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DARBA VISPAREJS RAKSTUROJUMS

Temas aktualitate

Tiltu dinamisko ipasSibu izpéte un izpétes metoZu pilnveidoSana
ir svarigs faktors tiltu veiktspéjas, stabilitates un kalpoSanas laika
analizei. Pedejos gados uz Latvijas autoceliem strauji pieaug kravas
transportlidzeklu skaits. To efektivitates palielinasanai tiek raZoti
arvien garaki un smagaki transportlidzekli. Eiropas Savienibas
1996. gada direktiva 96/53/EC (ES, 1996) nosaka pielaujamo auto
transportlidzek]u garumu un kopéjo svaru: autovilciena maksima-
lais garums nedrikst parsniegt 18,75 m, platums 2,55 m; autovil-
ciena trisasu mehaniska transportlidzekl]a ar trisasu piekabi svars
nedrikst parsniegt 40 t, iznemot ISO 40 pedu konteinervedéjs - 44 t.
Direktivas 4. pants lauj dalibvalstu teritorija izmantot garakus auto-
vilcienu sastavus, ja tiek izmantota modulara parvadajumu sistéma.
So punktu izmanto daudzas valstis, lai attistitu augstas kravnesi-
bas transportlidzek]u izmantoSanu kravu parvadasana. Pieméram,
Zviedrija drikst izmantot lidz 25,25 m garus un lidz 60 t smagus
transportlidzek]us, savukart Somija - lidz 76 t smagus 9 asu modu-
laros transportlidzeklus. Augstas kravnesibas transportlidzeklu
izmantoSana Skandinavijas valstis galvenokart saistita ar So valstu
vélmi samazinat kaitigo izmeSu daudzumu atmosféra. Tacu, palie-
linoties transportlidzeklu garumam un masai, tilti ar palielinatu
dinamisko raksturojumu veéertibam tiek paklauti palielinatam dina-
miskam slodzém, ta paatrinot to bojajumu attistibu un radot riskus
nestspéjas samazinajumam.

Eirokodeksa LVS EN 1991 2. dala “Satiksmes slodzes tiltiem” ir
dotas normativas aprékinu slodzes, kuras ir ietverti slodzes din-
amiskie efekti. Eirokodeksi ir paredzéti jaunu tiltu konstrukciju
projektésanai. Taja paSa laika Latvija ekspluatéeto tiltu struktira
rada, ka no 971 tilta, kas atrodas VSIA “Latvijas Valsts celi” aprupe,
51 % ir buveti pirms vairak neka 50 gadiem, 70 % - pirms vairak
neka 40 gadiem un 82 % - pirms vairak neka 30 gadiem. Art lielaka
dala no pilsétas ekspluatetajiem tiltiem ir buvéti pirms vairak neka
40 gadiem. VSIA “Latvijas Valsts celi” tiltu uzturésanas sistémas Lat-
BRUTUS dati liecina, ka 59 % no visiem tiltiem ir konstatéti dazadas



pakapes bojajumi, kas radusSies agresivas aréjas vides un pieaugosas
satiksmes slodzes ietekmes rezultata, var samazinat tiltu kalpoSanas
laiku un palielinat riskus satiksmes drosibai.

Satiksmes slodzes dinamiskais palielinajums ir cieSi saistits ar
tilta klaja l[idzenumu un transportlidzeklu parvietoSanas atrumu un
masu. Plaisas un bedres cela sega rada papildu vibracijas un piepiles
tilta laiduma konstrukcija, kas nav nemtas véra tiltu projektésanas
laika. Eirokodeks nenosaka, ka novertet ekspluatacija esoSu tiltu
dinamiskos raksturojumus, un nedod pielaujamas vai nepielaujamas
So raksturojumu vertibas.

Tiltu dinamisko 1paSibu izpétei un dinamisko slodZu iedarbes
novertesanai ir veltiti vairaki plasi petijumi Eiropa un citur pasaule.
Pétijuma “SAMARIS”, kas veikts 5. ietvarprogramma, konstatets, ka,
palielinoties smagsvara transportlidzeklu ipatsvaram uz Eiropas
autoceliem, ir palielinajusies dinamiska koeficienta vertiba, salidzi-
not ar buvnormativos noradito. Pétijuma analizeti tiltu parbauzu ar
dinamisku slodzi rezultati, un tie salidzinati ar teoretiskos modelos
iegltajiem datiem. Tomeér pétijuma secinajumos nav sniegtas reko-
mendacijas, ka noveértét iegutos rezultatus.

Ari péetijuma “ARCHES”, kas veikts, realizéjot 6. ietvarprogram-
mas projektu un kura apkopota informacija par dazadu valstu pie-
ejam tiltu dinamisko 1pasSibu pétiSana, ka ari nemot véra atzinas, kas
iegutas promocijas darba 1. nodala dotaja literaturas apskata, var
konstatet, ka nav izverteti tiltu dinamiskie raksturojumi un nav dots
to ietekmes novértéjums vai to rekomendejamas vertibas dazadu
konstrukciju tiltiem. Lielaka dala no pétijumos ietvertajiem tiltiem ir
jaunbuves, tade] nav plasi pétiti ekspluatacija esoSo vai rekonstruetu
tiltu dinamiskie raksturojumi.

Latvija 93 % no visiem tiltiem ir dzelzsbetona un spriegbetona,
5 % - térauda, 2 % - mura un koka. Apskatot tiltus pec konstruk-
cijas veida, var secinat, ka 69 % no Latvija uzbuvetajiem tiltiem ir
dzelzsbetona un spriegbetona sijas, 25 % ir dzelzsbetona spriegbe-
tona platnu tilti ar laidumiem lidz 30 metriem. Tade] lielaka uzma-
niba Saja pétijjuma ir veltita dzelzsbetona tiltu dinamisko ipaSibu
pétisanai.

Eirokodekss LVS EN 1991 2. dala “Satiksmes slodzes tiltiem”
neparedz dinamisko koeficientu vertibas autocelu tiltiem, ko varétu
izmantot ekspluatacija esoSu vai parbuvetu tiltu nestspéjas un



droSuma novertéSanai, izmantojot faktisko slodZu vai pasutitaja
izveléto slodZu modelus. Neviena buvnormativa nav dotas metodes
vai noradijumi, ka novertet eksperimentali iegutu tiltu dinamiskos
raksturojumus un tiltu dinamisko veiktspéju, kas raksturo tilta
reakciju dinamiskas slodzes iedarbiba un to, vai tilta reakcija uz
dinamisko slodzi var radit tilta nestspéjas samazinajumu. Tadeél ir
nepiecieSams izstradat metodi tiltu konstrukcijas dinamiskas veikt-
spéjas novertésanai, ta palielinot tiltu droSumu un kalposanas laiku.

Darba merkis

Promocijas darba meérkis ir izstradat metodi tilta konstrukci-
jas dinamiskas veiktsp€jas noverteésSanai, izmantojot autocelu tiltu
parbaudeés ar kustigu slodzi eksperimentali iegutos dinamisko rak-
sturlielumu datus, izmantojot negraujosas svarstibu analizes un
datorizétas datu nolasiSanas un apstrades metodes un nemot véra
tilta brauktuves virsmas lidzenumu.

Pétijuma uzdevumi

Lai sasniegtu defineto merki, darba ir jaatrisina vairaki
uzdevumi.

1. Izstradat metodiku tilta parbaudei ar kustigu slodzi, kas lautu
noteikt tilta dinamiskos parametrus, nemot vera kustigas slodzes
veidu, tilta laiduma konstrukcijas tipu, statisko shému un brauk-
tuves virsmas lidzenuma raksturojumus.

2. Veikt parbaudeés ar kustigu slodzi noteikto dinamiskas iedarbes
raksturojoSo parametru analizi dazada tipa dzelzsbetona auto-
celu tiltu laiduma konstrukcijam.

3. Pamatojoties uz analizes rezultatiem, noteikt tilta laiduma kons-
trukcijas dinamisko raksturlielumu rekomendéjamas robezver-
tibas, nemot vera tilta konstrukcijas tipu, to statiskas shémas un
brauktuves virsmas lidzenumu.

4. lzstradat tilta dinamiskas veiktspéjas novertésanas metodi bez
nepiecieSamibas veikt tilta parbaudi ar kustigu slodzi.

5. Izstradat rekomendacijas Latvijas valsts standarta LVS 190-11
“Tiltu inspekcija un parbaude ar slodzi” papildinasanai ar:

a) konkrétam prasibam tilta parbaudei ar dinamisku slodzi;



b) parbaudés ar dinamisku slodzi laika ieguto dinamisko para-
metru vértibu novértéSanas kritérijiem.

Aizstavesanai izvirzitas tezes

1. Izstradata tiltu parbaudes ar dinamisku slodzi metodika ]auj
noteikt tiltu dinamiskos parametrus konkretai slodzei dazadiem
tilta seguma lidzenuma apstakliem.

2. Tiltu dinamisko parametru analizes rezultata noteiktas tiltu
dinamisko parametru vertibas, kas liecina par paaugstinatu
konstrukcijas dinamisko veiktspéju.

3. Izstradata tilta dinamiskuma indeksa noteikSanas metode lauj
novértet jau ekspluatacija esoSu un jaunu tiltu konstrukciju dina-
miskas veiktspéjas limeni, nemot vera Sadus tilta parametrus:
laiduma garuma/augstuma attieciba; paSsvarstibu frekvence;
svarstibu rimSanas koeficients; relativa vertikala deformacija;
starptautiskais seguma nelidzenuma indekss IRI.

Darba zinatniska novitate

Izstradata dzelzsbetona un spriegbetona platnu tiltu dinamisko
parametru iegiSanas un noveértéSanas metodika parbaudei ar dina-
misku slodzi, nemot véra brauktuves seguma lidzenumu.

Izstradata dzelzsbetona un spriegbetona platnu tiltu dinamiskas
veiktspé€jas novertéSanas metode - dinamiskuma indekss. Metode
lauj noteikt tilta dinamiskas veiktspejas limeni, neveicot tilta par-
baudi ar kustigu slodzi.

Noteiktas maksimali pielaujamas dinamiska koeficienta vértibas
tipveida spriegbetona un dzelzsbetona siju tiltiem, ko var izmantot
ekspluatacija esoSu vai parbuivetu dzelzsbetona siju tiltu konstruk-
ciju droSuma novértésanai.

Darba praktiska vértiba
Izstradata dzelzsbetona un spriegbetona platpu tiltu dina-
misko parametru iegiiSanas un noveéertésanas metodika parbau-

dei ar dinamisku slodzi, nemot véra dazadus brauktuves seguma
apstaklus. lIzstradatas metodes praktiska nozime saistas ar
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transporta infrastruktiuras saglabasanu un tas tehniska stavokla
novertesanu.

Dinamiskuma indeksa aprékina metode lauj novertet tilta dina-
miskas veiktspejas limeni, neveicot tilta parbaudi ar kustigu slodzi.
So metodi var izmantot tiltu ipaSnieki un uzturetaji, lai noteiktu, vai
tilta nelidzenais cela segums rada paaugstinatu dinamisko veikt-
Sp€ju un ir nepiecieSams pasitit tilta parbaudi ar kustigu slodzi.

Maksimali pielaujamas dinamiska koeficienta vértibas tipveida
spriegbetona un dzelzsbetona siju tiltiem, ko var izmantot eksplua-
tacija esoSu vai parbuvetu dzelzsbetona siju tiltu konstrukciju dro-
Suma novertésanai.

Latvijas valsts standarta LVS 190-11 “Tiltu inspekcija un parbaude
ar slodzi” papildinasana ar konkrétam prasibam tiltu dinamiskas
parbaudes veikSanai un parbaude iegiito rezultatu novéertéjumu laus
precizak veikt tiltu parbaudi ar dinamisku slodzi un interpretét par-
baudés iegutos rezultatus.

Pétijuma ierobeZojumi un lietojuma robezas

Pétijjuma ierobeZojumi balstiti uz pieejamo datu kopumu, kas
izmantoti jaunas metodes izstrade: dinamiskuma indeksa aprékina
metode paredzéta dzelzsbetona platnu tiltiem, ramjveida sprieg-
betona platnu un ribotu platnu tiltiem ar laiduma garumu no 7 lidz
34 metriem.

Pétijuma izmantotas iekartas un metodes

Promocijas darba pamata ir jaunu dzelzsbetona un spriegbetona
tiltu dinamisko raditaju eksperimentala noteikSana ar digitalajam
meérijumu ierakstiSanas iekartam. Pétijums balstits uz kustigas slo-
dzes radito konstrukcijas parvietojumu un spriegumu izmainam un
ieguto vibrogrammu analizi.

Petijuma izmantota aparatura

- Parvietojumu merijumi ar svarstibu sensoru Noptel PSM-200
(mérijjumu biezums 50 Hz).
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- Spriegumu meérijumi ar tenzometriem, kas saslegti ar daudz-
kanalu sistéemu SPIDER merijumu nolasiSanai (meérijjumu
bieZzums 50 Hz).

- Paatrinajumu meérijjumi ar akselerometriem X6-Ia (mérijjumu
biezums 50 Hz).

- Dators, kura ierakstiti visi iegutie digitalie mérjjumi.

legiito datu apstradei tika izmantota datorprogrammas Microsoft

Excel (versijas 2003 un 2010), ka ari signalu un modalas analizes
programma ME’Scope, kur akselerometru iegutie dati ar FFT algo-
ritmu tiek parveidoti uz svarstibu frekvencém. No parvietojumu sen-
sora Noptel PSM-200 datu ierakstiSanai un pozicionésanai izmantota
datorprogramma RPSM Win software. Konstrukciju aprekini veikti ar
GEM datorprogrammam Lira un RFEM, kas paSsvarstibu frekvences
noteikSanai izmanto modalo analizi. Konstrukciju aprekini veikti,
ieverojot Eirokodeksu prasibas, kas balstitas uz robeZstavok]u
metodi.

Darba uzbuve

Promocijas darba ir anotacija, ievads, piecas galvenas nodalas,
kas iedalitas apaksnodalas, secinajumi, literatiras saraksts un
pielikums.

Promocijas darba apjoms ir 148 lappuses, taja ieklauts 81 attéls,
27 tabulas, 105 literatiiras avoti un viens pielikums.

1. nodala veikts literaturas apskats, kura aplukotas dinamiskas
iedarbes raksturojoSie parametri un to aprekina metodes, ka ari
autotransporta slodzes radito svarstibu tilta konstrukcija ekspe-
rimentalas noteikSanas metodes un iekartas meérijumu veikSanai.
Apskatits arl dinamiskas slodzes ievertéjums dazadu valstu stan-
dartu slodZu aprékina modeli.

2. nodala aprakstita tiltu dinamisko raksturlielumu iegiiSanas un
novertésanas metodika parbaudei ar kustigu slodzi, ka arl metodi-
kas lietojums tiltu parbaudeés.

3. nodala veikts eksperimentali iegtito dzelzsbetona un spriegbe-
tona tiltu dinamisko parametru izvertéjums, ka ar1 noteikti dinamis-
kie parametri un to vertibas, kas ietekmé tilta dinamisko veiktspéju.
Izstradata tiltu dinamiskuma indeksa aprékina metode. Ta lauj
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novertet tilta dinamisko veiktspé€ju, neveicot tilta parbaudi ar dina-
misku slodzi.

4. nodala veikts dzelzsbetona un spriegbetona tipveida siju tiltu
maksimali pielaujamas dinamiska koeficienta véertibas analitiskais
apreékins tiltiem ar laidumiem 8,66-22,16 m.

5. nodala izstradati ieteikumi standarta LVS 190-11 “Tiltu inspek-
cija un parbaude ar slodzi” 7.3. un 7.4. nodala ieklautas informacijas
papildinasanai.

Darba aprobacija un publikacijas
Publikacijas

1. 1. Paeglite, J. Smirnovs, A. Paeglitis (2021) Reinforced concrete
highway bridge dynamic assessment method using data obtained
by live scale load testing // Bridge Maintenance, Safety, Mana-
gement, Resilience and Sustainability: Proceedings of the Tenth
International IABMAS Conference (IABMAS 2020), Japana, Sap-
poro, 12.-16. aprilis, (2021). (Pilna publikacija konferences rakstu
krajuma).

2. 1. Paeglite, ]. Smirnovs, A. Paeglitis (2018) Evaluation of the
increased dynamic effects on the highway bridge superstruc-
ture. // Baltic Journal of Road and Bridge Engineering, 2018, vol.
13, no. 3, pp. 301-312, https://doi.org/10.7250/bjrbe.2018-13.418
(Pilna publikacija Zurnala un SCOPUS).

3. L. Paeglite, J. Smirnovs, A. Paeglitis (2017) Dynamic behavior of
prestressed slab bridges // Proceedings of 12th International
conference “Modern Building Materials, Structures and Tech-
niques”, (MBMST 2016), 26.-27. maijs, 2016, Vilna, Lietuva. 8. Ipp.
(Pilna publikacija SCOPUS).

4. 1. Paeglite, ]. Smirnovs, A. Paeglitis (2016) Traffic load effects on
dynamic bridge performance // Bridge Maintenance, Safety, Man-
agement, Resilience and Sustainability: Proceedings of the Eight
International IABMAS Conference (IABMAS 2016), Brazil, Foz do
Iguacu, 26-30 June, (2016). - pp. 2364-2369. [M. kr.: 02T] (Pilna
publikacija SCOPUS).

5. 1. Paeglite, ]. Smirnovs (2015) Dynamic effects caused by the vehi-
cle-bridge interaction. // 5 th International Scientific Conference
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Proceedings, Vol. 4 Jelgava, Latvia University of Agriculture,
2015, 371 pages ISSN 2255-7776 (Pilna publikacija konferences
rakstu krajuma).

6. 1. Paeglite, ]. Smirnovs, A. Paeglitis (2015) The Dynamic
Amplification Factor for bridges with span length from 10 to
35 meters. // Journal Engineering Structures and Technologies,
2015, pp- 1-8 10.3846/2029882X.2014.996254 (Pilna publikacija
Zurnala).

7. 1. Paeglite, A. Paeglitis (2014) Dynamic Amplification Factors of
Some City Bridges. // World Academy of Science, Engineering and
Technology, International Science Index 96, International Journal
of Civil, Structural, Construction and Architectural Engineering,
8 (12), 1183-1187. http://waset.org/publications/9999937 (Pilna
publikacija Zurnala).

8. I. Paeglite, A. Paeglitis (2013) The Dynamic Amplification Factor
of the Bridges in Latvia. // Journal Procedia Engineering, 2013,
pp- 851-858., 10.1016/j.proeng.2013.04.108 (Pilna publikacija
SCOPUS).

9. 1. Paeglite, A. Paeglitis (2013) Dynamic Load Testing of the Lat-
vian Bridges. International TABSE Conference “Assessment,
Upgrading and Refurbishment of Infrastructure”, Rotterdam,
Netherland 6-8 May 2013. (Pilna publikacija SCOPUS).

Konferences

1. 10th International Bridge Maintenance, Safety, Management,
Resilience and Sustainability Conference (IABMAS 2020), “Rein-
forced concrete highway bridge dynamic assessment method
using data obtained by live scale load testing”, 2021. gada 12.-
16. aprilis, Saporo, Japana. Konference rikota tieSsaisté. (Prezen-
tacija un pilna publikacija konferences rakstu krajuma).

2. 3" International Conference “Innovative Materials, Structures
and Technologies” (IMST 2017) “Evaluation method of the mov-
ing vehicle caused dynamic effects on the highway bridge super-
structure “ 27-29 September 2017. Riga, Latvia. (Stenda referats).

3. RTU 57. starptautiskas zinatniskas konferences sekcija valsts
pétijjumu programma “Inovativi materiali un viedas tehnologijas
vides droSumam, IMATEH”, “Transportlidzeklu svara un kustibas
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atruma ietekmes noveértéSana uz konstrukcijas dinamiskajam
1paSibam” 2016. gada 17. oktobri, Riga, Latvija. (Prezentacija).

. 8th International IABMAS Conference (IABMAS 2016), “Traffic
load effects on dynamic bridge performance”, 2016. gada 26.-
30. junijs, Foz do Iguacu , Brazilija. (Prezentacija un pilna pub-
likacija konferences rakstu krajuma).

. 12th International conference “Modern Building Materials, Struc-
tures and Techniques”, (MBMST 2016), “Dynamic behavior of
prestressed slab bridges” 2016. gada 26.-27. maijs, Vilna, Lietuva.
(Prezentacija un pilna publikacija SCOPUS).

. 2" International Conference “Innovative Materials, Structures
and Technologies” (IMST 2015) 30 September to 2" October
2015. Riga, Latvia. (Prezentacija).

. International Conference “Civil Engineering 15", Dynamic effects
caused by the vehicle-bridge interaction”, 14-15 May 2015, Jel-
gava, Latvia. (Prezentacija un pilna publikacija konferences rak-
stu krajuma).

. ICSCE 2014: International Conference on Structural and Con-

struction Engineering, “Dynamic effects of selected bridges in
Latvia”, 22-23 December 2014, London, United Kingdom. (Pre-
zentacija un pilna publikacija Zurnala).

