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CbabprKaHue:

TexHonornyHo Haarpa)kaaHe Ha HCC3 n nHTerpmpaHe ¢
HOTCCI.

CbnbTCTBALLUM U3CNeaBaHUA:

MoaenmpaHe Ha aHU30TPOMHWN NMOBPeAN B LIUMEHTOBU KOMMO3UTHU;

[pUNoXXeHne Ha anropuTMmn 3a MalLMHHO 0ByYeHNe B U3CNeABaAHETO
Ha AMHAMWYHOTO MOBEAEHNE Ha PAMKW;

YucneHo nscneasaHe Ha 3eMETPbCHU XapaKTEPUCTUKU;

YncneHo uscnenBaHe Ha HanperHaTtoTo U AeopMUPAHO CbCTOSIHUE
3eMHaTa Kopa BCMeACTBUE Ha reoAnHaMnYHN CbouUTUs;

AHanNu3 Ha No1IeeHeTo Ha crpaau npu 3eMeTpbC Ype3 MeTtoaa Ha
OUCKPETHUTE eNNeMEHTMN.




TexHONOrM4yHo HaarpakaaHe Ha
HCC3/[ v HTerpupaHe C
HOTCCH
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TekyLo cbctodHue Ha HCC3/

# 14 nHcTpyMeHTa Etha, nHCTanmpaHu
npeanMHo Ha ctaHuum Ha HUTTT-BAH

cnep 2005 r.;
# 3anunc ypes TpurepupaHe;

#® Bpb3ka upe3 GSM mopaem,




Akceneporpad ETNA




Akceneporpa®d ETNA

Data Acquisition

Type:

Number of
channels:

Dynamic
range:

Frequency
response:

Resolution:

Noise:

Sampling
rate:

Input
range:

Chan/chan
skew:

Anti-alias
filter:

Real time
digital
output:

Over sampled delta sigma system with 24-
bit digital signal processor

Three channels (standard)

108 dB @ 200 sps SR
Type:

DC to 80 Hz @ 200 sps

18-bit resolution @ 200 sps Full scale
range:

<8 uvV RMS
Bandwidth:

100, 200, 250 sps
Dynamic
Range:

+/- 2.5V

None — simultaneous sampling of all
channels

Brickwall FIR filter. Cut-off at 80% of output
Nyquist. 120 dB down at output Nyquist.

RS-232 output of digital stream

Triaxial EpiSensor force balance
accelerometer, orthogonally oriented,
internal (standard), external (optional)

29 (standard); 49, 1g, 0.5g (optional)

DC to 200 Hz
155 dB+
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MHcTannpaHa Etna




KoMyHukauusa — GSM Mopem




KoHUenuusa 3a HaarpaXkaaHe v
MHTerpupaHe ¢ HOTCCA

#13non3BaHe Ha CbBMeCTUMU
MHCTPYMEHTU B ABETE MPEXMU;

# /I3non3BaHe Ha eaAnHHA
KOMYHMKALUMOHHA rnatdopma;

#®EQMHHO HenpekbCHaTOo 3anncBaHe U
apXuBUpaHe Ha AaHHUTeE.
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Peannsauus.

#3aKyrnyBaHe N MHCTaMPaHEe Ha HOBU
3anucBaLly yCTPOUCTBA;

#3aKynyBaHe U MHCTasIMpaHe Ha HOBM
CEH30pM.




HoBu 3anucealm yCTpouCcTBa

Wrangler-HDR

» Earthquake Early Warning

» Local and regional broadband
seismic networks

» Induced seismicity monitoring
» Aftershock and portable
deployments

» Microzonation surveys

» Site noise surveys
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Cneundunkaumm

L

Type

Dynamic Range

Input Channels

Gain Selection

Input Full Scale

Input Impendance
Sample Rates
Multiple Sample Rates
Sampling

FIR Filter

A/D CONVERTER

32-bit SAR A/D converters
Configurable 24 and 30 bit output
resolutions

~143 dB typical (wideband) @100 sps

3o0rb6

x1, x4, x16 and x64 (Optional x1, x2, x16
and x32)

