reached between October 2010 and Janu-

ary 2011. 

  With the progress of the reconstruction process, an increasing num-

ber of temporary housing became available, because people returned to 

their repaired/rebuilt homes. As a consequence, the Municipal Admin-

istration, with resolution no. 13 of March 9, 2016, decided to use part 

of the empty MAPs to carry out a social housing project, granting some 

rental housing, at a price below the market average, both to low income 

citizens of Barisciano and families from other municipalities of the seis-

mic area. Other housing was made available to former citizens of Bar-

isciano, who emigrated elsewhere and who expressed the desire to re-

turn to the village for short periods (between one and two months a 

year), in order to foster the preservation of the relationships with their 

community of origin. 

  In the Administration's forecasts, the profits from MAPs allocation 

to these additional categories of citizens, will make it possible to re-

cover the sums paid by the authority for the realization of the infrastruc-

ture and facility works and to meet future expenses for the dismantling 

of the buildings and the related recovery of the areas. 

 

5.  Analysis of the forms of assistance to the population 
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5.1. Population distribution in the urban area 

  With the support of the Municipal Administration of Barisciano and 

the Special Office for the Reconstruction of the Municipalities of the 

Crater, it was possible to identify the usability rating and the duration 

of the works on each building hosting the residents of the Municipality 

before the earthquake. The analysis allowed to define the trends of the 

number of assisted people over time with different forms of assistance. 

In the previous section it was highlighted that the forms of assistance to 

the population were addressed both to the residents of the Municipality 

and to those living there at the date of the earthquake. For the latter type 

of people, it was not possible to collect information regarding the loca-

tion of the dwellings. Thus, only the resident population of the Munic-

ipality is herein analysed, unless otherwise specified. 

  Figure 6 shows the distribution of the grant requests for repair and 

seismic improvement works on buildings and aggregates as a function 

of the usability rating. The distribution of Figure 6a refers to all the 

grant applications, while Figure 6b refers to the applications, related to 

single building or whole buildings aggregate, whose works were com-

pleted by 31-12-2018. The combination of the letters A-BC identifies 

the structural aggregates which includes usable buildings (usability rat-

ing A) and buildings with slight damage (usability rating B or C). The 

combination of letters A-BC-E, identifies the aggregates in which there 

are both usable buildings (A) or buildings with minor damage (B or C), 

and unusable buildings with severe damage (usability rating E). Note 

that the reconstruction process in the historical centres involve aggre-

gates rather than individual buildings. 

  The Barisciano residents who benefited from at least one form of 

assistance over time are 788. Due to database constrains, only for 534 

people it has been possible to associate the usability rating of building 

or aggregate where they lived before the earthquake, see Table 2 and 

Figure 7a. Out of 534 people, 357 lived in buildings repaired and 

strengthened before the end of 2018; their distribution is shown in Table 

3 and Figure 7b. The third column of this table also shows the total 

number of months of assistance provided and grouped according to the 

usability rating. 
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(a) (b) 

Figure 6. Distribution of grant request applications: total number of requests (a); 

number of grant requests with works ended in 2018 (b). 

 

 

Table 2. Maximum number of assisted people who benefited from government grant 

applications, according to usability rating of buildings. 
Usability rating Max number of Assisted people 

(1,780 residents at 31/12/2018 

A 131 

BC 77 

E 164 

A-BC 5 

A-BC-E 157 

Total of assisted people 534 

 

 

Table 3. Maximum number of assisted people for which repair and seismic improve-

ment works on buildings had been completed by 31-12-2018, according to usability 

rating of buildings. 
Usability rating Max number of 

Assisted people 

Number of months of 

assistance provided 

A 131 934 

BC 73 1,732 

E 89 5,836 

A-BC 3 9 

A-BC-E 61 4,894 

Total 357 13,405 

 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

0

20

40

60

80

100

120

140

160

A B
C E

A
-B

C

A
-B

C
-E

N
o

. 
o

f 
gr

an
t 

re
q

u
e

st
 a

p
p

lic
at

io
n

s

Usability rating

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

0

20

40

60

80

100

120

A B
C E

A
-B

C

A
-B

C
-E

N
o

. 
o

f 
gr

an
t 

re
q

u
e

st
s 

w
it

h
 w

o
rk

s 
e

n
d

e
d

 in
 2

0
1

8

Usability rating



The emergency management and reconstruction process in small towns…. 421 

  
(a) (b) 

Figure 7. Distribution of assisted people who requested a government grant appli-

cation for repair and seismic improvement (a) and assisted people living in build-

ings with works completed (b) according to usability rating class. 

 

5.2. Trend of assisted population over time 

  Figure 8 shows the percentage trend of displaced people that re-

turned to their home. The graph distinguishes between residents in iso-

lated buildings and those in building aggregates. The so-called "light 

reconstruction phase" [9] [10], namely “I phase” and highlighted in 

green in the graph, is associated to repair and strengthening works on 

isolated buildings with usability rating B or C. It ended in 2012, about 

3 years after the event. The so-called "heavy-reconstruction phase", 

namely “II phase” and highlighted in orange in the graph, is associated 

to repair and strengthening works on isolated buildings with usability 

rating E mostly located outside the historical centres. It started in 2011 

and ended in 2017 but its effects were clear from 2015. Finally, the re-

construction of the building aggregates, mostly located in the historical 

centres, namely “III phase”, started in 2011 and its results began to be 

visible from 2016. Overall, there has been a period of stagnation in the 

return of residents to their homes, indicatively from the end of 2012 

until mid-2015; it can be assumed that this is partly due to the transition 

from the light reconstruction phase to the heavy reconstruction and 

partly due to the change in governance of post-earthquake reconstruc-

tion, with the closure of the Delegated Commissioner's structure and the 

creation of the two Special Offices, which took place precisely from the 
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end of 2012, corresponding, in this case, with the end of the light recon-

struction phase. 

 
Figure 8. Percentage trend of people returning home living in building with usabil-

ity rating: BC, orange dotted line; E, red dotted line; in building aggregate, blue 

dotted line; total people returning home, black dotted line. 

 

  The distribution of the population over time, in the two forms of as-

sistance provided, is represented in Figure 9. Yellow bars are associated 

with the percentage of people beneficiaries of s.a.g while the red ones 

are associated with people hosted in MAPs. The maximum number of 

assisted residents in the Municipality was reached in April 2010, with 

512 people. By December 2018 the number of assisted residents had 

fallen to 212. With the end of the light reconstruction phase, regulated 

by OPCM 3779 [5] and completed during 2012 (Figure 8), the s.a.g. 

payment was completed and all remaining residents were housed in 

MAPs. 
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Figure 9. People assisted over time in relation to forms of assistance provided. 

 

 

  The general trend of assisted population in temporary accommoda-

tion is shown in Figure 10. The black dotted line represents the trend 

over time of the assisted population with residence in the municipality 

of Barisciano. The orange dotted line represents the trend of the overall 

population, including residents and dwellers in the municipality. The 

green bars indicate the number of people entering in MAPs, while the 

red ones indicate the number of people leaving MAPs. 

  Entries into MAPs after the initial phase (from December 2010 until 

the end of 2013) are mainly due to people so far s.a.g. beneficiaries who 

had been transferred to the MAPs vacated by the persons returning to 

their repaired homes.  

  Also following the end of the s.a.g. payment in August 2013, there 

were new entries into MAPs. This phenomenon is related to the start of 

the reconstruction phase in the historical centers of municipality, so that 

even residents in usable buildings which are part of an aggregate with 

unusable buildings had to leave their homes to allow the seismic 

strengthening works on the aggregate to be made. 
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Figure 10. Trend of people assisted in MAPs, from April 2009 to December 2018. 

 

  Figure 11 a,b shows the distribution of the assisted population and 

of the population who left the assistance as a function of the usability 

rating of buildings. From 2015, there is an increase of a few percentage 

points in the number of assisted persons associated with usable or light 

damage buildings. This is due to the issue that, in the reconstruction 

process of historical center, residents in buildings that were usable (A) 

had to leave their homes to enable the repair work to be carried out on 

the near AMUs, characterized by unusable buildings or aggregates whit 

different usability rating. 

 

  
(a) (b) 

Figure 11. Percentage of assisted people (a) and of people who left assistance (b), 

from April 2009 to December 2018, according to usability rating class. 
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5.3. Population trends 

  The demographic trend of the population of the Municipality of Bar-

isciano in the years following the seismic event has been reconstructed 

in order to complete the data provided in the previous sections. The data 

collected are summarized in Figure 12, where the trend of the resident 

population (black line), the migratory and natural balance (blue line) 

and the annual number of registered and deleted from the registry office 

(respectively green and red bars) are represented. After an initial phase 

of slight growth in the resident population, which lasted from 2009 to 

2013, there is a decrease in the number of residents in the following 

years. The slight growth in the resident population during this period is 

probably related to the corresponding lack of available housing nearby 

the city of L'Aquila. In fact, during this period, the population of the 

L’Aquila Municipality dropped from 72,696 residents in 2009 to 

70,967 residents in 2013. The migratory and natural balance has under-

gone a strong variation during 2013, the year in which the payment of 

s.a.g. assistance ended, so it can be assumed that the two events are 

closely related.  

  A comparison of Figure 12 with Figure 9 shows that the majority of 

the 62 residents who received s.a.g. in August 2013, and then did not 

benefit from MAPs, i.e. about 15% of those receiving MAPs, changed 

residence when this form of assistance ended. Therefore, it can be de-

duced that these people have used the economic aid provided by the 

State to move to another municipality and, when the s.a.g. ended, they 

decided to abandon the Municipality of Barisciano. The provision of 

temporary housing in the places affected by the calamitous events can 

probably, therefore, help to fight depopulation, with particular reference 

to internal areas often subject to these phenomena, even in ordinary 

conditions. 
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Figure 12. Trend of resident people (black line, right axis), annual number of regis-

tered and deleted from the registry office (respectively green and red bars, left axis) 

and migratory and natural balance (blue line, left axis) in the Municipality of Baris-

ciano over time. 

 

 
Figure 13. Trend of people who left assistance from April 2009 to December 2018, 

according to usability rating class. 
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5.4. Costs of forms of assistance 

  The section discusses the costs of assistance provided to the popula-

tion and compare them with the buildings repair costs. To this aim, it 

was computed an average monthly cost for each forms of assistance, so 

as to associate the cost deriving from the total number of months of 

assistance provided with each usability rating. The average monthly 

cost per person assisted by s.a.g. was determined by the ratio between 

the total cost of this form of assistance determined at the end of s.a.g. 

and the total number of monthly payments made in the municipality. 

This cost resulted 250.62 € assisted/month. 

  In order to determine the average monthly cost per person assisted 

in MAPs, it was necessary to hypothesise a curve of MAPs occupancy 

over time, see Figure 14. According to such assumption, it is possible 

to estimate the total number of months of assistance provided at the end 

of the reconstruction, equal to 46,511 months for the municipality of 

Barisciano. It was therefore possible to define the average monthly cost 

per person assisted in the MAP which, in this scenario, is equal to 

235.02 € assisted/month. In determining this cost, the revaluation over 

time of the initial capital invested by the Government for the MAPs 

construction, the costs of demolition of the same at the end of their life 

and the rents deriving from the rental of housing no longer used for the 

provision of assistance to displaced persons due to the earthquake have 

not been taken into account. 

 

 
Figure 14. Curve of MAPs occupancy over time. In large dots the people living in 

MAPs recorded until December 2018; in small dots the people estimated in MAPs 

until their complete abandonment. The correlation coefficient is 0.972. 
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  Table 4 and Figure 15 show the costs incurred for the assistance to 

357 residents in buildings with works completed by the end of 2018. In 

particular, the graph shows the trend of costs incurred over time. It is 

clear that the highest costs are related to the heavily damaged unusable 

buildings, with E usability rating, and to the residents of buildings in 

the aggregate including heavily damaged buildings. It is worth noting 

that the residents of usable buildings also benefited of the assistance for 

a limited period of time. This is due both to the time spent on usability 

surveys and to the safety measure of infrastructure and buildings. 

 
Table 4. Costs incurred to assist the 357 residents in buildings with works con-

cluded by 31/12/2018. 
Usabil-

ity rat-

ing 

Max 

number 

of assisted 

people 

Months of 

Assistance 

Provided 

Average 

Assistance 

Time 

[months] 

Assistance 

Costs 

[€] 

% As-

sistance 

Costs 

Average Assis-

tance Costs 

[€ as-

sisted/month] 

A 131 934 7.1 229,820.28 7% 246.06 

BC 73 1,732 23.7 420,704.64 13% 242.90 

E 89 5,836 65.6 1,387,785.12 43% 237.80 

A-BC 3 9 3.0 2,255.58 0% 250.62 

A-BC-E 61 4,894 80.2 1,161,653.88 36% 237.36 

Total 357 13,405  3,202,219.50 100% 238.88 

 

 

  Tables 4 and Figure 13 show that several people living in buildings 

classified usable (A), have benefited of one or more forms of assistance. 

The analysis of data highlights that the time of assistance to people liv-

ing in usable buildings is generally related to the time spent for the us-

ability surveys. Only for a few buildings, located in significantly dam-

aged areas (defined red zones), the site securing operations needed more 

time and consequently the assistance time to population were much 

longer. 
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Figure 15. Costs incurred to assist the 357 people of Municipality of Barisciano res-

idents in buildings with works completed by 31-12-2018. 

 

6.  Conclusions 

 

  The paper analyses the reconstruction process of a small town dam-

aged by the 2009 L’Aquila earthquake. The damage on a significant 

part of buildings led to the need to assist a significant percentage of 

citizens, through the payment of the Self-Accommodation Grant, s.a.g., 

or accommodation in Temporary Dwelling Modules, M.A.P. 

The analysis of 10 years data on type of damage on buildings, usability 

rating, repair and strengthening intervention costs as well as assistance 

solutions has been herein presented and discussed.  

The assistance to population was preliminary guaranteed by s.a.g. and 

moved to a different solution in 2010 when MAPs were completed. Un-

til August 2013, the number of people housed in the MAPs remained 

almost constant, as the people living in the MAPs who gradually re-

turned to their homes were replaced by other persons assisted until then 

with the s.a.g. Once the reconstruction of the historical centers started, 

residents in buildings that were usable, but in aggregate, had to leave 

their homes to enable the repair work to be carried out on the whole 

Aggregate Minimum Unit: these people were housed in the MAPs. 
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The assistance costs sustained for people resident in heavily damaged 

buildings, with E usability rating, or in aggregate including heavily 

damaged buildings, are 78% of the total amount. The average assistance 

time for these people, which lasts between 63 and 73 months, is more 

than three times longer than residents in lightly damaged buildings. 

These Figures will increase once the reconstruction is completed, as the 

data considered here are relevant only to the buildings whose rehabili-

tation was completed by the end of 2018. The average assistance cost 

is 238.88 € assisted/month. 

The analysis of the demographic trend of the population living in the 

municipality has allowed to estimate, with a good approximation, the 

percentage of assisted people. This allowed to determine the number of 

people that, following the seismic events, preferred to leave the Munic-

ipality of Barisciano. The analysis shows that forms of assistance that 

provide accommodation on site are strongly necessary in case of earth-

quakes in small towns to counteract the depopulation of such disadvan-

taged areas. 
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Abstract 

Ten years after the catastrophic earthquake of April the 6th 2009, the 

reconstruction of the city of l’Aquila appears to be in a quite advanced 

state, though in a non-uniform way. Although there is still much to do, 

especially for the reconstruction of public buildings as well as for the 

hamlets around L’Aquila, it can be observed, nevertheless, how evident 

are the effects of the considerable technical and economical efforts car-

ried out so far within the urban area of L’Aquila. In such a context the 

U.S.R.A. - Special Office for post-earthquake Reconstruction of L’A-

quila has been playing a crucial role, carrying out various tasks, among 

which, the main one is the control of the reconstruction projects, mainly 

in the design phase, for private buildings. More than six years after the 

establishment of the U.S.R.A., the experience gained by the Special Of-

fice begins to be as sizeable as to allow an analysis of the goals achieved 

so far and to draw some future perspectives. 
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1. Introduction 

 

As known, on  April 6th 2009 an intense earthquake (6.2 Mw) struck 

the city of l’Aquila (Figure 1) causing more than 300 victims and dam-

aging the majority of the buildings. The event was rather disastrous, as 

it concerned directly a city of more than 65.000 inhabitants, character-

ized by a valuable historic center rich of ancient buildings, churches and 

monuments. 

 

 
Figure 1. Map of towns struck by the earthquake of April the 6th 2009 

https://emidius.mi.ingv.it/CPTI15-DBMI15 

 

Right after that tragic event an emergency phase followed, during 

which a huge effort was promoted mainly by governmental institutions, 

with conspicuous public funding, in order to secure the damaged build-

ings, to provide an accommodation for the evacuated people and to 

begin the reconstruction of the city. This emergency phase was mainly 

ruled by L. 77/09 [1], whose primary objectives were urgent interven-

tions in support of the populations hit by seismic events in the Abruzzo 

region in April 2009. The main contents of L. 77/09 are herby reported: 

 

https://emidius.mi.ingv.it/CPTI15-DBMI15
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Immediate interventions for overcoming the emergency: 

- Identification of implementation methods; 

- Urgent provision of housing; 

- Rules for the reconstruction and repair of homes and private and 

public buildings and networks; 

- Funding for Schools. 

Urgent measures for reconstruction: 

- Rules for the storage, transport and disposal of demolition materi-

als; 

- Measures for the management of water resources and for dis-

charges. 

Interventions for socio-economic development: 

- Facilities for productive activities and professional studies. 

Measures for the prevention of seismic risk: 

- Rules for interventions to prevent seismic risk. 

Provisions on financial and technical and fiscal coverage: 

- Preparation of reconstruction plans; 

- Final provisions; 

- Prevention of infiltration of organized crime in the assignment and 

execution of public contracts. 

 

The emergency phase lasted until September 2012, when, by law L. 

134/12 [2], the reconstruction process was returned to the ordinary man-

agement, mainly governed by local institutions. Since the reconstruc-

tion was supposed to be considerably supported by state funding, the 

same law L. 134/12 established the constitution of two Special Offices, 

one for the city of L’Aquila (U.S.R.A.) and the other for the small mu-

nicipalities around L’Aquila (U.S.R.C.), that were supposed to provide 

technical support for local institutions in managing the reconstruction 

process. 

 

 

2. The Special Office for the Reconstruction of L’Aquila 

The U.S.R.A is here introduced, providing a brief description of 

tasks, competences and procedures. 

 



Provenzano, Sulpizii, Fabrizio, Diotaiuti, La Salvia, Ercole 436 

2.1. Tasks 

As per law L. 134/12, the tasks of U.S.R.A. can be briefly summa-

rized as follows: 

- To provide technical support for local institutions in the reconstruc-

tion of private and public buildings; 

- To promote the quality of reconstruction projects and works; 

- To carry out the check of the reconstruction projects in order to 

verify their technical, structural and economical feasibility and then 

to allow the public funding of the projects; 

- To supervise the completion of the reconstruction works; 

- To supervise the financial flow of the reconstruction process re-

porting all the related data to the Ministry of Economy; 

- To make public, by means of an internet site, all the information 

about the state financial funds employed in the reconstruction. 

 

2.2. Territorial competence 

The territory under the competence of the U.S.R.A is portrayed in 

Figure 2 and Figure 3, and it encompasses the city of l’Aquila as well 

as 48 hamlets. 