. 11th International Conference “Modern Building Materials, Struc-
tures and Techniques”, ,The Dynamic Amplification Factor of
the Bridges in Latvia”, 16-17 May 2013, Vilnius, Lithuania. (Pre-
zentacija un pilna publikacija SCOPUS).
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1. LITERATURAS APSKATS

Autotransporta slodzu dinamiskas ietekmes novertéjumam
vienmer ir bijusi svariga loma autocelu tiltu droSuma un veiktspé€jas
nodrosinasanai. Satiksmes slodzes ieklausana tiltu aprekinos sakas
jau 19. gadsimta, kad iesakas dzelzcelu un dzelzcela tiltu buvnieciba
[1], [2].

Pédejos 20 gados, attistoties mériericém [19] un to iesp€jam, dau-
dzi peétijjumi ir veikti, lai salidzinatu braucoSas automasinas radito
dinamisko ietekmi uz tiltu. To ir pétijusi vairaki zinatnieki, pieméram,
Fryba [9], Young un Lin [12], Akin un Mofid [20], [1]. Savukart labora-
torijas un eksperimentalo datu rezultatus analitiski pétijis zinatnieks
Nowak [10], [21], [22], kura pétijumos analizéeti ASV lietotie AASHTO
slodzes modeli un kravas automasinas iedarbes uz tilta konstrukciju.
Zinatnieks O'Brien [26], [27] pétijis automaSinas parametru noteik-
Sanu kustiba jeb Weight-in-motion (WIM) un tiltu modalo analizi.
Zinatnieks Rattigan [23], [28] pétijis dinamiska koeficienta vertibas
un ta ietekmi uz dinamisko slodzi un tiltu konstrukciju. Taja pasa laika
Sajos pétijumos nav sniegtas rekomendacijas vai apsverumi par tiltu
dinamisko raksturojumu - dinamiska koeficienta vai paSsvarstibu
frekvencu - rekomendéjamiem vai nerekomendéjamiem intervaliem.

Pieaugot datoru iespéjam un signalu analizes veidiem, notika
pareja uz sensoru rezultatos balstitam tiltu konstrukcijas anali-
zes metodém un modalo analizi, kura tika noteiktas konstrukcijas
passvarstibu frekvences un svarstibu formas [29]. Fiziskas tiltu ipa-
$ibu izmainas (stingums, masa un energijas izkliede) rada izmainas
tilta spektralajas 1ipaSibas (frekvences, svarstibu rimsana un svars-
tibu formas). Pieméram, izmainas tilta stinguma, kas liecina par tilta
bojajumiem, var tikt noteiktas, fiks€jot izmainas tilta paSsvarstibu
frekvence [24]. Tomeér nav izstradatas metodes paSsvarstibu frek-
vences izmainu kvantitativam novertéjumam, pieméram, frekvencu
skaitliskas vertibas, kas liecinatu par tilta konstrukcijas bojajumiem.

Attieciba uz autocelu tiltiem Eirokodekss 1990 nosaka, ka pasu-
titajam ir janorada prasibas un Kkritériji attieciba uz svarstibam, kur
tas ir svarigi. Tiek rekomendéts izmantot komforta kritérijus, kuru
vértibas buvnormativa nav noraditas. Taja pasa laika attieciba uz
ekspluatacija esosu tiltu dinamisko ipasibu izvérteéSanu buvnorma-
tivi rekomendacijas nesniedz [36].
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1.1. Dinamiskas iedarbes raksturojosie parametri

Atskiriba no statiskas slodzes, dinamiskas slodzes konstrukcija
izraisa masas paatrinajumus, lidz ar to radot inerces spekus [48].
Ir svarigi parbaudit tilta rekciju uz dinamisku slodzi, jo katra kons-
trukcija tiek projektéta, nemot vera aprekina slodzes, taCu ir dazadi
areji faktori, kas var palielinat aprékina slodzes lielumu.

Automasinu radita slodze ir laika mainiga stohastiska slodze, ko
apraksta ar varbiitibas teorijas principiem, izmantojot satiksmes
datus, kas ieguti, izmantojot automasSinas parametru merisanu kus-
tiba (biezak tiek lietots apziméjums anglu valoda Weight in motion
(WIM) [49].

Konstrukcijai masa ir izkliedeta pa visu darinajumu, tapéc kusti-
bas brivibu skaits ir bezgaligs. TaCu daudzos gadijumos realo sistéemu
iespéjams reducét uz sistému ar galigu kustibas brivibu skaitu. Sadas
konstrukcijas aprékinam izmanto galigo elementu metodi (GEM) [48].

Tilta konstrukcijam svarigakie dinamiskie raksturlielumi ir:
passvarstibu frekvence, svarstibu rimSanas koeficients un dinamis-
kais koeficients.

Passvarstibu frekvence

Brivas svarstibas jeb paSsvarstibas rodas, kad konstrukcija tiek
izkustinata no tas lidzsvara stavokla un brivi svarstas. Passvarsti-
bas ir rimstoSas, jo konstrukcija bez ieksejiem spekiem darbojas ari
pretéji versti aréjie speki. Svarstibu rimsanu konstrukcija var ideali-
zét ka viskozo rimSanu. Viskozi rimstosai sistémai brivas svarstibas
apzime ar visparigo kustibas vienadojumu:

mU + ¢V + kv = 0; (1)

kur:

U - paatrinajums;

U - atrums;

v - parvietojums;

m - masa;

c - viskozas rimsSanas koeficients;

k - konstrukcijas stingums;

p(t) = 0, jo nav pielikts arejais speks.
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Vienadojums rada, ka konstrukcijas dinamiskas ipaSibas ir atka-
rigas no konstrukcijas masas sadalijuma, konstrukcijas geometris-
kiem parametriem un konstrukcijas stinguma [13].

Katra raksturiga konstrukcijas deformacijas forma tiek saukta
par brivo svarstibu formu. T apzimeé ka brivo svarstibu periodu - tas
ir laiks, kas nepiecieSams vienam svarstibu ciklam. Attieciga brivo
svarstibu lenkiska frekvence w_un passvarstibu frekvence f tiek
aprékinata péec 2. un 3. formulas:

1
Ja ST (2)
ALY 3)
w

n

Dinamiskaja analizei izmanto modalas analizes principu jeb
pasSsvarstibu frekvenCu analizi, kopa ar frekvencem apskata ari
svarstibu formas. To var noteikt, ja svarstibu pamatvienadojuma
(1. vienadojums) ka nulle tiek pienemta svarstibu rimSana un aréjo
speku iedarbiba. Kopejais passvarstibu frekvencu skaits ir vienads
ar konstrukcijas kustibas brivibu skaitu. Katrai frekvences skaitlis-
kajai vertibai ir atbilstoSs vektors jeb svarstibu forma (moda).

Uzspiestas svarstibas

Uzspiestas svarstibas rodas konstrukcija no laika periodiski mai-
nigiem aréjiem spékiem, kas iedarbojas uz konstrukcijas masu. Sads
arejs speks ir ari par tiltu braucosa automasina. Uzspiestas svarsti-
bas kustibu vienadojuma apzimé ar periodiski mainigu ar€jo speku
funkciju p(t):

mU + ¢V + kv = p(t). (4.)

Dinamiska slodze ir laika mainiga, tapéc iedarbes funkcija nav
aprakstama ar vienu harmonisku funkciju. Aréja spéka iedarbes
funkciju apraksta automasSinas kustigas slodzes modelis, un Sada
veida iedarbi péta tilta un automasSinas mijiedarbiba.
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Svarstibu rimsanas koeficients

Ja svarstibas nav uzspiestas, tas ar laiku norimst. Svarstibu rim-
Sanu rada: térauda savienojumu berze; mikroplaisu atvérSanas un
aizvérSanas dzelzsbetona konstrukcijas; berze starp konstrukciju un
elementiem, kas nav konstrukcijas sastavdala.

Konstrukcijas rimSanas koeficientu atSkiriba no konstrukcijas
stinguma nevar aprekinat, zinot tikai konstrukcijas dimensijas un
konstrukcijas elementu izmérus. Tapéc realas konstrukciju parbau-
des ar dinamisku slodzi ir vienigais veids, kas lauj iegut datus, ar
kuriem var noteikt konstrukcijas svarstibu rimSanas koeficientu.
Sadus datus var iegiit gan no brivajam, gan uzspiestajam svarstibam
[51].

Svarstibu kustibas samazinajumu raksturo ari logaritmiskais
dekrements, un to aprékina ka logaritmu no secigam parvietojuma
samazinajuma virsotném svarstibu likne.

§=In-ti_ - 275 (5)

ui+1 \/1 — éz
kur:

¢ - rimSanas koeficients, kas ir bezdimensiju svarstibu rimsanu
raksturojoSs lielums. Tas ir atkarigs ar1 no konstrukcijas masas un
stinguma.
Ja rim$anas koeficientam £ ir maza skaitliska vértiba 1-& <1,
tad tas dod aptuvenu vienadojumu & = 2mé¢, kas ir pienemams pie
¢ < 0,2 un kas attiecas uz lielako dalu konstrukciju. Tatad rimSanas
koeficientu var aprekinat ka: £ = §/2m.

Analitiski rimSanas koeficientu noteikt nav iesp€jams. Konstruk-
cijam ar nelielu rimSanas koeficientu var izmantot izteiksmi [51]:

E:Lln U : (6.)

21 U

i+j

Neliels rimSanas koeficienta pieaugums var ievérojami sama-
zinat dinamiska koeficienta skaitlisko vértibu rezonansé. Precizs
svarstibu rimsanas modelis konstrukcijam vel nav izstradats, tacu
ir pieradits, ka lineari viskozas rimSanas pienémums ir pareizs un
tas attiecas uz lielako dalu konstrukciju. Iznémums ir grunts un
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konstrukcijas mijiedarbiba, kur tiek nemti vera speciali svarstibu
rimSanas modeli [52].

Nemot vera visus faktorus, kas ietekme svarstibu rimsanas koe-
ficientu un ta izmainas, to izmanto ari, lai noteiktu, vai konstrukcijai
ir bojajumi.

Dinamiskais koeficients (DK)

Dinamisko koeficientu apréekina ka attiecibu starp maksimalo
slodzes efektu, kad tilts ir slogots dinamiski, un maksimalo slodzes
efektu, kad ta pati slodze ir pielikta statiski (7. vienadojums). Tas
rada, cik liela mera automasinas un tilta mijiedarbibas rezultata
palielinas statiskas slodzes raditas vertikalas deformacijas. Projek-
tésanas nolikos statiska slodze tiek sareizinata ar pielaujamo dina-
misko koeficientu. Alternativa Sai metodei ir veikt kompleksu GEM
konstrukcijas dinamisko analizi, nemot véra tilta un automasinas
mijiedarbibu [55].

VisbieZzak dinamiska koeficienta aprékinam no iegutajiem datiem
izmanto 7. formulu, lai ari ir vel citas metodes.

_ Rdyn
R

DK (7)

stat

Rdyn ieguist tieSi no mérjjumu datiem, nolasot meriekartu uzradi-
tos rezultatus. R, , var iegut jebkura no mérijumu punktiem (ne tikai
no vienas un tas pasSas merierices), kas samazina iespéju parvertéet
DK.

DK vertiba 1,3 atbilst 30 % dinamiskajam palielinajumam. Eiro-
kodekss LVS EN 1991-2 nosaka, ka aprékiniem var tikt izmantota
visparinata dinamiska koeficienta veértiba, kas tiek pievienota mak-
simalajai aprekina slodzei.

Tomeér Eirokodeksa LVS EN 1991-2 ietverta metode ir konserva-
tiva, jo dinamiskais koeficients tiek aprékinats, nemot véra tikai
dazus parametrus. Eirokodeksa normalas satiksmes slodzes modelis
tiltiem tiek aprekinats, pievienojot dinamisko koeficientu neizde-
vigakajam statiskas slodzes modelim, kas ieguts, ekstrapoléjot slo-
dzes efektus, izmantojot brivas satiksmes simulacijas un WIM datus.

Eirokodeksa teoretiska dinamiska koeficienta vértiba attiecigajam
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tiltam ir atkariga no ietekmes linijas formas un viena mainiga - tilta
garuma [62].

GEM apreékina nenem vera tilta, automasinas un cela profila mij-
iedarbibu, tapéec dinamiska koeficienta vertibas ir konservativas un
tas rada maksimalu dinamisko efektu. Sida konservativa metode ir
pienemama jaunam konstrukcijam, jo dinamiska slodze tiek ieklauta
jau konstrukcijas projektéSanas procesa, tomér daudz precizaks
novertéjums ir nepiecieSams jau ekspluatacija esoSam konstrukci-
jam, kuram Eirokodeksa ieklautas aprekina vertibas var liecinat par
nepietiekamu nestspéju un sadardzinat rekonstrukciju.

1.2. Autotransporta slodzes radito svarstibu tilta
konstrukcija eksperimentalas noteikSanas metozu
apskats

Tilta parbaude ar dinamisku slodzi dod iesp€ju iegut patiesos
tilta dinamiskos raksturlielumus un vajadzibas gadijuma korigéet
tilta aprékina modeli. Pilna tilta parbaude ar kustigu slodzi ietver
laiduma konstrukcijas parvietojumu un paatrinajumu meérijumus
dazadas tilta vietas. Nemot vera tilta parvietojumu meérijumus ir
iespéjams noteikt dinamisko koeficientu un svarstibu rimsanas

[Ty PRRBAUDES |

HOVERTERIMS TITA STAVORLA NOVERTEILIMS

I
|
| AR DINAMISKL | -
| § SLo0T! MODALA
| TILTA PARBALIDE PARBADE A
| KONKRETAI SLODTE| B i :
PARBALIDES VERH | [ p—— | wLASISKA MODALA
| MODALA ANALLYE | ANALITE |
————————— T e e e e e e e e it e e st et et P s e o
I | - § $ $ s
0 | | mswhkasTivhn
IESVARSTIEAMAS ™, || ssassvass VEE LN GRUNTS AR
i M | Aurossmisue | | s | AUTD SR || eseTomums | unSEmER
|
____________ [ e e e e ] o e
B | —= i R " T . . —al ¥ . » y
HGUTIE REDULTATI || Dinssskuss | MAESIMALAS | BEZMEROGA SVARETIBU PASSVERSTIEU SWARSTIEA FORMAS
| | woEfCENTS | EUECES | SWARSTIBU FORMAS EMAANA FREKVINCES MlEoch
_________ el i it s s i G R W s it sl e ki Wi Sl Gt vt o e g ot i
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i

1.1. att. Metodes parbaudei ar dinamisku slodzi; shema
(tulkots no anglu valodas) [75].
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koeficientu, savukart paatrinajumu merijumus izmanto tilta modala-
jai analizei.

Metodes parbaudei ar dinamisku slodzi var iedalit divas grupas:
tilta parbaude konkretai slodzei (anglu val. operational tests), kura
nosaka konstrukcijas svarstibu parametrus, izmantojot konkretu
slodzi, un modalas parbaudes (anglu val. modal tests), kuras nosaka
svarstibu parametrus paSai konstrukcijai neatkarigi no iesvarsti-
Sanas slodzes un veida [75]. Shéma, kas redzama 1.1. attela, redza-
mas metodes parbaudei ar dinamisku slodzi. Attela var redzét ari
iesvarstiSanas metodes, iegiistamos rezultatus jeb parametrus un to
lietojumu.

Tilta parbaude ar dinamisku slodzi tiek izmantotas ikdienas
vides slodzes (véjs, grunts svarstibas). Mérijumi sniedz informaciju
par svarstibu parametriem visai konstrukcijas - automasinas siste-
mai. Sada veida autocelu un gajéju tiltu parbauzu rezultati ir pieme-
roti tieSi konkrétai slodzei, jo tie ir atkarigi no automasinas piekares
sistémas, automasinas ass svara, atruma, parbrauksanas vietas un
citiem faktoriem.

Saja pétijuma dati ir iegiti tie$i ar $o metodi. Tilta konstrukcija
tiek paklauta iesvarstiSanai ar noteiktas masas automasinu, un sadi
iesvarstitai konstrukcijai tiek noteikti konstrukcijas dinamiskie
raksturlielumi.

1.3. Iekartas un instrumenti merijumu veiksanai

Parbauzu laika konstrukcijas dinamiskos raksturlielumus var
merit ar akselerometriem, tenzometriem un parvietojumu meérita-
jiem. Parvietojumu dati tiek izmantoti, lai noteiktu dinamisko koefi-
cientu, passvarstibu frekvences un svarstibu rimsSanas koeficientu.
Savukart paatrinajuma datus izmanto, lai varétu iegit passvarstibu
frekvences un svarstibu formas. Instrumentus izvieto uz galvena lai-
duma vietas, kur tie uzradis vislielakas vertibas vai paradis vispreci-
zakas svarstibu formas.
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Akselerometri

Konstrukciju paatrinajumu meérijumiem izmanto akseleromet-
rus. Visbiezak meérijjumiem lieto pjezoelektriskos, pjezorezistivos
un mikroelektromehaniskas sistémas (MEMS) akselerometrus. Pec
akselerometru iegiistamo datu veida tos iedala analogajos un digi-
talajos akselerometros.

Katram akselerometram tiek iestatits paraugu nemsanas bie-
zums (anglu val. samplimg frequency) jeb frekvence. Instrumenti ir
novietoti noteiktos punktos, kas atbilst iegistamo datu pozicijam.
Akselerometru izvietojums ir noteikts, lai varéetu fikseét péc iespé€jas
vairak svarstibu formu. GEM modeli izmanto, lai noteiktu punktus
uz tilta, kuros janovieto instrumenti.

Saja pétijuma tika izmantoti trisasu digitalie akselerometri X6-1a.
Akselerometra diapazons +/- 16 g ar 15 bitu izSkirtspéju. Akselero-
metru paraugu nemsanai pieejamas frekvences 12 Hz, 25 Hz, 50 Hz,
100 Hz un 200 Hz. Mérijumos tika izmantota 50 Hz frekvence.

Akselerometru iegitos datus ar FFT algoritmu parveido uz
svarstibu frekvencém, ko péc tam analizé ar signalu teorijas pane-
mieniem, pieméram, izmantojot likni, kas pielagota, izmantojot
daudzkarteju ortogonalu polinomu algoritmu, lai noteiktu svarstibu
formas modalajai analizei [61].

Parvietojumu méritaji

Lai ari parvietojumu meriSanai var izmantot akselerometru
datus un, izmantojot dubulto integréSanas metodi, parveidot par
parvietojumiem, tomér $ada metode ne vienmér dod pietiekami pre-
cizus rezultatus. Tapéc parvietojumu noteikSanai izmanto lokalas
analogas un digitalas parvietojumu noteikSanas metodes.

Lielu konstrukciju svarstibu meriSanai var izmantot Noptel PSM-
200 lazeriekartu. Tas darbibas princips balstits uz lazera staru un
uztvereju, kas novietots uz konstrukcijas. Mérijjumu attalums var biit
lidz pat 350 metriem. Noptel PSM-200 redzams 1.2. attela. Mérjjumi
var tikt veikti pat 500 reizes sekunde.
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1.2. att. Svarstibu sensors Noptel PSM-200 tiek uzstadits uz tilta pirms
parbaudes ar dinamisku slodzi veikSanas.

Atkariba no tilta veida un iegustamajiem datiem Latvija par-
bauditajiem tiltiem svarstibu diagrammas tika iegiitas, izmantojot
svarstibu sensoru Noptel PSM-200, tenzometrus un attelu apstrades
metodi. legutas diagrammas piemers redzams 1.3. attéla.

PasSsvarstibu frekvences diapazons autocelu tiltiem visbiezak
ir no 0 Hz lidz 10 Hz, retos gadijumos - pat lidz 20 Hz [61]. Sis dia-
pazons ir pietiekams, lai noverotu pirmas piecas svarstibu formas.
Paraugu nemsanas frekvencei jabut vismaz divreiz lielakai neka
intereséjosajai maksimalajai vértibai, parasti 30-100 Hz.
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1.3. att. Svarstibu diagramma Noptel PSM-200.

24



Tenzometri

Tenzometri ir viens no visplasak lietotajiem sensoriem, kad jano-
saka virsmas deformacijas konkreta skeluma. Tenzometrs ir ierice,
kuras elektriska pretestiba ir proporcionala ierices deformacijas lie-
lumam, tapéc, parveidojot tenzometru iegutos datus, var iegut par-
vietojumus daudz precizak neka ar akselerometriem. Tomer, lai ari
Sie dati bus precizaki neka akselerometriem dati, tos ietekmé meri-
jumu troksnis, 1IpaSi - augsta meérijumu diapazona. Visbiezak lieto
metaliskus tenzometrus.

Datu iegusanas un apstrades sistéemas

Lai vienlaikus pieslegtu vairakas ierices (tenzometrus un akse-
lerometrus), tiek izmantotas daudzkanalu sistéemas, pieméram,
SPIDER. Minéeta sistéma lauj vienlaikus saslegt ierices, lai uzreiz
varetu redzét un ierakstit datora svarstibas dazados konstrukcijas
punktos.

Parbaudeés izmantotads automasinas

Slodzes radiSanai uz tilta konstrukcijas tiek izmantotas auto-
masinas ar izmeéritiem masas raksturojumiem. Parbaudém parasti
izmanto automasinu ar tris lidz piecam asim un masu ap 20-40 t.

Parbaudeés tiek izmantotas automasinas, kas atbilst normala
satiksmé izmantotam automasinam, lai modelétu péc iesp€jas reala-
kus konstrukcijas iesvarstiSanas apstaklus.