40 Vpp @ x1 gain, 0.625 Vpp @ x64 gain

26 Kohms, 0.002 uFd, differential @ x1
2 Mohms, 0.002 uFd, differential @ x64

4000, 1000, 500, 250, 200, 125, 100, 50,
40,20,10,5,1,0.1 sps

Supported for rates in the group 1000,
200, 100, 50, 40, 20,10,5,1,0.1

Simultaneous on all channels

=140 dB down in the stopband
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HOBW CeH30pK

REFATEK
. REF TEK 147A-01/1-H

HIGH RESOLUTICN
ETER
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Cneundpunkaumm

MODEL 147A

ELECTRICAL

Full-scale Range 4g

Full-scale Output 10 V differential, 20 VPP

Sensitivity 2.5\V/g

PERFORMANCE

Self-Noise <lpm/s/s

Dynamic Range >155dB (DC to 10 Hz)

Linearity <01%

Frequency Response Flat DC-100 Hz +/- 0.05dB ; DC-250 Hz +/- 3 dB

Damping 0.7

Se nse Logic level input will produce consistent
g level output

Lightning Protection Built-in surge protection

Cross Axis Sensitivity <1%

Hysteresis <0.1% of full-scale

Thermal Drift <600 pg/°C
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MoaenupaHe Ha aHU30TPONHU
nospeau B ULMMEHTOBWU KOMMO3UTK

rn. ac. Togop >Kenasos
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Continuum damage mechanics (Lemaitre, 1996): a damage variable (scalar or
tensor) is incorporated into the material constitutive relationship. The classical
interpretation implies modifying the material properties dependent on the
progressive damage accumulation.

Some models can be regarded as an extension of continuum damage mechanics
aimed at also capturing self-healing effects, besides degradation.

Scalar damage variable (Granger et al., 2007): a damage variable acting on the
material elasticity modulus and another variable to evaluate healing with the option
to incorporate a second damage variable to account for damage in the already-
healed material; Mergheim and Steinmann (2013): comparable approach involving a
time-dependent function to quantify the relative portion of cured material

Independent variables for different principal directions (Barbero et al.
2005): three independent healing variables for the three principal material directions
within the assumption that the principal directions of damage and healing coincide
(for a self-healing composite)

Tensorial variable (Voyiadjis et al., 2011): damage tensors to capture the overall
degradation, the isotropic hardening and the kinematic hardening
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Tension by flexure: healing
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Damage-induced anisotropy

)

Elasticity domain in a Z;D stress space
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Damage-induced anisotropy

)

Change in material symmetries
|sotropy

I1/E |-v/E —-v/E 0 0 0
-v/E | 1/E —Vv/E 0 0 0
—v/E |-v/E 1/E 0 0
0 0 0 1/G 0 0
’ ’ ° ° Ve ’ Transverse isotropy
0 0 0 0 0 G IVE,  -v,/E —v,/E, 0 0 0
—v,/E, 1/E  —v,/E, 0 0 0
-v,/E, —-v,/E, 1/E, 0 0 0
0 0 0 1/G, 0 0
0 0 0 0 1/G, 0
0 0 0 0 0 1/G,
1,
1V
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[IpnnoXxeHme Ha anropuTMu 3a
MalUMHHO 0by4yeHue B
n3cneaBaHeTo Ha AMHAaMUYHOTO
noBeAeHNE Ha PaMKU

rn. ac. Togop >Kenasos
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Application of ML Algorithms in the Investigation of the Dynamic Response of MR Frames

Todor Zhelyazov



Solutions based on machine-learning (ML) algorithms are increasingly gaining
popularity in daily life and various fields of industry, including construction and
structural design.

A number of recent studies demonstrate the application of ML algorithms as
predictors in various cases, such as (i) Damage assessment of prestressed concrete
beams [1]; (ii) Strength of steel CHS X-joints [2]; (iii) Shear strength of steel fiber
reinforced concrete beams [3]; (iv) Com-pressive and flexural strength of steel fiber-
reinforced concrete [4]; (v) Effective stiffness of precast concrete columns [5]; (vi)
Drift capacity of reinforced concrete walls [6, 7]; (vii) Punching shear resistance of
concrete slabs [8], (viii) Shear strength of concrete connections [9]; and (ix) Load-
bearing capabilities of concrete columns [10]. Generally, the data-driven models
reveal interdependencies between the input parameters and the output variables
with-out being biased by specific models.

