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ÁNeeds for an effective seismic protection and vulnerability reduction of infrastructures, strategic 
structures and Cultural Heritage (CH) buildings; 

ÁCultural Heritage buildings are constantly at risk, as demonstrated by recent earthquakes; 

ÁHistoric buildings, due to their structural features, construction techniques and used materials, are 
particularly vulnerable to earthquake actions; 

STRUCTURAL HEALTH MONITORING (SHM)  
a measure of passive mitigation of earthquake effects  

ÁContinuous or short/medium-term controls of quantities related to the structural behavior and 
connected to the evaluation of their evolution with the passing of time; 

ÁLarge number of applications in the field of civil engineering such as: design, damage detection and 
assessment, maintenance and retrofitting of existing structures, structural control during 
earthquakes (using semi-active systems). 

SHM: INTRODUCTION 



On-site testing and monitoring can be considered key activities for a conscious knowledge-based 
approach in the conservation of the architectural heritage. 

INVESTIGATIONS Ą Structural behaviour 
definition (ex: validation of behavioural models)  

MONITORING Ą Permenent structural controls 
(continuous on site inspections)  

STATIC MONITORING 

Á Measurement of static time-dependent parameters 
that vary slowly 

Á Controls of: crack pattern, activation of collapse 
mechanisms, state of stress and strain, variation of 
environmental parameters, ... 

Á Local controls and damage identification 

DYNAMIC MONITORING 

Á Measurements of ambient vibrations or exceptional 
events (e.g. earthquakes) 

Á Identification of dynamic time-dependent 
parameters (modal parameters) 

Á Continuous, trigger-based or punctual 

Á Global controls and damage identification 

MONITORING TECHNIQUES 

SHM: INTRODUCTION 



Work Package 9,  
Knowledge based assessment,  
NIKER Project - EU FP7  

Knowledge-based methodologies for the study of heritage buildings are based on the exploitation 
and integration of different approaches including inspections, monitoring and structural analysis 

SHM: APPLICATION TO CH BUILDINGS 



ROLE OF MONITORING 

i. INVESTIGATION 

Á Dynamic characterization 
Á Model updating 
Á Damage Identification 
Á Emergency actions 

ii. EXECUTION 

Á Structural controls before, during and after 
the execution 

Á Incremental approach and sequential 
interventions 

iii. EVALUATION 

Á Assessment ƻŦ ƛƴǘŜǊǾŜƴǘƛƻƴǎΩ ƛƴŦƭǳŜƴŎŜ ƻƴ ǘƘŜ 
structural response 

Á !ǎǎŜǎǎƳŜƴǘ ƻŦ ƛƴǘŜǊǾŜƴǘƛƻƴǎΩ ŜŦŦŜŎǘƛǾŜƴŜǎǎ 
Á Evaluation of possible upgrading solutions 

IV. MAINTENANCE 

Á Long-term monitoring program 
Á Assessment of long-term effectivness and 

durability of interventions 
Á Quality control plans, maintenence works and 

corrective measures  

Á INVESTIGATION PHASE 
Á INTERVENTION PHASE 
Á EVALUATION PHASE 
Á MAINTENANCE PHASE 

Work Package 9, Knowledge based assessment, NIKER Project - EU FP7  SHM: APPLICATION TO CH BUILDINGS 



ωINCREASE THE KNOWLEDGE ON THE STRUCTURAL BEHAVIOR USING SHM TO ASSESS 
STRENGTHENING NEEDS AND AVOID THE EXECUTION OF UNNECESSARY INTERVENTIONS 

STRENGTHENING NEEDS AND 
VULNERABILITY ASSESSMENT  

ωAPPLICATION OF AN INCREMENTAL APPROACH TO THE EXECUTION OF STRENGTHENING 
INTERVENTIONS USING SHM BEFORE, DURING AND AFTER THE IMPLEMENTATION, VALIDATING 
EVENTUALLY THEIR EFFECTIVENESS 

INCREMENTAL 
APPROACH/INTERVENTION 

ASSESSMENT 

ωPOST-EARTHQUAKE CONTROLS ON SEVERELY DAMAGED BUILDINGS USING SHM TO 
CONTROL THE EVOLUTION OF DAMAGE AND VERIFY THE EFFECTIVENESS OF PROVISIONAL 
STRENGTHENING MEASURES 

POST EARTHQUAKE 
CONTROLS 

SHM: APPLICATION TO CH BUILDINGS 



ARENA OF VERONA (VR)  

INSTALLATION 

PERIOD 
December 2011 

SHM TYPOLOGY 
Static/Dynamic 

system 

PURPOSE  OF 

MONITORING 

Alternative to the 

execution of 

interventions 

CANSIGNORIO STONE TOMB (VR)  

INSTALLATION 

PERIOD 
December 2006 

SHM TYPOLOGY 
Static/Dynamic 

system 

PURPOSE  OF 

MONITORING 

Structural controls 

before, during and 

after interventions  

S. SOFIA CHURCH (PD)  

INSTALLATION 

PERIOD 

1999  (1st 
installation); 2008 
(1st upgrade);  
2010 (2nd upgrade) 

SHM 

TYPOLOGY 

Static/Dynamic 

system 

PURPOSE  OF 

MONITORING 

Structural controls 

before, during and 

after interventions 

SCROVEGNI CHAPEL (PD)  