1.4. Dinamiskas slodzes ievertéjums slodzu
aprekina modeli

Eirokodeksa tiek lietota robeZstavok]u metode, nemot vera gan
slodzes, gan materiala droSibas koeficientus. RobeZstavoklu metode
apskata visus iespéjamos robeZstavok]us un ir balstita varbiitibas
teorijas principos. Ja slodzes raditais efekts parsniedz konstrukcijas
elementa stipribu, iestajas sabrukums.

Tiltu projektéSanas standarti 21. gadsimta izmanto divus robez-
stavok]us - lietojamibas un stipribas, kur stipribas robeZstavoklis
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) Brauksanas joslas platumam w=3m

1.4. att. Tandéma un izkliedéetas slodzes izvietojums [94].

tiek aprékinats, nemot véra konstrukcijas sabrukumu, savukart lie-
tojamibas robezstavoklis nosaka, vai konstrukcija atbilst noteiktiem
lietoSanas kriterijiem.

Eirokodeksa LVS EN 1991-2:2003 “Satiksmes slodzes tiltiem”
[94] doti Cetri vertikalas slodzes modeli LM1, LM2, LM3 un LM4 un
horizontalas slodzes modelis, kas rodas, transportlidzeklim brem-
z€jot un paatrinoties, ka ari centrbédzes un skeérsvirziena slodze.
Autotransporta tiltu apréekiniem izmanto slodzes modelus LM1, LM3
un LM4.

Slodzes modelis LM1 sastav no tandéma un izkliedétas slodzes
(galvenais modelis - visparéjam un lokalam parbaudém). Tandéma
sistémai ir divu asu slodzes un izkliedeta slodze: Q, « = Qo kur o
koeficientu skaitliskas vertibas ir dotas katras ES dalibvalsts stan-
darta nacionalaja pielikuma. LM1 dinamiska slodze tiek izveéertéeta
raksturigajas slodzés @, un q,, tapéc nav vel papildus japalielina
aprekina slodzes.

Satiksmes slodzes Eirokodeksa tika noskaidrotas no statis-
kas satiksmes slodzes simulacijas, slodzes izvietojums redzams
1.4. attela.
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Slodzes modeli LM3 dinamiska slodze papildus jaieverté, ja auto-
masinam paredzéts parvietoties atrak par 70 km/h. Tada gadijuma
janem veéra dinamiskais palielinajums, ko aprékina ar 8. formulu:

@=1.40—$z1.0, (8)

kur L - ietekmes linijas garums metros [95].

Slodzes modeli LM4, kas apraksta pila slodzi 5 kN/m?, dinamis-
kais koeficients jau ir ietverts.

Saskana ar Latvija speka esoSo standartu LVS EN 1991-2 “Satik-
smes slodzes tiltiem” slodzes modelos tiek ieklautas konstantas
dinamiska koeficienta vertibas, kas ir atkarigas no tilta garuma un
slodzes ietekmes linijas, ka ar1 no brauksanas joslu skaita uz tilta,
kas paredzetas 100 gadu cikla statiskas slodzes efektam [27].

Dinamiska koeficienta vértibas, ko izmanto LVS EN 1991-2:2003
“Satiksmes slodzes tiltiem”, divu joslu brauktuves tiltam redzamas
1.5. attela.

Eirokodeksa LVS EN 1991 2. dala “Satiksmes slodzes tiltiem” nav
ietvertas dinamiska koeficienta vertibas ekspluatacija esoSajiem
tiltiem.

kJ

— 1 brauk&anas josla Moments
—— 1 brauksanas josla Skersspeks
18 4 2 brauksanas joslas
' 4 brauksanas joslas

g =

Dinamiskais koeficients

1) 10 20 30 40 50 60

Tilta garums (m)

1.5. att. Dinamiskais koeficienta vertibas, kas tiek izmantotas Eirokodeksa
aprékina modeli [63].
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1.5. Standarts tilta parbaudei ar dinamisku slodzi Latvija

Tiltu parbaudes ar slodzi Latvija tiek veiktas atbilstoSi prasibam,
ko nosaka standarts LVS 190-11 “Tiltu inspekcijas un parbaudes”
[96]. Latvijas standarts nenosaka konkrétu dinamiskas parbau-
des secibu un informaciju, kas jaievac pirms tas veikSanas, ka ari
nesniedz kritérijus, ka novértét iegutos rezultatus.

Standarts parbaudes veicéjam dod loti daudz iespéjas veikt
parbaudi péc saviem ieskatiem, nekonkretizéjot iegiito rezultatu
ietekmi uz buves mehanisko stipribu un stabilitati. Lai ari ir iek]auts
teikums “parbaudes laika veikto merijumu rezultati un to salidzina-
jums ar aprekinatajam vertibam”, tomer tas vairak attiecas uz sta-
tiskas slogoSanas rezultatiem, kur precizi var apréekinat vertikalas
deformacijas, ko paredzets iegut no konkretas slodzes.

LVS 190-11 “Tiltu inspekcijas un parbaudes” nekonkretizé, kada
parbaudes metode tiltiem biuitu jaizmanto, lai noteiktu konstrukcijas
svarstibas, tomér visbieZak tiek lietota tieSi parbaude, izmantojot
konkretu dinamisku slodzi.
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2. METODIKA TILTA PARBAUDEI AR
DINAMISKU SLODZI

Pasaulé eksisté visparpienemta prakse parbaudes ar dinamisku
slodzi veikSanai, tomer katrs uznémums, kas veic tiltu parbaudi
ar dinamisku slodzi, to dara citadi, jo nav standarta, kas reglamen-
tétu parbaudes ar dinamisku slodzi veikSanu tiltu konstrukcijam.
S1 iemesla dél katrs parbaudes veicéjs péc saviem ieskatiem izvélas
konkretai tilta konstrukcijai piemeérotako parbaudes veikSanas
secibu un veidu, nemot vera pieejamas datu ierakstiSanas metodes
un tiltu iesvarstiSanas slodzi.

Promocijas darba izstradata metodika parada Latvija lietotas
parbaudes ar dinamisku slodzi veikS§anas secibu, lietoto instrumentu
veidus un iegustamos datus un to novertéjumu. Tilta iesvarstiSanai
tiek izmantoti 4 cm augsti deli, kas novietoti uz brauktuves seguma.
Tas lauj modelét daZzadus brauktuves seguma stavoklus, kas ipasi
svarigi tiltiem, kas jau kadu laiku atrodas ekspluatacija. Attalums
starp déliem atkarigs no attaluma starp automasSinas ritenu asim.
Delu augstums (4 cm) ir pienemts, balstoties uz vidéjo ledus un
sniega sanesumu augstumu ziemas apstaklos, situacija, kad netiek
veikta atbilsto$a cela seguma uzturésana. Sada augstuma un izvieto-
juma deli raksturo nelidzenu brauktuves segumu ar seguma nelidze-
numa indeksa IRl vertibu 6 mm/m.

Metodiku tilta parbaudei ar dinamisku slodzi var iedalit piecas
dalas, kas grafiski paraditas 2.1. attela.

METODIKA TILTA PARBAUDEI AR DINAMISKU

SLODZI
1 1 x 1 | 1
2. Mérinstrumentu e 2
1. Parbaudes uzstiidianas un ? “F:!ﬂ]é‘:l:us 4. Datu IS'EZII;EIEEI:'::
plinosana slodzes - apstride B
sagatavosana

2.1. att. Metodika dinamisko raksturlielumu iegtiSanas un novertésanai
parbaudei ar dinamisku slodzi.
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Parbaudes planosana

N1 - tilta tehniska stavokla novertéjums. Veic tilta visparéjo
inspekciju, kas ietver: dokumentacijas izpé€ti; informaciju par
iepriek§€jam parbaudém un inspekcijam; izpéta biivniecibas rase-
jumus. Veic vizualo tilta apskati un nosaka, vai konstrukcijai ir
bojajumi, kas samazina nestspéju. Visbiezak sastopamie bojajumi
ir plaisas betona, stiegrojuma korozija, bojatas balstiklas vai balstu
seSanas. Péc iegutas informacijas sniedz atzinumu, vai konstrukcijai
drikst veikt parbaudi ar slodzi.

Svarigi! Ja raduSies bojajumi, kas ietekmé konstrukcijas nest-
Sp€ju, parbaudi neveic.

N2 - konstrukcijas GEM apreékins un nestsp€jas noveéertéjums.
[zmantojot ieguitos konstrukcijas raséjumus un materialu stipribas
noradijumus, veic GEM aprekinu un nosaka tilta nestspéju. Svarigi
noskaidrot materiala stipribas klasi. Ja tas nav zinams, javeic negrau-
joSie vai graujoSie testi, lai noskaidrotu materiala ipasibas.

Aprekina tiek izmantotas slodzes, kas noraditas standarta LVS
EN 1991-2 “ledarbes uz konstrukcijam 2. dala. Satiksmes slodzes
tiltiem”. Konstrukcijas apréekins tiek veikts stipribas un lietojamibas
robezstavoklim.

N3 - tilta dinamiskas analizes veikSana un instrumentu izvieto-
juma noteikSana. Izmantojot GEM programmas dinamisko sadalu,
veic konstrukcijas aprekinu, nosakot pasSsvarstibu frekvences un for-
mas, ka ari konkretas vietas uz tilta, kur jaizvieto mérierices. Nemot
vera konstrukcijas rasejumus vai apsekojot tiltu, nosaka nepiecie-
Samo meriekartu daudzumu un vadu garumu meériericém, ka ari pie-
kluSanas iespéju vietam, kur janovieto merierices. Pirms parbaudes
javeic mérinstrumentu parbaude un kalibrésana.

N4 - parbaudes programmas ar dinamisku slodzi izstrade. Sasta-
dit parbaudes ar dinamisku slodzi veikSanas programmu, noradot
konkretas vietas, kur jaizvieto meérierices, un to daudzumu.

Programma jaiek]auj Sada informacija:

- laiks, kura bus jasledz satiksme uz tilta;

« merinstrumentu izvietojums;

- parbaude iesaistito darbinieku skaits un pienakumi;

- parbaudes vaditajs;

- nepiecieSamo automasinu skaits un svars.
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Janosaka konkréts automasSinu parbraucienu skaits un brauk-
Sanas atrums. Ja tilts jau ir atverts satiksmei, jadod noradijumi par
satiksmes slégSanu uz tilta parbaudes laika.

Merinstrumentu uzstadisanas un slodzes sagatavosana

Lai ieguitu uzticamus un precizus rezultatus, loti svarigi ir pareizi
izvietot un piestiprinat merierices. Svarigi pierakstit konkréetas die-
nas laikapstaklus un katras merierices atrasanas vietu, jo tas var
ietekmét mérijumu precizitati un to interpretaciju.

M1 - merinstrumentu atrasanas vietu atlikSana uz tilta kons-
trukcijas. Balstoties uz ieprieks veiktajiem GEM aprekiniem, uz tilta
konstrukcijas atzime vietas, kur janovieto mérinstrumenti.

M2 - meérinstrumentu izvietoSana uz konstrukcijas. Mérinstru-
menti japiestiprina pie konstrukcijas péc meérinstrumenta specifi-
kacija noteiktas metodes. Ja mérinstruments jasaslédz ar datoru un
vadiem, tad vadi janovieto t3, lai tie netraucetu satiksmei.

M3 - automasinu sversSana. Kravas automasinas tiek svertas,
izmantojot specialus auto svarus. Automasinas Soferi, kuri veiks par-
braucienus, tiek instrueti, cik braucieni un kada atruma bus javeic.

M4 - tilta klatnes sagatavoSana parbaudei. Japarliecinas, ka tilta
brauktuve parbaudes laika ir tuksSa. Japarliecinas, ka automasinai
ir pietiekami daudz vietas, lai uznpemtu atrumu, pirms ta uzbrauc
uz tilta. Japarliecinas, ka parbaudei nepiecieSamie 4 cm augstie deli
un 20 cm augstais tramplins ir novietoti netalu, lai parbaude varétu
notikt raiti.

Parbaudes veiksana

Parbaudes procediiras laika japarliecinas, ka satiksme ir slégta
un nav kada cita areja slodze, kas varéetu ietekmet parbaudi. Par-
baude notiek, modeléjot dazadus cela seguma stavok]us: bez déliem -
gluds segums; ar déliem - nolietojies segums ar bedrém vai ziema ar
ledus sanesumiem.

S1 - skeérso tiltu pa lidzenu brauktuvi. Pirms parbaudes sakuma
tiek veikts “nulles” nolasijums bez automaSinas uz tilta. Datus sak
ierakstit, automasinai veél neatrodoties uz tilta, un beidz ierakstu,
kad konstrukcija norimuSas raditas svarstibas. Transportlidzeklis
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Skérso tiltu ar atrumu 20 km/h, 40 km/h, 60 km/h un, ja nepiecie-
Sams, ar atrumu lidz atlautajam brauksSanas atrumam tilta atrasanas
vieta pa lidzenu brauktuvi.

S2 - skerso tiltu pa nelidzenu brauktuvi. Pirms automasina iesak
kustibu uz tilta, automasinas cela tiek novietoti 4 cm augsti deli.
Attalums starp déliem 3-3,5 m atkariba no automasinas asu atta-
luma. Transportlidzeklis Skérso tiltu ar atrumu 20 km/h, 40 km/h,
60 km/h pa nelidzenu segumu. NepiecieSamibas gadijuma ar atrumu
70 km/h par nelidzenu segumu, jo loti nelidzenam segumam tas var
biit maksimalais atlautais braukSanas atrums.

S3 - triecienslodze. Laiduma vidi novieto 20 cm augstu ieprieks
izgatavotu tramplinu. AutomaSina priekS€jo ritenu asi nobrauc
no tramplina, lauj konstrukcijai brivi svarstities, lidz svarstibas
norimst. Péc parbaudes no klatnes nonem visus Skérslus un veic vél
vienu “nulles” ierakstu bez satiksmes.

Datu apstrade

Atkariba no parbaudeé izmantotajiem meérinstrumentiem datus
apstrada atbilstosi katras meérierices specifikacijam.

D1 - akselerometru dati. Akselerometru iegutos datus ar FFT
algoritma metodi parveido uz svarstibu frekvencém, ta iegustot
svarstibu formas un frekvences.

D2 - parvietojumu meéritaju dati. No parvietojumu meérijumu
datiem izveido svarstibu diagrammas katrai slodzei un cela segu-
mam, péc kuram aprékina brivo svarstibu frekvenci un dinamisko
koeficientu. No triecienslodzes diagrammam nosaka svarstibu rim-
Sanas koeficientu.

D3 - tenzometru dati. Tenzometri ieraksta spriegumus, kas veido-
jas konstrukcija no konkrétas slodzes. Sos datus parveidojot, uz par-
vietojumiem iegust svarstibu diagrammas un nosaka brivo svarstibu
frekvenci un dinamisko koeficientu.

D4 - rezultatu apkopojums. legiitos rezultatus apkopo atskaité un
salidzina ar aprékina modeli iegutajiem rezultatiem.
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Rezultatu novertésana

R1 - paSsvarstibu frekvences. legutas paSsvarstibu frekvences
un svarstibu formas tiek salidzinatas ar analitiski aprékinatajam
vertibam, ja vértibas atSkiras par vairak neka 10 %, tad javeic apreé-
kina modela parbaude. Tas liecina par aprékina modela neatbilstibu
realajai konstrukcijai.

R2 - dinamiskais koeficients. Ja dinamiskais koeficients pie
lidzena cela seguma tiek iegiits lielaks par 1,4, aprékina modeli slo-
dzes droSibas koeficients ir jaizmaina atbilstoSi iegutajai dinamiska
koeficienta vertibai, jo tas norada, ka attiecigajai konstrukcijai un
slodzei Eirokodeksa pienemtais dinamiskais koeficients ir par mazu.

Nosaka konstrukcijas dinamiskuma indeksu, ta novértejot tilta
dinamiskas veiktspéjas Iimeni.

R3 - gajeju komforta kriterijs. Tiltiem ar gajeju ietvem iegu-
tas paatrinajuma vertibas salidzina ar LVS EN 1990:2022/A1:2008
A2.4.3.2. punkta minétajiem gajéju komforta kriterijiem (lietojami-
bas robezstavoklim). Vertikalie paatrinajumi - lidz 0,7 m/s?, horizon-
talie paatrinajumi - 1idz 0,2 m/s?.

R4 - ieguito rezultatu vispareéjs novertéjums un parbaudes atskai-
tes sagatavoSana. Parbaude iegiitos datus par tilta konstrukciju,
parbaudeé izmantotajam iericém un to izvietojumu, pieliktas slodzes
un iegutos rezultatus apkopo atskaite. Atskaites beigas tiek izdariti
secinajumi par konstrukcijas dinamisko veiktspéju un atbilstibu
aprekiniem.

Izstradata metodika parbaudei ar dinamisku slodzi lauj noteikt
nepiecieSamos tiltu dinamiskos raksturlielumus, kas izmantoti
3. nodala dinamisko raksturlielumu analizei. Analize noteikti dina-
misko raksturlielumu (passvarstibu frekvence, svarstibu rimsanas
koeficients, dinamiskais koeficients) vértibu diapazoni, kas liecina
par paaugstinatu tilta dinamisko veiktspéju. legutie dinamisko rak-
sturlielumu diapazoni péc tam izmantoti dinamiskuma indeksa apre-
kina metodé 3.2. apaksSnodala.
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3. TILTU DINAMISKAS VEIKTSPEJAS
NOVERTESANAS METODE

Tilta dinamiskas veiktsp€jas novértésanu var veikt ar parbaudi,
izmantojot kustigu slodzi, kas ne vienmeér ir iespéjams. Tade] ir
izstradata metode tiltu dinamiskas veiktspéjas novértésanai, nevei-
cot tilta parbaudi ar dinamisku slodzi.

Konstrukciju dinamisko veiktspeju raksturo $adi galvenie
parametri:

- dinamiskais koeficients - raksturo vertikalas deformacijas vai

sprieguma palielinajumu dinamiskas slodzes iedarbiba;

- logaritmiskais dekrements un svarstibu rimsSanas koefi-
cients - abi raksturo atrumu, kada norimst uzspiestas svarsti-
bas; atkarigs no konstrukcijas stinguma;

- vertikala deformacija - konstrukcijas padoSanas slodzes
ietekme; atkarigs no konstrukcijas stinguma un pieliktas slo-
dzes;

- passvarstibu frekvence - konstrukcijas svarstibas atkariba no
konstrukcijas formas un materiala; atkarigs no konstrukcijas
stinguma.

No Siem parametriem izriet, ka tilta dinamiska veiktspé€ja ir stipri
saistita ar konstrukcijas stingumu, ko raksturo svarstibu rimsana,
vertikala deformacija un paSsvarstibu frekvence. Dinamisko koe-
ficientu nav iespéjams noteikt konstrukcijai, neveicot parbaudi ar
dinamisku slodzi, tapéc izstradataja metodé€ tas netiek izmantots.

Izanalizéjot iepriekS minétos parametrus, kas ietekmé konstruk-
cijas dinamisko veiktspéju, ir noteikti parametri, ko ir iespéjams
noskaidrot projektéSanas procesa - konstrukcijas stingums un
passvarstibu frekvence. Savukart ekspluatacija esoSai konstrukcijai
tie ir rimSanas koeficients, paatrinajumus un svarstibu amplitidu.
No tiem svarigakie ir rimSanas koeficients un svarstibu amplitida,
kas raksturo ar1 konstrukcijas stingumu.

DazZadiem tiltu veidiem parametru vértibas var atSkirties, tapéec
promocijas darba tika atseviSki apskatiti ¢etru veidu tilti - dzelzs-
betona platnu tilti, spriegbetona siju tilti un spriegbetona platnu
tilti ar vienu un vairakam ribam. Tiltiem tika noteikti ieprieks mine-
tie parametri, kas raksturo konstrukcijas stingumu un dinamisko
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veiktspéju. Sie parametri tika analizéti, lai noteiktu, kuri parametri
un kadi parametru diapazoni raksturo konstrukcijas, kuram nove-
rojama paaugstinata dinamiska veiktspé€ja. Lai noteiktu katra kon-
kreta parametra vertibu diapazonu, izmantoti dati, kas ieguti tiltu
parbaudés ar dinamisku slodzi no 2000. lidz 2016. gadam.

legito datu analizes rezultata noteiktas cetru dzelzsbetona
tiltu dinamisko veiktspéju ietekméjoSo kritériju vertibas, kas talak
izmantotas tiltu dinamiskas veiktsp€jas limena noteikSanas metode,
ko raksturo dinamiskuma indekss. Dinamiskuma indeksa aprékina
metode aprakstita 3.2. apaksSnodala.

Péc rezultatu analizes tika atlasiti pieci kritériji:

1) laiduma garuma / konstrukcijas augstuma attieciba;

2) relativa vertikala deformacija;

3) passvarstibu frekvence;

4) rimSanas koeficients;

5) starptautiskais nelidzenuma indekss IRI.

Pirmie divi kriteriji raksturo konstrukcijas stingumu: laiduma
garuma / augstuma attieciba jeb konstrukcijas slaidums un relativa
vertikala deformacija, kas raksturo konstrukcijas vertikalas defor-
macijas attiecibu pret laiduma garumu.

