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In-situ dynamic testing and seismic 
instrumentation of structures

That is an adequate way to:
� check the appropriateness & improve the dynamic

models;
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models;
� quantify the interaction of soil and structure;
� explain the reasons for any damage to the structure;
� determine the influence of nonlinear behavior on the

overall and local response of the structure;
� correlate the damage with inelastic behavior;
� facilitate decisions to retrofit/strengthen the structural

systems, etc. .



Why are they necessary ?

DTDT of  structuresof  structures::

��providesprovides substantialsubstantial datadata forfor theirtheir realreal DynamicDynamic
CharacteristicsCharacteristics (DC)(DC);;

�� relationshipsrelationships areare determineddetermined –– possibilitiespossibilities toto correlatecorrelate thethe
DCDC ofof thethe modelsmodels withwith thosethose ofof realreal structuresstructures;;

�� improvementimprovement ofof thethe designdesign processprocess inin constructionconstruction;;

aa prerequisiteprerequisite forfor thethe optimaloptimal SSeismiceismic IInstrumentationnstrumentation (SI)(SI)
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�� aa prerequisiteprerequisite forfor thethe optimaloptimal SSeismiceismic IInstrumentationnstrumentation (SI)(SI)
ofof structuresstructures..

SISI of  structuresof  structures::

��thethe actualactual responseresponse ofof structuresstructures subjectedsubjected toto realreal
earthquakeearthquake eventsevents isis recordedrecorded;;

��valuablevaluable empiricalempirical datadata forfor thethe bahaviourbahaviour ofof structuresstructures inin thethe
processprocess ofof theirtheir responseresponse toto EQEQ loadsloads areare accumulatedaccumulated..



What are the benefits ?

�� Provides possibilities for analysis andProvides possibilities for analysis and evaluationevaluation ofof::

�� thethe actualactual seismicseismic vulnerabilityvulnerability ofof structuresstructures;;

�� thethe efficiencyefficiency ofof thethe currentcurrent engineering/designengineering/design practicespractices;;

�� currentcurrent knowledgeknowledge andand technologytechnology ((toto bebe correctedcorrected))..

�� Facilitates theFacilitates the “performance“performance--based” based” EQ engineering.EQ engineering.
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�� Facilitates theFacilitates the “performance“performance--based” based” EQ engineering.EQ engineering.

Building Standard Law of Japan Building Standard Law of Japan –– revised:revised:
““quantitativelyquantitatively evaluate the structural performanceevaluate the structural performance for various for various 
type of external disturbances including earthquake motion”.type of external disturbances including earthquake motion”.

PrerequisitesPrerequisites:  :  HighHigh--grade data of the grade data of the DT & SIDT & SI

ObstacleObstacle:: The equipment forThe equipment for DT & SIDT & SI is expensiveis expensive



AMBIENT  RESPONSE  TESTING  OF 

RC  RESIDENTIAL  BUILDINGS, 

INDUSTRIAL AND COMMERCIAL 
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INDUSTRIAL AND COMMERCIAL 
STRUCTURES

AND  DAM  WALLS  



TheThe DDynamicynamic IIdentificationdentification ((DD..II..)) throughthrough ambientambient vibrationvibration
processingprocessing isis aa newnew branchbranch ofof experimentalexperimental dynamicsdynamics
developeddeveloped duringduring thethe lastlast decadesdecades duedue toto thethe availabilityavailability ofof::

�� highlyhighly--sensitivesensitive sensorssensors ((broadbroad dynamicdynamic rangerange));;

�� advancesadvances inin computercomputer technologiestechnologies..
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AdvantagesAdvantages ofof DIDI toto thethe conventionalconventional methodsmethods ofof EDED::

�� relativelyrelatively easy,easy, fastfast andand cheapercheaper experimentationexperimentation ((withoutwithout
disturbingdisturbing thethe exploitationexploitation ofof thethe buildingbuilding))

�� nono useuse ofof expensiveexpensive andand clumsyclumsy actuatorsactuators ((nono damagesdamages))

�� simultaneouslysimultaneously activationactivation ofof aa numbernumber ofof eigenfrequencieseigenfrequencies
((duedue toto thethe broadbroad bandband inputinput ambientambient noisenoise))



METHODS  FOR  EXTRACTION  OF  MODES METHODS  FOR  EXTRACTION  OF  MODES 

THROUGH  AMBIENT  VIBRATION  PROCESSINGTHROUGH  AMBIENT  VIBRATION  PROCESSING

TwoTwo independentindependent methodsmethods forfor modelingmodeling andand identificationidentification ofof DCDC::

�� TheThe StochasticStochastic SubspaceSubspace IdentificationIdentification (SSI)(SSI) -- tt

�� TheThe EnhancedEnhanced FrequencyFrequency DomainDomain DecompositionDecomposition (EFDD)(EFDD) -- ff

( ) tt1t KeAxx   +=+1
Time domain modal identification techniques in state space form.Time domain modal identification techniques in state space form.::

where x,x, y,y, e,e, A,A, K,K, CC are: the estimated state vector,
the response vector, the innovation, the state matrix
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tt1t+

( ) ttt eCxy    +=2
the response vector, the innovation, the state matrix
(physical information), the Kalman gain (statistical
information), the observation matrix.