INSTALLATION 

PERIOD 
October 2013 

SHM TYPOLOGY 
Static/Dynamic 

system 

PURPOSE  OF 

MONITORING 

Vulnerability 

assessment/state 

of damage control 

SHM: APPLICATION TO CH BUILDINGS 

MONITORING  SYSTEMS INSTALLED  AND MANAGED BY UNIVERSITY  OF PADOVA 



CIVIC TOWER (AQ)  

INSTALLATION 

PERIOD 
July 2010 

SHM TYPOLOGY Static/Dynamic system 

PURPOSE  OF 

MONITORING 
Post-earthquake controls 

SPANISH FORTRESS (AQ)  

INSTALLATION 

PERIOD 
December 2009 

SHM TYPOLOGY Dynamic system 

PURPOSE  OF 

MONITORING 
Post-earthquake controls 

S.MARCO CHURCH (AQ)  

INSTALLATION 

PERIOD 
August 2009 

SHM TYPOLOGY Static/Dynamic system 

PURPOSE  OF 

MONITORING 
Post-earthquake controls 

S.BIAGIO/S.GIUSEPPE CHURCH(AQ)  

INSTALLATION 

PERIOD 
December 2010 

SHM TYPOLOGY Static/Dynamic system 

PURPOSE  OF 

MONITORING 
Post-earthquake controls 

S.AGOSTINO CHURCH (AQ)  

INSTALLATION 

PERIOD 
July 2010 

SHM TYPOLOGY Static/Dynamic system 

PURPOSE  OF 

MONITORING 
Post-earthquake controls 

S.SILVESTRO CHURCH (AQ)  

INSTALLATION 

PERIOD 
July 2010 

SHM TYPOLOGY Static/Dynamic system 

PURPOSE  OF 

MONITORING 
Post-earthquake controls 

MONITORING  SYSTEMS INSTALLED  AND MANAGED BY UNIVERSITY  OF PADOVA 
 
LôAQUILA  CASE STUDIES : POST-EARTHQUAKE CONTROLS 



i. ARENA OF VERONA: SHM AS AN ALTERNATIVE  TO STRENGTHENING  

GEOMETRIC AND STRUCTURAL FEATURES 

Á Ellipse with four focuses (152.43m x 123.23m)  

Á Two annular galleries and 73 radial masonry walls 

Á Inner masonry: multi -leaf with inner core  

Á óWing - Alaô: freestanding structure remaining four 
arches of the outer ring, h=30.75 m  

HISTORICAL NOTES - PAST INTERVENTIONS  

Á I century: construction of the amphitheater 

Á XII century: collapse of the outer ring 

Á 1939: First intervention on the óWingô: buttresses 
construction before WWII  

Á 1953: Second intervention on the óWingô 
designed by Eng. Morandi: insertion of post-
tensioned steel cables along the pillars 



ARENA OF VERONA: PRELIMINARY  INSPECTIONS  

a. VISUAL  INSPECTIONS  -  CRACK PATTERN SURVEY: 

Á Choose the optimal position of static sensors 

Á Identify principal damage and crack patterns  

Á Control local cracks or entire macroelements 

MAIN  STRUCTURAL PROBLEMS: 

ÁInner galleryôs barrel vault 

Á Vaulted niches at the 1st level (óarcovoliô) 

Á Outer leaf of the perimeter stone wall  

ÁThe ówingô: most vulnerable structural 
element 



b. OPERATIONAL  MODAL ANALYSIS  (OMA):  

Á Select optimal layout of dynamic system 

Á Identification of the dynamic behaviour of the óWingô and 
model updating 

Á Comparison of results using different OMA/EMA techniques 

Á SF 100 Hz; 131ô072 points; record lenght: 21ô51ôô sec  

Á System identification: decimation; segment length 2048 
points, 66.67% overlap; selected methods: FDD and EFDD 

29.11 m

17.2 m

10.15 m

0.00 m

A

A

3 cavi 18 Ø5

4 cavi 18 Ø5

3 cavi 18 Ø5



ARENA OF VERONA: THE MONITORING  SYSTEM 

DYNAMIC  MONITORING  
16 SINGLE-AXIS ACCELEROMETERS 

STATIC  MONITORING  
20 DISPLACEMENT TRANSDUCERS 

ENVIRONMENTAL  MONITORING  
4 TEMPERATURE/RH 

SENSITIVITY: 1019.4 MV/(M/S²)  
FREQUENCY RANGE (Ñ 10 %): 0.1õ2000 HZ 
RESOLUTION(DA 10,000 HZ): 0.00008 M/S²  
OPERATING TEMPERATURE : -45õ82 ÁC  

VOLTAGE: 0õ10 V 
MEASUREMENT RANGE: 10 CM 
HYSTERESIS: <  0.01 MM 
OPERATING TEMPERATURE:-30õ100 ÁC 

VOLTAGE: 0õ10 V 
PRECISION: +/- 2 % RH  
                   +/- 0.2 ÁC 
MEASUREMENT RANGE: 0õ100% RH  
- 20/0õ50 ÁC 
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12   PZ «Arcovoli» of the first level 8  PZ inner gallery 
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