Otrie divi kriteriji raksturo svarstibas: paSsvarstibu frekvenci
un svarstibu rimsSanas koeficientu. Ja paSsvarstibu frekvenci var
noteikt, veicot tilta dinamisko analizi, tad svarstibu rimsanas koefi-
cientu, neveicot parbaudi, noteikt nav iespéjams. Tapéc svarigi bija
noteikt S1 parametra vertibu diapazonu no eksperimentali ieguto
parbauzu ar dinamisku slodzi rezultatiem.

Pédéjais kritérijs ir starptautiskais nelidzenuma indekss IRI.

3.1. Eksperimentali ieguto dzelzsbetona tiltu
dinamisko raksturlielumu analize

Dzelzsbetona platnu tilti

Tilta dinamiskas veiktspéjas un stingumu raksturojoSo para-
metru diapazoni redzami 3.1. tabula.

Veértibu diapazona dala, kas norada uz lielaku dinamisko veikt-
sp€ju, tika noteikta, salidzinot pétijuma ieklautos tiltu parametrus.
Diapazona vertibas tika nemtas no tiltiem, kuriem dinamiskuma
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koeficients pie nelidzena seguma ir virs 2, Saja gadijuma dinamis-
kuma koeficienta vertibas ir 2,4-2,7. Rezultati liecina, ka vertibu
diapazona dala, kas norada uz lielaku relativo ielieci un laiduma
konstrukcijas garuma un augstuma attiecibu, apstiprina lielaku
dinamisko veiktspéju. Savukart vertibu diapazona dala, kas lie-
cina par zemaku svarstibu rimsanas koeficientu un pirmas formas
passvarstibu frekvences vertibu, norada uz lielaku konstrukcijas
dinamisko veiktspéju.

3.1. tabula

Dzelzsbetona platnu tiltu dinamiskas veiktspéjas un stin-
gumu raksturojosSo parametru diapazoni

Diapazona vertiba,
Parametri Vertibu diapazons kas norada uz lielaku
dinamisko veiktspéju
Laiduma garuma / platnes | 16-34 > 23
augstuma attieciba
Passvarstibu frekvence 3,25-18 Hz 3,25-6 Hz
Rimsanas koeficients 0,013-0,04 0,013-0,02
Relativa vertikala 1/5000L-1/3400L |1/1500L-1/2030L
deformacija

Rezultati, kas apkopoti 3.1. tabula, talak tiek izmantoti dinamis-
kuma indeksa apréekina metodé, kas aprakstita 3.2. apakSnodala.

Spriegbetona siju tilti

Spriegbetona siju tiltu dinamiskas veiktspéjas un stingumu rak-
sturojoso parametru diapazoni redzami 3.2. tabula. Diapazona ver-
tibas tika nemtas no tiltiem, kuriem dinamiskuma koeficients pie
nelidzena seguma ir virs 2, Saja gadijuma dinamiskuma koeficienta
vertiba ir 3,10. Laiduma garuma / sijas augstuma attieciba sada tipa
sijam nav noteicoSais lielums, jo sijam ir fikséts augstums. PaSsvars-
tibu frekvence virs 5 Hz un rimsSanas koeficients virs 0,02 liecina par
paaugstinatu dinamisko veiktspéju. Lielaka paSsvarstibu frekvence
liecina par lielaku konstrukcijas dinamisko veiktspéeju, ko norada
korelacijas koeficients 0,99 starp passvarstibu frekvenci un dina-
misko koeficientu nelidzenam cela segumam.
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3.2. tabula
Vienkarsi balstitu spriegbetona siju tiltu dinamiskas veikt-
spéjas un stingumu raksturojoso parametru diapazoni

Parametri Vertibu diapazons | Diapazona vertiba,
kas norada uz
lielaku dinamisko
veiktspéju

Laiduma garuma / sijas 18-19 19

augstuma attieciba

Passvarstibu frekvence 3,5-14,3 Hz 5-14,3 Hz

Rimsanas koeficients 0,01-0,05 0,02-0,05

Relativa vertikala 1/1700L-1/3070L | 1/2010L-1/3070 L

deformacija

Dinamiskuma indeksa metodé€ siju tiltu dati netika izmantoti, jo
ir pieejami tikai tris tiltu parbaudes ar dinamisku slodzi rezultati un
sadus tiltus Latvija vairs nebuive. Tomer 4. nodala tika noteikti siju
tiltu pielaujamie dinamiskie koeficienti, kas lauj raksturot esoSo siju
tiltu pielaujamas dinamiskas slodzes rezervi.

Spriegbetona platnu tilti ar vienu ribu

Apkopojot un izanalizéjot spriegbetona platnu tiltu dinamiskos
parametrus, tika noteikti dinamisko veiktsp€ju un stingumu rakstu-
rojoso parametru diapazoni, kas talak izmantoti 3.2. apaksSnodala
dinamiskuma indeksa aprékina. Diapazona vértibas tika nemtas no
tiltiem, kuriem dinamiskuma koeficients pie nelidzena seguma ir
virs 2. Spriegbetona platnu tiltu gadijuma dinamiskuma koeficienta
vertibas ir 2,1-3,5.

Spriegbetona platnu tiltu dinamisko veiktspéju un stingumu rak-
sturojoSi parametri apkopoti 3.3. tabula. Redzams, ka spriegbetona
konstrukcijam laiduma garuma / augstuma attieciba ir robezZas no
24 lidz 26. Passvarstibu frekvence ir salidzinoSi zema, un lielaka
dinamiska veiktspéja ir konstrukcijam ar passvarstibu frekvencei
ap 4,3-4,5 Hz. Lielaku dinamisko veiktspéju raksturo ari rimSanas
koeficients intervala no 0,03 Iidz 0,04, savukart relativa vertikala
deformacija 1/2090 L - 1/2500 L. Spriegbetona tiltiem ar vienu ribu
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3.3. tabula

Spriegbetona platnu tiltu dinamisko veiktspéju un stingumu
raksturojoso parametru diapazoni

Papildu
. N konstruk-
Diapazona vertiba, | ..
- cijas para-
. . . kas norada uz 5
Parametri Vertibu diapazons |, . _ . ) metri, kas
lielaku dinamisko
. - rada paaug-
veiktspeéju -
stinatu
dinamiku
Laiduma 24-26 25 Brauktuve
garuma / novietota uz
platnes augstuma konsoles
attieciba
Passvarstibu 2,5-5,2 Hz 4,3-4,5 Hz
frekvence
RimsSanas 0,02-0,04 0,03-0,04
koeficients
Relativa vertikala |1/1900L-1/2500L|1/2090L-1/2500 L
deformacija

svarigs parametrs ir brauktuves atraSanas uz konsoles, ja platne ir
trapecveida. Ja konstrukcija ir slaida (L/H > 25), tad ta ir ar1 daudz
vieglak iesvarstama, tapéc, novietojot automasinu uz konsoles dalas,
ta rada papildu verpes spékus.

Spriegbetona platnu tilti ar vienu ribu

Spriegbetona ribotu platnu tiltu dinamiskas veiktspéjas un stin-
gumu raksturojoSi parametri apkopoti 3.4. tabula. Diapazona ver-
tibas tika nemtas no tiltiem, kuriem dinamiskuma koeficients pie
nelidzena seguma ir virs 2. Spriegbetona platnu tiltu gadijuma dina-
miskuma koeficienta vertibas ir 2,0-5,6.
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3.4. tabula

Spriegbetona ribotu platnu tiltu dinamiskas veiktspéjas un
stingumu raksturojoso parametru diapazoni

Parametri Vertibu diapazons |Diapazona vertiba, | Papildu kons-
kas norada uz trukcijas para-
lielaku dinamisko |metri, kas rada
veiktspéju paaugstinatu

dinamiku

Laiduma 19-27 25-27 Tilts novietots

garuma / lenki pret tilta

platnes garenasi.
augstuma

attieciba Brauktuve

Passvarstibu |3,9-5,7 Hz 3,9-4,8 Hz novietota uz

frekvence konsoles.

RimsSanas 0,0-0,06 0,03-0,06

koeficients

Relativa 1/2500L-1/5080L |1/3500L-1/5080 L

vertikala

deformacija

Redzams, ka spriegbetona ribotu platnu tiltiem laiduma

garuma / augstuma attieciba ir 25-27, kas liecina par konstrukcijas
lielaku dinamisko veiktspéju. PaSsvarstibu frekvence ir salidzinosi
zema, un lielaku dinamiskas veiktspé€ju raksturo vértibu diapazons
3,9-4,8 Hz. Ribotu platnu tiltiem vertibu diapazons, kas parada liela-
kas rimsSanas koeficienta vertibas un mazaku relativa ielieci, liecina
par lielaku dinamisko veiktspéju. Spriegbetona platnu tilti, kuriem
brauktuve novietota slipi pret tilta garenasi, palielina konstrukcijas
dinamisko veiktspéju.

3.1.1. Slodzes dinamiskas iedarbes ietekmeéjosSie faktori
[zanalizéjot 3. nodala iegutos datus, tika noteikti dinamiskas

iedarbes ietekméjosie faktori: tilta geometrija, cela lidzenums un
automasinas atrums.
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Tilta geometrija

Tilta geometrija ir viens no svarigakajiem elementiem, kas
ietekme tilta dinamiku, jo gan tilta konstrukcijas veids un forma,
gan Skersgriezuma forma ietekmé tilta dinamisko veiktspéju.
Papildu slodzi tilta konstrukcijam rada transportlidzeklu kustiba,
ja tilts novietots slipi attieciba pret autocela garenasi. Tilta laiduma
garuma / augstuma attieciba ietekme tilta stingumu, lidz ar to - ari
dinamiku.

Tilti, kas novietoti slipi, ir paklauti lielakai dinamiskajai veikt-
spé€jai. Analize veikta ar datorprogrammu LI/RA. Aprekini veikti 12 m
garam vienkarsi balstitas sistémas tiltam ar platumu 9 m un platnes
augstumu 0,7 m. Laiduma garuma / augstuma attieciba l/h = 20.

3.5. tabula
Pirmas formas passvarstibu frekvence dazada
slipuma tiltiem

Novietojuma slipums Passvarstibu frekvence, Hz Periods T, s
0° 6,15 0,163
15° 6,49 0,154
30° 7,69 0,13
45° 10,32 0,096

Ka redzams 3.5. tabula, palielinoties platnes slipumam, pieaug
pirmas svarstibu formas frekvence, ka ari paradas verpes svarstibu
formas, kas konstrukcija rada verpes spéekus.

Brauktuves seguma lidzenums

Analizes rezultati, kas aprakstiti 3. nodala, liecina, ka galvenais
dinamiska koeficienta palielinajuma iemesls ir autocela seguma
nepilnibas. Jebkur$ autocela nelidzenums - asfalta izdrupums,
nelidzena deformacijas Suve vai ledus ziemas apstaklos - rada
papildu slodzi automasinas piekares sistémai, ko pec tam auto-
masina parnes uz tilta konstrukciju [99]. SI ietekme ir paradita
ar1 3.1. attela, kur redzams dinamiska koeficienta palielinajums
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3.2. att. Starptautiskais nelidzenuma indekss IRI
(tulkots no anglu valodas) [100].
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IRI mervienibas ir metri uz kilometru (m/km) vai milimetri uz metru
(mm/m). IRI skaitlisko vertibu aprekina, dalot standarta transportli-
dzekla piekares sistémas parvietojumu (mm, collas u. c.) ar attalumu,
ko transportlidzeklis veic mériSanas laika (km, m u. c.). IRI skala ir
redzama 3.2. attela.

Jauniem tiltiem cela segums ir lidzens, un tas atbilst zemakajiem
starptautiska nelidzenuma indeksa IRI raditajiem, savukart eksplua-
tacija esoSajiem tiltiem ar bojatu cela segumu starptautiskais neli-
dzenuma indekss IRI ir daudz augstaks. Katra valsts starptautiska
nelidzenuma indeksa IRI vértibas var noteikt atbilstoSi savam prasi-
bam [99].

Latvija seguma nelidzenumu meéra ar VSIA “Latvijas Valsts celi”
IpaSuma esoSu lazerprofilografu, kas cela posmam var noteikt
starptautisko nelidzenuma indeksu IRI. Lai ar1 Latvija nav veikta
speciala starptautiska nelidzenuma indeksa IRl noteikSana tiltiem,
ir iespéjams pielidzinat loti nelidzenus cela segumus nelidzenam cela
segumam uz tilta. “Celu specifikacijas 2019” [101] defing, ka jauniem
asfaltbetona segumiem 20 m garos posmos starptautiska nelidze-
numa indeksa IRI skaitliska vertiba nedrikst parsniegt 2,5 mm/m.
Latvija 2018. gada veiktajos meérijumos tika noteikts, ka jauniem
asfalta segumiem IRI indekss ir zem 1 m/km. Sada profila cela
segumi neietekme tilta dinamisko veiktspéju.

Zinatnieks Sayers [100] sava pétijuma ir noskaidrojis, ka starp-
tautiska nelidzenuma indeksa IRI skaitliska vertiba 6,0 m/km tiek
uzskatita par maksimalo, kas ir pienemama kvalitativiem autocelu
segumiem.

Tilta parbaudei ar dinamisku slodzi, lai modelétu nelidzenu
segumu uz brauktuves, tiek novietoti 4 cm augsti délu Skeérsli. Lai
noteiktu, kadai seguma bojajuma pakapei atbilst bojajumu mode-
lis ar délu skeérsliem, tika veikts eksperiments, kura tika noteikts
starptautiskais nelidzenuma indekss IRl Sadam seguma bojajumu
modelim. Sadarbiba ar VSIA “Latvijas Valsts celi” Kompetences cen-
tru eksperiments tika veikts ar lazerprofilografu. legutie rezultati
radija, ka videja izmerita starptautiska nelidzenuma indeksa IRI ver-
tiba Sadam segumam ar de]u Skersliem ir 6 mm/m.

Apkopojot rezultatus, var secinat, ka par lidzenu var uzska-
tit segumu ar starptautisko nelidzenuma indeksu IRI lidz 2,5, ka
noteikts “Celu specifikacijas 2019”, par nelidzenu segumu var
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uzskatit tadu segumu, kura starptautiskais nelidzenuma indekss IR/
ir 2,5-6, par loti nelidzenu segumu, ja starptautiskais nelidzenuma
indekss IRI parsniedz 6.

Automasinas atrums

Dinamisko slodzi palielina ne tikai cela nelidzenums, loti svarigs
lielums ir automasSinas parvietosanas atrums. Ka rada 3. nodala
apskatitie tilti, lielaks dinamiskais koeficients tiek ieguts, automa-
Sinam braucot ar zemaku braukSanas atrumu. To var izskaidrot ar
automaSinas “parleksanu” nelidzenumiem, parvietojoties ar lielu
atrumu, savukart, braucot ar nelielu atrumu, tiek uzbraukts katram
nelidzenumam uz seguma.

Smagas automasSinas rada divas vibraciju formas: maSinas
konstrukcijas lekasana (anglu val. body-bounce), kas rodas vibra-
ciju frekvencém no 2 Hz lidz 5 Hz, un ritenu parleksSana (anglu val.
wheel-hop), kas rodas vibraciju frekvencém, kas ir lielakas par 7 Hz.

S
5 15 25 35 45 55 &5
Automasinas atrums (km/h)
(bez déliem)
40
1
30
e
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3.3. att. Cela seguma lidzenuma
un automasinas atruma ietekme
5 15 25 35 45 55 B85 . . _ .
Automasinas atrums (km/h) uz dinamiska koeficienta
(segums ar déliem) palielinajumu [56].
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Seguma lidzenums un automasinas atruma apvienojums veido Sis
formas, tapéc parvietoSanas atrumam ir tik liela nozime. Automa-
Sinas atruma ietekme uz dinamisko koeficientu redzama 3.3. attéla.
Augseja attela paradits segums bez bojajumiem, savukart apakseja
attela - ar bojajumiem. Kritiskais atrums ar nelidzenumiem ir starp
5km/h un 15 km/h [56].

Latvija veiktajas tiltu parbaudés ar dinamisku slodzi ir ieguti
lidzigi rezultati. Lielakais dinamiskais koeficients iegiits, automa-
Sinai parvietojoties ar atrumu 20 km/h pa nelidzenu cela segumu.
Tapec Latvija veiktajas parbaudés pie nelidzena cela seguma kra-
vas automasinas parbrauc tiltam ar atrumu no 20 km/h lidz pat
60 km/h. Parbraucot ar lielaku atrumu par 4 cm augstiem deliem,
var rasties automasinas piekares sistémas bojajumi.

3.2. Tiltu dinamiskas veiktspéjas novertésanas metode -
dinamiskuma indekss (DI)

Kustiga slodze konstrukcija rada dinamisko slodzi, kas pie neli-
dzena cela seguma var izraisit vairak neka divas reizes lielaku slo-
dzes palielinajumu neka aprékina statiska slodze, tomeér precizu
konstrukcijas darbibu dinamiskas slodzes ietekmé nav iesp€jams
noteikt, neveicot tilta parbaudi ar dinamisku slodzi. Tapéc ir izstra-
data metode tiltu dinamiskas veiktspéjas novértésanai, neveicot par-
baudi ar dinamisku slodzi. Ar jedzienu “tilta dinamiska veiktspéja”
saprot tilta reakciju dinamiskas slodzes iedarbiba un to, vai tilta
reakcija uz dinamisko slodzi var radit tilta nestspejas samazinajumu.

Eirokodeksa ka dinamisko veiktspéju izvertejosSs lielums tiek
izmantots dinamiskais koeficients, tomér bez parbaudes ar dina-
misku slodzi veikSanas to nav iespéjams noteikt. Citi dinamiskie
parametri (paSsvarstibu frekvence, svarstibu rimsSanas koeficients)
pasi par sevi neraksturo konstrukcijas dinamisko veiktspéju, tapéc
tiek ieviests jauns dinamiskas veiktspéjas novertéSanas veids jeb
dinamiskuma indekss (DI), kas apvieno piecus dinamisko veiktsp€ju
raksturojoSus parametrus. DI parada tilta konstrukcijas potencialu
parsniegt aprékina slodzeé ieklauto dinamiskas slodzes rezervi.

DI noteikSanas metode ir izstradata tris Latvija sastopamu
dzelzsbetona tiltu veidiem (dzelzsbetona platne, spriegbetona platne
ar vienu un vairakam ribam), jo katrai no $im tiltu konstrukcijam ir

44



citads dinamisko parametru vértibu diapazons, kas ietekmé kons-
trukcijas dinamisko veiktspéju.

No promocijas darba 3. nodala analizétajiem parametriem tika
atlasiti pieci: laiduma garuma / konstrukcijas augstuma attieciba;
relativa vertikala deformacija; paSsvarstibu frekvence; svarstibu
rimSanas Kkoeficients; starptautiskais nelidzenuma indekss IRI. So
parametru vertibas dazada veida tiltiem atSkirsies, tapéc ir svarigi
zinat konstrukcijas veidu - saspriegta vai nesaspriegta konstruk-
cija, vienkarsi balstita vai ramjveida konstrukcija. Dati bija pieejami
dzelzsbetona un spriegbetona platnu tiltiem, tapéc dinamiskuma
indeksa aprekins ir lietojams dzelzsbetona un spriegbetona platnu
tiltiem ar laiduma garumu no 7 lidz 34 metriem.

Svarigi ir nemt vera, vai konstrukcijai ir kads no dinamisko veikt-
spéju palielinosajiem konstruktivajiem faktoriem. Tie ir:

- tilts novietots slipi pret brauktuves asi;

« brauktuve atrodas uz Skersgriezuma konsoles dalas (sasprieg-

tas konstrukcijas tiltiem).

Lai noteiktu DI, ir izveidota skala no 4 lidz 20, kur 4 norada uz
nelielu konstrukcijas dinamiskas veiktspéjas limeni, savukart 20 -
uz loti lielu konstrukcijas dinamiskas veiktspejas limeni, kad dina-
miska slodze samazina konstrukcijas nestspeéju.

Metode tiek lietoti pieci kriteriji, kas raksturo tilta dinamisko
veiktspéju. Kriteriji apzimeti ar K1 lidz K5. Visi parametri ir nosa-
kami konstrukcijai projektésanas stadija, izstradajot matematisko
GEM modeli. Tie ir:

1) tilta laiduma konstrukcijas garuma/augstuma attieciba (K1);

2) passvarstibu frekvences pirma forma (K2);

3) svarstibu rimSanas koeficients (So lielumu aprékinu procesa

pienem ka materiala rimsanas koeficientu; K3);

4) laiduma relativa vertikala deformacija, ar ko saprot tilta mak-

simalo statisko deformaciju attieciba pret laiduma garumu
(K4);

5) starptautiskais seguma nelidzenuma indekss IRI (K5).

Jauniem tiltiem starptautiskais nelidzenuma indekss [RI ir vis-
zemakais - zem 2,5 mm/m, jo ir pilnigi jauns segums, kas ieklats
atbilstosi 2019. gada Celu specifikacijam. Savukart ekspluatacija eso-
Sajiem tiltiem segums bieZi ir ]oti nolietojies, jo nav veikti uzturésa-
nas darbi vai ir veikta bedrisu aizlapiSana, kas bieZi padara segumu
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loti nelidzenu. Sadam cela segumam starptautiskais nelidzenuma
indekss IRI ir var biit 2,5-6 mm/m. Sis vértibas arl izmantotas K5
kriterija vertibu diapazonam.