 

 
Figure 2. Territorial area of competence of U.S.R.A. (red line) 

http://webgis.comuneaq.usra.it/mappa_def.php 

http://webgis.comuneaq.usra.it/mappa_def.php
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Figure 3. Territorial area of competence of U.S.R.A. (red line) 

http://webgis.comuneaq.usra.it/mappa_def.php 

 

2.3. Procedures 

The U.S.R.A. operates basically in the field of the reconstruction of 

private buildings, and its primary activity is the control of the recon-

struction projects, mainly in the design phase. 

These projects are developed by engineers and/or architects ap-

pointed by the owners of the buildings that, due to the damage caused 

by the earthquake, have to be refurbished and/or demolished and recon-

structed. 

As stated before, since the costs for the reconstruction projects are 

partially or totally funded by the State Government, the control, per-

formed by U.S.R.A, is meant to: 

- define the maximum allowable public contribution for the spe-

cific project, on the basis of some parametric costs; 

http://webgis.comuneaq.usra.it/mappa_def.php
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- check the completeness, validity and reliability of the projects, 

in order to guarantee that it effectively deserves the public con-

tribution to repair and, in a special way, to enhance the seismic 

safety of buildings. 

 

Regarding this latest aspect, it should be specified that according to 

Decreto Monti [3] the public contribution is meant primarily to elevate 

the seismic safety of the building over the reference limit value of 60% 

(i.e. ratio of ag,C / ag,D , where ag,C represents the capacity base acceler-

ation of the building related to its SLV - Life Safety Limit State, while 

ag,D represent the demand base acceleration, for the specific site, with 

an exceedance probability of 10% in 50 years).  

 

To accomplish such tasks the U.S.R.A. has adopted two procedures 

called Old Procedure and New Procedure, descripted below. 

 

The Old Procedure 

The Old Procedure followed some approaches adopted during the 

emergency phase by other technical offices (filiera) in charge for the 

management of the reconstruction in its earliest stage. Such a procedure 

is below summarized by means of the flow chart in  Figure 4 and Figure 

5. 

 

 

 

 
Figure 4. Evaluation of the project costs and identification 

of the most convenient solution 
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Figure 5. Definition of the maximum allowable public contribution calibrated on 

the seismic safety of the building 

 

It should be underlined the Old Procedure has been adopted until 

December 2019 when it was definitely abandoned. 

 

The New Procedure 

The New Procedure has been introduced in 2013 by Decreto USRA 

n.1/13 [4] and n. 3/13 [5] , and it is based on two specific steps summa-

rized as follows. 

The first step, called Part I, is based on an analysis of the character-

istics of the building as it was right after the earthquake, such as: level 

of damage, structural weakness, overall quality, historical and architec-

tural value. All these aspects are integrated within a parametric frame-

work based on a specific spreadsheet called Parametric Data Sheet - 

Part I. Basically, starting from the level of damage (Dx) and structural 

weakness (Vx), the base level of unitary parametric contribution (Lx) is 

calculated according the reference grids shown in Figure 6. Eventually 

the unitary parametric costs may be increased to account for historical 

and architectural value, that must be preserved. 

The Parametric Data Sheet – Part I summarizes all the analyses 

aimed to the assessment of a maximum public contribution to be 

granted for the refurbishment project. The total amount of this public 

contribution is then calculated by multiplying the unitary parametric 

cost for the whole reference floor area of the building. 
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Figure 6. Reference scheme for the identification of parametric costs 

 

The maximum allowable public contribution is a quite useful infor-

mation as it represents, on the one hand, a fundamental starting point 

for the designers for the development of the refurbishment projects, on 

the other hand, an essential data for the financial scheduling by the cen-

tral government. 

The second step, called Part II, is based on the analysis of the refur-

bishment projects, which can be financed by state government within 

the limit of the aforementioned maximum public contribution, while no 

limit is defined for owner’s supplemental contribution. In this context, 

one of the main tasks of the Special Office is to verify that these projects 

have foreseen a rational use of the public contribution, that should guar-

antee, as a primary objective, an effective seismic enhancement of the 

existing structures, according to the national seismic code in force ([6],  

- [9]). However preservation of historical and architectural value to-

gether with energy efficiency are considered as well. 

Once Part II is over the Special Office releases an approval document 

that, together with other institutions’ acceptance, allows the beginning 

of the construction phase. 
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Figure 7. Extract from the U.S.R.A. approval document 

 

 

2.4. Site inspections 

During the construction phase the U.S.R.A. provides site inspections 

in order to supervise the ongoing works and to verify their compliance 

with the approved projects. Such an activity is particularly important 

since one of the main object of the site inspection is to control the re-

spect of some specific provisions (about materials and retrofitting tech-

niques) relevant to the preservation of historical buildings. As a matter 

of fact, for this particular kind of buildings, it should be underlined, that 

an increase of the above-mentioned parametric costs is foreseen ([4] 

and [5]) in order to face the higher costs of intervention. Therefore the 

control performed by U.S.R.A. aims to verify the right utilization of the 

increased public contribution. 

 

 

2.5. Activities 

A significant overview of the activities carried out by U.S.R.A. so 

far can be observed on the website www.usra.it where all the details 

concerning procedures, rules, staff and, more generally, the reconstruc-

tion process, especially from the financial standpoint, are presented 

(Figure 8).  

 

http://www.usra.it/
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Figure 8. Time trends of technical and economic approvals handled by U.S.R.A. 

https://usra.it/ 

 

Essentially the website has been conceived to provide, with the max-

imum transparency, a detailed portrayal of the advancement of the re-

construction, showing both technical and economic aspects, in order to 

accomplish the last task indicated in Section 2.1 (Figure 9, Figure 10). 

 

 
Figure 9. Info panel showing the advancement of the project technical and fi-

nancial approval procedure 
https://usra.it/ 

 

https://usra.it/
https://usra.it/
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Figure 10. Info panel showing details regarding the public contribution granted 

for a single reconstruction project 
https://usra.it/ 

 

An interesting depiction of the results achieved by the U.S.R.A. can 

be found in the web-gis tool http://webgis.co-

muneaq.usra.it/mappa_def.php, which portrays, by means of maps, the 

advancement of the reconstruction process, allowing the user to know, 

for each building, all the details relevant to the seismic safety level 

achieved after the retrofitting intervention, and the amount of public 

grant released for that intervention. These aspects are briefly summa-

rized in the following pictures. 

 

 
Figure 11. Maps relevant to the advancement of approval procedure 

http://webgis.comuneaq.usra.it/mappa_def.php 

 

 

 

 

https://usra.it/
http://webgis.comuneaq.usra.it/mappa_def.php
http://webgis.comuneaq.usra.it/mappa_def.php
http://webgis.comuneaq.usra.it/mappa_def.php
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Figure 12. Maps relevant to the advancement of reconstruction/refurbishment works 

http://webgis.comuneaq.usra.it/mappa_def.php 

 

 

 
Figure 13. Maps relevant to the seismic safety level of buildings 

(according to the national classification system [10]) 
http://webgis.comuneaq.usra.it/mappa_def.php 

 

As an overall measure of the activity of the Special Office, as it is 

possible to observe from the website, since its establishment to Septem-

ber 2019, the U.S.R.A., with a mean number of personnel of 70 units,  

has analyzed almost 4000 projects, approving public funding for more 

than 4 billions of euros (Figure 14 - Figure 16). 

http://webgis.comuneaq.usra.it/mappa_def.php
http://webgis.comuneaq.usra.it/mappa_def.php
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Figure 14. Key figures about the activity performed by U.S.R.A. within the post-

earthquake reconstruction of private buildings 
https://usra.it/datipratiche/index.php?lang=it&section=ricostruzione-privata 

 

 

 
Figure 15. Key figures relevant to the funding of private buildings reconstruction in 

L’Aquila and its hamlets 

 

 

 
Figure 16. Key figures about public funding of private reconstruction projects 

through years   

https://usra.it/datipratiche/index.php?lang=it&section=ricostruzione-privata
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2.6. Side projects and future perspectives 

Beyond its institutional role the U.S.R.A. is engaged in some re-

search programmes shared with different Universities and research in-

stitutions. 

With ReLUIS (Consorzio della Rete dei Laboratori Universitari di 

Ingegneria Sismica), Università di Napoli Federico II – DIST Diparti-

mento di strutture per l’ingegneria e l’architettura and CNR-ITC Con-

siglio Nazionale delle Ricerche - Istituto per le tecnologie della costru-

zione there in an ongoing project for the analysis of technical and eco-

nomic data collected by the Special Office within the post-earthquake 

reconstruction of L’Aquila.  

Other research partnerships, related to different fields such as recon-

struction, structural rehabilitation, structural monitoring, cultural herit-

age conservation, are being established with GSSI – Gran Sasso Science 

Institute, Università degli Studi di Roma Tre, Cracow University of 

Technology and IUAV University of Venice. 

Regarding the future of the U.S.R.A., it should be underlined that 

there is an increasing interest, from local institutions, into a possible 

involvement of the Special Office into the public reconstruction. In fact, 

since the U.S.R.A. has gained a huge technical competence, in more 

than 6 years of activity in the post-earthquake reconstruction process, 

such an expertise represent, undoubtedly, a valuable resource, able to 

improve and speed up the reconstruction of public buildings, whose ad-

vancement is progressing slower than the private reconstruction.     
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Abstract 
Frame structures can be coupled with external mechanical systems to 

improve their behaviour under external loads. The present work inves-

tigates the use of a rigid rocking block as a tool to reduce vibrations in 

a frame structure. A two degree of freedom model is considered repre-

sentative of a general frame structure. The structure is coupled with a 

rocking rigid block through a visco-elastic device, which connects the 

lower part of the structure with the top of the rocking block. The non-

linear equation of motion that are obtained by a Lagrangian approach 

then numerically integrated. The system is seismically forced. The 

coupling with a rocking block is considered beneficial when it reduces 

maximum displacements and drifts of the structure. Gain coefficients 

are defined from the ratio of maximum displacements or drift of the 

coupled and uncoupled structure. A parametric analysis is performed 

varying the characteristics of the block and of the coupling devices. 

The results of such analyses are presented through maps. For each of 

the parameters varied in the analyses, the corresponding value on the 

map provides the value of the gaining coefficient. Such maps allow an 

immediate understanding of the effects of the block that has a benefi-

cial effect when the coefficient is less than unity. Numerical results 

suggest that wide range of parameters are effective for the coupling. 
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1.  Introduction 

After pioneering work of Housner [1] several papers have been dedi-

cated to the comprehension of the behaviour of rigid block systems. 

Recently many papers have studied the coupling of the block with dif-

ferent passive or active devices in order to protect them from the over-

turning. For example, the effectiveness of base anchorages was stud-

ied in [2], [3] in order to protect rigid blocks from overturning, where-

as [4], [5], [6], [7], [8] highlighted the efficiency of the base isolated 

system. Other types of passive control methods for the protection of 

rigid blocks were considered, for example, in [9] the authors proposed 

a sloshing water damper. A mass-damper dynamic absorber in the 

shape of a pendulum was used by different authors ([10], [11], [12]), 

who demonstrated the general effectiveness of this kind of protection 

device. Instead, in [13], [14] and [15] a mass-damper modelled as a 

single degree of freedom and running on the top of the block was con-

sidered as safety device. 

In addition, active or semi-active devices were used to improve the 

dynamic and seismic performances of blocks. For example, [16] and 

[17] studied the use of semi-active anchorages using feedback-

feedforward or feedback strategies to increase the acceleration re-

quired to topple a reference block. Recently [18], [19] used an active 

control technique based on the Pole Placement approach to increase 

the amplitude of the base excitation able to topple a rigid block. 

The use of rocking rigid block as a protecting device of other kinds 

of structure represents a particular issue, not frequently dealt with, to 

which the present work intends to provide some contributions. Differ-

ently from the recent works [20] in which the authors investigated a 

rigid coupling between a frame and a rocking wall under seismic exci-

tations, this paper analyses the a mechanical system where a generic 

frame structure is visco-elastically connected to an external rocking 

wall as described in [21] and [22]. A two-degree of freedom linear 

system is used as model for a multi-story frame structure. A visco-

elastic device connects the block to the lowest part of the frame struc-

ture. The block can be shorter than frame. The nonlinear equations of 

motion of the coupled-system are obtained by a Lagrangian approach. 

They are numerically integrated to investigate the response of the 

coupled system. Simulations are performed using several registered 
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earthquakes. An extensive parametric analysis is performed, and the 

results are summarized in behaviour maps. The maps show the ratio 

between the maximum displacements or the drifts of the coupled and 

uncoupled systems in different planes of the system's parameters. 

Such maps allow an immediate understanding of the effects of the 

block that has a beneficial effect when the ratio of the displacements is 

less than unity. The analysis mainly focuses on the earthquake that oc-

curred in L'Aquila in 2009. 

 

2.  Mechanical system 

This paper aims to improve the seismic response of a generic 

frame structure by connecting it with an external rocking wall. A 

scheme of the mechanical system is portrayed in Figure 1. 

 
Figure 1. Coupling between a frame structure and the rocking wall (CD: Con-

necting Device). 

 

A two degree of freedom model is considered representative of a 

frame structure. The mechanical characteristics of the 2 d.o.f. are 

evaluated using the procedure in [23] – [25]. The frame structure is 

coupled with a rocking rigid block through a visco-elastic device. 

Such a device connects the lower part of the structure and a point on 

the vertical side of the block. The block has a mass M = ρ×2b×2hb ×s, 
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where ρ = 25 kN/m3
 and s is the dimension orthogonal to the plane of 

the figure. Figure 2a shows the geometrical configuration and charac-

teristics of the coupled mechanical system. 

 
Figure 2. Mechanical System: (a) Geometrical characterization of the system 

and (b) Lagrangian parameters (positive directions). 

 

2.1. Equations of motion 

The equations are obtained by a Lagrangian approach. It is as-

sumed that the block can't slide, so only rocking motion occurs. The 

system is described by three lagragian parameters: u1 and u2 and the 

rotation of the block θ. Two sets of three equations of motion, which 

describe the motion of the system when the block rocks around either 

the left corner A or he right corner B, are derived. Figure 2b shows the 

positive directions of the Lagrangian parameters u1 and u2 and θ. 

The positions of the mass centers of the bodies are evaluated with 

respect to an inertial reference frame with origin in O, initially coinci-

dent with the left base corner A of the block (Figure 2a). For the sake 

of brevity, in this section, only the relationships needed to describe the 

motion of the system when the block is rocking around the left corner 

A are reported. The positions of the mass centers G1 and G2 of the two 

d.o.f. structure are: 
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The position of the mass center C of the block during a rocking 

around the left corner A, reads: 

 
where the matrix in Eq.(2) is the rotation tensor of the block. The ki-

netic energy of the mechanical system during a rocking motion of the 

block around the left corner A reads: 

 
where JC is the polar inertia of the block with respect to its mass cen-

ter. In order to evaluate the potential energy for a rocking motion 

around the corner A, the distance vector between the couple of points 

W, K have to be evaluated. It is required to compute the potential en-

ergy associate to the elastic devices that have stiffness kC. The dis-

tance vector between the previous couple of points, read: 

 
The potential energy of the system then reads: 

 
where g is the gravity acceleration, j = {0; 1; 0}T

 is the unity vector of 

the y-axis, xC ={b; hb; 0}T
 is the initial positions of the mass center of 

the block.  

Due to the presence of dashpots with damping coeffcients c1, c2  

and cC (Figure 2a), the virtual work of the non-conservative viscous 

forces has to be considered to obtain the Lagrangian equations of mo-

tion; it reads: 
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The Lagrangian equations of motion can be obtained by: 

 
where LA = TA-VA is the Lagrangian function, (q1, q2, q3) = (u1, u2, θ) 

and (δq1, δq2, δq3) = (δu1, δu2, δθ). The equations of motion then read: 
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and JA is the polar inertia of the block with respect to the right base 

corner A and the dependence on time t is removed to make the equa-

tion more readable. The equations of motion referring to a block that 

rocks around the right corner B can be obtained similarly. 

 

2.2. Uplift and impact conditions of the block 

The uplift of the block around point A takes place when the resist-

ing moment MR=Mgb, due to the weight of the block gets smaller than 

the overturning moment 1 1 1( ) [ ( ) ( )]O g b C CM Mx t h k u t c u t h= − + +  due to 

the inertial force and to the elastic one of the internal coupling device. 
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All these moments are evaluated with respect to the base point A (Fig-

ure 2a). By vanishing the sum of the two previous moments, it is pos-

sible to obtain the external acceleration 
gx  able to uplift the block. 

Such an acceleration reads: 

 
 1 1 1( ) ( ) ( )C C h

g

b

k u t c u t d hg
x

M h

+ +
= +  (9) 

During the rocking motion, when the rotation θ approaches zero, 

an impact between the block and the ground occurs. Post-impact con-

ditions of the rocking motion can be found assuming that the impact 

happens instantly, the body position remains unchanged and the angu-

lar momentum is maintained. The post-impact angular velocity is 

equal to θ+ = ηr θ-, where r = (JO - 2b Sy) = JO  is the restitution coef-

ficient equal to that of stand-alone blocks (JO is the polar inertia of the 

block with respect to one of the two base corners; Sy = Mb is the static 

moment of the block with respect to a vertical axis passing through 

one of the two base corners); η is a coefficient less than unity, intro-

duced to include a further loss of mechanical energy. In the analytical 

analyses, the value of η is fixed (η = 0.9). 

 

3.  Parametric Analysis 

An extensive parametric analysis is performed to investigate the 

behaviour of the coupled system by numerically integrating the equa-

tions of motion. Special care is devoted to the detection of the impacts 

of the block. In the performed analyses, the block never exceeds the 

critical angle αcr = arctan(b/hb) (i.e. the centre C of the block is inside 

the vertical projection of the base, thus no overturning occurs). Four 

different seismic recordings are used as base motion. A special focus 

is given to the effects of the earthquake of L'Aquila on different kinds 

of buildings. 

 

3.1. Block and frame characteristics 

In the parametric analyses, the 2-DOF model refers to two build-

ing frames with different characteristics. The first one is small build-

ing of three equal storeys, each one of surface of 100,00 m2. The sec-

ond building has five equal storeys of surface of 250,00 m2. Both the 
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buildings have the inter-story height of 3.0 m. The displacement u1 re-

fers to the storey where there is the connection with the block (sub-

structure). The displacement u2 represents the displacement of the 

highest storey of the structure (super-structure). The values of the 

stiffness k1 and k2 are evaluated by using the procedure in [23, 24, 25]. 

In Table1 are shown the main characteristics of the two considered 

buildings, whereas in Table2 are reported the main characteristics of 

the 2-DOF systems, representing the two buildings. In Figure 3, a 

scheme of the coupling for the two different building frames is report-

ed.  

 
Storeys Connection Level Storey Surface Storey Mass Storey Height 

3 1 100 m2 120.6×103 kg 3 

5 2 250 m2 301.5×103 kg 3 

Table 1. Characteristics of the two buildings 

 
Storeys k1 (N/m) k2 (N/m) m1 (kg) m2 (kg) ξ 

3 2.194415×108 9.404636×108 120.6×103 kg 241.2×103 0.05 

5 7.641287×108 1.819354×108  603.0×103 kg 904.5×103 0.05 

Table 2. Characteristics of the 2 d.o.f. representing the buildings 

 
The following parametrization is used to improve the understand-

ing of the results (see Figure 2a): 

 1 1,C Ck k c c = =  (10) 
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Figure 3: Scheme of the coupled system: (a) Three storeys building;  

(b) Five storeys building. 