The modal decomposed transfer function appears as The modal decomposed transfer function appears as ::

( ) IΨ])[µΦ(IzH(z) 1
j +−= −4

z, µ, ΦΦΦΦ and Ψ are: a frequency dependent complex number, the matrix of the 
eigenvalues of А, the mode shapes matrix  and  the statistical matrix.

natural freq.natural freq. ffii and and the dampingthe damping ζζii( ) )Tζ1i(ζ2π
j

2
jjjeµ 

−±−= f
5



RC  Residential  Buildings
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BuildingBuilding “А”  (24.10“А”  (24.10mm/11.50/11.50mm)) Building “Building “BB”  (29.00”  (29.00mm/11.50/11.50mm))

H = +20.00 mH = +20.00 m



K2 K2 -- High Dynamic Range Strong Motion AccelerographHigh Dynamic Range Strong Motion Accelerograph

Data AcquisitionData Acquisition

TypeType:: 2424 bitbit DigitalDigital SignalSignal
ProcessorProcessor

No ch.:  No ch.:  1212 ChannelsChannels

SensorSensor

Type:   Triaxial/Uniaxial Type:   Triaxial/Uniaxial 
EpiSensor EpiSensor 
FB AccelerometerFB Accelerometer

Full scale range:  Full scale range:  ±±0.25g 0.25g 
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Dyn. range :  Dyn. range :  111414 dB @ 200 spsdB @ 200 sps

Freq. resp.:  DC to 80 Hz @ 200 spsFreq. resp.:  DC to 80 Hz @ 200 sps

Resolution :    Resolution :    2424--bit res. @ 200 spsbit res. @ 200 sps

Sampl. rate: Sampl. rate: 2020, 40, 50, 100,   , 40, 50, 100,   
200,  250 sps200,  250 sps

Input range: Input range: ±± 2.5V2.5V

Full scale range:  Full scale range:  ±±0.25g 0.25g 

Bandwidth:   DC to 200 HzBandwidth:   DC to 200 Hz

Dynamic range:  155 dB+Dynamic range:  155 dB+

StorageStorage

Type:  Type:  2 Fully compliant 2 Fully compliant 
PCMCIA  storage PCMCIA  storage 

slots slots 
3232/64/64 MB MB Memory CardMemory Card



Model of building “B”  with 40 DF

XY

Data setData set 11 Data setData set 22

1010

Disposition of sensors by data sets  Disposition of sensors by data sets  ((data setdata set 1 1 andand 2)2)

tritri--axial sensor in node 1axial sensor in node 1 uniuni--axial sensors in node 13axial sensors in node 13



The observation/measuring and recording points
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6 recording sessions6 recording sessions ((records withrecords with t = 875 sect = 875 sec;  ;  f < 25 Hzf < 25 Hz))

a (cm /s

2

)
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segments of recordingssegments of recordings ((data setdata set 3)3)

sensor 1X sensor 1Y



MODAL  IDENTIFICATION  IN  THE  TIME  DOMAIN  (SSIMODAL  IDENTIFICATION  IN  THE  TIME  DOMAIN  (SSI--UPC)UPC)

Range of models dimensions Range of models dimensions -- varied from 10 to 65varied from 10 to 65

State Space
Dimension

Stabilization Diagram
Data Set: Measurement 1

UPC [Data Driven]
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Magnitude of Spectral Density betw een
3Y and 3Y of Data Set Measurement 1

UPC [Data Driven]
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Frequency [Hz]
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Optimal approximation for every data setOptimal approximation for every data set --> > representative modelrepresentative model..

DCDC of all of all representative modelrepresentative models are averageds are averaged --> > final estimate of thefinal estimate of the DCDC..

Stabilization diagram for data set 1Stabilization diagram for data set 1 Comparison of the spectral densities Comparison of the spectral densities 

for data set 1, sensor 3Yfor data set 1, sensor 3Y



MODAL  IDENTIFICATION  IN  THE  FREQUENCY  DOMAIN (EFDD)MODAL  IDENTIFICATION  IN  THE  FREQUENCY  DOMAIN (EFDD)

[dB | (0.01 m/s2)І / Hz]
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Singular Value Spectral Bell Identif ication
for Data Set: Measurement 2
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A local maximum is picked out from the graphs of the SVSD A local maximum is picked out from the graphs of the SVSD --> > a spectral a spectral 
bell is outlined by …bell is outlined by …-->> this spectral bell isspectral bell is transformation in the time domaintransformation in the time domain

--> > damped vibration trace of a SDF system damped vibration trace of a SDF system -->  >  f , ζ ..