Within the study presented herein, a synthetic database is compiled based on a
preliminary defined layout of the vertical elements in the moment resisting frames.
The inputs include the relevant cross-sectional geometrical dimensions and the
design values of the shear force, the normal force, the bending moment, and the
parameters of the seismic excitation. The required database is populated by running
a series of response-spectrum analyses. The ML algorithm is applied at this stage.
After that, the structural response is studied using time-history analysis with and
without base isolation.



The case studied: finite-element model

"beam" type finite elements

BEAM188 (ANSYS) is a
3-D finite element of
type beam with two
nodes and six degrees of
freedom per node.

"beam" type finite elements

"beam" type finite elements

Application of ML Algorithms in the Investigation of the Dynamic Response of MR Frames

Todor Zhelyazov




The case studied: finite-element model |

SHELL181
(ANSYS)i1sa 3-D
finite element of
type structural shell
with four nodes and
emeits six degrees of
freedom at each
node.

“shell" type finite elements

Application of ML Algorithms in the Investigation of the Dynamic Response of MR Frames

Todor Zhelyazov




The case studied: generating the synthetic data
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The case studied: generating the synthetic data
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The case studied: generating the synthetic data
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The case studied: generating the synthetic data
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The machine learning algorithm

A - activatin function

A=ReLU
Convolution
Convolution 1el1yer Bakeh
j =7 normalization
layer Batch _ 1
j =1 normalization
Input 1
layer 0
P 0
> 1
I,
- 1
—> — o
Ina A=F(I,, WytE A=F(1,, W)+B

A=F(I;, W)+B A

Convolution
layer
j =k Olgtput
i ye
_>
=dot(I,, W)+
+B

Application of ML Algorithms in the Investigation of the Dynamic Response of MR Frames

Todor Zhelyazov




The machine learning algorithm

A convolutional network i1s built for the purposes of the study using the TensorFlow
framework. It consists of input and output layers and several hidden layers. Train and test
data are normalized before implementation to enhance ANN functioning. The hidden layers
conventionally employ the rectified linear unit (ReLU) activation function and batch
normalization. Among the hidden layers, some are defined as “flatten” and “dense.” The
Adam|optimizer is used, and an appropriate loss function is chosen, along with suitable
metrics. Model size and hyperparameters (e.g., the learning rate) are finally set based on the
convolutional network’s performance evaluation as a function of their variation.

Application of ML Algorithms in the Investigation of the Dynamic Response of MR Frames

Todor Zhelyazov



Transient analysis of the structure equipped with base isolation

Slider
’ Slider

Schematic representation of the
friction-pendulum bearing

Application of ML Algorithms in the Investigation of the Dynamic Response of MR Frames

Todor Zhelyazov



Transient analysis of the structure equipped with base isolation
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Schematic representation of the
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Transient analysis of the structure equipped with base isolation |
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Comparison of the response with and without base isolation, at a specified location

Application of ML Algorithms in the Investigation of the Dynamic Response of MR Frames
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EASOt-AP: naket MATLAB C OTBOpeH KOA 3a OLeHKa Ha CEU3MUYHUS
MOMEHT, pagMyca Ha pa3KkbCBaHE M Crafa Ha HanpeXXeHWeTo npu
3eMeTpeceHMeTO OT BpeMeBaTa OLeHKa Ha P-BbniHaTa, amMnanTyaa Ha

nNaMACTRAHA

1 II.I\.aI'I\a\.aI |=1© } [ | -

N

INPUT

Strong motion data
( Sare of In::.l.t-'::roam‘::r:'as
Valocity) In SAC listed in section 2.1.
format

ANALYSIS BOX

1

/A Signal Pr

sing Pr

Existence of P-wave
Pick

No

) (

No solution for the LPDT curve and

therefore source parameter
estimation

]

| ves
[ Within the considered

hypocentral range?