 

3.2. Gain Coefficients 

The displacement u1 and the overall drift u2 – u1 are used as indicators 

to evaluate the dynamic performance of the system. The smaller u1 

and u2 – u1 are, the greater is the effectiveness of the coupling with the 

block. As done in [23], two gain parameters are then introduced: 

 

 
 

where the displacements 1u  and 2u  refer to the uncoupled frame struc-

ture. If the parameters of Eq. (11) are less than unity, the coupling be-

tween the frame structure and the rocking block is beneficial for the 

frame structure. An extensive parametric analysis is performed with 

the aim to build gain maps that represent the values of α1 and α2 in 

specific parameters planes. 

 

3.3. Seismic records 

In the parametric analysis, a set of four different earthquake rec-

ords is used as exciting input. Their time-histories are shown in Figure 

4. The earthquake records are fully listed below: 

1) Pacoima, Dam-164 ground motion recorded during the 1971 

San Fernando, California earthquake; 

2) L'Aquila, IT.AQV.HNE.D.20090406.013240.X.ACC station, 

ground motion recorded during the 2009 Italian earthquake; 

3) Newhall, Newhall-360 station, ground motion recorded during 

the 1994 Northridge, California earthquake; 

4) Kobe, Takarazuka-000 station, ground motion recorded during 

the 1995 Japan earthquake. 

In the following sections each earthquake record will be called 

with the underlined name of the list above. 

 

4.  Gain Maps 
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Numerical results are organized in gain maps. They represent the 

contour plots of the gain coefficients α1 and α2 in the parameter plane. 

The maps are relative to the three and five storeys building. The pa-

rameters that are varied in the analysis are the base of the block, 2b, 

and the stiffness ratio β of the coupling device (Eq. 10). Inside the 

light grey regions, the gain parameters are less than unity. Hence, 

these regions, which are named gain regions, represent combinations 

of the parameters for which the coupling with the rigid block is bene-

ficial for the structure. 

 

4.1. Three storeys buildings 

In these maps, a three storeys building is considered (Figure 3a). 

The characteristics of the frame are shown in the first row of Table 1 

and Table 2. In all maps of Figure 5, wide light grey areas can be ob-

served. This suggests that a wide range of design parameters has bene-

ficial effects for the structure. The coordinates of point of minimum 

depend from base excitation; this means a correct design of the system 

requires a deep knowledge of the earthquake. Moreover, the response 
of the system depends on the spectrum of the earthquakes and on line-

arized frequencies of the coupled system. 
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Figure 4: Time histories of the earthquakes analysed. 
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Figure 5: Gain maps relative to earthquakes analysed. 

Specifically, if the base motion excites the second mode of the cou-

pled system where the block moves in counter phase with respect to 

the frame (Figure 6), then displacements and drifts of the structure are 

reduced 

 
Figure 6: Linearized modes of the coupled system. 

 

 

4.2. The effects of earthquake of L’Aquila 

Time histories may help to a better understanding of the behaviour 

of the system. They are related to the point A in Figure 5. The point A 

has coordinates 2b = 1.5 m and β = 0,03 and is close to minimum val-

ue of the coefficient α2. In point A, the gain coefficients are equal to α1 

= 0.74 and α2 = 0.82. The time-histories of the displacement of the 

connecting point u1 and of the drift u2- u1 are shown in the left graph 

of Figure 7a and Figure 7b. As it is possible to observe a reduction of 

the maximum displacement u1 and of the maximum drift u2- u1 of the 

coupled structure with respect the uncoupled one, occurs. Very inter-

esting is the comparison of the time-histories of θ and u1, shown in the 

left graph of Figure 7c. Due to positive directions of the Lagrangian 

parameters (Figure 2b), the rotation of the block θ and the frame dis-

placement u1 are in counter-phase. This suggests that in the light grey 

areas of the maps, the block works as TMD for the frame structure, re-

ducing its displacements and drifts.  

The point B in Figure 5 is a point where coupling is disadvanta-

geous for the structure; in this point, the gain coefficients are slightly 

higher than unity. The coordinates of point B are 2b = 1.5 m and β = 

0,07 and the gain coefficients are equal to α1 = 1.081 and α2 = 1.002. 
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The time-histories of the displacement u1 and of the drift u2- u1 are 

shown in the right graph of Figure 7a and Figure 7b. As it is possible 

to observe the maximum displacement u1 and of the maximum drift 

u2- u1 of the coupled structure are almost the same of those of the un-

coupled system. In fact the time-histories of the coupled and of the 

uncouples systems are almost superimposed due to the closeness of 

the gain coefficients to unity. Moreover, it is very interesting to ob-

serve in the right graph of Figure 7c that the rotation of the block θ 

and the displacement u1 of the sub-structure are in phase. 

 
Figure 7: Time histories related to point A and B: (a) Displacement of the first sto-

rey of the coupled (solid line) and uncoupled (dashed line) system; (b) Drift of the 

coupled (solid line) and uncoupled (dashed line) system; (c) θ (thick line) and u1 

(thin line) of the coupled system. 

 

4.3. Five storeys buildings 
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In this section the attention is focused on a coupled structure big-

ger than the previous one, whose geometrical and mechanical charac-

teristics are shown in the second row of Table 1 and Table 2, and 

scheme is portrayed in Figure 3b. The coupling device is located at 

second story of the building. The mass of the building is much higher 

than previous case, so a bigger block is needed. In fact, also depth of 

the block is higher than previous case being s = 15 m.  Figure 8 shows 

the gain maps of Kobe and Pacoima earthquakes. There are wide 

light-grey areas where coupling is effective.  

 
Figure 8: Gain maps for five storeys building. 

 

4.4. Effects of damping 

The role of the viscous coupling damping cC is finally investigated. 

The results here discussed refer to a three-storeys frame (Figure 3a). 

The value of the coupling damping cC has been parametrized with re-

spect to the damping c1 of the first level of the 2-DOF (Eq. (10)). In 

Figure 9 the α2 gain surfaces and maps, referring to L'Aquila earth-

quake, are shown. It is worth observing that the gain maps are the pro-

jection on the parameter plane of the gain surfaces. As it is possible to 

observe, an increase of the coupling damping cC produces a regulari-

zation of both the gain surface and maps (see the surfaces and the 

maps, moving from left to right). As not negligible effect associated to 

this regularization, there is also a general increase of the values of the 

gain coefficient and hence, a decrease of the effectiveness of the cou-

pling. Moreover, the presence of the coupling damping reduces the 
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number of relative minimum points in the gain maps up to only one, 

making possible to select optimal design parameters.  

 

5.  Conclusions 

In this paper, a frame structure coupled with a rocking rigid block 

has been considered with the aim to improve the dynamics of the 

frame. The multi-story frame has been modelled as a two degree of 

freedom system that is connected to the block through a linear visco-

elastic device. The non-linear equations of motion have been obtained 

by a Lagrangian approach and successively numerically integrated to 

analyse the behaviour of the coupled system. The coupling with the 

block has been considered beneficial for the frame structure when 

there is a reduction of the displacements of the structure. Simulations 

have been performed considering a seismic excitation.  

 
Figure 9: Effects of the damping of the coupling device. 
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The results of an extensive parametric analysis have been summa-

rized in gain maps plotted in different planes of the system's parame-

ters. The maps provide the ratio between the maximum displacement 

(or the drift) of the coupled system and the maximum displacement 

(or the drift) of the frame structure not coupled with the block. A ratio 

less than unity highlights the effectiveness of the block in improving 

the dynamics of the frame structure.  

Results have shown that the presence of the rocking rigid block 

improves the dynamics of the structure when the block works as a 

tuned mass damper for the structure. This can occur when the seismic 

input mainly excites the second mode of the linearized coupled sys-

tem, where the block and the frame move in counter-phase, thus en-

couraging the working of the wall as TMD. Moreover, the damping of 

the coupling device reduces the effectiveness of the system, even if it 

makes possible to identify an optimal working condition. 

 

A. Rocking around right corner B 

Equations of motion for rocking of the block around the right cor-

ner read: 
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where: 
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Finally, the uplift condition around the right corner B reads: 
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Abstract 
On April 6th 2009, a Mw 6.1 earthquake struck the Plio-Quaternary in-

termontane L’Aquila Basin in central Italy, causing strong damages in 

L’Aquila historical downtown and surroundings, which were affected by 

notable site effects. Previous works have suggested that different site ef-

fects may be related to the complex subsurface geologic architecture, 

given 15 by the variability of thickness and lithology of L’Aquila Basin 

clastic deposits, on which the city was built. To improve the 3D geologi-

cal model of L’Aquila downtown for seismic site response evaluation and 

to estimate the Seismic Hazard of possible buried active normal faults, a 

multitask project has been carried out consisting mainly of the integration 

of subsurface dataset, including geological and geophysical surveys. Data 

have been interpreted with the aim to conceive and build a detailed model 

for the Plio-Quaternary cover of the continental basin and the buried 

morphology of the Meso-Cenozoic bedrock. We report 20 the results 

concerning the interpretation of a 1 km-long high-resolution seismic re-

flection profile and refraction tomography integrated with the stratigra-

phy from deep and shallow boreholes. The results allowed us to recon-

struct the Plio-Quaternary succession below L’Aquila downtown. The 

Plio-Quaternary depocentre corresponds to a minor NNW-SSE graben, 

which is developed within the main regional graben that borders 

L’Aquila Basin. Finally, data interpretation allowed to reconstruct the 

Plio-Quaternary tectono-stratigraphic evolution of the basin, to evidence 

the recent activity of several faults, and to define the 25 subsoil geologi-

cal model of the study area. All these data, which are functional to define 

the seismic site effects and to detect the activity of faults, are useful to 

mitigate the Seismic Hazard of cultural heritage cities of central Italy, 

such as the case study of L’Aquila downtown. 
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1. Introduction 

Generally, to mitigate the Seismic Hazard of cultural heritage cities of 

central Italy, which are mainly placed in Plio-Quaternary intermon-

tane basins characterized by high seismicity, as demonstrated by the 

recent earthquakes (i.e. Mw 6.1 L’Aquila event of April 6, 2009 and 

Mw 6.0 Amatrice event of August 24th 2016: [23, 42], the knowledge 

of the 3D geological model is primary for the evaluation of the seis-

mic local effect and 5 the recognition of active faults. Amplification 

effect related to the seismic wave propagation are mainly due to verti-

cal and lateral changes in the subsurface stratigraphy and/or abrupt 

variation in topography [5].  

Considering the regional geology of central Italy, the thickness of 

Plio-Quaternary covers resting above the Meso-Cenozoic bedrock, 

generally corresponding to the seismic bedrock, must be taken into 

account in evaluating the amplification effect [7, 20, 26, 29]. 

In the densely populated intermontane basins of the central Apennines 

(e.g. Tiberino, Rieti, Leonessa, L’Aquila, Fucino, Sulmona, etc.), 

which are tectonically active areas bounded by seismogenic normal 

faults, the thickness of the Plio-Quaternary covers is mainly related to 

the geometry of the extensional fault systems and their evolution in 

space and time (Figure 1).  

High-resolution dataset on surface and subsurface data, in terms of 

both geology (i.e. field work on both stratigraphy and tectonics, bio-

stratigraphy, geochronology, boreholes stratigraphy, etc.) and geo-

physics 15 (i.e. high-resolution seismic reflection profiles, high-

resolution seismic refraction tomography, electrical resistivity 

tomography, gravimetry, etc.) are needed to create a reliable 3D mod-

el, especially in urban area [22]. 

Studies on site effects in urban areas have been greatly increased after 

the April 6, 2009 Mw 6.1 earthquake that struck L’Aquila Basin, caus-

ing strong damages in the L'Aquila downtown (i.e. the cultural herit-

age urban area encircled inside the medieval walls; in the following 

AD) [10, 23, 33]. 

Previous works 20 suggested that different amplification effects, rec-

orded within AD, could be related to the complex subsurface geologic 

architecture, mainly due to variability in thickness and lithology of the 

continental deposits filling the Plio-Quaternary graben, on which AD 

was built [31, 16, 35, 4]. 
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Figure 1: Simplified structural sketch of the central Apennines.  

A: map of the Seismic Hazard in Italy, showing peak ground accelerations (g)  

that have a 10% chance of being exceeded in 50 yr [30].  

B: main Pliocene–Quaternary intermontane basins of the central Apennines.  

1-Quaternary volcanic rocks; 2-Plio–Quaternary marine and 5 continental deposits; 

 3-Neogene foredeep turbiditic deposits;  

4- Meso-Cenozoic carbonate (platform, slope and basin) deposits; 5-major thrust; 

6-normal fault; PF: Pettino Fault; SPF: Scoppito-Preturo Fault;  

VMF: Via Mausonia Fault; PAF: Paganica Fault; 

 ASB: L’Aquila-Scoppito Basin. Modified from [14] 
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 Sand gravels, pebbles of Aterno 

river. Holocene (0.01 Ma) 

 

 Red earth - colluvial residual 

deposit. Upper Pleistocene 

(0.126 Ma). 

 Alluvial sands of the Paleo-

Aterno. Medium Pleistocene 

(0.6 Ma). 

 Silt and alluvial sands of the 

Paleo-Aterno. Calabrian 

(0.781-1.806 Ma). 

 
Geological substrate 

Meso-Cenozoic. 
 
Alluvial sandy gravels. Gelasian 

(1.8-2.5 Ma). 

 L’Aquila breach - gravitational 

deposit. Upper part of the mid-

dle Pleistocene (0.3 Ma). 

  

Figure 2a. Subsoil model and the resonance frequencies 

 

This paper provides new subsurface data consisting in a high-

resolution seismic reflection profile, combined with seismic refraction 

tomography, along a ca. 1000 m-long N-S trace, crossing AD (named 

in the following Corso section).  

The Corso 25 section was interpreted by using the stratigraphy of sev-

eral deep and shallow boreholes and fine scale geological field data 

performed in the last years by different authors [47, 14, 35, 36]. 

The main result of this work is the reconstruction of the contour lines 

of the top of Meso-Cenozoic bedrock, which allowed to better define 

the Plio-Quaternary tectono-stratigraphic evolution of the L’Aquila 

Basin.  

In addition, this work contributes to define the seismic site effects 

(amplification and surface active faulting) at urban scale and to refine 

the geometry and the activity of 30 the fault system beneath AD, 

which are basic to improve the earthquake-resistant restoration on cul-

tural heritage buildings [11]. 

 

2. Geological setting  

AD is located in the L’Aquila-Scoppito Basin (ASB), which corre-

sponds to the western part of the large L’Aquila Basin, a NW-SE ori-

ented intermontane basin of central Italy.  

ASB is a E-W–trending half graben, bordered to the north by both the 

active south-dipping Scoppito-Preturo normal fault and the southwest-

dipping Pettino normal fault [28, 47, 46, 14, 35] (Figure 1). 

In this sector of the central Apennines fold-and-thrust belt, the post-

orogenic extensional deformation is documented from Late Pliocene 

to Present, with the development of normal fault systems, mostly dip-
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ping toward S-SW, responsible for the onset and subsequent evolution 

of the post-orogenic intermontane basins [19, 38, 14] (Figure 1).  

In the ASB, the Meso-Cenozoic carbonate units (SLB and CRP) and 

the Upper 10 Miocene synorogenic terrigenous deposits (SYN) are 

unconformably overlaid by a thick succession of Plio-Quaternary 

continental clastic deposits (Figures 2a and 2b) [13, 14].  

The facies distribution of these Plio-Quaternary continental deposits 

has been studied combining field geology and boreholes stratigraphy, 

allowing to reconstruct the tectono-sedimentary evolution of the ASB 

[28, 47, 14, 35]. 

Despite these recent progresses, the understanding of the geometry 

and the internal architecture of the Plio-Quaternary sedimentary filling 

beneath AD is still incomplete. 

The continental sedimentation within the L’Aquila Basin started in the 

late Piacenzian-Gelasian with the deposition of the San Demetrio-

Colle Cantaro Synthem (Figures 2a and 2b) [44, 14, 35, 36]. 

In the ASB, this synthem is represented by the presence of the Colle 

Cantaro Fm. (CCF), which consists of heterometric breccias, in 

abundant clayey-silty matrix, deposited in slope and debris flow envi-

ronment [34, 35]. 

Unfortunately, CCF never crops out in the proximity of AD. In the 

field, CCF is differently tilted due to the activity of the main faults and 

to the deposition in different environments [9].  

The Madonna della Strada Fm. (MDS) unconformably overlays both 

CCF and the Meso-Cenozoic bedrock. MDS consists of silt, sand 

beds, and clayey silts, containing lignite intercalations [28, 46, 14, 35]. 

In the lower and middle part of MDS, coarse- to medium-grained, 

well-rounded sandy gravel beds are present, showing variable 25 

thickness and channelized geometries with planar and through cross-

bedding.  

The sedimentary structures of MDS clearly point to a deposition in a 

meandering fluvial system, which developed within the ASB with a 

wide floodplain and swampy areas during the Calabrian (Early Pleis-

tocene) [14].  

Along the border of the MDS alluvial plain, coarse-grained slope de-

posits sedimented, interfingering the MDS pelite, called San Marco 

Fm. (SMF) [35].  

The Meso-Cenozoic bedrock and the previously described continental 

units can be covered by the Fosso di Genzano Synthem (FGS). 
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Figure 2b: Geologic map of the studied area (modified from [35]).  

PF: Pettino Fault; CF: Castello Fault, SGF: San Giuliano Fault;  

TF: Tribunale Fault; PDF: Piazza Duomo Fault; SEF: Sant’Elia Fault; 

 VMF: Via Mausonia Fault 
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FGS is composed of coarse-to medium-grained clast-supported gravel 

beds, with general horizontal bedding and finingupward gradation 

with yellowish sands or silty layers.  

These coarse-grained deposits belong to a braided or wandering fluvi-

al system with lateral alluvial fans [35].  

Based on tephra layers [53] and large mammal remains [54], FGS can 

be referred to the lower part of the Middle Pleistocene.  

The main part of AD was built over the Colle Macchione-L’Aquila 

Synthem (CMA), which overlies either the older synthems or the Me-

so-Cenozoic bedrock through a highly irregular and erosive basal sur-

face.  

CMA mainly consists of highly heterometric breccias with angular 

carbonate clasts surrounded by whitish calcareous silty matrix.  

The calcareous breccias of CMA include intercalations of both car-

bonate silt deposits (eastern margin of AD) and siliciclastic medium- 

and coarse-grained deposits (southern margin of AD). 

The sedimentological characteristics of these carbonate breccias point 

to debris flows and rock 5 avalanches derived from the mountain 

slopes surrounding the ASB [9, 17, 14]. 

The age of CMA is possibly referred to cold phases of late Middle 

Pleistocene [14, 35].  

The top of L’Aquila hill, on which AD is placed, is capped by Colle-

maggio Synthem (COM), which mainly consists of reddish to dark 

brown clayey silt sediments with rare subangular calcareous clasts. 

COM is interpreted as epikarst fill and reworked paleosols, 10 proba-

bly formed under interglacial conditions, which suggests a correlation 

with the Eemian interglacial stage (MIS 5e, base of the Late Pleisto-

cene, ~125 ka) [27, 35].  