Metodes pamata kriteriji K1 lidz K4, kas noteikti pec 3.nodala
veiktas analizes katrai tiltu grupai, norada uz vértibu diapazona
dalu, kas liecina par lielaku dinamiku. Kritériji K1-K5 pienemti
ar koeficientu 1, nenosakot kadu kritériju par svarigaku. Metodé
lietotie dzelzsbetona un spriegbetona platnu tiltu dinamisko rak-
sturotaju jeb kritériju (K1-K5) vertibu diapazoni ir iedaliti Cetras
dalas - no Al lidz A4. Katra no dalam tiek novertéta ar vertibu no
1 Iidz 4, kur 1 liecina par nelielu dinamisko veiktspéju, savukart
4 - par lielu. Katram no tiltu veidiem diapazons no Al lidz A4 ir
citadaks, tapéc izveidotas tris tabulas: 3.6. tabula - dzelzsbetona
platnu tiltiem; 3.8. tabula - spriegbetona platnu tiltiem ar vienu ribu;
3.10. tabula - spriegbetona platnu tiltiem ar vairakam ribam, kur
atbilstosi tilta veidam un vértibu diapazoniem paraditas dalu A1 lidz
A4 vertibas.

Katra Kkriterija diapazona dalas A veértiba tiek noteikta, nemot
véra parbaudama tilta dinamiskos raditajus un diapazona dalu,
kura ieklaujas noteiktais kritérijs, iegiistot vértibu no 1 lidz 4. Sads
process tiek veikts visiem pieciem Kkriterijiem. Kad S$is vertibas ir
saskaititas, iegust skaitli no 4 lidz 20, kas norada konstrukcijas DI.
39. formula rada, ka tiek apréekinats DI:

Nosaka katra kritérija
skaitlisko vértibu
apskatitajam tiltam

Laiduma airod ka-t-[ai'i" Pec l..l.'lr'l‘l‘.iulﬂ':. _D_l' =
kritérijam )

Novérté tilta
dinamisko
veiktspéju

K1+ K2

atbilstoso A,
vértibu

péciegltas D/
vertibas

3.4. att. DI noteikSanas algoritms.
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DI=K1,, +K2,, +K3, +K&, +K5 (39

i (AD),

kur:

K1, -kritérija K1 vertiba diapazona no 1 1idz 4;

K2, - kriterija K2 vértiba diapazona no 1 lidz 4;

K3, -kritérija K3 vertiba diapazona no 1 1idz 4;

K4, - Kkriterija K4 vertiba diapazona no 1 1idz 4;

K5, - kriterija K5 vertiba diapazona no 1 1idz 4;

i - vertibano 1 lidz 4.

3.4. attela paradits DI noteikSanas algoritms. Ja dinamiskuma
indekss ir lielaks par 10, tas liecina par dinamisko veiktspé€ju, kas
ietekme konstrukcijas nestspéju.

3.2.1. Dzelzsbetona platnes tilti
Metode ir deriga tikai nepartrauktas sistéemas platnu tiltiem

noraditaja kritériju veéertibu diapazona. 3.6. tabula redzami Kkri-
tériji un to veértibu sadalljums cetras dalas. Sadu tabulu izmanto

3.6. tabula
Dinamiskuma indeksa noteik$§ana ramjveida dzelzsbetona
platnu tiltiem

Kritérijs Al A2 A3 A4 DI
K1 | Laiduma 16-20,5 |20,6-24,9 | 25-29,5 29,5-34 Klm
garuma / augstuma
attieciba; L/h
K2 | Passvarstibu 13,06-17 {9,92- 6,78-991 |3,36-6,77 KZ(AI.)
frekvences 13,05
pirma forma
K3 | Svarstibu rimsanas |0,0605- | 0,049- 0,036- 0,023- KS(AI.)
koeficients 0,073 0,060 0,048 0,035
K4 | Relativa vertikala 1/3400-|1/2924- |1/2449- 1/1974- K4(Ai)
deformacija 1/2925 |1/2450 1/1975 1/1500
K5 | Starptautiskais <29 2,9-4 4,1-5,0 5,1-6,0 KS[AI.)
seguma
nelidzenuma
indekss IRI
Dinamiskuma L Kj
indekss:
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dinamiskuma indeksa noteikSanai. Konkrétajam tiltam noverte

katru no kriterijiem.

3.7. tabula noraditas dzelzsbetona platnu tiltu metode apskatito
kritériju vertibas, ka arl dinamiskuma indekss. Katram tiltam dota

3.7. tabula
Tiltu parametru un aprekinatas DI vertibas

Tilta nosaukums

arsi

Tilta sistema: vienk

Tilta novietojums pret

(L/H) attieciba

tibu frekvence, Hz

v

Apreékinata pirmas formas
passvars

Svarstibu rimsanas

koeficients

deformacija (laiduma
garums / statiska

Relativa vertikala
deformacija)

Lielakais dinamiskais

brauktuvi)

Dinamiskuma indekss

(max 16 p)

Tilts par
Gauju uz
ACV235

- | balstits (VB) / ramis (R)

-~
Q1
3
7

‘. | garenasi

—
(@]
=)
o
%)

¥ | Laiduma garuma / augstuma

w
w
(o)}

S
o
~
(@)

—_
~
—_
O
o
)

© | koeficients (pa nelidzenu

N
N

[y
O

Tilts par
Seceni uz
ACP76
AizKkraukle-
Jekabpils

Ramis

Lenkis

25

6,6

0,023

1/1500

2,70

Tilts par
Lauces upi
uz AC P87
Bauska-
AizKkraukle

VB

Taisni

23

8,88

0,046

1/2030

2,00

15

Tilts par
Dzirlas upi
uz ACP035
Gulbene-
Balvi

Ramis

Taisni

16

9,78

0,073

1/3200

2,04

10

Tilts par
Licupiuz AC
A3

Ramis

Taisni

20

17

0,065

1/3400

1,30
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arl dinamiska koeficienta vertiba, kas parada parbaudé ar dina-
misku slodzi noteikto realo tilta dinamisko veiktspéju.

Rezultati rada, ka pie nelidzenas brauktuves dinamiskuma
indekss ir loti augsts tiltiem, kas novietoti slipi pret brauktuves
garenasi. Tatad So tiltu konstrukcija pie nelidzenas brauktuves var
tikt paklauta slodzém, kas ietekmeé tilta nestspéju.

3.2.2. Saspriegtas dzelzsbetona platnes

Metode ir deriga tikai ramjveida saspriegtas dzelzsbetona platnes
tiltiem. 3.8. tabula apkopoti kritériji un to vertibas saspriegtas kons-
trukcijas ramjveida tiltiem.

3.8. tabula

Dinamiskuma indeksa noteikSana ramjveida saspriegta
dzelzsbetona platnu tiltiem

Kritérijs Al A2 A3 A4 DI

K1 |Laiduma 22 24 25 26 Kl(Ai)
garuma / augstuma
attieciba; L/h

K2 | PaSsvarstibu 3,0-3,62 |3,63- 4,25-4,86 | 4,85-5,5 KZ(Ai]
frekvences 4,24
pirma forma

K3 | Svarstiburimsanas |0,02- 0,026- 0,031- 0,0036- K3(Ai]
koeficients 0,025 0,03 0,036 0,04

K4 | Relativa vertikala 1/1900- |1/2051- |(1/2210- |1/2351- K4(Ai)
deformacija 1/2050 1/2200 |1/2350 |[1/2500

K5 | Starptautiskais 2,9-3,65 |3,65- 4,44-52 |5,21-6 KS(A[)
seguma 4,43
nelidzenuma
indekss IRI

Dinamiskuma indekss: LK

3.9. tabula apkopotas apskatito saspriegtas konstrukcijas platnu
tiltu metodée apskatito Kkriteriju vertibas, ka arl dinamiskuma
indekss. Katram tiltam dota ar1 dinamiska koeficienta vértiba, kas
rada parbaudé ar dinamisku slodzi noteikto realo tilta dinamisko
veiktsp€ju. Lai arl nav noteikts, ka dinamiskais koeficients korele
ar dinamiskuma indeksu, ir redzams, ka tiltam ar lielako dinamisko
koeficientu ari dinamiskuma indekss ir loti augsts — 17 no 20.
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Dinamiskuma indeksa vertibas

3.9. tabula

Nosaukums

arsi

Tilta sistema: vienk
balstits / ramis

Brauktuve uz konsoles

J/N

augstuma (L/H) attieciba

tibu

ssvars

a pirmas

t

a

Aprekin
formas pa

frekvence, Hz

Svarstibu rimsanas

koeficients

deformacija (laiduma
garums / statiska

Relativa vertikala
deformacija)

Lielakais dinamiskais

koeficients

(max 20 p)

Tilts uz AC
A12 par
dzelzcelu
Riga-Rézekne

Vienkarsi
balstits

N
)]

* | Laiduma garuma /

N

»
o

e
o
o

1/1900

=
n

© | Dinamiskuma indekss

Cela parvads
par dzelzcelu
Riga-
Krustpils
95,214 km

Ramis

25

0,03

1/2500

3,5

17

Tilts par
Pedeles upi
Valka

Ramis

22

4,47

0,04

1/2090

2,1

15

Tilts par
Dzelzcelu
Jelgava-
Tukums

uz AC A9
Riga-Liepaja

Ramis

26

55

0,03

1/2020

1,9

15

3.2.3.

Metode deriga tikai nepartrauktas konstrukcijas tiltiem ar krite-
riju vertibam konkretajos metodes diapazonos. 3.10. tabula apkopoti

Saspriegtas konstrukcijas ribotu platnu tilti

kriteriji un to vertibas saspriegtas konstrukcijas ramjveida tiltiem.

50




3.10. tabula
Dinamiskuma indeksa noteikSana nepartrauktas konstruk-
cijas saspriegtu ribotu platnu tiltiem

Kriterijs Al A2 A3 A4 DI
K1 |Laiduma 19-21 21,1-23 23,1-25 25,1-27 K1
garuma /

augstuma

attieciba; L/h
K2 | Passvarstibu 7,3-6,38 |6,37-5,57 |5,56-4,76 |4,75-3,0 |K2
frekvences
pirma forma
K3 | Svarstibu 0,02-0,03 |0,031-0,04 | 0,041-0,05 | 0,051-0,06 | K3
rimSanas
koeficients
K4 | Relativa 1/2500- |[1/3156- |1/3791- |1/4436- |K4
vertikala 1/3145 1/3790 1/4435 1/5080
deformacija
K5 |Starptautiskais |2,9-3,68 |3,69-4,46 |4,47-5,24 |5,24-6 K5
seguma

nelidzenuma
indekss IRI

(an

(A

(AN

(A1)

(41

Dinamiskuma indekss: | X K

3.11. tabula apkopotas apskatito saspriegtas konstrukcijas ribotu
platnu tiltu metodé apskatito kriteriju vertibas, ka ar1 dinamiskuma
indekss. Katram tiltam dota ari dinamiska koeficienta vertiba, kas
rada parbaudé ar dinamisku slodzi noteikto realo tilta dinamisko
veiktspéju.

[zstradata metode ir deriga noradito tiltu veidiem definéto kri-
tériju diapazonos. 3.12. tabula redzams, ka, izvertejot 3.11. tabula
noraditos kritérijus, dinamiskuma indeksa tendence ir lidziga dina-
miska koeficienta vertibu tendencei, tapéc var teikt, ka Sada piecu
kriteriju metode lauj novertet tilta dinamisko veiktspéju bez parbau-
des ar dinamisku slodzi veikSanas vai noteikt nepiecieSamibu veikt
parbaudi ar dinamisku slodzi. Ja aprekinata dinamiskuma indeksa
vértiba ir lielaka par 12, tilta dinamiskas veiktsp€jas limeni var
uzskatit par augstu un butu velams veikt tilta parbaudi ar dinamisku
slodzi.
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3.11. tabula
Dinamiskuma indeksa vertibas

g |s
N .i g
s| s | & |E%
. 2| Eg| 8|52 o
3 2 gl €5 2|38 |§ |2
2 =ow > 21T = [
g 9 o8| TE| 2 |8a |¥ T
< g £ E 2 S | '8 E g =
= S T| B = 2 | == < «
s E ) E =3 &= =2 = e - g
7] £ '« = © —| g 2 = b“.ﬁ""vz:
E ) 15 .2 o0 « - ': = > =Ts] .G e =] e = a
= oS 23| 8 & '22 o) |mﬁ|m-£§m
,& .—S om E: - e I; >EE m-—""g
= o= S gl 38| X5 > |= 5 E|2 8| E
< < B Q|5 @ Y n = TT 5|8 & 8 X
©n = = 2o = s = own s | == S 9l S
= - © - 0 | 8 5| &« > O 8 o|l.= Q|= §
Z = o = o | = | %] KoT| - Ao
Cela parvads | Ramis Taisni |20 6,0 0,02 (1/2500 |1,7 |9
uz ACA6
Riga-
BaltKkrievijas
robeza
Tilts par upi |Vienkarsi |Slips |19 7,3 0,03 [1/4550 |2,0 |11
Divajauz AC |balstits
A6
Cela parvads | Ramis Taisni |25 4,0 0,06 |1/3470 |5,6 |17
uz ACP8
par ACE22
(R=6000m)
Cela parvads | Ramis Taisni |27 4,9 0,06 [{1/5080 |4,1 |19
uz ACE22
par ACV920

Dinamiskuma indeksa metodi var lietot pasutitajs un infrastruk-
turas parvalditajs (VSIA “Latvijas Valsts celi”, AS “Latvijas valsts
meZi” vai paSvaldibas), lai novéertétu, vai konkrétas konstrukcijas
tiltam esoSais cela segums var radit nestspéjas samazinajumu un
vai konkrétajam tiltam ir nepiecieSams veikt parbaudi ar dinamisku
slodzi.
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4. SIJU TILTU PIELAUJAMIE
DINAMISKIE KOEFICIENTI

Dinamiska koeficienta lielako pielaujamo veértibu no nestspéjas
viedokla var apreékinat tikai konkretai konstrukcijai un konkretai
slodzei, jo dinamiska koeficienta vertiba ir apgriezti proporcionala
slodzes un konstrukcijas masai. Parsniedzot So dinamiska koefi-
cienta vertibu, konstrukcija nesabruks, tacu taja var rasties boja-
jumi, kas samazina nestspéju.
Kustigas slodzes dinamiska koeficienta vertiba ir saistita ar tilta
laiduma konstrukcijas geometriskajiem un materiala ipasibu rak-
sturotajiem, ka ar1 ar slodzes veidu (autotransporta slodze, dzelzcela
ritosSais sastavs, gajéju slodze utt.), tapéc ari tipveida konstrukcijam,
lai ari ar vienadu laiduma garumu, dinamiskie koeficienti ir atskirigi.
Uz Latvijas autoceliem vairums tiltu un parvadu (aptuveni 90 %)
ir buveéti no tipveida konstrukcijam atbilstoSi autotransporta slo-
dzém péc shemam N-13, N-18, N-30 un atseviskam smagsvara trans-
porta vienibam NG-60, NG-80.
Sodienas autotransporta plisma MK 2015. gada 2. jiinija notei-
kumu Nr. 279 “Celu satiksmes noteikumi” 2. pielikuma at]auta lielaka
nekontroléta transporta vieniba ir K44 - seSasu konteinervedéjs
ar normativo masu 44 t un kop€jo garumu 13,4 m. Aprekinos tiek
izmantota mineta K44 slodze, jo ta ir ikdienas apstaklos maksimali
pielaujama smagsvara slodze. Parbaudés ar dinamisku slodzi Sadas
masas automasinas neizmanto, jo tas nelidzena seguma apstaklos
konstrukcija var radit spekus, kas atstas paliekosSus bojajumus.
Maksimala pielaujama dinamiska koeficienta vértibas noteiksa-
nai tika izmantota Sada apréekina metode.
1. Zinot Skérsgriezuma izmeérus un stiegrojuma daudzumu,
nosaka sijas maksimali pielaujamo piepuli vai spriegumu E_,
KN-m vai N/mm?.

2. Nosaka konstrukcijas paSsvara ierosinato maksimalo piepuli
vai spriegumu M ,kN-m vai N/mm?.

3. Nosaka starpibu E; - Eg’i, kas parada kustigas slodzes lielako
pielaujamo piepuli E.
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4. Nosaka E, , kas ir konkrétas kustigas slodzes ierosinata mak-
simala plepule vai spriegums konstrukcija. Saja gadijuma ta ir
ikdienas maksimali pielaujama slodze K44.

5. Lielako pielaujamo dinamiska koeficienta vértibu nosaka péc
40. formulas, kur lielaka pielaujama dinamiska koeficienta
vertiba ir attieciba Ep/Ep’i.

S . I .= . . - - ERd,i_Eg,i
Maksimali pielaujama dinamiska koeficienta vértiba = ———
pi
(40.)
kur:
E ... - Kkonstrukcijas visvairak nologota elementa vai Skéluma

pielaujamé lielaka piepiile vai spriegumi, KN-m vai N/mm?;
E - konstrukcijas paSsvara ierosinata piepule, kN-m vai N/mm?;
E, - konkretas kustigas slodzes statiskas iedarbibas ierosinata
lielaka normativa piepile vai spriegumi, KN-m vai N/mm?;
i - visvairak noslogotakais Skelums vai konstrukcijas elements.

Aprekins veikts Sadam tipveida laiduma konstrukcijam:

- dzelzsbetona sijas ar karkasa veida stiegrojumu (izgatavotas

péc 56. tipa projekta raséjumiem (ar un bez diafragmam));

- spriegbetona (stigbetona) sijas ar un bez diafragmam;

- spriegbetona sijas ar stieplu kuliem.

Latvija parbaudes ar dinamisku slodzi notiek tikai jauniem vai
rekonstruétiem tiltiem, tapéc Sadam tipveida dzelzsbetona kons-
trukcijam nav daudz parbauzu ar dinamisku slodzi rezultatu. Tomer,
péc rekonstrukcijas veicot parbaudi ar dinamisku slodzi, ir iespé-
jams salidzinat realas dinamiska koeficienta vértibas ar konkreétajai
tipveida konstrukcijai maksimali pielaujamo.

Maksimalas pielaujamas dinamiska koeficienta vertibas tipveida
dzelzsbetona un spriegbetona siju tiltiem apkopotas 4.1. tabula.
Viszemakais maksimali pielaujamais dinamiskais Kkoeficients ir
dzelzsbetona siju tiltiem ar karkasa stiegrojumu ar diafragmam,
kas ir tikai 1,4. Tas liecina par 40 % rezervi dinamiskas slodzes
uznemsSanai. Otra zemaka rezerve ir stigbetona sijam ar diafrag-
mam. Savukart vislielakais maksimali pielaujamais dinamiskais
koeficients ir dzelzsbetona siju tiltiem ar karkasa stiegrojumu bez
diafragmam - 4,4.

54



Tipveida siju dinamiskais koeficients ir atkarigs no laiduma
garuma, tapéc, izmantojot Sos rezultatus, janem vera ne tikai siju
veids, bet ari laiduma garums, un tad janosaka maksimali pielauja-
mais dinamiskais koeficients, kas ir zemaka dinamiska koeficienta
vertiba. Parsniedzot So dinamiska koeficienta vertibu, konstruk-
cija nesabruks, tacu taja var rasties bojajumi, kas samazina tilta
nestspéju.

4.1. tabula
Maksimalas pielaujamas dinamiska koeficienta vertibas
tipveida siju tiltiem

Dinamiska koeficienta vertibu diapazons

Tilta tips

L=8,66m L=11,36 m|L=14,06m | L=16,76 m |L=22,16 m

Karkasa 1,4-2,9 1,6-2,8 1,6-2,4 2,4 1,8-3,2
stiegrojuma
sijas ar

diafragmam

Karkasa 2,5-3,1 2,9-3,5 3,2-4,4 2,9-4,4 -
stiegrojuma
sijas bez

diafragmam

Stigbetona - 2,2-2,8 2,3-2,7 1,7-2,5 -
sijas
ar diafragmam

Stigbetona - 3,5-3,8 3-3,5 2,6-3,8 -
bezdiafragmu
sijas

Spriegbetona |- - - 2,4-3,3 2,2-3,8
(stieplu kuli)
sijas

Rezultatu analizé 3. nodala tika apskatiti tris spriegbetona siju
tilti, no kuriem diviem ir tipveida siju tiltu rekonstrukcijas. Tilts
par lecavas upi ir stigbetona siju tilts bez diafragmam ar laidumu
11,36 m. Sim tiltam izméritais dinamiskais koeficients ir 3,1, kas
ir par 19 % mazak neka analitiski noteikta maksimala pielaujama
véertiba 3,8. Savukart tiltam par Juglas kanalu Riga (laidumu veido
dubulta T profila spriegbetona bez diafragmu sijas ar laidumu
22,16 m) eksperimentali izmeéritais dinamiskais koeficients ir 1,32,
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kas ir par 40 % mazak neka analitiski noteikta maksimali pielaujama
vértiba 2,2.