Excluding the waveform ]
]ﬁ[ Excluding the waveform ]
Lyes

[ SNR = Threshold Value }Lo_[ Excluding the waveform ]

Number of stations =
Threshold Value
o »

B.Building up the

Apply the already set
Filter
I

[

Alignment all waveforms with
the P-wave arrival time of the
closest station

Cormrection to the -
hypocentral distance

[

displacement signals corrected
with distance

Ul

Taking average over all avallable]
Keep the maximum amplitude ]

[ Using the function listed in Table1 ] E
I

( )}

Measurement of Plateau level (Py)
and the corresponding time (7).

! CREWES ( 2020) package
based on hypothess of the
Kjartansson, ( 1979)

L )
) - . | Attenuated isosceles
Build up the isosceles triangular STF '
’

»

H

.

H

'

" Isosceles

' =

LN triangular STF

triangular STF N
ouTPUT '.
Appm.:h 1 Appl-e.diz

.......................................
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To3n nakeT u3smnckea SAC dopmaTupaHm
[LAaHHW 3@ CUJTHO ABWMXKEHUE CbC CneaHuTe
HeobxoaMMKM nosneTa:

(1) MecTonosnoXeHue Ha 3eMeTpeceHune
(longitude, latitude, depth) u HadanHo
Bpeme

(2) KOOpANHATK Ha CTaHUMATa
(3) BpeMe Ha npucturaHe Ha P-Bb/iiHaTa

(4) pascrosiHne W3TOYHUK-TIPUEMHUK B
KWUTIOMETpU

(5) wMarHutyn Ha
npeanoynTtaHe e Mw )

cvbutneto (3a

-
N




ANropuTbMbT, BHEAPEH B TO3M NAKET, Ce OCHOBaBa Ha 6bp3a U SICHa
MeToaonoruns, paspaboreHa Hackopo oT Zollo et al. (2021 r.). 3a Ta3u uen
EASOt-AP mogenupa kpusa LPDT-cpeaHOTO npeMecTBaHe OT P-Bb/iHATa
CrpsiMO BPEMETO B NIorapuTMMYHaTa ckana.
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LPDT kpvBa Ha cbbuTMe C ManbK
mMarumTtys (Mw:2,9), Koeto ce e

1 cnyumno B UpnuHus, KOxHa Utanus

CbC  3HAUMTENHA  Trpewka B
n3bumpaHeTo Ha P-BbNHaTa,
NpUYMHsIBaW@  M3MeCcTBaHE  BbB

| Bpemeto Ha «kpueata LPDT. (a)

KapTaTa noka3Ba [reoMeTpusi Ha
CcTaHumMnTe (CUMHW TPUBIBAHULN) WU
enuueHTbp Ha CcbbuTneTo (YepsBeHa

{MWV\ | 3Be3ga). (b) rpadukata npeacrass

e USGE METINASA. NGA|
15°12E 0

punTtpupanunTe CUrHanm 3a
npemectBaHe. (C) uHAMBMAYaNHaTa
KpuBa Ha LPDT Ha BcAka cTaHums
(cuBun kpuen), LPDTaverage (4epHO)
n LPDTmax (4epBeHo).




LPDT
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16940r Mw =2.91
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QFFilter is On
0.1 -
4Number of Stations A
D05f o ]
3
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005 01 015 02 025 03 035 04 045
Time (s)

Bcuuku
cnpsiMo

cnegn  ce  noapaBHABaT
P-Hayanoto Ha  Ham-
6bnu3kata cTaHuus. CneaBalwara
CTbIKa e pasrnexaaHe Ha
pasnpeaeneHneTo Ha cepusita oT
KOpUrnpaHu 3a pPa3CTOSHNETO
NpeMecTBaHMS BbB BCEKU BpPEMEBU
NHTEPBa (ekBMBaneHTeH Ha
BPEMETO Ha B3eMaHe Ha [AaHHW)
OTAENHO OT P-HayanoTo A0 »enaHus
BpeMeBM nMpo3opel, 3a pa ce
n3BnekaT cpegHaTa
CTOMHOCT/MeanaHaTa M CTaHAApTHO
OTK/IOHEHME Ha TOYKUTE, 3a Aa ce
Cb34agaT TpU KpuBM 3@ [JafeHOo
CbbuTHe, HapeyeHu cpeaHa
ctomHoct (LPDTAverage), n =+1-
curma kpusu (LPDTxSD)
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YncneHo nlcnengBaHe Ha
HanperHaToTo U AedopMmnpaHo
CbCTOSsHME Ha 3eMHaTa Kopa
BCNieaAcTBMe Ha reoAHaMUYHK
CbbUTUSA