Finally, the younger continental units are alluvial, colluvial, slope, and 

anthropic deposits of Late Pleistocene and Holocene, which have been 

grouped in the same supersynthem (ALL). 

 

3. Boreholes stratigraphy  

Hundreds of boreholes were drilled in the whole ASB to investigate 

the subsoil deposits following the April 6th 2009 L’Aquila earthquake 

[35].  

We present the stratigraphy of several deep boreholes drilled in the vi-

cinity of the Corso 25 section, which are useful to constrain the inter-
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pretation of the deep subsurface geology of AD as imaged by the 

seismic reflection profile (Figure 3).  

In addition, the stratigraphy of several shallow boreholes drilled along 

the Corso section were used for constraining the uppermost part of the 

seismic refraction tomography of AD.  

Considering the described stratigraphy, a comprehensive review of the 

available well logs has been carried out to define the lithology and the 

geometry of the basin fill, as well as to reconstruct the depth variation 

of the bedrock through the ASB [35]. 

Well logs analysis showed rapid changes in the bedrock depth, result-

ing in the occurrence of subsurface troughs and ridges within the ba-

sin, as well as rapid changes of thickness and facies of the continental 

deposits, which reflect the extensional tectonic deformation starting 

from ca. 3 Ma [14].  

Well logs highlighted the presence in all the boreholes, except for the 

shallower S1 and S8, of MDS lying above an irregular surface carved 

both in the Meso-Cenozoic bedrock and the CCF (Figure 3).  

Though CCF represents the first post-orogenetic infilling of ASB it 

never crops out in AD and it was not found in the total examined 

boreholes, but it is probably present in the depocentre of ASB as high-

lighted by seismic reflection profiles [14, 35].  

The examined boreholes showed the existence of a deep depocenter, 

with a maximum thickness of MDS from well S10, which drilled 400 

m of fine-grained 5 siliciclastic deposits referable to alluvial plain en-

vironments (well log database available at DICEAA’s Applied Geolo-

gy laboratory of L’Aquila University). 

Looking at the borehole stratigraphy, the MDS presents a highly vari-

able thickness and shows latero-vertical changes in lithofacies all over 

the ASB. 

The FGS has been found mainly in the boreholes drilled in the south-

ern sector of AD. In other parts of ASB it was found 10 discontinu-

ously with thicknesses reducing toward the north [35].  

In contrast, the coarse-grained deposits of CMA are always present in 

the boreholes drilled within AD, even though they show variable 

thickness between 15 m and 70 m, CMA is not present in S12 and S13 

boreholes. 
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 Figure 3a: Correlation panel of selected borehole stratigraphy with location of 

boreholes. For the legend see Figures 2a and 2b 

 

The 140 m-deep S5 borehole (Figure 4) was drilled at the base of the 

southern slope of AD. The first 17 meters of the sedimentary cores 

consist of 2 m of anthropogenic and colluvial deposits and less than 15 

m of continental breccias pertaining to CMA 15 [34].  

Below CMA, yellowish sub-horizontal laminated fine-grained sands 

and silty sands are present.  

The occurrence of volcanic minerals within these sandy deposits allow 

to refer them to FGS. In the S5 borehole, a pedogenetic horizon (oxi-

dized surface) distinguishes the FGS from the fine-grained deposits 

referable to MDS [34].  

These fine-grained deposits consist of massive to laminated sandy silts 

and sands that pass to alternations of silts, clayey silts, clays, and fine 

sands with lignite levels toward the base of the borehole.  
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Figure 3b. Detail. Mammuths meridionalis of “Madonna della strada” (Scoppito)  

 

Within the silty sandy layers of the upper portion of MDS, 20 structures re-

lated to soft-sediment deformation, such as highly deformed lamination 

showing convolute-like or deformed/broken laminae, likely due to fluid ex-

pulsion possibly during seismic wave propagation (seismites), are visible in 

the sedimentary cores of different boreholes (Figure 4). In addition, in the S5 

borehole, the sediments pertaining to MDS show a relatively high sand con-

tent (Figure 4). These sandy layers present high trough and/or planar cross-

bedding, sometimes coupled with ripple cross laminations with an erosive 

basis and scour-and-fill structures. They usually define lenses of conglomer-

ate 25 and sand bodies that are often separated by structureless pelite. 
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Figure 4: Detailed borehole stratigraphy of S5. A: detail of soft sediments  

deformation (possibly seismite) recognized at ~77 m of depth;  

B: lignite level in the lower part of S5 borehole 
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4. Seismic facies recognition  

Based on the parameters of the seismic reflectors, such as geometry, 

seismic reflection amplitude, continuity, and qualitative reflection fre-

quency, five seismic facies were identified in the Corso section (Fig-

ure 5). All the distinguished seismic facies can be described following 

qualitative terms.  

The seismic facies interpretation was further checked by comparing 

them 30 with the lithological information coming from the borehole 

stratigraphy. To facilitate correlations at a basin scale, in labelling the 

different seismic facies we applied the same nomenclature used by 

[14] in the interpretation of the Pettino I seismic reflection profile. 

Several discontinuities in the semi-continuous reflectors are interpret-

ed as faults, the main one is the normal fault located at CDP 98 (240 

m) that displaced most of AD formations.  

It is a SW-dipping plane with a listric shape and is located beneath 

Piazza Duomo (the main square of AD) and is named Piazza Duomo 

Fault (PDF). 

   Seismic facies S. Seismic facies S is clearly composed by chaotic 

seismic facies, with low-amplitude dipping reflective pattern, and dis-

continuous reflectors.  

It is present on the deepest portion of Corso section. Low-resolution 

signal 5 of seismic facies S is probably due to penetration problem of 

the seismic pulse.  

The weak diffusion connected with low resolution signal and discon-

tinuity of reflectors points to interpret this seismic facies as the acous-

tic bedrock of ASB. 

   Seismic facies R. Seismic facies R is typically characterized by high 

reflectivity and amplitude, with disturbed or semicontinuous reflec-

tors. It characterizes the lower part of the Corso section, showing a 

maximum thickness of ~200 ms.  

The 10 faintly continuous reflectors show a divergent internal config-

uration, typical of wedge-shaped geometries.  

The boundary between this seismic facies and the seismic facies S is 

irregular, probably due to the extremely disturbed signal, but appears 

as an erosional contact.  

The irregularly-fringed and high-amplitude reflectors of seismic facies 

R possibly can be referable to clastic coarse-grained deposits, includ-

ing slope breccias, debris-flow, and clayey-sandy conglomerates. 
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Seismic facies L. Seismic facies L is composed by continuous and 

parallel reflectors with medium to high amplitude.  

Along 15 the Corso section, this facies has variable thickness between 

~300 ms in the northern part and ~450 ms in the central part. 

Seismic facies L shows horizontal parallel and semi-parallel reflec-

tors, that are tilted and dragged along the extensional faults affecting 

the Corso section. The seismic facies L corresponds to more sub-

parallel and laterally extensive reflectors (HARP’s: High Amplitude 

Reflection packages, or HAC: High Amplitude Continuous) [39].  

The lower boundary of seismic facies L is developed on an uncon-

formable and extremely irregular surface, on top the seismic facies R. 

Based on 20 boreholes stratigraphy, the seismic facies L consists of 

fine-grained deposits. 

   Seismic facies Ls. Seismic facies Ls is evidenced by inclined 

oblique reflectors, characterized by discontinuous to chaotic low-

amplitude reflections, which can terminate against each other.  

This reflectors configuration could resemble the typical pattern of 

Lateral Accretion Package (LAP) [39].  

High-amplitude reflections mark the bounding surfaces of these fea-

tures giving to this facies a “U-shaped” geometry.  

This facies is scattered and is always contained within the seismic 

25 facies L.  

Concave upward reflectors are confined in the central portion of the 

basin, which probably are referable to channelized bodies whose loca-

tion slightly shifted laterally [15, 43].  

Channel-fill facies mainly consist of coarse-grained deposits (general-

ly sands) with minimal internal grading, as evidenced by boreholes 

stratigraphy (Figure 4). 

   Seismic facies BC. Seismic facies BC is typically characterized by a 

chaotic pattern, with continuous, low-amplitude irregular reflectors. 

This facies is distributed in the upper part of the Corso section. Its ba-

sal boundary is highly irregular, and it was 30 recognized down to ~80 

ms.  

Both the stratigraphic position and the internal geometry of this seis-

mic facies, coupled with the borehole stratigraphy, allow the correla-

tion of this seismic facies with the chaotic breccias of CMA [14]. 
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Figure 5: A) 2D depth-migrated reflection of the Corso section  

(horizontal scale= common deep point, vertical scale= two-way time);  

B) line drawing of seismic facies (following Table 2), horizons,  

and faults (horizontal scale= linear meters, vertical scale=twoway time);  

C) line drawing of the seismic profile with recognised seismo-stratigraphic units 

(horizontal scale= linear meters, vertical scale= two-way time).  

Legend: 1= seismic facies BC; 2=channelized bodies in seismic facies 5 BC;  

3= seismic facies L; 4= seismic facies Ls; 5= seismic facies R; 6= seismic facies S; 

7= fault; 8= channelized bodies; 9= unconformity;  

10= top of MesoCenozoic bedrock; PDF: Piazza Duomo Fault 
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Figure 6: Seismic tomography of the Corso section interpreted through borehole 

stratigraphies. A: uninterpreted seismic refraction tomography.  

B: seismic  refraction tomography with the seismic rays. C: interpreted seismic 

 refraction tomography with the shallowborehole stratigraphies.  

D: geological interpretation of the seismic refraction tomography AC: anthropic 

cover (buried foundation and anthropic fill characterized by high and low  

Vp, respectively); COM: reddish colluviated fine-grained 5 paleosols  

(Upper Pleistocene); CMA: calcareous breccia and gravel (upper Middle  

Pleistocene); CMA-f: alluvial sand, pelite and gravel (upper Middle Pleistocene); 

MDS: alluvial pelite and sand (Calabrian p.p.). In the upper part of this unit, the 

possible presence of thin alluvial deposits referring to FGS (lower Middle Pleisto-

cene) cannot be ruled out; PDF: Piazza Duomo Fault 
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5. Geological interpretation of the Corso section seismic reflection 

profile  

The seismic facies recognition along the Corso section, combined with 

previous studies on ASB geology [28, 47, 14, 35] and the stratigraphy 

of the several boreholes drilled in the area after the April 6, 2009 Mw 

6.1 L’Aquila earthquake, allowed to reconstruct a detailed geological 

model for AD (Figure 7). 

15 The semi-ubiquitarian presence in the examined boreholes (all ex-

cept S12 and S13) of breccia deposits pertaining to the CMA (Figure 

3), which show different thickness, combined to the highly chaotic 

seismic facies BC permitted the recognition of this upper Middle 

Pleistocene unit for the upper part of the Corso section.  

In the high-resolution seismic profile, the younger covers (i.e. an-

thropic, alluvial, and colluvial deposits of Upper Pleistocene and Hol-

ocene), which are characterized by a few meters of thickness (Figure 

3), are indistinguishable from the underlying CMA. 

20 The seismic facies L is mainly represented by continuous and par-

allel reflectors specific of fine-grained deposits.  

Based on this assumption and borehole stratigraphy, this seismic faci-

es L corresponds mainly to MDS (Lower Pleistocene, Calabrian). 

The overlaying FGS (lower Middle Pleistocene), composed largely of 

silty sands, is possibly comprised in this seismic facies L, because it is 

not lithologically distinguishable from MDS. Moreover, the FGS 

mainly outcrops in the SW sector of AD, thus it is not ubiquitarian in 

the Corso section. 

Seismic Facies Ls probably corresponds to channelized bodies of 

coarse-grained deposits within the generally finer MDS. 

Their presence is testified by sandy levels in the middle part of S5 

well log (Figure 4). These channels, sedimentologically defined as 

channel-point bars, are formed by dunes and ripple migration lateral to 

the currents, and are encased in floodplain pelite. 

The cross-bedded sands constitute mainly unidirectional flow bedload 

of a fluvial-channel fill. Similar channelized facies is also recorded in 

the LAQUI-CORE borehole, showing 31.4 m of gravels with sandy 

matrix [38]. 

The seismic facies R is characterized by weakly continuous and diver-

gent reflectors correlated to clastic coarse-grained deposits.  

In agreement with the interpretation of the Pettino I seismic reflection 

profile [14], this seismic facies could be linked to the CCF. Neverthe-
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less, the CCF does not crop out close to AD [35]. Finally, the seismic 

facies S, although poorly definable, is correlated to the Meso-

Cenozoic bedrock that, below AD, could be represented by Miocene 

carbonate-ramp as testified by 5 the borehole S12 (Figure 3). 

 
Figure 7: Geological interpretation of the Corso section seismic profile.  

For the legend see Figures 2a and 2b 

 

6. New subsurface data for a 3D model  

In Figure 8, the geological sections A-A’ and B-B’-B’’ represent the 

geological subsoil model of AD, which has been updated through the 

new geological data from the Corso section and the stratigraphy of the 

deep boreholes (Figure 3).  

More precisely, the section A-A’ has been drown by integrating the 

section in [35] with data from the Corso section.  

The Meso-Cenozoic bedrock is located maximum at 600 m b.g.l., and 

though it is the deepest value for 5 the bedrock depth in ASB, it is in 

accordance with Meso-Cenozoic bedrock depth of other intermontane 

basins of central Italy as the Fucino Basin [8] and the Paganica-San 

Nicandro-Castelnuovo Basin [12]. 

The Colle Cantaro-Cave Formation (CCF), which is the earliest de-

posit of ASB, should be present at the base of the basinfilling 

succession [9].  
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CCF shows different thicknesses along the geological sections (syn-

rift 10 wedge) and, like in the Pettino I seismic reflection profile [14], 

it assumes an onlap configuration over the Meso-Cenozoic bedrock 

due to the tectonic activity of the normal faults that were bounding the 

ASB during the late Pliocenearly Pleistocene (late Piacenzian – Gela-

sian).  

The successive depositional event occurred in a more stable tectonic 

environment, with sub-horizontal deposits of MDS showing the depo-

sition of similar thickness in the same time span throughout the geo-

logical sections.  

The FGS is scarcely represented along both the geological sections 

where it is only a few 15 meter-thick or completely missing. FGS 

crops out mainly on the southern slope of AD and is sometimes rec-

ognized in some boreholes.  

All the previous stratigraphic units are unconformably overlain by 

CMA [35].  

As stated before, the sedimentological characteristics of CMA point to 

huge events of detrital deposition through debris flow and rock ava-

lanche with debris produced mainly by the erosion of the northern 

margin of ASB (Gran Sasso chain), possibly during a cold late Middle 

Pleistocene event [14].  

CMA is covered by the Collemaggio Synthem (COM) interpreted as 

20 colluviated paleosols in the epikarst filling [35]. COM is barely 

visible in the Corso section, but is well recognizable in the refraction 

seismic tomography (Figure 6) with maximum 20 meters-thick.  

Finally, alluvial, colluvial and anthropic filling (ALL) are imaged only 

in the seismic tomography profile and represent the present-day depo-

sition of sediments in the current geological setting. 

The highest thickness of ASB Plio-Quaternary deposits is placed in 

correspondence with the S10 borehole, in the southern part 25 of AD 

that defines the ASB depocentre.  

The Plio-Quaternary depocentre is located within a minor NNW-SSE 

oriented graben, which in turn is contained into the main regional gra-

ben of the Pettino Fault system (PF) (Figure 9). 

Figure 9 shows the main faults affecting the AD subsoil and the con-

tour line of the gravimetric anomalies [modified from [35, 6].  

The reported faults are mainly extensional and/or transtensive, show-

ing the main activity during the Quaternary.  
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Figure 8: Geological sections crossing L’Aquila hill (modified from [35]).  

The acronyms of the faults are: PF: Pettino Fault; CF: Castello Fault,  

SGF: San Giuliano Fault; TF: Tribunale Fault; PDF: Piazza Duomo Fault;  

SEF: Sant’Elia Fault; VMF: Via Mausonia Fault.  

For both the location and legend see Figures 2a and 2b 
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Figure 9: Tectonic and gravimetric sketch of Quaternary L’Aquila-Scoppito Basin 

(modified from [35, 6]: main normal and transtensive fault (PF: Pettino Fault,  

CF: Castello Fault, VMF: Via Mausonia Fault, SGF: San Giuliano Fault,  

SEF: Sant’Elia Fault); 2: minor normal fault (PDF: Piazza Duomo Fault,  

TF: Tribunale Fault); 3: minor right lateral faults; 4: Quaternary deposit;  

5: Meso-Cenozoic bedrock; 6: contour lines of residual gravimetric a 5 nomalies in 

mGal (+ and - :positive and negative anomaly, respectively);  

7: trace of the geological sections reported in Figure 8;  

8: L’Aquila downtown (AD). Contour line of geological sublayer in meters o.s.l. [5] 

 

The faults that define the geometry of the Plio-Quaternary basin are 

oriented 30 NW-SE, E-W, and NNE-SSW. The faults trend follows 

the gravimetric contour lines.  

Positive gravimetric anomalies (red line) correspond to the Meso-

Cenozoic carbonate and Upper Miocene terrigenous reliefs, while the 

negative ones (blue line) represent the Plio-Quaternary basin-fill. The 

NW-SE and E-W striking extensional faults bound the main graben 

(PF, CF, and VMF), which corresponds to the present Aterno River 

Valley, where the Plio-Quaternary continental deposits were accumu-

lated for the increase of the accommodation space due to the activity 

of the fault system associated with the master SW-dipping Pettino 

Fault.  

The principal local negative gravimetric anomaly (<-3.2 mGal) is ex-

actly in AD and it is bounded by NW-SE normal faults (PF, CF, and 
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VMF) and two NNE-SSW striking transtensive faults (SGF and SEF), 

which developed as transfer faults.  

 
Figure 10: Contour lines of the top of Meso-Cenozoic bedrock in m a.s.l.  

1: main normal and transtensive fault (PF: Pettino Fault, CF: Castello Fault,  

VMF: Via Mausonia Fault, SGF: San Giuliano Fault, SEF: Sant’Elia Fault);  

2: minor normal fault (PDF: Piazza Duomo Fault, TF: Tribunale Fault);  

3: Quaternary deposit; 4: Meso-Cenozoic bedrock;  

5: contour lines of the top of Meso-Cenozoic bedrock in m a.s.l.;  

6: trace of the geological sections reported in Figure 8;  

7: L’Aquila downtown (AD) 

 

These faults generate, within the main graben, a deep lowered sub-

rectangular area placed exactly in AD, characterized by a minor 

NNW-SSE graben bounded by TF and PDF faults. This subsurface 5 

tectonic setting is well represented by the two orthogonal geological 

section of Figure 8. The extensional fault system of Figure 9 follows a 

fractal-type and scale independent arrangement with the normal faults, 

as a key structural elements, repeating at different scale (Ackermann 

et al., 2001; Turcotte, 1997). The contour lines of the top of the Meso-

Cenozoic bedrock permit to highlight the tectonic morphology of the 

lowered sub10 rectangular area (Figure 10). The contour lines show 
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mainly a NW-SE oriented enclosed area, with the maximum depth 

collocated right in the southern part of AD. In terms of local seismic 

response, the downthrown sub-rectangular block of bedrock highlights 

a deep basin geometry in NNW-SSE and E-W directions, evidencing a 

bi-dimensional or possibly three-dimensional seismic effects that must 

be considered for the mitigation of the seismic hazard of the signifi-

cant cultural heritage urban area of L’Aquila downtown. 