Tipveida projektu tilti Latvija vairs netiek buivéeti, tomér sadu
tiltu daudzums Latvija ir ap 90 % no kopéja tiltu skaita. Piedavata
metode lauj novertét rekonstruéto tiltu nestspéjas rezervi dinamis-
kas slodzes uznemsSanai un salidzinat to ar eksperimentali iegiitajam
dinamiska koeficienta vértibam, ta nosakot, vai tiltam ir pietiekama
dinamiska rezerve MK 2015. gada 2. junija noteikumu Nr. 279
,Celu satiksmes noteikumi” 2. pielikuma maksimali pielaujamas
smagsvara slodzes K44 uznemsanai.
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REKOMENDACIJAS DINAMISKO
RAKSTUROJUMU VERTIBU IEKLAUSANAI
LVS 190-11 “TILTU INSPEKCIJA UN
PARBAUDE AR SLODZI”

Pamatojoties uz promocijas darba veikto pétijumu rezulta-

tiem, ir sagatavoti ieteikumi standarta LVS 190-11 “Tiltu inspekcija

un

parbaude ar slodzi” 7.3. un 7.4. nodala iek]autas informacijas

papildinasanai.

Papildinajumi 7.3. un 7.4. nodala balstiti uz disertacijas 2. nodala

izstradato metodiku tilta parbaudei ar dinamisku slodzi un
3.1. apaksnodala veikto tiltu dinamisko parametru analizi.

Papildinajumi 7.3. nodala

1.

2.

Ieklaut punktu “Pirms parbaudes ar dinamisku slodzi veikSanas”:
« javeic tilta tehniska stavokla novéertéjums, nosakot, vai kons-
trukcijai nav kadi nestsp€ju samazinosi bojajumi;
- javeic pilns tilta aprekins, nosakot vietas, kuras janovieto
merierices, lai iegutu visprecizakos tilta dinamiskos raditajus;
+ jasastada parbaudes programma, noradot, kas tiks merits, ar
kadam meriericém un kadas slodzes tiks izmantotas.
Papildinat punktu “Dinamiskas slodzes radiSanai var izmantot
piekrautu transportlidzekli, kads ikdiena varetu Skersot tilta
konstrukcijas un tajas radit nelabveligus dinamiskos efektus”
ar Sadu teikumu: “Visi transportlidzekli, kas tiek izmantoti par-
baudeg, ir janosver, lai pec tam novertéetu konkretas slodzes iedar-
bibu uz laiduma konstrukeciju.
Papildinat punktu “Tilta parbaudes laika transporta lidzeklim
vairakas reizes japarbrauc laiduma konstrukcija pie dazZadiem
kustibas atrumiem” ar Sadu teikumu: “Transportlidzekliem par-
baudes laika jaskerso tilts ar atrumu 20 km/h, 40 km/h, 60 km/h
un, ja nepieciesams, ar atrumu lidz atlautajam brauksSanas atru-
mam tilta atraSanas vieta. Braucieni javeic pa lidzenu un neli-
dzenu brauktuves segumu”.

57



4. Rekomendéju izmainit teikumu “Lai noteiktu konstrukcijas dina-
miskos raksturojumus, var izmantot kustigas, trieciena, vibra-
ciju slodzes, kas var izraisit noturigu svarstibu (tai skaita brivo
svarstibu) raSanos.” Sada redakcija: “Lai raditu konstrukcija gan
brivas svarstibas, gan uzspiestas svarstibas, parbaudé ar dina-
misku slodzi var izmantot kustigas, triecienslodzes un vibraciju
slodzes.”

5. Papildinat punktu “Tilta parbaudes laika ir japieraksta svarstibu
raksturojumi (vibrogrammas), izmantojot specialu aparatiuru
svarstibu pierakstisanai” ar teikumu “Tiltu dinamiskos paramet-
rus ierakstit, izmantojot parvietojumu, spriegumu un paatrina-
jumu merierices. Akselerometru paraugu nemsanas frekvencei
jabut vismaz divas reizes lielakai neka frekvenceém, ko paredzets
ierakstit.”

Papildinajumi 7.4. nodala

1. leklaut punktu “Parbaudes ar dinamisku slodzi rezultatu
izvertejums”.

2. leklaut punktu “Veikt parbaudes ar dinamisku slodzi iegtito par-
vietojumu un passvarstibas frekvences salidzinajumu ar anali-
tiski aprekinato”.

3. leklaut punktu “Izmeérita pasSsvarstibu frekvence jasalidzina ar
analitiski apréekinato. Ja atsSkiriba starp vertibam ir vairak par
10 %, javeic konstrukcijas aprékina modela korekcija, pamatojo-
ties uz eksperimenta ieguitajiem datiem”.

4. lek]aut punktu “Ja tilta passvarstibu frekvence ir robezas no 3 Hz
lidz 6 Hz, ir rekomendéjams parbaudit, vai konstrukcijas dinamis-
kais koeficients lidzenai brauktuvei ir zem LVS EN 1991-2 slodzes
modeli LM1 paredzétas vertibas 1,4”.

5. leklaut punktu “Ja pec parbaudes ar dinamisku slodzi datu ana-
lizes dinamiskais koeficients pie lidzena cela seguma tiek ieguts
lielaks par 1,4, aprékina modeli slodzes drosSibas koeficients ir
jaizmaina atbilstoSi iegltajai dinamiska koeficienta vertibai un
japarbauda konstrukcijas nestspéja, nemot véra eksperimentali
noteikto dinamiska koeficienta vertibu”.
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SECINAJUMI

[zstradata metode tiltu dinamiskas veiktspéjas noveértésanai,
izmantojot autocelu tiltu parbaudes ar dinamisku slodzi eksperi-
mentali iegutos dinamisko raksturlielumu datus, lietojot negraujoSas
svarstibu analizes un datorizétas datu nolasiSanas metodes, nemot
véra tilta brauktuves virsmas lidzenuma raksturojumus, ka art pie-
meérojot So metodi ekspluatacija esosSu tiltu dinamiskas veiktspéjas
noveértésSanai. Izstradati prieksSlikumi Latvijas Republika patlaban
spéeka esoSa standarta LVS 190-11 “Tiltu inspekcija un parbaude ar
slodzi” 7.3. un 7.4. nodalas papildinasanai ar dinamisko raksturo-
jumu eksperimentalas noteikSanas metodiku un parbaudes rezultata
ieguto dinamisko raksturojumu noveéertésanai.

1.

Izstradata dzelzsbetona un spriegbetona platnu tiltu dina-
misko raksturlielumu iegusanas un novértéSanas metodika
parbaudei ar konkreétu slodzi.

Eksperimentali noteikta dinamiska koeficienta vidéja skait-
liskas vértibas tiltiem, kas projekteti saskana ar Eirokodeksu
prasibam, t. i.,, péc 2000. gada (lidzenai brauktuvei), 97 %
gadijumu ir no 1 lidz 1,4. leguta vertiba ir mazaka neka Eiro-
kodeksa (no 1,4 lidz 1,7 atkariba no laiduma garuma) noteik-
tajam raksturigajam satiksmes slodzém slodzes modelim LM1.
Eksperimentali noteikta dinamiska koeficienta videjas
skaitliskas vertibas tiltiem, kas projektéti pirms 2000. gada
(lidzenai brauktuvei), 88 % gadijumu ir 1,1, kas ir mazak
neka SNIP buvnormas noteikta dinamiska koeficienta véertiba
(1+w=1,2.

Eksperimentali pieradits, ka seguma lidzenums un automasi-
nas atrums ietekme tilta dinamisko koeficientu.

Noteikts, ka par lielu tilta dinamisko veiktspéju norada dzelz-
sbetona tiltu passvarstibu frekvence robezas no 3 Hz lidz 6 Hz.
Izstradata tiltu dinamiskuma indeksa noteikSanas metode
lauj novertet jau ekspluatacija esoSu un jaunu tiltu konstruk-
ciju dinamisko veiktspéju skala no 4 lidz 20. Dinamiskuma
indeksa aprékina metode lauj bez parbaudes ar dinamisku slo-
dzi noteikt tilta konstrukcijas dinamiskas veiktspéjas limeni,
nemot véera laiduma garuma / augstuma attiecibu, aprekinato
pasSsvarstibu frekvences pirmo formu, svarstibu rimsSanas
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koeficientu, relativo vertikalo deformaciju un starptautisko
nelidzenuma indeksu IRI.

Noteiktas dzelzsbetona un spriegbetona siju tiltu maksimali
pielaujamas dinamiska koeficienta vértibas MK 2015. gada
2. junija noteikumu Nr. 279 “Celu satiksmes noteikumi” 2. pie-
likuma maksimali pielaujamajai smagsvara satiksmes slodzei
parada siju tiltu pielaujamo nestspé€jas rezervi dinamiskas slo-
dzes uznemsSanai. Viszemaka dinamiska koeficienta rezerve
tika aprekinata dzelzsbetona sijam ar karkasa stiegrojumu ar
diafragmam un laiduma garumu 8,66 m. Dinamiskais koefi-
cients Sadai konstrukcijai ir 1,4, kas liecina par 40 % rezervi
dinamiskas slodzes uznemsanai.

. lzstradatas rekomendacijas LVS 190-11 “Tiltu inspekcija
un parbaude ar slodzi” 7.3. un 7.4. nodalas papildinasanai.
7.3. nodala papildinata ar noradijumiem dinamiskas parbau-
des veikSanai un sagatavoSanai. 7.4. nodala papildinata ar
noradijumiem dinamiska koeficienta un paSsvarstibu frekven-
ces novertésanai.
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GENERAL DESCRIPTION OF THE THESIS

Importance of the topic

The study of the dynamic properties of bridges and the
improvement of research methods are important factors when
analysing bridge performance, stability and service life. In recent
years, the number of trucks on Latvian roads have been growing
rapidly. Longer and heavier vehicles are being used to increase their
efficiency. The European Union Directive 96/53/EC of 1996 (EU,
1996) determines vehicles’ permissible length and total weight.
Maximum length of a road train must not exceed 18.75 m, width
2.55 m; the weight of a three-axle vehicle with a three-axle trailer
on a road train must not exceed 40 t, except for an ISO 40-foot
container carrier — 44 t. Section 4 of the European Union Directive
96/53/EC allows longer road trains on the Member States roads if a
modular transport system is used. Many countries use this point to
develop the use of heavy vehicles for freight transport. For example,
in Sweden, modular vehicles up to 25.25 m in length and up to 60 t
can be used, while in Finland 9-axle modular vehicles up to 76 t can
be used. The use of high load capacity vehicles in the Scandinavian
countries is mainly due to their desire to reduce harmful emissions.
However, as the length and weight of vehicles increase, bridges with
high values of dynamic characteristics are subjected to increased
dynamic loads, thus accelerating the deterioration of structures and
creating risks of reduced load-carrying capacity.

Part 2 of the Eurocode LVS EN 1991 “Traffic loads for bridges”
gives design loads, which already include the dynamic effects.
Eurocodes are intended for the design of new bridge structures. At
the same time, out of 971 bridges owned by Latvian State Roads,
State-Owned Limited Liability Company, 51 % were built more than
50 years ago, 70 % — more than 40 years ago and 82 % — more than
30 years ago. Most of the bridges in cities were also built more than
40 years ago. The data of the bridge maintenance system LatBRUTUS
of Latvian State Roads show that 59 % of all bridges have varying
degrees of damage due to an aggressive external environment and
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increasing traffic load. These damages can reduce bridge service life
and increase risks for traffic safety.

The dynamic increase in traffic load is closely related to the
evenness of the bridge pavement and the speed and mass of
vehicles. Cracks and potholes in the road pavement create additional
vibrations and stresses in the bridge superstructure, which are not
considered during the bridge design. The Eurocodes do not specify
how the dynamic characteristics of bridges in operation are to be
assessed, nor do they give permissible or unacceptable values for
dynamic characteristics.

In Europe and in other places in the world, several extensive
research projects have been developed to study the dynamic
properties of bridges and the effects of dynamic loads. The SAMARIS
project carried out within the 5th Framework Program found that
as the proportion of heavy vehicles on European roads increased,
the value of the dynamic amplification factor increased compared
to what was stated in the building regulations. The study compares
the results of bridge tests with dynamic loads and data obtained
by theoretical models. However, the conclusions of the study do not
provide recommendations on how to evaluate the obtained results.

The research project “ARCHES”, carried out within the 6th
Framework Program summarizes information on different national
approaches of studying the bridge dynamic properties. However, in
the findings of the literature review in Chapter 1 of the dissertation,
dynamic characteristics of bridges and their impact assessment or
their recommended values for bridges of different constructions
are not given. Most of the bridges included in the research are new
structures, therefore the dynamic characteristics of existing or
reconstructed bridges have not been extensively studied.

In Latvia, 93 % of all bridges are reinforced concrete and
prestressed concrete bridges, 5 % — steel bridges, 2 % — masonry
and timber bridges. Looking at the bridges by type of construction,
it can be concluded that 69 % of the bridges built in Latvia have
reinforced concrete and prestressed concrete beams, 25 % are
prestressed concrete slab bridges with spans up to 30 meters.
Therefore, the main focus of this research is on the dynamic
properties of reinforced concrete bridges.

62



Eurocode LVS EN 1991 Part 2 “Traffic loads on bridges” does not
provide values of the dynamic amplification factor for road bridges
that could be used to assess the load-carrying capacity and safety
of existing or reconstructed bridges for actual loads or load models
selected by the contracting authority. No building code provides
methods or instructions on how to evaluate the experimentally
obtained dynamic characteristics of a bridge and the dynamic
performance of the bridges and if a bridge’s response to a dynamic
load can lead to a reduction in bridge load-carrying capacity.
Therefore, it is necessary to develop a method for evaluating the
dynamic performance of a bridge, thus increasing the bridges’ safety
and service life.

Objective of the study

The aim of the dissertation is to develop a method to evaluate
the dynamic performance of a bridge using experimentally obtained
dynamic characteristics data from dynamic bridge tests, using non-
destructive oscillation analysis, digital data reading and processing
methods, and taking into account the pavement condition.

Tasks of the Thesis

To achieve the defined goal, several tasks must be solved.

1. Develop a dynamic bridge testing methodology which would
allow to determine the dynamic parameters of the bridge
taking into account the type of moving load, the type of bridge
span, static scheme of the structure, and the road pavement
unevenness.

2. Perform analysis of the dynamic characteristic parameters
obtained from the dynamic load tests for different types of
reinforced concrete bridges.

3. Based on the analysis results, determine the recommended
limiting values for the dynamic characteristics of the bridge
taking into account the type of bridge structure, static
schemes and the road pavement unevenness.

4. Develop a method for evaluating the dynamic performance of
a bridge without the need to perform a dynamic load test.
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5. To develop recommendations for supplementing the Latvian
state standard LVS 190-11 “Bridge inspection and testing with
load” with:

a) specific requirements for bridge testing with dynamic load;
b) criteria for evaluating the values of the dynamic
parameters obtained during the dynamic load test.

Theses to be defended

1. The developed dynamic bridge load testing method allows to
determine the dynamic parameters of a bridge for a specific load
for different pavement conditions.

2. From the bridge dynamic characteristic parameter analysis,
values that indicate an increased dynamic performance of the
structure are determined.

3. The developed method of the dynamic index allows to evaluate
the level of the dynamic performance of existing and new bridge
structures taking into account the following bridge parameters:
span length/height ratio; natural frequency; vibration damping
ratio; relative vertical deformation; international roughness
index IRI.

Scientific novelty

A bridge load testing methodology with dynamic load was
developed for obtaining and evaluating dynamic parameters of
reinforced concrete and prestressed concrete slab bridges. The
method takes into account the level of pavement unevenness.

A method called the dynamic index was developed to evaluate
the dynamic performance of reinforced concrete and prestressed
concrete slab bridges. The method allows to determine the level of
bridge dynamic performance without carying out a dynamic load
test.

The maximum permissible dynamic amplification factor values
for standard prestressed concrete and reinforced concrete girder
bridges were determined. These values can be used to assess the
safety of existing or reconstructed reinforced concrete girder
bridges.
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Practical application of the Thesis

A bridge dynamic load testing methodology for obtaining
and evaluating dynamic parameters of reinforced concrete and
prestressed concrete slab bridges was developed taking into account
different road surface conditions. The practical significance of
the developed methodology is related to preserving the transport
infrastructure and assessing its technical condition.

The dynamics index method allows to evaluate the level of the
dynamic performance of the bridge without performing a bridge
dynamic load test. This method can be used by bridge owners and
maintainers to determine if the uneven pavement of the bridge
results in increased dynamic performance and if it is necessary to
order a dynamic load test.

Maximum allowable dynamic amplification factor values for
standard prestressed concrete and reinforced concrete girder
bridges can be used to assess the safety of existing or reconstructed
reinforced concrete girder bridges.

Supplementing the Latvian state standard LVS 190-11 “Bridge
inspection and load testing” with specific requirements for the
dynamic load testing and evaluation of the results obtained
in the test will allow more accurate dynamic load testing and
interpretation of obtained results.

Limitations of the research

The limitations of the research are based on the available data
set used in the development of the new method. The dynamic index
method is intended for reinforced concrete slab bridges, prestressed
concrete frame slab bridges and ribbed slab bridges with a span
length from 7 to 34 meters.

Equipment and methods used
The dissertation is based on the experimental determination of

the dynamic parameters of new reinforced concrete and prestressed
concrete bridges with digital measurement recording devices. The
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research is based on the changes in displacements and stresses cau-
sed by moving loads and the analysis of the obtained diagrams.

Equipment used in the study

- Displacement measurements with Noptel PSM-200
(measurement frequency 50 Hz).

« Stress measurements with strain gauges connected to a multi-

channel system SPIDER (measurement frequency 50 Hz).

« Acceleration measurements with X6-la accelerometers

(measurement frequency 50 Hz).

- A computer where all acquired digital measurements are

recorded.

The obtained data were processed using the computer program
Microsoft Excel (versions 2003 and 2010) and the signal and modal
analysis program ME’Scope, where the data obtained by the accele-
rometer with the FFT algorithm are converted to natural frequen-
cies. RPSM Win software was used to record and position data from
the Noptel PSM-200 displacement sensor. Structural calculations
were performed with FEM computer programs Lira and RFEM,
which use modal analysis to determine the natural frequencies. Cal-
culations of bridges were performed in compliance with the require-
ments of the Eurocodes, which are based on the limit state method.

Structure and volume of the Doctoral Thesis

The dissertation consists of an annotation, introduction, five
main chapters divided into sections, conclusions, bibliography and
an appendix.

The dissertation comprises 148 pages, 81 figures, 27 tables, 105
references and one appendix.

Chapter 1. Literature review. The chapter discusses the dynamic
parameters and their calculation methods. Moving load caused oscil-
lations in the structure and equipment for its measurements. The
dynamic load inclusion in the traffic load models in different national
standards.
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Chapter 2 describes the dynamic load testing methodology for
obtaining and evaluating the dynami characteristics of bridges and
the application of the methodology in bridge testing.

Chapter 3 analyses the reinforced concrete and prestressed con-
crete bridge dynamic parameters and determines dynamic para-
meter values that affect the dynamic performance of the bridge. A
method for calculating the bridge dynamics index is described. It
allows to evaluate the dynamic performance of a bridge without per-
forming a dynamic load test.

Chapter 4 describes calculation of the maximum permissible
dynamic amplification factor values of reinforced concrete and
prestressed concrete beam bridges with spans from 8.66 to 22.16 m.

Chapter 5 presents recommendations for supplementing Sec-
tions 7.3. and 7.4 of standard LVS 190-11 “Bridge inspection and load
testing”.
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1. LITERATURE REVIEW

The assessment of the dynamic impact of vehicle loads has always
played an important role in ensuring the safety and performance
of bridges. The inclusion of traffic load in the bridge design started
in the 19th century, when the construction of railways and railway
bridges began [1], [2].

Over the last 20 years, as measuring devices [19] and their
capabilities evolved, many studies have been carried out to analyse
the dynamic effects of a driving vehicle on the bridge. It was studied
by several scientists, such as Fryba [9], Young and Lin [12], Akin
and Mofid [20], [1]. The results of laboratory and experimental data
have been studied analytically by scientist Nowak [10], [21], [22],
who analysed load models used in the United States in AASHTO
standard and the loads that heavy vehicles induce in the bridge
structure. Scientist O'Brien [26], [27] studied weight-in-motion
(WIM) systems and modal analysis of bridges. Scientist Rattigan
[23], [28] studied the values of the dynamic amplification factor
and its impact on dynamic load and bridge design. At the same time,
these studies do not provide recommendations or considerations
on the dynamic characteristics like dynamic amplification factor
or natural frequency. They do not give any recommended or non-
recommendable intervals for the values.

As computer capabilities and types of signal analysis developed,
a transition was made to sensory result-based bridge analysis
methods and modal analysis that identified natural frequencies and
mode shapes [29]. Physical changes in bridge properties (rigidity,
mass and energy dissipation) lead to changes in the bridge’s spectral
properties (frequencies, vibration damping and mode shapes). For
example, changes to the stiffness indicate damage to the bridge, and
it may be determined by recording changes in the bridge’s natural
frequency [24]. However, no methods have been developed for the
quantitative assessment of changes in the natural frequency that
indicates damage to the bridge.

Regarding road bridges, Eurocode 1990 requires the contracting
authority to indicate requirements and criteria for vibrations where
relevant. It is recommended to use comfort criteria whose values
are not specified in the construction standard. At the same time,
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construction standards do not provide recommendations for the
assessment of the dynamic properties of bridges in operation [36].