Spectral bell identificationSpectral bell identification The corresponding damped vibration of The corresponding damped vibration of 
a  SDF  systema  SDF  system

Frequency [Hz]

2 2.4 2.8 3.2 3.6 4
-50

-40



Natural frequencies and damping of building “А”

№

N.Freq.
by SSI
(Hz)

Standard
deviation

(Hz)

N.Freq.
by EFDD

(Hz)

Standard
deviation

(Hz)

Diff.
(%)

Damp.
by SSI

(%)

Damp.
by EFDD

(%)

COMPARISON COMPARISON OF OF THE THE RESULTSRESULTS
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(Hz) (Hz) (Hz) (Hz) (%) (%)

1 3.133 0.00429 3.145 0.01006 0.38302 1.573 1.748

2 3.266 0.00703 3.269 0.00678 0.09186 1.373 1.260

3 3.937 0.00553 3.930 0.00131 0.17780 2.192 2.149



Natural frequencies and damping of building “B”

№

N.Freq.
by SSI
(Hz)

Standard
deviation

(Hz)

N.Freq.
by EFDD

(Hz)

Standard
deviation

(Hz)

Diff.
(%)

Damp.
by SSI

(%)

Damp.
by EFDD

(%)

COMPARISON COMPARISON OF OF THE THE RESULTSRESULTS

1515

(Hz) (Hz) (Hz) (Hz)
(%)

(%) (%)

1 2.781 0.01104 2.778 0.01289 0.10787 1.448 1.426

2 3.224 0.00549 3.242 0.00630 -0.55831 1.405 1.381

3 3.570 0.03222 3.549 0.01892 -0.58824 2.478 2.481



Natural mode shapes for building “B”
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2.781 Hz 2.778 Hz

3.224 Hz 3.242 Hz

time
domain

frequency
domain



Visualizations of the 1Visualizations of the 1--st mode shape obtained by st mode shape obtained by 
the SSI and EFDD methodsthe SSI and EFDD methods
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Visualizations of the 2Visualizations of the 2--nd mode shape obtained by nd mode shape obtained by 
the SSI and EFDD methodsthe SSI and EFDD methods
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Visualizations of the 3Visualizations of the 3--rd mode shape obtained by rd mode shape obtained by 
the SSI and EFDD methodsthe SSI and EFDD methods
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PERFORMED 

AMBIENT  RESPONSE  TESTING  AND  MODAL  IDENTIFICAT ION  OF A

RC  RESIDENTIAL  BUILDING

TO BE

2020

INSTRUMENTED  FOR 
CONTINUOUS  SEISMIC  MONITORING



Permanent  S IPermanent  S I of  block  of  block  ““BB””
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ETNA unit in the basement Cased ETNA unit at the 6-th floor level



ANALYSIS OF THE RECORDED RESPONSES OF 

A  MONITORED

RC  RESIDENTIAL  BUILDING

TO WEAK EARTHQUAKES
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TO WEAK EARTHQUAKES

Sofia Earthquake  input:

November 15 (EQ# 9, Md = 3.7, depth of hypocenter H = 10 km) 

November 16 (EQ#10, Md = 3.2, depth of hypocenter H = 10 km)



Characteristics of recorded structural response to EQ impact

EQ Station
Epicenter
distance

Axis
code

Peak
Accel.

Peak Sp.
Accel.

Predom. 
Freq.

Order of
PSD

# Code Cond. [ km ] [ cm/s2 ] [ cm/s2 ] [ Hz ] [ g/Hz ]

9D SLZ1 base 3.14
EW
NS
UD

21.83
42.27

-28.41
203.5

5.4 ÷ 13.
6.2 ÷ 11.
8.8 ÷ 12.

1. 10-6

2323

9E SLZ2 top 3.14
EW
NS
UD

-47.04
-92.14
59.78

425.8
2.5 ÷ 2.9
3.3 ÷ 3.7
9.0 ÷ 10.

1. 10-5

10C SLZ1 base 4.75
EW
NS
V

8.43
15.76

-32.31
27.2

5.3 ÷ 8.6
5.2 ÷ 9.8
7.0 ÷ 11.

1. 10-7

10D SLZ2 top 4.75
EW
NS
UD

21.37
-29.88
60.53

92.6
2.3 ÷ 3.8
3.3 ÷ 4.0
7.2 ÷ 11.