 

7. Model of the "superficial" subsoil     
«Superficial» subsoil model 

(for medium resonance  

frequencies):  

epicarso + Terre rossa 

 

 

 

COL: colluvium 

RS: Red earth 

LAB: Brecce dell'Aquila 

EK: epicarso 

KC: karst conduit 
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Figure 11. Superficial subsoil.  

The Figures b) and e) are connected from the red line 
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8. Maps of the "contouring" for the thickness  

 
Figure 12. Map of contouring and depth of the red lands  

and of the epicars + red lands. 

a) depth of “Terre rosse” (from free field); 

b) level of “Terre rosse” (from free field); 

c) epicarso depth + “Terre rosse” (from free field); 

d) Epicarso level + Terre rosse (from free field); 
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9. Map of buried forms 

 
Figure 13. Map of buried forms. 

a) paleosurface; b) main sinkhole (depth> 15 m); c) minor sinkhole (depth <15 m); 

d) hum, karst pinnacles "conical karst"; e) fault [4]; f) terrace edge;  

g) current drainage; h) paleo-valley; i) watershed; 

TF) Court fault; PDF) Fault of Piazza Duomo; CF) Castle fault 
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10. Resonance frequency (f1) versus thickness of the red earth 

 
Figure 14. resonance frequency (f1) versus depth of “Terre rosse”.  

Thick red earth + epicarso versus f1. The average resonance frequency (f1)  

is induced by the Red Lands + epicarsus! 

 
Figure 15. Resonance frequency vs depth of Terre rosse. Contouring of frequencies 
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11. Damage to buildings versus average resonance frequency (f1) 

 
Earthquake on February 2nd 1703 (Mw:6.7)  

Subsoil resonance frequency (f1) [1]. Collapse, Damage 

 
Earthquake on April 6th 2009 (Mw:6.1)  

Subsoil resonance frequency (f1) [6]. Damage grade 5        Damage grade 4 
Figure 16. Damage to buildings 

 

The period of the buildings is generally N / 10 (N: number of floors) 

with N = 1-4 floors T = 0.1-0.4 s. 

The resonant frequencies of the buildings (2.5-10 Hz) are comparable 

with the average ones (f1) (3-9 Hz) of the sites where the buildings 

collapsed or severely damaged during the two earthquakes are located 

the coupling between the resonance frequencies of the buildings and 

the average ones (f1) is assumed as a cause of the damage. 
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12. "Surface" geology versus damage to buildings 

 
Figure 17. Geology vs damage. 

Earthquakes of 2009 and 1703 

«Poor-poor substrate» 

COL) colluvium; RS) Red earth; 

"Good-excellent substrate"; 

LAB) L’Aquila breach; Class B; "old" masonry buildings; Class C 

«modern» reinforced concrete buildings; D1-D5 

Damage classes: 

a) masonry buildings: damage due to seismic vulnerability; 

b, c) buildings in CS in 2009 and in masonry in 1703: c) contributing factor in the 

damage due to the geological surface substrate? 

 

13. Conclusions 

The geological interpretation of the ca. 1000 m-long high-resolution 

seismic reflection profile (Corso section), supported by deep bore-

holes and refraction tomography, allowed to greatly update the geo-

logical subsoil model of L’Aquila downtown (AD) and to investigate 

the Plio-Quaternary evolution of L’Aquila-Scoppito Basin (ASB). 

The main results are as follows: 
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1. the available seismic and borehole data permitted to reconstruct the 

AD subsoil model in two orthogonal directions highlighting a quasi 

tri-dimensional model (Figures 8 and 10). 

2. the major thickness of the Plio-Quaternary succession of the basin 

fill below AD was recognized with a maximum thickness of 600 m. 

It corresponds to the main depocentre of ASB located in the south-

ern part of the Corso section (Figures 5, 8, and 10). 

3. the ASB depocentre is tectonically located within a minor NNW-

SSE oriented graben, in turn, contained into a main regional graben 

related to the tectonic activity of the Pettino Fault. This observation 

suggests that the active tectonics and seismicity of intermontane 

basins of central Italy, such as ASB, are related to Plio-Quaternary 

extensional fault systems characterized by complex graben struc-

ture from regional to local scales (Figure 9). 

4. the S10 borehole and the Corso section testify a thickness of at least 

400 m for Madonna della Strada System (MDS). As a classical 

flood plain deposit, MDS presents within fine-grained layers also 

some channelized bodies observable both in the Corso section and 

in the S5 borehole stratigraphy (Figure 5). 

5. the integration of high-resolution seismic reflection profile and 

boreholes stratigraphy allowed us to better define the Plio-

Quaternary tectono-stratigraphic evolution of ASB and the possible 

post-CMA (i.e., post late Middle Pleistocene) activity of the Piazza 

Duomo Fault. 

The results were useful to reconstruct a detailed geological subsoil 

model at urban scale, and thus to provide indication on the seismic site 

effects and on the activity of buried faults. This information was es-

sential 5 to design urban masterplan able to mitigate the Seismic Haz-

ard of cultural heritage cities of central Italy, such as the case study 

site of L’Aquila downtown. 

 

References 
1. Ackermann, H. D., Pankratz, L. W. and Dansereau, D.: Resolution of am-

biguities of seismic refraction traveltime curves, Geophysics, 51(2), 223–

235, 1986. 

2. Ackermann, R. V, Schlische, R. W. and Withjack, M. O.: The geometric 

and statistical evolution of normal fault systems: an experimental study of 

the effects of mechanical layer thickness on scaling laws, J. Struct. Geol., 

23(11), 1803–1819, 2001. 



The geological model for the seismic site characterization… 499 

3. Alfaro, P., Moretti, M. and Soria, J. M.: Soft-sediment deformation struc-

tures induced by earthquakes ( seismites ) in Pliocene lacustrine deposits 

(Guadix-Baza Basin, central Betic Cordillera ( séismites ) in pliocene la-

custrine deposits (Guadix-Baza Basin ,Central Betic Cordillera ), (Febru-

ary 2015), 1997. 

4. Amoroso, S., Gaudiosi, I., Tallini, M., Di Giulio, G. and Milana, G.: 2D 

site response analysis of a cultural heritage: the case study of the site of 

Santa Maria di Collemaggio Basilica (L’Aquila, Italy), Bull. Earthq. 

Eng., 1–24, 2018. 

5. Bard, P.-Y. and Gariel, J.-C.: The seismic response of two-dimensional 

sedimentary deposits with large vertical velocity gradients, Bull. Seismol. 

Soc. Am., 76(2), 343–366, 1986. 

6. Blumetti, A. M., Di Filippo, M., Zaffiro, P., Marsan, P. and Toro, B.: 

Seismic hazard characterization of the city of L’Aquila (Abruzzo, Central 

Italy): New data from geological, morphotectonic and gravity prospecting 

analysis, Stud. Geol. Camerti, 7–30 18, 2002. 

7. Bordoni, P., Del Monaco, F., Milana, G., Tallini, M. and Haines, J.: The 

seismic response at high frequency in central L’Aquila: a comparison be-

tween spectral ratios of 2D modeling and observations of the 2009 after-

shocks, Bull. Seismol. Soc. Am., 104(3), 1374–1388, 2014. 

8. Cavinato, G. P., Carusi, C., Dall’asta, M., Miccadei, E. and Piacentini, T.: 

Sedimentary and tectonic evolution of Plio-      Pleistocene alluvial and 

lacustrine deposits of Fucino Basin (central Italy), Sediment. Geol., 5 

148(1–2), 29–59, doi:10.1016/S0037-0738(01)00209-3, 2002. 

9. Centamore, E. and Dramis, F.: Note Illustrative della Carta Geologica 

d’Italia alla scala 1: 50.000, Foglio 358, Pescorocchiano, ISPRA, Roma, 

2010. 

10. Chiarabba, C., Amato, A., Anselmi, M., Baccheschi, P., Bianchi, I., Cat-

taneo, M., Cecere, G., Chiaraluce, L., Ciaccio, M. G. and De Gori, P.: 

The 2009 L’Aquila (central Italy) MW6. 3 earthquake: Main shock and 

aftershocks, Geophys. Res. Lett., 36(18), 2009. 

11. Chopra Anil, K.: Dynamics of structures, Theory Appl. to Earthq. Eng. 

Prentice Hall, New Jersey, 1995. 

12. Civico, R., Sapia, V., Di Giulio, G., Villani, F., Pucci, S., Baccheschi, P., 

Amoroso, S., Cantore, L., Di Naccio, D., Hailemikael, S., Smedile, A., 

Vassallo, M., Marchetti, M. and Pantosti, D.: Geometry and evolution of 

a fault-controlled Quaternary basin by means of TDEM and single-station 

ambient vibration surveys: The example of the 2009 L’Aquila earthquake 

area, central Italy, J. Geophys. Res. Solid Earth, 122(3), 2236–2259, 

doi:10.1002/2016JB013451, 2017. 



Marco Tallini, Marco Spadi 

 
500 

13. Cosentino, D., Cipollari, P., Marsili, P. and Scrocca, D.: Geology of the 

central Apennines: A regional review, J. Virtual Explor., 36, doi: 

10.3809/jvirtex.2009.00223, 2010. 

14. Cosentino, D., Asti, R., Nocentini, M., Gliozzi, E., Kotsakis, T., Mattei, 

M., Esu, D., Spadi, M., Tallini, M., Cifelli, F., Pennacchioni, M., Cavu-

oto, G. and Di Fiore, V.: New insights into the onset and evolution of the 

central Apennine extensional intermontane basins based on the tectoni-

cally active L’Aquila Basin (central Italy), Bull. Geol. Soc. Am., 129(9–

10), 1314–1336, doi:10.1130/B31679.1, 2017. 

15. Deptuck, M. E., Piper, D. J. W., Savoye, B. and Gervais, A.: Dimensions 

and architecture of late Pleistocene submarine lobes off the northern mar-

gin of East Corsica, Sedimentology, 55(4), 869–898, doi:10.1111/j.1365-

3091.2007.00926.x, 2008. 

16. Durante, F., Di Giulio, G., Tallini, M., Milana, G. and Macerola, L.: A 

multidisciplinary approach to the seismic       characterization of a moun-

tain top (Monteluco, central Italy), Phys. Chem. Earth, Parts A/B/C, 98, 

119–135, 2017. 

17. Esposito, C., Mugnozza, G. S., Tallini, M. and Seta, M. Della: Evidence 

of Quaternary rock avalanches in the central Apennines : new data and 

interpretation of the huge clastic deposit of the L ’ Aquila basin ( central 

Apennines , Italy ),  

    16, 12238, 2014. 

18. Galli, P., Giaccio, B. and Messina, P.: The 2009 central Italy earthquake 

seen through 0.5 Myr-long tectonic history of the L’Aquila faults system, 

Quat. Sci. Rev., 29(27–28), 3768–3789, doi:10.1016/j.quascirev. 

2010.08.018, 2010. 

19. Galli, P. A. C., Giaccio, B., Messina, P., Peronace, E. and Zuppi, G. M.: 

Palaeoseismology of the L’Aquila faults (central Italy, 2009, Mw6.3 

earthquake): Implications for active fault linkage, Geophys. J. Int., 

187(3), 1119–1134, doi:10.1111/j.1365-246X.2011.05233.x, 2011. 

20. Gaudiosi, I., Giuliano, M. and Marco, T.: Site effects in the Aterno River 

Valley (L’Aquila, Italy): comparison between empirical and 2D numeri-

cal modelling starting from April 6th 2009 Mw 6.3 earthquake, Bull. 

Earthq. Eng., 12(2), 697–716, 2014. 

21. Gawthorpe, R. L. and Leeder, M. R.: Tectono-sedimentary evolution of 

active extensional basins, Basin Res., 12(3–4), 195–218, doi:10.1111/ 

j.1365-2117.2000.00121.5 x, 2000. 

22. Di Giulio, G., Gaudiosi, I., Cara, F., Milana, G. and Tallini, M.: Shear-

wave velocity profile and seismic input derived from ambient vibration 

array measurements: the case study of downtown L’Aquila, Geophys. J. 

Int., 198(2), 848–866, 2014. 



The geological model for the seismic site characterization… 501 

23. Gruppo di Lavoro MS–AQ: Microzonazione sismica per la ricostruzione 

dell’area aquilana, Reg. Abruzz. della Prot. Civ., 3, 3 vol. e Cd-rom, 

2010. 

24. Hayashi, K. and Takahashi, T.: High resolution seismic refraction meth-

od using surface and borehole data for site characterization of rocks, Int. 

J. Rock Mech. Min. Sci., 38(6), 807–813, 2001. 

25. Improta, L., Villani, F., Bruno, P. P., Castiello, A., De Rosa, D., Varriale, 

F., Punzo, M., Brunori, C. A., Civico, R. and Pierdominici, S.: High-

resolution controlled-source seismic tomography across the Middle Ater-

no basin in the epicentral area of the 2009, Mw 6.3, L’Aquila earthquake 

(central Apennines, Italy), Ital. J. Geosci., 131(3), 373–388, 2012. 

26. Lanzo, G., Tallini, M., Milana, G., Di Capua, G., Del Monaco, F., Pagli-

aroli, A. and Peppoloni, S.: The Aterno Valley strongmotion array: seis-

mic characterization and determination of subsoil model, Bull. Earthq. 

Eng., 9(6), 1855–1875, 2011. 

27. Magaldi, D. and Tallini, M.: A micromorphological index of soil devel-

opment for the Quaternary geology research, Catena, 41(4), 261–276, 

doi:10.1016/S0341-8162(00)00096-5, 2000. 

28. Mancini, M., Cavuoto, G., Pandolfi, L., Petronio, C., Salari, L. and Sar-

della, R.: Coupling basin infill history and mammal biochronology in a 

Pleistocene intramontane basin: The case of western L’Aquila Basin 

(central Apennines, Italy), Quat. Int., 267, 62–77, 2012. 

29. Martelli, L., Boncio, P., Baglione, M., Cavuoto, G., Mancini, M., 

Mugnozza, G. S. and Tallini, M.: Main geologic factors controlling site 

response during the 2009 L’Aquila earthquake, Ital. J. Geosci., 131(3), 

423–439, 2012. 

30. Meletti, C. and Montaldo, V.: Stime di pericolosità sismica per diverse 

probabilità di superamento in 50 anni: valori di ag, 25 Milano, Italy. 

[online] Available from: http://esse1.mi.ingv.it/d2.html, 2007. 

31. Del Monaco, F., Tallini, M., De Rose, C. and Durante, F.: HVNSR sur-

vey in historical downtown L’Aquila (central Italy): Site resonance prop-

erties vs. subsoil model, Eng. Geol., 158, 34–47, doi:10.1016/ 

j.enggeo.2013.03.008, 2013. 

32. Moro, M., Gori, S., Falcucci, E., Saroli, M., Galadini, F. and Salvi, S.: 

Historical earthquakes and variable kinematic behaviour of the 2009 

L’Aquila seismic event (central Italy) causative fault, revealed by paleo-

seismological investigations, Tectonophysics, 583, 131–144, doi:10. 

1016/ j.tecto. 2012.10.036, 2013. 

33. Moro, M., Saroli, M., Stramondo, S., Bignami, C., Albano, M., Falcucci, 

E., Gori, S., Doglioni, C., Polcari, M., Tallini, M., 36. Macerola, L., No-

vali, F., Costantini, M., Malvarosa, F. and Wegmuller, U.: New insights 

into earthquake precursors from InSAR, Sci. Rep., 7(1), 12035, 2017. 



Marco Tallini, Marco Spadi 

 
502 

34. Nocentini, M.: Integrated analysis for intermontane basins studies: Tec-

tono-stratigraphic and paleoclimatic evolution of the L’Aquila Basin, 

Università di Roma Tre. Available from: http://hdl .handle. net/2307/ 

5986, 2016. 

35. Nocentini, M., Asti, R., Cosentino, D., Durantec, F., Gliozzi, E., Macero-

la, L. and Tallini, M.: Plio-quaternary geology of L’Aquila-Scoppito ba-

sin (Central Italy), J. Maps, 13(2), 563–574, doi:10.1080/ 

17445647.2017.1340910, 2017. 

36. Nocentini, M., Cosentino, D., Spadi, M. and Tallini, M.: Plio-Quaternary 

geology of the Paganica-San Demetrio-Castelnuovo Basin (Central Italy), 

J. Maps, 14(2), 411–420, doi:10.1080/17445647.2018.1481774, 5 2018. 

37. Owen, G., Moretti, M. and Alfaro, P.: Recognising triggers for soft-

sediment deformation: Current understanding and future directions, Sed-

iment. Geol., 235(3–4), 133–140, doi:10.1016/j.sedgeo.2010.12.010, 

2011. 

38. Porreca, M., Smedile, A., Speranza, F., Mochales, T., Caracciolo, F. D. 

A., Di Giulio, G., Vassallo, M., Villani, F., Nicolosi, I., Carluccio, R., 

Amoroso, S., Macrì, P., Buratti, N., Durante, F., Tallini, M. and Sagnotti, 

L.: Geological reconstruction in the area of maximum co-seismic subsid-

ence during the 2009 Mw=6.1 L’Aquila earthquake using geophysical 

and borehole data, Ital. J. Geosci., 135(2), 350–362, 

doi:10.3301/IJG.2015.37, 2016. 

39. Posamentier, H. W.: Ancient shelf ridges—a potentially significant com-

ponent of the transgressive systems tract: case study from offshore 

northwest Java, Am. Assoc. Pet. Geol. Bull., 86(1), 75–106, 2002. 

40. Posamentier, H. W. and Allen, G. P.: Variability of the sequence strati-

graphic model: effects of local basin factors, Sediment. Geol., 86(2), 91–

109, doi:10.1615/CritRevBiomedEng.v33.i2.20, 1993. 

41. Rodríguez-Pascua, M. A., Calvo, J. P., De Vicente, G. and Gómez-Gras, 

D.: Soft-sediment deformation structures interpreted as seismites in lacus-

trine sediments of the Prebetic Zone, SE Spain, and their potential use as 

indicators of earthquake magnitudes during the Late Miocene, Sediment. 

Geol., 135(1–4), 117–135, doi:10.1016/S0037-0738(00)00067-1, 2000. 

42. Rossi, A., Tertulliani, A., Azzaro, R., Graziani, L., Rovida, A., Maramai, 

A., Pessina, V., Hailemikael, S., Buffarini, G. and Bernardini, F.: The 

2016–2017 earthquake sequence in Central Italy: macroseismic survey 

and damage scenario through the EMS-98 intensity assessment, Bull. 

Earthq. Eng., 1–25, 2019. 

43. Schwab, A. M., Cronin, B. T. and Ferreira, H.: Seismic expression of 

channel outcrops: Offset stacked versus amalgamated channel systems, 

Mar. Pet. Geol., 24(6–9), 504–514, doi:10.1016/j.marpetgeo.2006.10.009, 

2007. 

http://hdl/


The geological model for the seismic site characterization… 503 

44. Spadi, M., Gliozzi, E., Cosentino, D. and Nocentini, M.: Late Piacenzi-

an–Gelasian freshwater ostracods (Crustacea) from the 25 L’Aquila Ba-

sin (central Apennines, Italy), J. Syst. Palaeontol., 14(7), 617–642,  

      doi:10.1080/14772019.2015.1079561, 2016. 