1.1. Characteristic parameters of dynamic performance

Unlike static load, the dynamic load causes mass accelerations
and thus creates inertia forces [48]. It is important to check the
bridge’s reaction to a dynamic load, since each structure is designed
according to design loads, but different external factors can increase
the design load.

The load generated by vehicles is a time-altering stochastic load
described by the principles of probability theory. The load can be
measured using traffic data obtained by WIM system [49].

The mass in the bridge structure is distributed throughout the
whole structure, so the degrees of freedom are endless. However,
in many cases, the real system can be reduced to a system with a
definitive number of degrees of freedoms. The final element method
(FEM) [48] is used for the calculations.

The most important dynamic characteristics for bridge
structures are natural frequency, damping ratio, and dynamic
amplification factor.

Natural frequency

Free vibrations occur when the structure is moved out of its
equilibrium position and oscillates freely. Free vibrations are
subsiding, as opposed external forces also operate in the design
together with internal forces. The damping in the structure may be
idealised as viscous damping. For a viscose damped system, the free
oscillations shall be indicated by the general equation of motion:

miU+c0+kv=0, (1)

where

U — acceleration;

U — speed;

v - displacement;

m — mass;

¢ - damping constant;
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k — stiffness;
p(t) = 0 as no external force has been applied.

The equation shows that the dynamic properties of the structure
depend on the mass distribution, geometric characteristics and the
stiffness of the structure [13].

Each characteristic mode shape of structural deformation is
referred to as the form of natural frequency. T is a period of free
vibrations, which is the time required for one cycle of oscillation. The
corresponding angular frequency of free oscillations w_and natural
frequency f shall be calculated according to Formulae (2) and (3):

1
fn T (2)
=2 3)
W

n

For dynamic analysis, the principle of modal analysis or natural
frequency analysis shall be used. Together with the natural
frequencies, the mode shapes shall also be viewed. This can be
determined if in equation of motion (Equation (1)) oscillation
damping and the effect of the external forces are taken as 0. The
total number of natural frequencies shall be equal to the number of
degrees of freedom. Each natural frequency numerical value has an
appropriate vector or mode shape.

Forced vibrations

The forced vibrations occur in the structure from periodically
changing external forces that act on the structure’s mass. A vehicle
crossing the bridge causes forced vibrations. The forced vibrations
in the equation of motion are indicated by the periodically variable
external force function p(t):

mv + ¢V + kv = p(t). (4)

A dynamic load is time-varying, so the function of the input
cannot be described with a single harmonious function. The vehicle’s
moving load model describes the function of the external force, and
this type of operation is studied by the vehicle-bridge interaction.
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Damping ratio

If the vibrations have not been imposed, they will fade over time.
Vibration damping is caused by friction of steel compounds, opening
and closing of micro-cracks in concrete structures, friction between
structure and non-structural elements.

The damping ratio of the structure cannot be calculated by
knowing only the dimensions of the structure. Therefore, real
dynamic load testing of structure is the only way to obtain data that
can determine the damping ratio. Such data can be derived from
both free and imposed vibrations [51].

The decrease in vibration movement is also characterised
by logarithmic decrement and is calculated as a logarithm from
consecutive displacement reduction peaks in the vibration curve.
Equation (5) shows the calculation of logarithmic decrement.

S—1n U 2mE (5)

Ujiq \/1—§2 ,
where ¢ is damping ratio, which is a dimensionless ratio. It also
depends on the weight and rigidity of the structure.

If the damping ratio § has a small numerical value \/1—§2 <1, it
gives an approximate equation of damping as § = 2 m¢, acceptable at
€ < 0.2, which refers to most of the structures. The damping ratio can
therefore be calculated as € = §/2m.

It is not possible to determine the damping ratio analytically. For

structures with a small damping ratio, an expression may be used
[51]:

= In i (6)
2 U

A slight increase in the damping ratio may significantly decrease
the value of the dynamic amplification factor in resonance. An
exact pattern of vibration damping for structures has not yet been
developed, but it has been proven that the assumption of linear
viscous damping is correct and refers to most structures. The
exception is the interaction between the ground and the structure,
where special vibration patterns should be considered [52].
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Considering all the factors affecting the vibration damping ratio
and its changes, it is also used to determine whether the structure
has damages.

Dynamic amplification factor (DAF)

The dynamic amplification factor is calculated as the ratio
between the maximum load effect when the bridge is dynamically
loaded and the maximum load effect when the same load is
applied statically (Equation (7)). This shows how much vertical
deformations caused by the static load will increase due to the
interaction between the car and the bridge. For design purposes,
the static load is multiplied by the dynamic amplification factor. The
alternative to this method is to perform a complex FEM dynamic
analysis of the designed structure considering the interaction
between the bridge and the vehicle [55].

In most cases, Equation (7) is used to calculate the dynamic
amplification factor from the data obtained by dynamic load testing,
although there are other methods.

_ Rdyn
R

DK

(7)

stat

R, I1s obtained directly from the measurement data by
reading the results reported by the measuring equipment. R__
can be obtained at any measurement point (not just from the
same measuring device), which minimizes the possibility of
overestimating dynamic amplification factor.

Dynamic amplification factor value 1.3 corresponds to a 30 %
dynamic increase. The Eurocode LVS EN 1991-2 determines that a
generalized dynamic amplification factor value may be used for the
calculation, which is added to the maximum design load.

However, the method included in the Eurocode LVS EN 1991-2 is
conservative, since the dynamic amplification factor is calculated
taking into account only a few parameters. The design traffic load
model for bridges in Eurocode is calculated by adding dynamic
amplification factor to the most disadvantaged static load model
obtained by extrapolating load effects using free traffic simulations
and WIM data. The value of the theoretical dynamic amplification
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factor of the Eurocode for the bridge depends on the shape of the
influence line and one variable - the length of the bridge [62].

The finite element method does not consider the interaction
between the bridge, vehicle and road profile, so the dynamic
amplification factor values are conservative and produce a maximum
dynamic effect. Such a conservative method is acceptable for
new structures, since the dynamic load is already included in the
design process. However, a more accurate assessment is required
for existing structures for which the design values included in the
Eurocode can indicate insufficient load-carrying capacity and lead to
costly reconstruction.

1.2. Overview of experimental methods for detection
of the vehicle induced variations in the bridge

A dynamic load test allows to obtain the true dynamic
characteristics of the bridge and, if necessary, adjust the bridge’s
design model. A complete dynamic load test includes measurements
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Fig. 1.1. Methods for dynamic load testing [75].
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of displacements and accelerations at different points of the bridge.
It is possible to determine the dynamic amplification factor from
the bridge displacement measurements, while the acceleration
measurements are used for the modal analysis of the bridge.

Methods for dynamic load testing can be divided into two groups:
a bridge test for a specific load (operational test) which determines
the characteristics of structural vibrations using a particular load,
and modal tests that determine the parameters of vibration of the
structure itself, regardless of the load and type of oscillation [75].
The diagram in Fig. 1.1 shows the methods of testing with a dynamic
load. Figure 1.1 also shows excitation methods, the results to be
obtained, and the parameters and application of a dynamic load test.

Dynamic load testing uses daily traffic loads (cars, trains or
pedestrians) or environmental loads (wind or ground vibrations).
Measurements provide information about the dynamic parameters
for the entire structure-vehicle system. The results of these types of
road and pedestrian bridge tests are suitable for a particular load,
as they depend on the vehicle’s suspension system, the weight of the
car’s axle, velocity, place of crossing and other factors.

In this study, the data are obtained by operational tests using a
specific load.

1.3. Equipment and measuring devices

During tests, the structure’s dynamic characteristics may be
measured with accelerometers, strain gauges, and displacement
meters. The displacement data is used to determine the dynamic
amplification factor, the natural frequency and the damping ratio.
The acceleration data is used to find natural frequencies and mode
shapes. Instruments shall be placed on the main span to show the
highest values or display the most accurate mode shapes.

Accelerometers
Accelerometers shall be used for the measurement
of the acceleration of the structure. The most commonly

used measurements are piezoelectric, piezoresistance and
microelectromechanical system (MEMS) accelerometers. According
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to the type of data to be recorded, they are classified into analogue
and digital accelerometers.

For each accelerometer, the sampling frequency is set. The
instruments are located at specific points corresponding to
the positions of the data to be obtained. The deployment of
accelerometers is designed to capture as many mode shapes as
possible. The FEM model is used to determine the points on the
bridge where the instruments should be placed.

In the research, three-axle digital accelerometers X6-la
were used. Accelerometer range +/- 16 g with 15-bit resolution.
Frequencies available for accelerometer sampling were 12 Hz, 25
Hz, 50 Hz, 100 Hz, and 200 Hz. The 50 Hz frequency was used for the
measurements.

The data obtained by accelerometers are transformed into
vibration frequencies with the FFT algorithm. Data are then
analysed by signal theory techniques, such as using a curve that
is adjusted using a multiple orthogonal polynomic algorithm to
determine the mode shapes for modal analysis [61].

Displacement meters

Although accelerometer data can be used to obtain displacements,
accelerometer data are transformed into displacements using a
double integration method. Such a method does not always produce
sufficiently accurate results, therefore, local analogue and digital
displacement methods are used to determine displacements.

Fig. 1.2. The Noptel PSM-200 displacement sensor is installed on the bridge
before performing a dynamic load test.
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Deflection (mm)

Fig. 1.3. Vibration diagram by Noptel PSM-200.

Noptel PSM-200 laser device (Fig. 1.2) may be used to measure
large displacements in structures. Its operating principle is based
on a laser beam and a receiver that is placed on the structure. The
measurement distance may reach up to 350 metres. Measurement
frequency is up to 500 times per second.

Depending on the type of bridge and the necessary data, the
vibration diagrams for the bridges in Latvia were obtained using
Noptel PSM-200, strain gauges and image processing method. An
example of the vibration diagram is shown in Fig. 1.3.

The natural frequency range for road bridges is usually between
0 and 10 Hz, in rare cases up to 20 Hz [61]. This range is sufficient to
observe the first five forms of vibration. The sampling frequency must
be at least twice the maximum value of interest, usually 30-100 Hz.

Strain gauges

Strain gauges are among the most widely used sensors when
surface deformation needs be determined on a specific cross-
section. The strain gauge is a device whose electrical resistance
is proportional to the deformation of the device. Thus, by
transforming the data obtained by the strain gauges, deformations
can be obtained more precisely than with accelerometers.
However, although these data will be more accurate than
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accelerometers, they are influenced by measurement noise,
particularly in the high range of measurements. Metallic strain
gauges are the most commonly used.

Data collection and processing systems

Many channel systems, such as SPIDER, are used to connect mul-
tiple devices (strain gauges and accelerometers) simultaneously. This
system allows to immediately see and record vibrations on a compu-
ter screen at different design points.

Vehicles used for testing

Vehicles with measured mass are used to create loads on the
bridge structure. A vehicle with three to five axles and a mass of
around 20-40 tonnes is normally used for the tests.

Heavyweight vehicles are used to model a dynamic load as close
to an actual traffic load as possible.

1.4. Dynamicload in design load model

The limit state method is used in the Eurocode taking both load
and material partial factors into account. The limit state method
looks at all possible limit states and is based on probability theory
principles. If the effect of the load exceeds the strength of the
structural element, a collapse occurs.

The design standards for bridges in the 21st century use two
limit states - ultimate and serviceability limit state, where the
ultimate limit state is calculated in the light of the structural
collapse, while the serviceability limit state determines whether the
design meets specific usage criteria.

The European code LVS EN 1991-2:2003 “Traffic loads on bridges”
[94] provides four vertical load models LM1, LM2, LM3, and LM4
and horizontal load patterns resulting from vehicle braking and
accelerating, as well as centrifugal and transverse loads. Load
models LM1, LM3, and LM4 are used for the design of road bridges.

The load model LM1 consists of tandem and distributed load
(general model for overall and local tests). The tandem system
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has two axle loads and a distributed load: Q, « = 5@y where the
numerical values of a factors are given in the National Annex of each
EU Member State. The dynamic load is included in load model LM1
as loads @, and q,, so it is unnecessary to increase the design loads
further.

Traffic loads in the Eurocode were identified from the static
traffic load simulation. The load placement is shown in Fig. 1.4.

In the load model LM3, the dynamic load should be assessed in
addition if vehicles are intended to move at a speed of more than
70 km/h. In this case, account should be taken of the dynamic
increase calculated in accordance with Formula (8):

(p:1.40—$21.0, (8)

where L is the length of the impact line in metres [95].

The dynamic factor is already included in the pedestrian 5 kN/m?
load model LM4.

According to the standard LVS EN 1991-2 in force in Latvia,
load models include constant dynamic amplification factor values
depending on the length of the bridge and load influence line, as well

0gi Qe agQu Xgi T _Eh._.,@_-
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*) For lane widthwy =3 m.

Fig. 1.4. Tandem and distributed load for design load model LM1 [94].
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Fig. 1.5. Dynamic amplification factor values used in Eurocode
design load [63].

as the number of driving lanes on the bridge intended for the static
load effect of the 100-year cycle [27].

Values of the dynamic amplification factor for the two-lane
carriageway bridge used in the standard LVS EN 1991-2:2003
“Traffic loads on bridges” are shown in Fig. 1.5.

Eurocode LVS EN 1991-2 “Traffic loads on bridges” does not
include the values of the dynamic amplification factor for the bridges
in service.

1.5. Standard for dynamic bridge load testing in Latvia

Bridge load testing in Latvia is performed following the
requirements specified by the standard LVS 190-11 “Bridge
inspections and load tests” [96]. The Latvian Standard does not
prescribe a specific sequence of dynamic tests and information to
be collected before performing it, nor does it provide criteria for
evaluating the results obtained.
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The standard gives the test performer a lot of options to perform
the test at his or her discretion without specifying the impact of
the obtained results on the mechanical strength and stability of
the structure. Although the sentence “results of the measurements
carried out during the test should be compared with the calculated
values” is included, this is more relevant to the static loading results,
where the vertical deformations intended to be obtained from the
particular load can be calculated precisely.

LVS 190-11 “Bridge inspections and load tests” does not specify
what test method for bridges should be used to determine vibration.
However, the most commonly used method is a test using a specific
dynamic load.
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2. METHODOLOGY FOR DYNAMIC
LOAD TESTING

There is a generally accepted practice for performing dynamic
load testing. However, each company that performs dynamic load
testing of bridges does it differently because there is no standard
that would regulate dynamic load testing. For this reason, each
company that performs dynamic load testing should choose the
most appropriate sequence and type of test for a particular bridge
structure, considering the available data recording methods and the
available dynamic load.

The methodology developed in the dissertation shows the
sequence of dynamic load testing used in Latvia, the types of
instruments used, the data to be recorded and their evaluation. Four
cm high planks placed on the pavement are used to cause oscillations
in the bridge. The use of the planks makes it possible to model
different road surface conditions, which are especially important
for bridges that have been in operation for some time. The distance
between the planks depends on the distance between the wheel
axles of the vehicle. The height of the planks (4 cm) is based on the
average height of ice and snow cover in winter conditions where
proper maintenance of the road surface is not performed. Planks of
this height and location characterise uneven pavement with an IR/
value of 6 mm/m.

METHODOLOGY OF DYNAMIC LOAD TESTING
I 1 ll | | | |
2. MEASURING
1.PLANNING | |y | |PPERTORMANCE! | 4.pata | sEvaLuATION
THE TEST o PROCESSING| ~ OF RESULTS
AND LOAD
PREPARATION

Fig. 2.1. Methodology for obtaining and evaluating dynamic
characteristics for dynamic load testing.
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The methodology for dynamic load testing of a bridge can be
divided into five parts, shown graphically in Fig. 2.1.

Planning the test
N1 - assessment of the technical condition of the bridge.

Perform a general inspection of the bridge, which includes
documentation examination, information regarding previous
inspections and surveys, and examination of construction drawings.
Perform a visual inspection of the bridge and determine whether
the structure has damages that reduce the load-carrying capacity.
The most common damages are cracks in the concrete, corrosion
of the reinforcement, damaged bearings or settling of the supports.
Based on the information obtained, a conclusion shall be given as to
whether the structure may be subjected to a load test.

Important! If damage occurs which affects the load-carrying
capacity of the structure, the test shall not be performed.

N2 - FEM model and load-carrying capacity assessment.

The FEM model has to be made, and calculations performed
using the obtained construction drawings and material strength
information. The load-carrying capacity of the bridge is determined.
It is essential to find out the strength class of the materials. If this is
not known, non-destructive or destructive tests must be performed
to determine the properties of the materials.

The loads specified in the standard LVS EN 1991-2 “Actions on
structures - Part 2. Traffic loads on bridges” should be used. The
design calculation is performed for the ultimate and serviceability
limit state.

N3 - dynamic analysis of the bridge and determination
of instrument placement.

From the dynamic analysis, the natural frequencies and mode

shapes are found. The dynamic analysis also shows the specific
locations on the bridge where the gauges are to be located. The
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required number of measuring equipment, the length of wires
for the measuring equipment, and the possibility of access to the
places where the measuring equipment must be located shall be
determined from the construction drawings or by inspecting
the bridge. Before the test, the measuring instruments must be
inspected and calibrated.

N4 — dynamic test program.

Dynamic load test program showing the specific locations where
the gauges should be located and their quantities should be made.

The program must include the following information:

+ the time at which traffic on the bridge will have to be closed;

+ location of measuring instruments;

- number and responsibilities of the personnel involved in the

inspection;

+ test manager;

« number and weight of cars required.

A specific number of vehicle crossings and speeds need to be set.
If the bridge is already open to traffic, instructions must be given to
close the traffic on the bridge during the test.

Measuring devices, installation and load preparation

It is essential to position and attach the measuring devices and
gauges correctly for reliable and accurate results. It is crucial to
record the weather conditions of a particular day and the location
of each measuring device, as this may affect the accuracy of the
measurements and their interpretation.

M1 - measuring instrument locations on the bridge structure.

Based on the previous FEM calculations, the places where the
measuring instruments are to be placed are marked on the bridge
structure.

M2 - placement of measuring instruments on the structure.

The measuring instruments must be attached to the structure
according to the method specified in the measuring instrument
specification. If the device should be connected to a computer with
wires, the wires must be placed so that they do not obstruct traffic.
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M3 - vehicle weighing.

Vehicles are weighed using specific car scales. The drivers of the
vehicles who will make the trips should be instructed on how many
trips and at what speeds they will have to do.

M4 — bridge deck preparation for inspection.

Make sure that the bridge carriageway is empty during the test.
Make sure the car has enough space to pick up speed before driving
on the bridge. Ensure that the 4 cm high boards and the 20 cm high
springboard required for the test are placed nearby for the test to
run smoothly.

Performance of the test

During the test procedure, it must be ensured that the traffic is
closed and that no other external loads could affect the test data. The
test is performed by modelling different road surface conditions:
without planks — even surface; with planks — worn surface with pits
or in winter with ice deposits.

S1 - crossing the bridge with even pavement.

Before starting the test, a “zero” reading is done without the
vehicle on the bridge. The data starts to be recorded when the
vehicle is not yet on the bridge and ends when the oscillation
subsides. The vehicle crosses the bridge at a speed of 20 km/h,
40 km/h, 60 km/h and, if necessary, up to the maximum permitted
speed at the bridge location.

S2 - crossing the bridge with uneven pavement.

Before the vehicle drives on the bridge, 4 cm high planks are
placed on the road. The distance between the planks is 3-3.5 m,
depending on the wheel axle distance. The vehicle crosses the bridge
at 20 km/h, 40 km/h, 60 km/h on uneven ground. If necessary, at a
speed of 70 km/h over uneven surfaces, as this may be the maximum
permitted speed for very uneven surfaces.

S3 — impact load.

A pre-made 20 cm high springboard is placed in the middle of the
span. The car drives the front wheel axle off the springboard and
allows the structure to oscillate freely until the oscillations subside.
After the test, all obstacles shall be removed from the bridge and
another “zero” entry shall be done without traffic.

86



Data processing

Depending on the measuring instruments used for the test,
the data shall be processed according to the specifications of each
measuring device.

D1 - accelerometer data.

The data obtained by the accelerometer are converted to natural
frequencies by the FFT algorithm method, thus obtaining mode
shapes and natural frequencies.

D2 - displacement data.

From the displacement measurement data, oscillation diagrams
are created for each load and road surface, from which the dynamic
amplification factor and natural frequency are calculated. The
oscillation damping ratio is determined from the impact load
diagrams.

D3 - strain gauge data.

Strain gauges record the stresses generated in the structure from
a given load. By transforming this data, oscillation diagrams for
displacements, natural frequency and dynamic amplification factor
of oscillations are determined.

D4 - summary of results.

The obtained results are summarized in a report and compared
with the results obtained in the calculation model.

Evaluation of results

R1 - Natural frequencies.

The obtained natural frequencies and mode shapes are compared
with the analytically calculated values. If the values differ by
more than 10 %, then the calculation model must be checked. This
difference in the frequency indicates that the calculation model does
not correspond to the actual structure.

R2 - dynamic amplification factor.

If the dynamic amplification factor for even pavement is greater
than 1.4, then the load safety factor must be changed according
to the obtained dynamic amplification factor value in the design
model. Low dynamic amplification factor indicates that the dynamic
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amplification factor in the Eurocode for the respective structure is
too low.

The dynamics index of the structure is determined, thus
evaluating the level of the dynamic performance of the bridge.

R3 - pedestrian comfort criterion.