nou. EMmun OnHakos




OueHKa Ha Bb3MOXXHM 30HM HA NOBULLEH/MOHMXEH HAaTUCK BbPXY aKTUBHU
pa3n0MV| cnep, VICTOpVNECKOTO 3eMeTpeceHme oT 23.04.1918 B paioHa Ha

; - ] 42.683N/23.317E,
AbN60YNHA 7 KM U MarHuTyA Mw 6 48 cbC Cochyep Coulomb 3.4.2 (GUI
Bbpxy Matlab).

Coulomb e npoektTupaH pga no3BosnsiBa
N34YNCNSIBAHE Ha CTAaTUYHU NpPeEMEeCTBaHus,
aedopMaumm M HanpexeHust Ha BCSKa
AbnbourHa, MpUYUHEHW OT Pas3fiOMHO
NpUNIb3BaHe, MAarMeHO MPOHUKBAHE UIn
pa3wnpsiBaHe/cBnuBaHe Ha avra. Morart aa
ce m3uncnsaBaT CTaTUYHU NPEMeCTB3HUS
(Ha noBbpxHOCTTa UM Ha GPS ctaHuun),
aedopMaumm M HarnpexeHusl, NPUYNHEHU
OT Pas3/iOMHO MpuUnJb3BaHe, MarMeHo
NPOHWKBAHE WX pasluMpsiBaHe Ha aurara.

:



[loArOoTBEHM Ca HSKOMKO BEPCMM Ha BXOAHM [AaHHWM .inp C Ppa3flOMHM CerMeHTn 3a
npo3opeuy 17.5-24.5°E; 33.5-36.5°N. 3a crabunHa pabota Ha GUI ca wusroreeHu
BapuaHTu ¢ 5, 10, 20 pa3nomMa, kakTo u ,polyline™ Bepcnn ¢ BCUUKM MEXANHHU CErMeHTuU
(Ha ctbnku no 10/20), B nokanuu X/Y (km) n 6e3 ,,Map information™ npu X/Y pexum.

%a Habop K34 ca cb3papenu .inp dannose 3a 12 n 13 nsbpanu shape id (Bkn. 261), c

OMATUYHO m3uncneH bbox, zero lon/lat n koHBepTupaHe B nokanHun X/Y (km). 3a
BCEKM Pas3/ioM e u3non3eaH 1 cerMeHT (MbpBa—MNocneaHa Touka), KaTo MMeHaTa ca B3eTu

OT aTpubyTHaTa Tabnuua, Korato e HalMyHa.

Amount of net slip on each fault (m)

X (km) 60

C YepHU NTMHUA ca
oTbensizaHu pasioMn B
Codumnckus 6acenH. C
yepBeHa paBHMHA € pa3noma
N3TOYHUK Ha 3eMeTpeceHMeTOo
ot 1818-04-23 c KoOpAMHATU
42.683 N; 23.317 E,
ObNboUnHa 7 KM U MarHuTyg
MM 6.00 Mw 6.48
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Normal stress change (bar,unclamping positive)
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AHaNn3 Ha Nto1eeHeTo
Ha crpaau npu 3eMeTpbC Ype3s
MeToaa Ha ANCKPETHUTE elIeMEeHTU

npod. PagaH ViBaHOB




Outline of the method

Geometry and inertial properties
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DEM model in Yade
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(a) Geometry — perspective. (b) Input motion at the base plate.



Vertical displacement of node 2
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(a) Full time history.

(b) Close-up of first 5 s.




Vertical displacement of nodes 2
and 3 plotted together
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Vertical displacement of nodes 2
and 3 for different ground
motion intensities
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(a) Node 2. w (b) Node 3.




Selected snapshots — PGA = 5g

10.0 s.




Selected snapshots

12.0 s.



Selected snapshots




Selected snapshots

16.0 s.
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