45. Steeples, D. W. and Miller, R. D.: Seismic reflection methods applied to 

engineering, environmental, and ground-water problems, in Symposium 

on the Application of Geophysics to Engineering and Environmental 

Problems 1988, pp. 409–461, Society of Exploration Geophysicists., 

1988. 

46. Storti, F., Aldega, L., Balsamo, F., Corrado, S., Paolo, L. Di, Mastalerz, 

M. and Tallini, M.: Evidence for strong middle Pleistocene earthquakes 

in the epicentral area of the 6 April 2009 L ’ Aquila seismic event from 

sediment paleo fl uidization and overconsolidation, , 118, 3767–3784, 

doi:10.1002/jgrb.50254, 2013. 

47. Tallini, M., Cavuoto, G., Monaco, F. Del, Fiore, V. Di, Mancini, M., 

Caielli, G., Cavinato, G. P., Franco, R. De, Pelosi, N. and Rapolla, A.: 

Seismic surveys integrated with geological data for in-depth investigation 

of Mt. Pettino active Fault area (Western L’Aquila Basin), Ital. J. Geosci., 

131(3), 389–402, doi:10.3301/IJG.2012.10, 2012. 

48. Turcotte, D. L.: Fractals and chaos in geology and geophysics, Cam-

bridge university press., 1997. 

49. Yilmaz, Ö.: Seismic data analysis: Processing, inversion, and interpreta-

tion of seismic data, Society of exploration geophysicists., 2001. 

50. A. R. Colapietra, L’Aquila dell’Antinori: strutture sociali ed urbane del-

la città nel Sei e Settecento, 2 voll., L’Aquila 1978 (rist. L’Aquila 2002) 

(Antinoriana. Studi per il bicentenario della morte di A.L. Antinori, 4). 

51. E. Antonio Mannella, Luca Macerola, Antonio Martinelli, Antonio Sabi-

no, Marco Tallini (June 2019), The local ground-motion amplification 

and the behaviour of the seismic isolated building at L’Aquila downtown, 

Bollettino Geofisica Teorica Applicata. 

52. F. Tertulliani A., Ancoraci L., Berardi M., Bernardini F., Camassi  

     R., Castellano C., Del Mese S., Ercolani E., Graziani L., Leschiutta  

     I., Rossi A., Vecchi M., (2011) An Application of EMS98 in a me  

dium-size city: the case of L’Aquila (Central Italy) after the April 6, 

2009 Mw 6.3 earthquake, Bull. Eart. Eng. 9:67-80. 
53. Giaccio, B., Arienzo, I., Sottili, G., Castorina, F., Gaeta, M., Nomade, S., 

Galli, P., Messina, P., “Isotopic (Sr–Nd) and major element fingerprint-

ing of distal tephras: an application to the Middle-Late Pleistocene 

markers from the Colli Albani volcano, central Italy”, Quaternary  

     Science Review, Volume 67, May 2013, Pages 190-206. 



Marco Tallini, Marco Spadi 

 
504 

54. Palombo, M. R., Milli, S., “Mammal fossil record, depositional setting, 

and sequence stratigraphy in the Middle-Upper Pleistocene of Roman 

Basin”, 2010. 

55. Tallini, M., Spadi, M., Cosentino, D., Nocentini, M., Macerola, L., Ca-

vuoto, G., Di Fiore, V., “Seismic Hazard of L'Aquila downtown (central 

Italy): new insights for 3D geological model based on high-resolution 

seismic reflection profile and borehole stratigraphy”, Solid Earth Dis-

cuss., https://doi.org/10.5194/se-2019-25. 

 



 

_______________________________ 

1 University of L’Aquila, DICEAA, Italy. 

2 University “La Sapienza” Roma, DISG, Italy. 

505 

 

 

Seismic retrofitting of adjacent structures  

by visco-elastic coupling 
 

Francesco Potenza1, Di Sabatino Umberto2 and Vincenzo Gattulli2 

 

 

Abstract 
  The paper deals with a design procedure to optimize a coupling 

visco-elastic system used to mitigate the seismically-induce vibrations 

of adjacent structures. The stiffness and viscosity design parameters of 

the elements constituting the dissipative coupling system will be se-

lected according to design criteria based on both dynamic properties 

and stochastic response of a simple analytical model. The model is 

capturing the main dynamic features of the real structure by two sim-

ple oscillators connected with a visco-elastic device with a Kelvin-

Voigt constitutive law. Moreover, optimal design is also taking into 

account the effect of soil-structure interaction through a Kanai-Tajimi 

soil representation used to filter the white noise modelling the seismic 

excitation. The proposed approach has been used for the seismic retro-

fitting design of Edifice A at Roio, belonging to the University of 

L’Aquila, seriously damaged in the 2009 L’Aquila Earthquake. The 

validity of the method is confirmed by numerical analysis conducted 

on the finite element model of the complex structure which modelling 

parameters has been updated on the basis of direct vibration measure-

ments acquired in the field.  

 

 

Keywords: Passive seismic protection, Dissipative viscous dampers, 

Kelvin-Voigt model, Stochastic response, Soil-Structure interaction 
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1.  Introduction 

 

In big city is increasingly likely to meet with adjacent structures that 

could occur to the pounding interactions under seismic events [1]. The 

economic and social losses can be reduced adopting structural control 

techniques for a better selecting of the passive, semi-active and active 

devices [1]. Especially the application of passive damper has reached 

a great number of realizations [3]. Regarding the design of dissipative 

systems for adjacent structures some example can be found in [4, 5, 6, 

7]. 

The aim of this paper is to improve a rapid and simplified procedure 

for a preliminary design of a viscous dissipative system in coupled 

structures [8, 9] even taking into account the soil-structure interaction. 

 

 

2.  A simple analytical model for adjacent structures 

 

In this section is recalled a simple analytical model that can be thought 

as primitive and representative model of two adjacent structures. The 

model, illustrated in Figure 1, is composed by two linear oscillator 

connected by a visco-elastic damper. The equations of motion have 

been already described in [spencer] and [facoltà] but will be re-

proposed in the following for a better text comprehension. 

In the Figure 1 let to consider M1 and M2 the mass of the two oscilla-

tors while K1 and K2 the corresponding stiffness. Moreover, denoting 

U1 and U2 the relative displacements, F the force issued by the damper 

and Ug the seismic ground acceleration, the equations of motion look 

as follows 

 

1 1 1 1 1

2 2 2 2 2

g

g

M U K U F M U

M U K U F M U

+ − = −

+ + = −
 (1) 

 

In the Eq. (1) dot indicates the derivative with respect to time t. Intro-

ducing the following dimensionless variables and parameters 
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Figure 1. Simple analytical model for adjacent structures. 
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in which L is a convenient reference length,  and  are the mass and 

frequency ratios between the uncoupled oscillators. The new set of the 

dimensionless equations can be written in synthetic matrix form: 

 

Mu Ku r MΓd gf u+ + = −  (3) 

 

where u is the displacements vector while M and K are the mass and 

stiffness matrices. The vectors r and  are the allocation vectors for 

control and external forces. The scalar variables fd and üg are the force 

delivered by the damper and the seismic acceleration, respectively.  

Moreover, in the case of Kelvin-Voigt model (spring and dashpot put 

in parallel, see Figure 1), the constitutive law of the damper (fd) as-

sumes the following expression: 

 

2 2 2 2( , ) ( ) ( )df u u u uu u  = − + −  (4) 
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in which  and  are the dimensionless parameters defined as follows: 

 

2

1 1 1 1

,
2

K C

M M
 

 
= =  (5) 

 

where K and C are the elastic and viscous coefficients, respectively 

(see Figure 1). On the base of the Eq. (4), the new equations of motion 

can be rewritten in synthetic matrix form: 

 

Mu Ku C u K u MΓd d gu+ + + = −  (6) 

 

where Cd and Kd are the matrix that describe the constitutive law of 

the damper. 

Defining the State-Space vectors as: 

 
T

T Tx u u =    (7) 

 

the Eq. (6) can be rewritten the State-Space formulation: 

 

g

s

ux A x B

y C x

= +

=
 (8) 

 

in which the State-Space matrices assume the following form: 

 

T2x 2 2x 2 T

1x 21 1
,

( )d d

B
0 I

A= 0 Γ
M K K M C− −

 
 = −   − + − 

 (9) 

 

while y is the output of the system that can be defined to contain arbi-

trary information about the same system. 

 

2.1. Dynamic Soil Interaction  

 

The dynamic soil interaction can be implemented coupling the equa-

tions of motion written in Eq. (9) with a general representation of a fil-
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tered white noise the can be expressed in the State-Space formulation 

as follows: 

 

f f f f

g f f

w

u

x A x B

C x

= +

=
 (10) 

 

where xf is the filtered state vector, w is the white noise while üg, in 

this case, is the output of the filtered white noise. 

Assembling together the Eqs. (8) and (9) is possible to obtain an aug-

mented equations of motion system containing the description of the 

structural system and the excitation model. The new augmented as-

sumes the following form: 

 

a a a a

a a a

wx A x B

y C x

= +

=
 (11) 

 

where 
T

T T

a fx x x =    is the augmented state vector, ya is the output 

of the augmented system while the augmented State-Space matrices 

look as follows: 

 

 , ,
f

a a a s

f f

A BC 0
A B C C 0

0 A B

   
= = =   
   

 (12) 

 

 

3.  Numerical results and case study 

 

In [8] and [9] have been developed and proposed design methods to 

improve the seismic behavior of adjacent structures. Such criteria are 

based on the stationary stochastic response of the analytical model. In 

particular, it can be calculated once known the covariance matrix . 

Indeed, this matrix provides in the main diagonal the standard devia-

tions of the displacements and velocities while out of diagonal the 

mixed standard deviations. The covariance matrix assumes the follow-

ing expression: 
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(13) 

 

Moreover, it right to remember that such covariance matrix can be 

evaluated solving the following Lyapunov equation: 

 
T T

0
20 AΓ ΓA BS Bp= + +  (14) 

 

where A and B are the State-Space matrices while S0 is the power of 

the white noise spectral density. 

As example, in Figure 2 are illustrated the results of a parametric 

analysis in which have been plotted the contour of the standard devia-

tions of the second oscillator. In Figure 2a has been shown the case of 

the analytical system with infinitely stiff soil (see Eq. 9) while in Fig-

ure 2b the one of a filtered analytical system (see Eq. 11). In this last 

case has been applied a Kanai-Tajimi filter. For both cases have been 

varied the design parameters  and  fixed the structural parameters  

= 2 and  = 0.5. In both graphs is clearly highlighted the presence of 

minimum points (P1 and P2) that are located in corresponding of well-

defined values of  and .  
 





f

f

(a) (b)

P1

P2

 
Figure 2. Parametric analysis varying  and  parameters fixed  and . Contour of 

the standard deviations for the displacement of the second oscillator: (a) analytical 

system with infinitely stiff soil, (b) filtered analytical system with soft soil. Highlight-

ed the minimum points (P1 and P2) for both cases. 
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Such couples can be considered as design points. In [8] have been de-

fined other criteria useful to select the design point the better complies 

the achievement of some targets (i.e. minimum of the displacement or 

acceleration of an oscillator, balance of the stochastic structural re-

sponse). 

The method developed through the stochastic structural response [8] 

have been utilized for the seismic improving of the Engineering facul-

ty at L’Aquila (Figure 3a, Edifice A, [10]). In particular, the criteria 

were very useful to select the optimal coefficients for the constitutive 

model (Kelvin-Voigt) of the structural elements composing a dissipa-

tive system opportunely designed to reduce the vulnerability of the 

main façade (heavily destroyed by the 2009 L’Aquila Earthquake) and 

the corresponding 3D structure (Figure 3b). The performance of each 

design point have been evaluated observing the structural response of 

the points N1 (main façade) and N2 (3D structure) collocated at the top 

of the finite element model (Figure 3c). In this case the model was 

representative of the structural behavior for the substructure A3. How-

ever, it is right to notice that the methods and the finite element model 

have been developed for the case of infinitely stiff soil. 

 

N1

N2

(a)

(c)

Main facede

(b)

3D Structure

Dissipative system
(in red)

 
 
Figure 3. (a) Edifice A of the Faculty of Engineering (University of L’Aquila); (b), 

(c) Section and view from above of the numerical model representative of the sub-

structure A3. 
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The aim of this paper is to propose a further optimization of the design 

point taking into account the dynamic soil interaction. A possible draft 

of the key steps to be followed could be the following: 

 

1. Definition of the structural parameters  and  by a finite element 

model in which is taken into account the soil-structure interaction. 

2. Selecting of a filter with the soil characteristics as close as possible 

to the ones used to model the soil interaction in the previous step. 

3. Evaluation of the design parameters, f and f, through a filtered 

analytical system. 

4. Improving of the choice through the performance of each design 

point using the numerical model implemented in the step 1.  

 

 

4.  Conclusion 

 

The paper proposed a new optimization methodology for a prelimi-

nary selection of the constitutive parameters of a dissipative system 

designed for adjacent structures. The procedure is based on filtered 

analytical model composed by two simple oscillators coupled by a 

damper whose constitutive law has been represented by a Kelvin-

Voigt model. The filter has been used to considered the soil-structure 

interaction. Future developments will regard the assessment of the ef-

fectiveness of this method on the case study of the Engineering faculty 

at L’Aquila. 
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risk through the jet grouting Technique: a study  

applied to the west side of L’Aquila city 
 

Ferdinando Totani 

 

 

Abstract 
In areas subject to destructive earthquakes, the mitigation of geo- 

technical vulnerability and the consequent reduction of seismic risk by 

improving the soil on site can be a preventive remedy. Numerous soil 

improvement techniques aimed at reducing their deformability and 

their stiffness and resistance in response to static loads have been 

widely used for several years. Some of these techniques can produce 

significant benefits even for cases of dynamic loads. This means arti-

ficially transforming the characteristics of the terrain closer to the 

countryside to modify the way in which seismic waves propagate 

through them. The scientific efforts of the Seismic Geotechnical re-

searchers concern: 1) the research of the physical-mechanical charac-

teristics of the treated soil most suitable for this purpose; 2) the identi-

fication of feasible and effective geometric patterns. 
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1. Introduction 

In areas subject to destructive earthquakes, the reduction of seismic 

risk through the improvement of land on site represents a remedy / 

preventive measure to deal with the mitigation of seismic risk. In 

buildings to be adjusted seismically following their damage by a 

strong event, action is often taken through interventions aimed at in-

creasing the ductility and rigidity of the structural elements, with im-

portant interventions on the building. The case of the earthquake of  

L 'Aquila on April 6th 2009 highlighted how some residential districts 

were heavily damaged and for which in some cases complete demoli-

tion was ordered. An alternative solution could therefore be to inter-

vene on the local seismic response, artificially modifying the mechan-

ical properties of the soil layers closest to the countryside to change 

the way in which the seismic waves propagate through them. This pa-

per summarizes an extensive research work aimed at analyzing the ef-

fectiveness of the jet-grouting technique and the conditions under 

which its use can be considered appropriate to mitigate seismic action. 

The attention is specifically oriented to evaluate the changes that the 

seismic motion undergoes in volumes of land previously treated by 

jet-grouting, in "free field" conditions. The treatment is hypothesized 

in the valley edge areas and as a real reference the sample site of the 

upper Aterno valley in the territory of the Municipality of Aquila was 

examined at the accelerometric stations AQV AQG and AQM in-

stalled by the INGV which recorded the "main shock" of the earth-

quake of April 6th 2009. The seismic response was first evaluated 

numerically for the section examined which does not yet include soil 

treatment. The modeling results were compared with the "main shock" 

records of 6th April 2009 at the aforementioned accelerometric sta-

tions. Subsequently, models were generated which envisage the inser-

tion of "treated regions" consisting of columns consolidated by jet-

grouting whose response was compared with the reference model 

(M0). 

 

2. Treatments of jet grouting 

Attention is specifically aimed at evaluating the changes that seismic 

motion undergoes in the volumes of soil previously treated by jet 

grouting, in "free field" conditions. 
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The seismic response was first evaluated numerically for the real sec-

tion, which does not yet include soil treatment, and then for the sec-

tion equipped with jet-grouting treatment. 

 
Figure 1. Jet grouting treatment in Cansatessa. 

 

The study conducted through a numerical approach aims to: 

understand how the stiffening of the last layers changes the local 

seismic response and in which frequency fields; the possible benefits / 

disadvantages in quantitative terms following the insertion of the in-

tervention within the study section. 

 

3. Improvement of mechanical characteristics for the soil 
Table 1. Improvements. [9, 10] 
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Figure 2. [9, 10] 

 

3. Analysis of the behaviour due to the caves 
 

FLAC (Version 7.00) 

 
 

LEGEND 

6-Jun-14  13:05; Step   5822 

1.770E+01 –x- 3.370E+02 

1.120E+01 –y- 2.420E+02 
State 

 

 

Elastic 

Elastic, Yield Past 

Figure 3. Presence of caves. 

 

 
Figure 4. Vertical section. 
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4..  Conditions near field  

Studies on the effects of seismic motion in "near-source" conditions 

and on directivity are a research field currently open for seismic ge-

otechnical engineering applications: 

1) surface faulting effects; 

2) high values of PGA, PGV and PGD; 

3) the presence of a not negligible vertical component of motion 

with respect to the two horizontal components; 

4) the impossibility of decoupling the effects of the S and P waves 

(the wave front reaches the surface with an inclination that can also be 

very far from the sub-vertical one, typical of sites sufficiently far from 

the focal mechanism) [4, 11]. 

The input defined by the wavelet tries to reproduce the "near source" 

effects: 

a) vertical component phase shift with respect to the horizontal 

component of a Δt equal to 0.5 s; 

b) PGA values for the horizontal component (deterministic appro- 

ach) and equal to 0.32g; 

c) PGA value for the vertical component equal to the horizontal one; 

 
Figure 5. Conditions near field 

 

5. Seismic input   

The seismic input is represented by wavelet Ricker (Kallou et al, 

2001) chosen to explore the sensitivity of the geotechnical system in 

question. Seven waves centered around them have been propagated 

characteristic frequencies fc, of 1, 3, 5, 7 and 10 Hz.  

Both frequencies fall within this range of frequencies fundamentals of 

the natural vibration of the store [3]. Such impulses are provided as 
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accelerated time histories, with a maximum fixed amplitude of 0.32g 

for both the component horizontal and for the vertical component.  

Both components and their components have been propagated 

peaks of 0.5 sec. 

In addition to wavelets, modeling was addressed by imposing as input: 

a) the deconvolution of the accelerogram (EW component) of the 

mainshock of April 6th 2009 registered by the AQG station; 

b) two natural accelerograms respectively related to the seismic se-

quence of Umbria Marche (September 26th 1997) EW component 

registered at the station of "Assisi Stallone" (ITACA database) 

called UMEW and at the Val Nerina event (September 19th 1979) 

NS component registered at station of "Cascia" (ITACA database) 

called VNNS. 

 

 

 
Figure 6.  “Deconvoluto “ accelerogram AQGEW. 
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Figure 7. Natural accelerogram UMEW. 

 

 

 
Figure 8. Natural accelerogram VNNS. 