1. 10-6



The structure’s Amplification Spectra 
for EQ #10 inputs

AMPLIFICATION  for SLZ Structure
EW direction, Md=3.2 EQ of Nov. 16
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F
n 
#

From full-scale 
tests

From EQ #9 From EQ #10

Nat. 
Freq.
[ Hz ]

Nat. 
Period
[ sec ]

Nat. 
Period 

/NS/
[ sec ]

Nat. 
Period 
/EW/
[ sec ]

Nat. 
Period 

/NS/
[ sec ]

Nat. 
Period 
/EW/
[ sec ]

Comparison of Identified Natural Frequencies of the  Structure
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1 2.78 0.36 0.34 0.38 0.38 0.36

2 3.22 0.31 - 0.32 0.32 0.32

3 3.57 0.28 0.28 - 0.28 -

Maximum observed difference in the values of the identified natural 
frequencies by the two methodologies is within 6 %.



Industrial and Commercial Structures
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Concrete Dam Walls 
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Testing  Schemes
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Equipment
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EXPERIMENTAL  PROCEDURES

Communication, Calibration and Response TestingCommunication, Calibration and Response Testing
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Communication, Calibration and Response TestingCommunication, Calibration and Response Testing

Fixing and MountingFixing and Mounting Checking ComplianceChecking Compliance



Amplification Spectra within the Dam’s Wall
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2.63 Hz, 3.57 Hz and 8.33 Hz 2.08 Hz, 2.63 Hz, 3.57 Hz, 5.00 Hz, 8.33 Hz 
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Perspectives

Focusing of the continuous seismic monitoring in urban
regions and areas with higher earthquake hazard (including
seismic instrumentation of buildings and structures) is a
prerequisite for solving not only engineering problems
(analysis, design, construction etc.), but also for effective
prevention policies and earthquake protection of the
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prevention policies and earthquake protection of the
population.

Every moderate earthquake to strike makes a warning
that we need to put more effort to assess, retrofit and
strengthen especially the existing older building stock.

The latest trends of structural health monitoring is a
proper tool to enhance and speed up this process.



ProperProper selectionselection ofof parametersparameters forfor generationgeneration ofof
thethe designdesign earthquakesearthquakes isis aa majormajor problemproblem inin
seismicseismic riskrisk assessmentassessment andand earthquakeearthquake
resistantresistant designdesign ofof structuresstructures..

Final Remarks
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resistantresistant designdesign ofof structuresstructures..

AcquiredAcquired datadata fromfrom thethe SGMSGM monitoringmonitoring playplay aa
keykey rolerole forfor consistentconsistent solutionsolution ofof thethe seismicseismic
actionaction problemsproblems forfor buildings,buildings, engineeringengineering
structuresstructures andand lifelife--lineline systemssystems..



TheThe availabilityavailability ofof locallocal strongstrong--motionmotion recordsrecords isis anan
indispensableindispensable tooltool forfor adequateadequate earthquakeearthquake resistantresistant
designdesign ofof locallocal structuresstructures toto meetmeet thethe safetysafety
requirementsrequirements ofof thethe latelylately enforcedenforced EurocodeEurocode--88..

TheThe seismicseismic actionaction onon structuresstructures andand theirtheir dynamicdynamic

Final Remarks
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TheThe seismicseismic actionaction onon structuresstructures andand theirtheir dynamicdynamic
characteristicscharacteristics areare keykey issuesissues ofof adequateadequate modelmodel analysisanalysis
andand safesafe designdesign.. HenceHence anan integratedintegrated datadata bankbank
compiledcompiled fromfrom analyzedanalyzed seismicseismic recordsrecords andand ambientambient
vibrationvibration responseresponse testingtesting offersoffers aa relevantrelevant backgroundbackground
forfor advancedadvanced seismicseismic analysisanalysis ofof structures,structures, providingproviding
improvedimproved qualityquality ofof theirtheir designdesign andand enhancingenhancing theirtheir
safetysafety andand reliabilityreliability..



THANK YOU THANK YOU THANK YOU THANK YOU THANK YOU THANK YOU THANK YOU THANK YOU 

FOR FOR FOR FOR FOR FOR FOR FOR 
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YOUR KIND ATTENTIONYOUR KIND ATTENTIONYOUR KIND ATTENTIONYOUR KIND ATTENTIONYOUR KIND ATTENTIONYOUR KIND ATTENTIONYOUR KIND ATTENTIONYOUR KIND ATTENTION

National Institute of Geophysics, Geodesy and Geogr aphy,National Institute of Geophysics, Geodesy and Geogr aphy,

Bulgarian Academy of SciencesBulgarian Academy of Sciences

National Institute of Geophysics, Geodesy and Geogr aphy,National Institute of Geophysics, Geodesy and Geogr aphy,

Bulgarian Academy of SciencesBulgarian Academy of Sciences