 

6. The calculation code QUAD4M. 

The results, mainly rendered in terms of: 

1) maximum ground acceleration peak (PGA); 

2) intensity of Housner (HI), defined over a period interval ranging  

from T1=0.1 sec to T2=2.5 sec.  

 
3) amplification factors FA (for PGA and HI) 

FPGA = FPGA(out) / FPGA(in) (PGA) 

FHI = FHI(out) / FHI(inp)  (HI) 

 

7. Subsoil model    
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The subsoil model is mainly based on the geological and geotechnical 

and geophysical investigations reported by [8] for the reconstruction 

of the building heritage of the city of L'Aquila relating to the 

Cansatessa-Pettino area. The geometric and physical-mechanical char-

acteristics of the outcropping soils were determined by analyzing stra-

tigraphies, surveys and results of piezometric measurements, Cross 

Hole tests (CH), Down Hole tests (DH), Seismic Dilatometer tests 

(SDMT) and Standard Penetration Test (SPT) tests. 

Numerical modeling was addressed with the QUAD4M calculation 

code [6]. 

The subsoil model that will be clarified below represents the "refer-

ence model", called "M0", with respect to which the comparisons will 

be made with the models that provide for the insertion of thesoil col-

umns consolidated using the jet grouting technique. 

The study domain consists of a section of about 2 Km in length and 

develops along it the alignment of the RAN stations of the Aterno val-

ley AQG, AQV, AQA and AQM along the main alignments of prob-

ing hole tests and surface geophysical tests. 

The domain considered extends to a depth of about 80 m and repro-

duces the surface local topography.  

The dimensions of the 2D domain are therefore approximately 2 x 0.8 

km. The following Figure 9 shows the reference section. 

 
Figure 9. Section of the Aterno Valley and lithological units: B Bedrock, BF frac-

tured Bedrock, SLALAG. Alternation of silty sand, silty clay and clay with gravel, 

ALS Silty / sandy clay with gravel and silt sandy, GSSG Sandy gravel and gravel 

sand, ALG Silty clay with gravel, R carryover or stratum debris. 

 

The physical and mechanical properties of the subsoils are shown in 

Table 2 and Figure 10. 

The volume was discretized through a grid of triangular and quadran-

gular elements (the grid is consisting of 5859 elements and 5539 

knots) of variable size depending on the speed of the waves 
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cutoff Vs and the maximum resolvable frequency of the seismic signal 

(generally 10 Hz) according with the condition of Kuhlemeyer and 

Lysmer (1973). 

For each of the lithological units, the value of the modulus of shear 

strength with small deformations Go and the initial damping factor Do 

was assumed constant with the depth. 
 

Table 2. Mechanical characteristics. 

 
 

 
   Figure 10. Vertical section with different materials.  

 

8.  MMooddeell  cchheecckk 

The 2D numerical model was validated by verifying that it was able to 

reproduce both the PGA deductible from the recordings of the AQG, 

AQA and AQV stations and the frequency response deriving from mi-

crotremor measurements. 
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Figure 11. N1(AQG). 

 
Figure 12. N10(AQA). 

 
Figure 13. Amplification function N18(AQV) 

 

9.  Results for M0  

The following comments arise from the comparison of the various 

profiles: 

a) the maximum PGA values when the input represented by the wave-

let is characterized from a fundamental frequency coinciding with 

that of the deposit detected through the seismic noise measure-

ments [3]; 

b) there is a strong dispersion of amplification factors strongly de-

pendent on energy content of seismic input.  

Some profiles related to the modeling performed with wavelet are 

shown below.  
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Figure 14. Profiles of the amplification factors obtained with the different wavelet 

and relative average. 

 

Comparison with station registrations AQG, AQA and AQV 

 
Figure 15. Comparisons (H). 

 

 
Figure 16. Comparisons (HV). 

 

10.  TTeecchhnniiqquuee  ooff  JJeett  GGrroouuttiinngg  aanndd  nnuummeerriiccaall  mmooddeell))  
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Table 3. The models. 

The seismic response was numerically assessed first for the real section, which does 

not yet include soil treatment, and then for the section equipped with jet-grouting 

treatment.  

Model “ZERO” (M0) Models “ONE” and “TWO” (M1, M2) 

The results were compared with the 

"main shock" recordings of 6 April 

2009 at the aforementioned accelerome-

ter stations. 

The columns have been assigned me-

chanical characteristics which are kept 

fixed for each model.   The models have 

a different "geometry". 

  

In order to provide theoretical comparisons, the numerical study was 

divided into two 4 sub-models: 

a) two models M1 and M2 consisting of the hypothesis of consolidat-

ed volume with columns of diameter equal to 1 meter and 2 meters 

respectively; 

b) two other models L1 and L2 consisting of the hypothesis of consol-

idated volume with columns of length equal to 4 meters and 7 me-

ters respectively. 

In particular, for the area considered, we have the first lithotype (ALG 

lithological unit, silty clay with gravel) which constitutes the most su-

perficial layer with a thickness of approximately 4 meters and Vs = 

250 m / s and a second lithotype (GSSG lithological unit, gravel sandy 

and pebbly sand) of about 3 meters thickness with a Vs of 500 m/s.  

By combining the following models are available: M1L1, M1L2, 

M2L1 and M2L2. A consideration regarding the horizontal develop-

ment of the remediation work is to be highlighted. The study, from the 

outset, was animated by the intention to intervene on the local seismic 

response in order to improve the underground response of portions of 

neighborhoods. By virtue of this, it has been thought of an interven-

tion that must involve the subsoil of groups of buildings, or a work of 

great development and therefore with a characteristic size of the order 

of hundreds of meters. For the characterization of the consolidated 

columns, reference was made to the assumed mechanical characteris-

tics obtainable in these soils. The following Table 4 shows the proper-

ties of the column (it is important to underline that for the assignment 

of the properties of the treated material to be included in the calcula-

tion models, an accurate investigation campaign on sample columns is 

necessary). 
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Table 4. Mechanical and physical characteristics of consolidated columns [1]. 

 
 

Jet grouting is a soil treatment technique that allows the construction 

of columns of consolidated soil of various sizes in the subsoil, with 

good mechanical characteristics. 

The treatment of the land by jet grouting takes place with the high-

speed injection of one or more fluids that produce a complex phenom-

enon of rearrangement, replacement and / or removal, the final result 

of which is the cementing of the original soil. 
 

10.1. Analytical model based on hypothesis of reclamation interven-

tion with Jet Grouting 

The numerical modeling aims to explore the influence on the local 

seismic response of ground volumes consolidated through the jet 

grouting technique applied to the north-eastern edge of the valley in 

correspondence with the town of Cansatessa. 

 
Figure 17. Vertical section. 

 

10.2. Purpose of the research 

For such purpose: 

1) the M1 and M2 models can be seen as continuous models for  

which the consolidated columns and the ground are schematized as al-

ternating slabs with different stiffness; 

2) the geometric quantities representative of this intervention are  

the diameter (D), the length (L); 
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3) fixed sizes and properties are the space between the columns d  

(1 meter) and the longitudinal development of the consolidated area 

(B). 

Instead, an attempt was made to favor the generality of the results by 

varying only the geometry of the intervention. 

The amplification / deamplification effects were assessed as variations 

in the maximum acceleration (PGA), spectral intensity or Housner in-

tensity (HI) calculated between 0.1 and 2.5s, and in terms of elastic 

response spectra in acceleration.tion. 
 

 
Figure 18. Details. 

 

10.3. Model M1L1 

D =1 m, L = 4 m.  

This model involves the reclamation of the first layer (silty clay with 

gravel) with a thickness of 4 meters. 

 
Figure 19. Model M1L1, detail of the mesh in the intervention area 

 

10.4.  Model M1L2 

D =1 m, L = 7 m.  
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This model involves the remediation of the first layer (silty clay with 

gravel) and the second layer (sandy gravel and gravel sand) with a to-

tal thickness of 7 meters. 

 
Figure 20. Model M1L2, detail of the mesh in the intervention area 

 

10.5.  Model M2L1 

D = 2 m, L = 4 m.  

This model involves the remediation of the first layer (silty clay with 

gravel) and a thickness of 4 meters. 

 
Figure 21. Model M2L1, detail of the mesh in the intervention area 

 

10.6.  Model M2L2 

D =2 m, L = 7 m.  

This model involves the remediation of the first layer (silty clay with 

gravel) and the second layer (sandy gravel and gravel sand) with a to-

tal thickness of 7 meters.  

Figure 22. Model M2L2, detail of the mesh in the intervention area 
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11.  Comments of results  

 

 

 
Figure 23. Comments of results. Various frequencies. (PGA versus freq for M1 M2) 

 

In the following, some results are shown.  

The results and comparisons aim to identify the modification of the 

seismic motion by the jet-grouting intervention and clarify its effec-

tiveness. In this paragraph the results will be provided in terms of 

comparisons with the M0 model. The examination of the results 

shows attenuation of the seismic action that affects the entire re-

claimed area while an amplification is observed outside the treated ar-

ea towards the center of the valley. In the presence of the intervention 

that "stiffens" the last layers, the wave is partly reflected downwards, 

with obvious and consequent phenomena of interference with the di-

rect wave, in part instead diffracts along the contour of the reclaimed 

area ”Spreading towards the portion of the domain immediately to the 

left of the reclaimed area (center of the valley). The comparison be-

tween the various graphs also shows that as the column diameter D 

and the length L increase, the profiles appear more accentuated with 

more pronounced peaks and greater attenuation gradients moving to-

wards the left edge. For all analyzes the surface induced shaking was 

evaluated in terms of the amplification factor of the peak acceleration 
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FAPGA and the spectral intensity of Housner FAHI, given by the ratio 

between the values calculated in the presence and absence of interven-

tion. 

The comments are about: 

1) the examination of the results shows the existence of a modifica- 

tion of the free field seismic action due to the insertion of the treat-

ment intervention; 

2) there is an attenuation of the seismic action that affects the entire 

reclaimed area, while an amplification is observed outside the treated 

area towards the center of the valley. 

Results are provided in terms of: PGA; HI; FA "Amplification Fac-

tors" calculated in the presence and absence of intervention. 

 

 

 

 

 
 Figure 24. PGA and FApgah profiles of horizontal motion for the different 

 intervention models according to the characteristic input frequencies (the section 

being remedied is configured between the dotted lines). 
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Figure 25. Comments of results. Various frequencies. 

 

 
Figure 26. Comments of results. In the presence of the intervention, the wave is 

partly reflected downwards, with obvious and consequent phenomena of interfer-

ence with the direct wave, in part instead diffracts along the contour of the "re-

claimed" area, propagating towards the portion of domain immediately to the left of 

the reclaimed area (center of the valley). 
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Figure 27. Comments of results. Various frequencies. 

 

 

 
Figure 28. Comments of results. Various frequencies. 
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The principal considerations are: 

1) starting from excitation frequencies of about 3 Hz, considerable  

attenuation of the PGA and HI are obtained, even 40% in correspond-

ence of the center line of the treatment area; 

2) outside the treated area, amplifications of the PGA of about 50% 

and of the order of 25% are observed with regard to the HI factor; 

3) there is a dispersion, linked to the input frequency, of the profiles  

of the synthetic parameters; this dispersion is less pronounced in the 

treatment area while it is more pronounced in the lateral area; 

4) this effect is due both to the thinning of the deposit as you move 

towards the edge (decrease in the period of its vibration) and to the 

complex interaction between the reflected waves and incident waves 

that occurs at the edge of the valleys; 

5) The action with columns of jet-grouting characterized from the 

diameter of 2 m and length of 4 m, model M2L1, turns out the solu-

tion that of fre the greater reduction of PGA and HI to the inside of the 

treatment area (medium 25% of reduction) and limited amplification 

in the area outside (maximum 10%); this is the most effective solution 

for the site under consideration. 

 

12. Further analyses with natural accelerograms 

 
Figure 29. Natural accelerograms: UMNS. 
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Figure 30. Natural accelerograms: UMEW. 

 

 
Figure 31. Natural accelerograms: VNNS. 
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Figure 32. FAPGA and FAHI profiles of horizontal motion for the M2L1 intervention 

model relating to analysis carried out with the accelerograms AQGEW, UMEW 

and VNNS and relative average. 

 

13. Conclusions 

The performed research allows to conclude the following: 

1) The benefit of the jet-grouting treatment is strongly dependent on 

a series of factors linked both to the subsoil model (geometry, stratig-

raphy, mechanical characteristics) and to the characteristics of the 

seismic motion and in particular to the content in frequency; 

2) the local benefit within the treated area can have negative side  

effects. These effects are highly dependent on the frequency of excita-

tion; 

3) observing the results in terms of acceleration elastic response  

spectrum, there is a slight amplification of motion in the area outside 

the intervention in the range of periods 0.1-0.2 seconds; 

4) instead, there is an appreciable reduction in the spectral ordinates 

within the intervention area, especially in the most central area in the 

range of periods 0.1-0.35 seconds; 

5) the results in terms of maximum ground displacement reveal li- 

mited attenuation. 
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Dynamic characteristics of Colosseum northern wall 

from ambient vibrations 
 

Gianfranco Valente 

 

 

Abstract 
This paper illustrates a numerical analysis approach for rail traffic  

induced vibrations of Colosseum, in Rome. The analysis method is 

based on the following sequence of investigations: 1) a rigid multi-

body model reproducing the peculiarities of the wagons, track and 

path; 2) the full loaded trains’ models are running on the real paths of 

Metro B and C, with real velocities; 3) the accelerations, velocities, 

displacements and loadings at the contact between n. 48 wheels and 

the rails are obtained, in function of the continuous abscissae; 4) by 

influence lines, the loads at the connections between rail and sleepers 

are obtained; 5) the loads, changed in sign, are applied to the 3D DISS 

FFEE model; 6) use of the data processing in frequency domain ob-

tained in many experimental campaigns, from ambient vibration, on 

between 1985 and 2015; 7) tests analyses comparisons in frequency 

domain, produce the real maps of elasticity modules and damping; 8) 

analysis of the monument vibrations and stresses, for various load 

conditions. As above is a starting point for future conclusive tests and 

comparisons. 
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1. Introduction 

In most cases monumental sites and structures were built without ac-

counting for the horizontal actions, so they are very vulnerable to 

earthquakes and also to traffic-induced vibrations.  

These represent continuous actions that affect buildings, but are also a 

suitable and free source of excitation for experimental dynamic analy-

sis of structures.  

Therefore, traffic-induced vibrations are widely used to investigate the 

structural health status also for historic buildings.  

As a result identification of the dynamic characteristics and seismic 

analysis are quite hard. 

Therefore, for such kind of structures the experimental analysis is of-

ten the only way to improve our understanding about their dynamic 

behavior.  

In some cases, the soil-structure interaction plays a fundamental role 

in the stability and the dynamic behavior [19]. 

Structures were instrumented and the effects of ambient and traffic-

induced vibrations were recorded and analyzed in time and frequency 

domains, extracting the dynamic properties of the structures.  

Some of the monuments were tested again after several years, giving 

updated information about their dynamic behavior and structural 

health conditions.  

Several applications of dynamic monitoring and, in general, of struc-

tural health monitoring (SHM) have been done.  

The final aim was the acquisition of the vibration properties of the 

monument by means of acceleration transducers, and the control of 

the surveyed crack pattern through the implementation of displace-

ment transducers on the main cracks. 

The acquired data were related to the environmental parameters, such 

as temperature and relative humidity. 

The study regarded the still existing portion of the external northern 

wall with the double scope of verifying the effects of ambient and traf-

fic-induced vibrations and using this source of excitation to extract the 

dynamic characteristics of the wall.  

The results obtained in many experimental campaigns, on between 

1985 and 2015, were analyzed in the time and frequency domains. 

The map of elasticity modules and damping were extracted by tests-

analyses comparisons in frequency domain. 
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This information is fundamental for the mathematical modelling, 

which should allow the check of the structure in its present condition 

and the choice and design of a suitable intervention. 

 

2. Investigations sequence  

The real behavior was simulated by carrying on the following investi-

gations sequence. 

 

2.1. The “Train-Track” model 

 

 

 

 

 

 

a) 

 

 

 

 

 

 

b) 
 

 

 

c) 
 

Figure 1. Train model schemes: a) bogie b) wagon c) train. 

 

The rigid multi-body model simulates the train running over the 

tracks with real straight transition and circular lines. The standard 

train is composed by 6 cars (Figure 1) in the configuration of Fiat-

Ferroviaria/Breda-Ansaldo operated between 1985 and 1990 [1÷6, 8]. 

 

2.2. Trains’ real paths 

As illustrated in Figure 2, the traffic scenario taken into consideration 

for the analysis implies that four full loaded trains (two for each line B 

and C). The n. 4 trains are synchronized in order to arrive simultane-

ously at the diametral sections, with their middles, in order to produce 

the maximum effect at the radial access XLVII. 
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Figure 2. Length of four trains, with passages synchronized, centered on the  

diameters, in order to produce maximum effect on RA XLVII.  
Section in the Colosseum station, load PZ and its displacement dz

 
Figure 3.  Section in the Colosseum station, load PZ and its displacement dz. 

 

2.3 Actions between wheels and rails 

A wearing profile of the track armament with the S1002 wheel profile 

and a rail profile of the standard UNI60 with a 1/20 inclination. For 

what concerns the two metro line, the driving cycles were carried out 
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with the following parameters: max speed of 22 m/s; max acceleration 

of 0.6 m/s2, max deceleration of 1.0 m/s2. 

All kinematic and strength values are obtained for all the single n. 48 

wheels, as continuous functions of time t. 

In Figure 4a, let us consider the i-th wheel (i=1÷24) on the right rail; 

from the simulation with multi-body model we obtain: 

 
IRs(t),    continuous abscissa, i-th wheel, right rail R  (1) 

 
IRPX(t), IRPY(t), IRPZ(t), loading of the i-th wheel / rail R (2) 

 

2.4. Reactions at the crossing between rails and sleepers 

As in Figure 4a, between the j-th sleeper (j=1÷850) and the right rail, 

three elastic linear supports are considered in the directions x, y, z. 

The constant coefficients (JRK) are derived from the analysis of the 

model in Figure 3, as the ratio between applied forces (JRR) and the 

corresponding displacements (JR) according the following relations: 

 
JRKX= JRRX/ JRX (3) 
JRKY= JRRY/ JRY    (4) 
JRKZ= JRRZ/ JRZ    (5) 

 
 Figure 4a. Train-track detail model. 

 

For one single load IRPZ(t)=1 and for whatever the travelling distance 
IRs(t), it is obtained the reaction at the crossing (JR): 

 
IJRRZ(s)= *dzj(s)       (6) 
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With reference to Figure 3, it results that the fictitious displacement 

*dzi at abscissa si(t) correspond to the reaction at support j produced 

by load Pzi=1. 

 
Figure 4b. Elastic beam: a) deformation, reactions; b) IL of  reaction.  

 

The static “Influence-Functions” depend on abscissa (s) alone, as in 

Figure 4b: 

 
IJRRX(s),   IJRRY(s),   IJRRZ(s),    (7) 

 

They evaluate the reaction components at fixed crossing point (JR), 

produced by unity values of the loading: [IRPX(t)=1, IRPY(t)=1, 
IRPZ(t)=1]. 

For the strengths of the single wheel [IRPX(t), IRPY(t), IRPZ(t)], moving 

with IRs(t), by the “Influence-Functions” we  evaluate the reaction 

components [IJRRX(t), IJRRY(t), IJRRZ(t)] at fixed crossing point (JR).  

The total reaction components in the crossing between the right rail 

and the j-th sleeper are: 

 
JRRX(t)=Σ IJRRX (s)  IRPX(t),   
JRRY(t)=Σ IJRRY (s)  IRPX(t) 
JRRZ(t)=Σ IJRRZ (s)  IRPX(t)   (i=1÷24)  (8) 

 

These reactions [JRRX(t), JRRY(t), JRRY(t)], with changed sign are ap-

plied to the second model, and the obtained outputs are: a) values of 

the spatial components (X, Y, Z) for the movement characteristics 

[s(t), v(t), a(t)] at all the nodes; b) tensors [ε(t), σ(t)] at all the ele-

ments. These outputs are used for the dynamic identification obtaining 

the map of elasticity modules for soil, foundations and monument. 

The second 3D FFEE model of soil-structure interaction may be ana-

lyzed under other loading conditions like: strengths for surface traffic, 

accelerations at bedrock for earthquakes, etc 
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2.5. The “Soil-Structure” 3D FFEE model DISS  

 
Figure 5. Finite element model of the soil Colosseum interaction. 

 

All the structural analyses are consequently referred to the full model 

from the bedrock at -80.0 m up the summit of Colosseum structure 

around 48. m. 

It is shown in Figure 5, reproducing the monuments mechanical fea-

tures with real structural disconnection, the two metro lines (including 

sleepers, ballast, etc.) and soil stratification. 

Since the Metro C line path is deeper 25.5 m than Metro B one, the 

rail traffic induced effects are damped for the greater deep and the ob-

stacle of existing Colosseum station.  

The soil stratigraphy has different layers: anthropic, Holocene and 

Pleistocene deposits, gravel and Pliocene deposits. Stratigraphical 

analyses have shown [3÷6, 9÷10] that the northern side of Colosseum 

rests on a harder Pleistocene layer, while to the south of the site there 

are finer, Holocene alluvial deposits, corresponding to the Paleotiber. 

The model has about 100,000 nodes, 500,000 degree of freedom, 

200,000 finite elements, 700 Elasticity modules. These modules de-

rived from the test-analysis comparisons through the results carried 

out by several authors since many years, [5, 6, 9÷16, 19]. The model 

is contained in a boundary “pool” with high damping, and with a base 

corresponding to the “bedrock”, situated 80 m under the ground. 

 

3. Measurement points 

A series of check points monitored during the first test campaign (in 

black), [12] and second test campaign (in red) [19] were taken into ac-

count for our analyses.  
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The effects of velocities are computed at the points of Figures 6 and 7:  

a) the vertical alignments, each one with n. 6 points, C1 (S08÷S13), 

C2 (S04, S14÷S18), C3 (S19÷S24); 

b) a fourth layout C4 regarded the measurement of the vertical vi- 

brations, in four points of the basement, at locations S25 to S28 6; 

c) nine of them were kept in the horizontal radial directions at the  

top of the wall, S01÷S08, S19;  

d) on the foundations, S13, S18, S24, VA1, VA2, VA3, S25÷S28;  

e) on the middle height of the monument, S11, S18, S22, VA7, 

VA8, VA9; 

f) on the middle height of the monument, in tangential directions 

T12, T16, T17, T18, T31; 

g) at Valadier buttress, T17, T18, T31; in the directions radial VA3, 

VA6, VA9; tangential VA1 VA4, VA7; vertical VA2, VA5, VA8; 

h) at the middle height, on Stern buttress, ST1, ST2. 

 
Figure 6. Plan of check points. 
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The buttresses were built at different times respectively by the archi-

tect Valadier (West) and the architect Stern (East) in order to strength-

en the existing structure damaged by seismic and historical events.  

 
Figure 7. Section of check points:1st campaign (in black), 2nd campaign (in red).  

 

4. Time domain analysis 

Time domain analysis consisted in evaluating peak values and RMS at 

each point over time intervals 0÷48 sec. As one can see peaks get up 

when moving to sensors at the top and to sensors to Valadier’s but-

tress, which is very close to the underground line. Anyway the maxi-

mum values are quite low if compared with the values suggested by 

codes as maximum ones allowable at the basement of monumental 

structures. 

 

4.1 Time histories of velocities, from analysis, due to Metro B alone 
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Figure 8. Radial vel. on vert. alig. C1 for S08, S13 (top and bottom points). 

 

In Figure 8 some of the time histories recorded at different height of 

the first vertical alignment are plotted. The passage of the near under-

ground is very evident in two intervals of time for going and return 

trains. 

 

 
Figure 9. Top radial velocities for S01, S07. 

 

The amplification of motion from the basement to the top is also 

apparent. Moreover there is amplification over the whole time range 

going from the basement to the top of the wall. 

The effects of the underground are very visible at the Valadier’s but-

tress (S01), but become negligible when moving away from S01. Mo-

tion amplitudes at the Stern’s buttress (S07) are much lower than 

those at the Valadier’s buttress (S01), as in Figure 9.  

 

 

 
Figure 10. Ground vertical velocities for S25 and S26. 
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Values at the base are so significant that the soil-structure interac- 

tion should be always analyzed in detail. In the recordings obtained at 

S25, which is very close to the underground line, two passages of the 

trains are evident (Figure 10, in the intervals 8-10 and 39-42 s). In ab-

sence of the train passage, velocity amplitudes were almost similar at 

all the locations. Furthermore, vertical values were much lower than 

the horizontal ones obtained on the basement in the other configura-

tions. The seismograms in Figure 10 are relative to the vertical points 

25V, which is closer to the underground, and 26V. As you can see the 

effects of the train trains fade rapidly.  

 

4.2 RMS for velocities, from analysis, for Metro B alone 

These considerations, about the effects of the underground and the 

amplification at the top, find higher evidence in the RMSs plotted in 

Figures 11÷20. The mean absolute values are obtained by integrating 

in the time interval Δt=1.28 secs around the time point interested. 

  
Figure 11. Values on vertical alig. C1 Figure 12. Top values 

  
Figure 13. Top Figure 14. Values on vertical alig. C2 
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Figure 15. Values on vertical alig. C3 Figure 16. Basement 

  
Figure 17. Valadier Figure 18. Stern 

  
Figure 19. Valadier Figure 20. Middle height 
 

The different amplitudes at the points at the top are also apparent.  

The highest values are at S01 but decrease rapidly.  

For comparisons with the previous configuration C1 also the RMS of 

S01 are shown. It is evident that the velocity values recorded at the 

point locations of the second vertical alignment are much lower than 

the other ones. So one can state that this buttress cannot be considered 

as a rigid constraint for the wall. 

Under ambient noise only, Valadier’s buttress vibrated much more 

that Stern’s buttress. 

For the trains actions, the RMS values of velocities [mm/sec] are 

shown in the following Figures: 
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11. radial values along vertical alignment C1;  

12. top radial values, it is worth pointing out the very low values 

obtained at S04, which is in the middle of the wall;  

13. top radial values, while the RMSs obtained at the locations at  

the left side (S05 to S07) of the wall are all quite similar to those ob-

tained at location S03; 

14. radial values along vertical alignment C2, for comparisons with 

the previous configuration C1 also the RMS of S01 are shown; 

15. Values along vertical alignment C3, the RMSs relative to the 

third vertical alignment, an usual amplification from the basement 

(S24) to the top (S19) is apparent but values always lower than at S01, 

for comparisons with the previous configuration C1 also the RMS of 

S01 are shown;  

16. vertical values at basement, in the recordings obtained at S25,  

which is very close to the underground line, two passages of the trains 

are evident, their effects become negligible going to locations far from 

the underground as demonstrated by the corresponding RMSs; in the 

recordings obtained at S25, which is very close to the underground 

line, two passages of the trains are evident (Figure 11, in the intervals 

10-30 and 100-120 s); Their effects become negligible going to loca-

tions far from the underground as demonstrated by the corresponding 

RMSs (S26, S27 and S28); 

17. radial values at Valadier buttress, for the points in the points 

VA3, VA6 and VA9; 

18. radial values at Stern buttress; 

19. tangential values at Valadier, in absence of the train passage, 

velocity amplitudes were almost similar at all the locations, in the 

points VA1, VA4 and VA7, the values were almost equal to those in 

the radial direction; 

20. Tangential values at T16, T18, T21 and T31. 

 

5. Frequency domain analysis 

Analytical time histories analyses have produced the outcomes: Fou-

rier transform (FFT), Power spectral density (PSD), Root mean square 

(RMS), modal analysis in elevation, H/V on soil and foundations. 

The results obtained by tests and analyses are compared between 

them, in order to find the mechanical characteristics of he model.  

 

5.1 Power Spectral Density for velocities, from Metro B and C 
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In the following Figures, dimensions are [PSD] = [(mm/sec)2/Hz] x 

10-4. In terms of velocities’ PSD, the analysis results are shown in the 

following Figures: 

21) radial values at top S01÷ S07; the analysis pointed out no sig- 

nificant differences in terms of frequency content in the recordings 

relative to the various configurations; so, the results obtained in each 

configuration were first analyzed separately; then the obtained results 

were used all together to plot the modal shapes, assuming as reference 

those obtained at the common locations S01 to S07; 

22) radial values at vertical alignment C1, S08÷S13; 

23) radial values at vertical alignment C2, S04, S14÷S18; 

24) radial Values at vertical alignment C3 S19÷S24; 

  
Figure 21. Values at top S01÷ S07 Figure 22. V. alignment C1, S08÷S13. 

  
Figure 23. V. alig. C2, S04, S14÷S18. Figure 24. V. alignment C3 S19÷S24. 

  
Figure 25. Values at basement S25÷S28. Figure 26. Valadier buttress VA1, VA4, VA7. 
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Figure 27. Valadier but. VA3,VA6, VA9. Figure 28.  Stern buttress, at ST1,ST2. 

 

 

Figure 29. Tang.  T16, T18, T21, T31.  

 

25) vertical values at basement S25÷S28; they show a very sharp  

peak at the frequency f1= Hz, the same of the horizontal seismome-

ters; the vertical point 25V, which is closer to the underground; as you 

can see the effects of the trains fade rapidly; 

26) tangential values at Valadier buttress VA1, VA4, VA7;  

27) radial values at Valadier buttress VA3, VA6, VA9; the values 

were almost equal to those in the tangential direction, in Figure 26; so 

one can state that this buttress cannot be considered as a rigid con-

straint for the wall; 

28) radial values at Stern buttress, at ST1, ST2. 

29) tangential values at T16, T18, T21, T31. 

 

5.2 Identification of elevation by modal analysis 

 

5.3 Identification of soil and foundations by H/V  

 

6. Conclusions 

We perform a sequence of investigations from a rigid multi-body 

model with wagons, track and path, to the real running on the paths of 

Metro B and C, to obtaining all the cinematic and strength results at 

the contact of n. 48 wheels, to the strengths at the connections be-
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tween rail and sleepers, to applying the loads, changed in sign, on the 

3D DISS FFEE model, to the tests analyses comparisons in frequency 

domain, to produce the real maps of elasticity modules and damping, 

to the final analysis of the monument vibrations and stresses, for vari-

ous load conditions. 

In short time the ambient vibration are not dangerous for the monu-

ment, for the long time experiences do not exist. 

The purpose of all this kind of research is to arrive to a reliable map of 

elasticity modules; then, the second model may be analysed under 

other load conditions like surface traffic and earthquake actions. 

The impact of vibrations on stone structures and its foundations are 

deepening shown in our papers [1÷6, 8], freely downloadable from 

our website www.diss-co.it.  

Further research activities are required for improving the knowledge 

about the map of damping coefficients. 

 

References 
1. Valente G, D’Ovidio G, Crisi, F. (2009) An Analysis Methodology for  

Studying the Structural Vibrations Caused by Rail Traffic: a Case Study 

of the Archaeological Area Around the Colesseum in Rome Ingegneria 

Ferroviaria N° 3, pp. 213-229.  

2. Bruner, M., Crisi, F., D’Ovidio, G., Valente, G. (2011) Soil vibration 

analysis due to the rail bogie motion, International virtual Journal for 

Science, Technics and Innovation for the Industry MTM Machine Tech-

nologies Materials Issue 3, pp 65-68.  

3. Caserta A., Cerone M., Crisi F.,  Delladio A., D’Ovidio G., Govoni A., 

Marra F., Nakamura Y., Rovelli A. and Valente G. (2010) Dynamic in-

teraction of soil and structure by rail traffic, Proceedings of Workshop 

DISS_10, L’Aquila. 

4. Caserta A., Clemente P., Nakamura Y., Rovelli A., Valente G. (2012). 

Identification of the mean elasticity modules for soil Colosseum interac-

tion. Dynamic interaction of Soil and Structure (Proc. DISS_12), 91-139, 

L’Aquila.  

5. Crisi, F., D’Ovidio, G., Valente, G., (2010a) Vibration Analysis on Con-

stantine Arch monument due to the metro train, Proceedings of 14th In-

ternational Conference. Transport Means. pp 9-12, Kaunas, Lithuania, 

Oct. 21-22.  

6. Crisi, F., D’Ovidio, G., Valente, G. (2010b) Rail Track Modeling for Soil-

Structure Interaction Analysis, Proc. Transport Means 2010   pp. 5-8, 

Kaunas, Lithuania Oct. 21-22. 



Dynamic characteristics of Colosseum northern wall from ambient vibrations 

 

 

555 

7. D’Ovidio G., Valente G. (2013) Weak Vibration of Colosseum Due to the 

Existing and Forthcoming Underground Lines, 13th International Multi-

disciplinary Scientific Geoconference and EXPO, Vol. 1, pp1219-1226, 

Albena; Bulgaria; June 16-22.  

8. Beste H.J., Clemente P., Conti C., D’Ovidio G., Nakamura Y., Orlando 

L., Rea R., Rovelli A., Valente G. (2013). The importance of defining the 

geometry of foundations and soil layers for dynamic analysis of Colos-

sum. In Baggio C. et al. (eds), The dynamic interaction of soil and struc-

ture (Proc. DISS_13), Roma, Italy. 

9. Bozzano, F., Funiciello, R., Marra, F., Rovelli, A., Valentini, G. (1995) Il 

sottosuolo dell’area dell’anfiteatro Flavio in Roma, Annali di geofisica, 

pp 405422. 

10. Funiciello, R., Lombardi, L., Marra, F., Parotto, M. (1995) Seismic da-

mage and geological heterogeneity in Rome’s Colosseum area: are they 

related?, Annali di Geofisica, 927-937. 

11. Moczo, P., Rovelli, A., Labàk, P., Malagnini, L., (1995) Seismic respon-

se of the geologic structure underlying the Roman Colosseum and a 2-D 

resonance of a sediment valley, Annali di geofisica, pp. 939956. 

12. Clemente P., Bongiovanni G. (1993). Ambient Vibration Effects on the 

Colosseum, IABSE Report Structural Preservation of the Architectural 

Heritage, Vol. 70, 107-114, IABSE, Zurich. 

13. Pasquali, C., (1994) Esperienze e risultati delle campagne di misura per 

la Metropolitana di Roma, Giornate Impatto vibro-acustico e ambientale 

delle ferrovie Metropolitane, Atti Metroroma, Roma. 

14. Nakamura, Y. (1998). Seismic response of roman Colosseum and its 

foundation by using micro-tremor measurements, The 10th Japan Earth-

quake Engineering Symposium, pp. 2625-2630, 1998. 

15. Nakamura, Y., Gurler, E.D., Saita, J., Rovelli, A., Donati, S., (2000) 

Vulnerability investigation of roman 

Collisseum using microtremor, 12WCEE2000, paper 2660. 

16. Pau, A., De Sortis, A., Marzellotta, R., Vestroni, F. (2005) Health moni-

toring of cultural heritage using ambient vibrations, in Safety and Securi-

ty Engineering, Brebbia CA, Bucciarelli T., Garzia F., Guarascio M. 

(eds). WIT Press: Southampton, 331÷340. 

17. Pau, A., Vestroni, F., (2008) Vibration analysis and dynamic characteri-

zation of the Colosseum, Structural Control and Health monitoring, 

Journal of Structural control, Ed. J. Wiley & Sons.  

18. Y. Nakamura, J. Saita, T. Sato and G. Valente, “Attempts to Estimate the 

Physical Property of Surrounding Ground and Foundation Concrete of  

Colosseum using Microtremor”, DISS_15, Roma, November 2015. 



Gianfranco Valente 

 

 

556 

19. Bongiovanni G, Buffarini G, et al. (2017) Dynamic characteristics of the 

Amphitheatrum Flavium northern wall from traffic-induced vibrations, 

Annals of Geophysics, 60, 4.  

20. D’Ovidio G, Valente G, “Dynamic characterization of Colosseum foun-

dations and surrounding soil”, DISS_17, Roma, October 2017.  
 



 557 

Authors Index  
Rocco Alaggio      pag. 113 

Angelo Aloisio       113 

Elena Antonacci       113 

Carlo Baggio        99 

Deneb T. Cesana       243 

Simonetta Ciranna       339 

Riccardo Cirella      113 

Giuseppina De Martino      409 

Angelo Di Egidio      449 

Marco Di Ludovico       409 

Giuseppe Diotaiuti      433 

Ivan di Pompeo      409 

Umberto Di Sabatino      505 

Mauro Dolce       409 

Stefano Ercole       433 

Cristiano Fabrizio       433 

Raffaello Fico       409 

Dante Galeota       11 

Vincenzo Gattulli      505 

Stefania La Salvia       433 

Marina Magnani Cianetti      99 

Antonio Mannella       409 

Adriana Marra       409 

Corrado Marsili       229 

Yutaka Nakamura       55 

Stefano Pagliaro      449 

Giorgio Pipponzi       409 

Francesco Potenza       505 

Andrea Prota        409 

Salvatore Giuseppe Duilio Provenzano   433  

Salvatore Russo        295, 313 

Valerio Sabbatini       99 

Antonio Sabino       409 

Jun Saita        55 

Silvia Santini        99 

Claudio Sebastiani       99 

Tsumotu Sato        55 



 558 

Marco Spadi      pag. 469 

Elena Speranza       409 

Eleonora Spoldi       295, 313 

Sergio Sulpizii       433 

Marco Tallini        469 

Ferdinando Totani       359, 515 

Gianfranco Totani       359 

Gianfranco Valente       71, 539 

Riccardo Vetturini       257 

Alessandra Vittorini       129, 167 

 





 

 

 

 

UNIVERSITA’ 
DEGLI STUDI 
DELL’AQUILA   

 

 

 

 

 

 

 
 

  

 
 
At 3:32 a.m. of April 6, 2009, a Mw 6.3 earthquake struck the town of L’Aquila and the surrounding in 

Central Italy, causing 309 casualties. The shake was characterized by maximum MCS Intensity IX-X and 
maximum peak ground acceleration 0.66 g. The mai*nshock was preceded by a swarm, started at the end of 
2008. Within the first three weeks, over 4,000 aftershocks occurred, 7 of which with magnitude greater than 
Mw 5.0. The effects were devastating, due to the population density in the stricken area, the epicenter being 
located just few kilometers far from the center of L’Aquila, a city with about 75,000 inhabitants and an 
important historical center. The earthquake acted upon a variety of structures, some only designed for 
vertical loads whilst others with no structural design at all. It is therefore reasonable to expect that the 
majority of structures experienced some damage. 
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