Acceleration values obtained for bridges with sidewalks are
compared with standard LVS EN 1990: 2022/A1: 2008 paragraph
A2.4.3.2, pedestrian comfort criteria (serviceability limit state).
Vertical accelerations — up to 0.7 m/s?, horizontal accelerations — up
to 0.2 m/s?

R4 - general evaluation of the obtained results and preparation of
the test report.

The test data on the bridge structure, the equipment used in the
test and their location, the loads applied, and the results obtained
shall be summarized in a report. At the end of the report, conclusions
are made about the dynamic performance of the structure and
compliance with the calculations.

The developed methodology for dynamic load testing allows to
determine the required dynamic characteristics of bridges, which
are used to analyse the dynamic characteristics done in Chapter 3
of the dissertation. The analysis determines dynamic characteristic
(natural frequency, damping ratio, dynamic amplification factor)
range of values that indicate increased dynamic performance of the
bridge. The obtained ranges of dynamic characteristics were then
used in the dynamics index calculation method described in Section
3.2 of Chapter 3 of the dissertation.
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3. METHOD OF DYNAMIC BRIDGE
PERFORMANCE ASSESSMENT

The assessment of the dynamic bridge performance may be
evaluated using a moving load test, but that is not always possible.
Therefore, a new method for evaluating the dynamic bridge
performance has been developed. For this method, a dynamic load
test does not need to be performed.

The following parameters characterise the dynamic performance
of the structures:

- dynamic amplification factor describes the increase in vertical

deformation or strain from the dynamic load;

« logarithmic decrement and damping ratio describe the speed at
which the imposed oscillations are subsiding; they depend on
the structure’s stiffness;

« vertical deformation is deflection of the structure under the
load; it depends on the structure’s stiffness and the load
applied;

« natural frequency are oscillations depending on the shape and
material of the structure; they depend on the structure’s stiff-
ness.

These parameters show that the dynamic performance of the
bridge is strongly connected with the stiffness of the structure,
characterised by the damping of vibrations, vertical deformation and
the natural frequency. It is not possible to determine the dynamic
amplification factor for the structure without performing a dynamic
load test, so it is not used in the developed method.

When analysing the above-described parameters that affect
the dynamic performance of the structure, the parameters that
can be identified in the design process are the structure’s stiffness
and the natural frequency. On the other hand, for a structure in
service, these parameters are damping ratio, accelerations and
the amplitude of oscillations. The most important of these are the
damping ratio and the amplitude of the oscillation, which also
describe the structure’s stiffness.

The parameter values may vary for different types of bridges, so
four types of bridges — concrete-slab bridges, prestressed concrete
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beam bridges, and prestressed concrete slab bridges with one or
more ribs have been examined separately in the dissertation. For
all bridges, the above parameters describing design stiffness and
dynamic performance were obtained. These parameters were
analysed to determine which parameters and what parameter range
show increased dynamic performance. To determine the range of
values for each given parameter, dynamic load test data from 2000 to
2016 were used.

From the analysis of dynamic load test data, four criteria were
obtained that influence the dynamic performance of the bridge.
These criteria were used in the dynamic index method described in
Section 3.2.

Following the analysis of the results, five criteria were selected:

1) span length-to-height ratio;

2) relative vertical deformation;

3) natural frequency;

4) damping ratio;

5) international roughness index (IRI).

The first two criteria describe the stiffness of the structure: the
length-to-height ratio of the span, or the slenderness of the structure,
and the relative vertical deformation, which describes the ratio of
the vertical deformation of the structure to the length of the span.

The next two criteria describe oscillations: the natural frequency
and damping ratio. The natural frequency can be determined from
the calculation model, but it is not possible to determine the damping
ratio without performing the test. It was, therefore, essential to
determine the range of values for this parameter from the results of
experimental dynamic load tests.

The last criterion is the international roughness index IRI.

3.1. Analysis of experimentally obtained dynamic
characteristics of concrete bridges

Reinforced concrete slab bridges
The ranges of the dynamic performance and characteristics of

the bridges are shown in Table 3.1. Part of the range that indicates
an increased dynamic performance were taken from bridges with
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dynamic amplification factor values on uneven pavement above 2, in
this case the dynamic amplification factor values are from 2.4 to 2.7.
Table 3.1 shows that the part of the range of values that points to a
larger relative deflection and the length-to-height ratio of the span
points to an increased dynamic performance. On the other hand,
the portion of the range of values, which indicates a lower damping
ratio and the value of the first-form natural frequency, points to an
increased dynamic performance of the structure.

Table 3.1
Ranges of dynamic performance and stiffness parameters
for concrete slab bridges

Parameters Range of values Part of the range that
indicates an increased
dynamic performance

Span length-to-height | 16-34 >23

ratio

Natural frequency 3.25-18 Hz 3.25-6 Hz

Damping ratio 0.013-0.04 0.013-0.02

Vertical relative 1/5000L-1/3400L |1/1500L-1/2030L

deformation

The results summarised in Table 3.1 are then used in the dynamic
index calculation method described in Section 3.2.

Prestressed beam bridges

The ranges of the dynamic performance and stiffness
characteristics of the prestressed beam bridges are shown in Table
3.2. The part of the range that indicates an increased dynamic
performance was taken from bridges with a dynamic amplification
factor value higher than 2 on uneven pavement, in this case the
dynamic factor value is 3.10. The span length-to-height ratio of this
type of beams is not the determinant value because the beams have
a fixed height. The natural frequency above 5 Hz and the damping
ratio above 0.02 indicate an increased dynamic performance.
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Table 3.2
Ranges of dynamic performance and stiffness parameters for
simply supported prestressed beam bridges

Parameters Range of values Part of the range that
indicates an increased
dynamic performance

Span length-to-height | 18-19 19

ratio

Natural frequency 3.5-14.3 Hz 5-14.3 Hz

Damping ratio 0.01-0.05 0.02-0.05

Vertical relative 1/1700L-1/3070L |1/2010L-1/3070 L

deformation

In the dynamic index method, beam bridge data are not used
because there are only three dynamic load bridge tests with results
available, and such bridges are no longer constructed in Latvia.
However, in Chapter 4, the permissible dynamic amplification factors
for beam bridges were calculated. These values show the available
dynamic load reserve for existing beam bridges.

Prestressed slab bridges with one rib

The parameters for the dynamic performance and stiffness of
prestressed slab bridges with one rib are given in Table 3.3. The
values of the range that indicates an increased dynamic performance
were taken from bridges with dynamic amplification factor value
on uneven pavement above 2. In the case of prestressed concrete
slab bridges, the values of the dynamic amplification factor are
from 2.1 to 3.5. These values are then used in the dynamic index
calculation method described in Section 3.2.

The span length-to-height ratio is between 24 and 26 for
prestressed structures. The natural frequency is between 2.5 Hz
and 5.2 Hz, however, an increased dynamic performance indicates a
natural frequency between 4.3 Hz to 4.5 Hz. An increased dynamic
performance is also indicated by a damping ratio between 0.03 and
0.04, while the relative vertical deformation of 1/2090 L - 1/2500 L.
For prestressed slab bridges with one rib, an important parameter
is the position of the carriageway and if the vehicle is positioned on
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Table 3.3
Ranges of dynamic performance and stiffness parameters for
prestressed beam bridges with one rib

Parameters Range of values Part of the range Additional
thatindicates an parameters
increased dynamic |leading to
performance increased

dynamic
performance

Span length-to- |24-26 25 The

height ratio carriageway

Natural 2.5-5.2 Hz 4.3-4.5 Hz is positioned

frequency on a console

Dampingratio |0.02-0.04 0.03-0.04

Vertical relative [ 1/1900 L-1/2500L |1/2090L-1/2500 L

deformation

the console of the cross-section. If the design is slender (L/H > 25), it
is also much easier to oscillate. Hence, placing the car on the console
part creates additional torsional forces.

Prestressed slab bridges with multiple ribs

The parameters for the dynamic performance and stiffness of
prestressed slab bridges with multiple ribs are given in Table 3.4.
Part of the range that indicates an increased dynamic performance
was taken from bridges with dynamic amplification factor at uneven
pavement above 2. In the case of prestressed concrete slabs, the
values of the dynamic amplification factor are from 2.0 to 5.6.

The span length-to-height ratio for prestressed beam bridges
with multiple ribs is between 25-27, indicating an increased
dynamic performance of the structure. The natural frequency is
from 3.9 Hz to 4.8 Hz, but higher dynamic performance is indicated
by a range of values from 3.9 Hz to 4.8 Hz. The slanted prestressed
concrete bridges, which are placed at an angle to the longitudinal
axis of the road, show an increased dynamic performance of the
structure.
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Table 3.4
Ranges of dynamic performance and stiffness parameters
for prestressed beam bridges with multiple ribs

Parameters Range of values Part of the range Additional
thatindicates an parameters
increased dynamic |leading to

performance increased

dynamic

performance
Span length-to- | 19-27 25-27 The bridge
height ratio isatan
Natural 3.9-5.7 Hz 3.9-4.8 Hz angle to the
frequency longitudinal
Damping ratio | 0.0 -0.06 0.03-0.06 axis of the

Vertical relative | 1/2500 L- 1/5080 L | 1/3500 L - 1/5080 L | Pridge

deformation
The

crriageway is
positioned on
a console

3.1.1. Factors affecting the dynamic load

The analysis of the data from Chapter 3 identified the factors
affecting dynamic performance: the geometry of the bridge, the road
pavement unevenness and the car’s velocity.

Bridge geometry

The bridge geometry is one of the most important parameters
affecting the dynamics of the bridge, since both the type and shape
of the bridge structure and the cross-section shape influence the
bridge dynamic performance. The additional load for the bridge is
caused by the vehicle movement when the bridge is at an angle to the
longitudinal axis of the road. The length/height ratio of the bridge
affects the rigidity of the bridge and, thus, the dynamic performance.

Bridges positioned at an angle to the longitudinal axis of the road
are exposed to an increased dynamic performance. The analysis
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was done by a computer software LYRA. Calculations were done for
a 12 m simply-supported bridge of 9 m width and a slab height of
0.7 m. Span length/height ratio 1/h = 20.

Table 3.5
The first-form natural frequency for different
angled bridges

Angle Natural frequency, Hz Period T, s

0° 6.15 0.163

15° 6.49 0.154

30° 7.69 0.13

45° 10.32 0.096

It can be seen from the data in Table 3.5, the frequency of the first
natural frequency form increases as the angle of the slab increases
and the warping vibrations appear, which creates warping forces in
the structure.

Pavement condition — unevenness

; The analysis results in Chapter
3 showed that the main reason
%00 I~ g . for the increase in the dynamic
; amplification factor is the
- deterioration of road pavement.
" iy _/"““" :"”"‘ Any roughness on the road -
g W asphalt deterioration, uneven
i T deformation or ice in the winter -
& _‘:‘-, P . creates an additional load for the
é —-ﬁ;"j“.. h . . car suspension system, which is
N PG R EP . 1 then transferred by the car to the
R e P bridge structure [99]. This effect is
i also shown in Fig. 3.1, which shows
Fig. 3.1. Pavement unevenness
: influence on dynamic amplification
1

4 &5 8 7 9 10

3 -]
fundamental frequency. Jp (Hz) factor.
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an increase in the dynamic amplification factor for even and uneven
surface. The figure shows that the minimum increase with boards
is 43 %, the average is 130 %, the maximum is 450 %, and without
boards a minimum is 2 %, an average is 30 %, a maximum is 102 %
[56].

For roads, the pavement is characterised by the international
roughness index (IRI). This index was developed by the World Bank
and was introduced in 1986.

The IRI is used to determine the roughness of road pavement in
the longitudinal direction. The recommended units for the IRI are
meters per kilometer (m/km) or millimeter per meter (mm/m). The
IRI value is calculated by dividing the standard vehicle suspension
system displacement (mm, inches, etc.) by the distance taken by the
vehicle during measurement (km, m, etc.). The IRI scale is shown in
Fig. 3.2.

For new bridges, road pavement is even and is consistent with
the lowest IRI values, while the IRl is much higher for damaged
road surfaces in operation. Each country can determine IRI values
according to its requirements [99].

In Latvia, the international roughness index is measured by a
laser profile owned by Latvian State Roads, which can determine the
IRI for the road section. Although Latvia does not have a specified
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Fig. 3.2. International roughness index IRI [100].
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IRI values for bridges, it is possible to find appropriate IRI values for
very rough road pavement on the bridge. “Road specification 2019”
[101] defines that for new asphalt concrete pavement, the IRl value
must not exceed 2.5 mm/m for 20 m long sections. Measurements
carried out in Latvia in 2018 determined that the IRI values were
below 1 m/km for new asphalt pavements. Such profile pavement
does not affect the dynamic performance of the bridge.

Scientist Sayers [100] has found that the IRI value of 6.0 m/
km is considered the maximum acceptable for high-quality road
pavements.

For a dynamic load test, 4 cm high planks are placed on the
pavement to model a rough surface. In cooperation with the
Competencies Centre of Latvian State Roads, an experiment was
conducted with a laser profile. The results obtained showed that the
average measured IRI value for such pavement with 4 cm high planks
is 6 mm/m.

When compiling the results, it can be concluded that pavement
can be considered even when IRI is up to 2.5, as defined in “Road
Specifications 2019”, uneven pavement when the IRI is between
2.5 and 6, and very rough pavement if the IRI exceeds 6.

The velocity of the vehicle

The roughness of the road alone does not increase the dynamic
load. The speed of the car’s movement is a significant factor.
The bridge analysis in Chapter 3 shows that a higher dynamic
amplification factor is obtained when cars travel at a slower speed.
Higher dynamic amplification factor can be explained by the car’s
“jumping” over rough pavement when moving at high speed. At the
same time, driving at a low-speed vehicle drives up every roughness
on the surface.

Heavy vehicles produce two forms of vibration: a body-bounce
that occurs for vibration frequencies from 2 Hz to 5 Hz and a wheel-
hop when vibration frequencies greater than 7 Hz occur. The surface
evenness combined with car velocity makes these vibration forms, so
movement speed is essential. The effect of the vehicle speed on the
dynamic amplification factor is shown in Fig. 3.3. The upper image
shows undamaged pavement, while the lower image shows damaged
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uneven pavement. The critical speed for the uneven pavement is
between 5 and 15 km/h [56].

Similar results have been obtained from the dynamic load tests
of the bridges in Latvia. The highest dynamic amplification factor is
obtained when the car travels at 20 km/h on an uneven pavement.
Therefore, during tests carried out in Latvia, trucks pass a bridge at
speeds between 20 km/h and 60 km/h. Crossing a bridge at higher
speeds over boards of 4 cm height may cause damage to the car’s
suspension system.

3.2. Bridge dynamic performance evaluation method -
dynamic index (DI)

A moving load on an uneven road surface creates a dynamic load
that can result in a load that is twice the static load. However, it is not
possible to determine the actual performance of the structure under
dynamic load without performing a dynamic load test. Therefore, a
method has been developed to assess the dynamic performance of
bridges without performing a dynamic load test. The term “dynamic
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performance of the bridge” means the bridge’s response to the
dynamic load and whether the bridge’s response to the dynamic load
may reduce the load-carrying capacity.

The Eurocode uses a dynamic amplification factor as a dynamic
performance evaluation criteria, but it is not possible to determine
a dynamic amplification factor without a dynamic load test. Other
dynamic parameters (natural frequency, damping ratio) do not in
themselves describe the dynamic performance of the structure.
Hence a new type of dynamic performance assessment — a dynamic
index (DI), is introduced. Dynamic index combines five parameters
that describe dynamic performance. DI shows the potential of the
bridge structure to exceed the dynamic load reserve included in the
design load.

The DI calculation method has been developed for three types of
concrete bridges - reinforced concrete slab and prestressed concrete
slab bridges with one and multiple ribs. Each of these bridge types
has a different range of dynamic parameter values that affect the
dynamic performance, hence three separate tables of values were
created.

Five parameters were selected from the analysis in Chapter
3 of the dissertation: span length/ height ratio, relative vertical
deformation, natural frequency, damping ratio and international
roughness index IRI. The values of these parameters vary between
types of bridges, hence it is essential to know the type of structure,
whether it is prestressed, simply-supported or a frame. Data were
available for reinforced concrete and prestressed concrete bridges,
hence the dynamic index calculation can be applied to reinforced
concrete and prestressed concrete bridges with a span length of 7 to
34 meters.

It is important to take into account whether the bridge has any of
the factors that increase dynamic performance. These factors are:

- the bridge is placed at an angle to the longitudinal axis of the

road;

- the carriageway is positioned on a console part of the

cross-sectional (for prestressed concrete bridges).

A scale from 4 to 20 was established to determine DI. On the
scale, 4 indicates no increase in the dynamic performance of the
structure while 20 points to an increased level of the dynamic
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performance of the structure. An increased level is when the
dynamic load decreases the load-carrying capacity of the structure.

The method uses five criteria that describe the dynamic
performance of the bridge. The criteria are identified from K1 to K5.
All parameters can be found for the design stage when developing
the mathematical FEM model. The criteria are:

1) thelength/height ratio of the bridge span structure (K1);

2) the first form of the natural frequency (K2);

3) the damping ratio (in the calculation process, these values can

be adopted as a material damping ratio) (K3);

4) the relative vertical deformation of the span, which is a ratio
between the maximum static deformation of the bridge and
length of the span (K4);

5) international roughness index IRI (K5).

For new bridges where the pavement is embedded according to
the Road Specifications 2019, the international roughness index IRI is
the lowest — below 2.5 mm/m. For in-service bridges, the surface has
often worn off because maintenance work has not been performed
or there has been pothole patching, which often makes the surface
very uneven. For such road conditions, the IRl can be between 2.5
and 6 mm/m. These values are also used for the value range of the
K5 criterion.

Criteria K1 to K4, determined by the analysis carried out in
Chapter 3 of the dissertation for each bridge group, show the range
of values that indicate increased dynamic performance. Criteria K1-
K5 are adopted with a coefficient of 1, without setting any criteria
as more important. Sensitivity analysis was not performed. The
values of dynamic descriptors or criteria (K1-K5) for reinforced
concrete and prestressed concrete bridges used in the method are
divided into four parts, from A1l to A4. Every part is valued from 1 to
4, where 1 shows a low increase in dynamic performance and 4 is a
significant increase. For each type of bridge, the range from A1l to
A4 is different and, therefore, three tables have been created: Table
3.6 - for concrete slab bridges, Table 3.8 - for prestressed concrete
bridges with one rib, Table 3.10 - for prestressed concrete bridges
with multiple ribs, where, according to the type of bridge and ranges
of criteria, the values of A1 to A4 are shown.
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The value of part A of each of the criteria range is determined by
taking into account the dynamic characteristics of the bridge under
examination and the part of the range within which the specified
criterion is included, obtaining a value of 1 to 4. This process is
carried out for all five criteria. When these values are counted,
a number from 4 to 20 is obtained indicating the dynamic index.
Formula (9) shows how DI is calculated:

DI:Kl(Ai)+KZ(Ai)+K3(Ai)+K4(Ai)+KS(Ai)’ (9)

where
K1, -the value of criterion K1 in the range of 1 to 4;
K2, - the value of criterion K2 in the range of 1 to 4;
K3, - the value of criterion K3 in the range of 1 to 4;
K4, - the value of criterion K4 in the range of 1 to 4;
K5, - the value of criterion K5 in the range of 1 to 4;
i - value from 1 to 4.
Figure 3.4 shows the dynamic index calculation algorithm. If the
dynamic index is more than 10, it shows a dynamic performance that
impacts the structure’s load-carrying capacity.

Determine the numerical
value of each criterion
Evaluate the
dynamic
performance of

wj] span Iq_'-.'1gr_I1_.-'r-.r_-|gf'[

Find value A,
corresponding to
each criterion
from the table

Calculate DI =

the bridge by the
acquired DI value

roughness index (R

Fig. 3.4. Dynamic index algorithm.
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3.2.1. Reinforced concrete slab bridges
The method is valid only for continuous system slab bridges
within the specified range of criteria values. Table 3.6 shows the
criteria and the distribution of their values into four parts. Table 3.6
is used to determine the dynamic index. Each of the criteria shall be
evaluated for the bridge in question.
Table 3.6
Determination of dynamic index for reinforced concrete
frame slab bridges

Criteria Al A2 A3 A4 DI
K1 |Span 16-20.5 |20.6-249 |25-29.5 29.5-34 K1,
length / height
ratio, L/h
K2 | The firstform |13.06-17 |9.92-13.05 |6.78-9.91 |3.36-6.77 |K2,,
of the natural
frequency
K3 |Dampingratio |0.0605- |0.049- 0.036- 0.023- K3,
0.073 0.060 0.048 0.035
K4 | Relative 1/3400- |1/2924- 1/2449- |1/1974- L
vertical 1/2925 |1/2450 1/1975 1/1500
deformation
K5 |International <29 29-4 4.1-5.0 5.1-6.0 KS[Ai]
roughness
index IRI
Dynamic index: LKj

Table 3.7 shows the values of the criteria examined in the method
of reinforced concrete slab bridges and the dynamic index. Each
bridge is also given a dynamic amplification factor value that shows
the actual dynamic performance of the bridge determined in the
dynamic load test.

The results show that at an uneven pavement the dynamic index
is very high for bridges positioned at an angle to the longitudinal
axis of the carriageway. These bridges with uneven pavement may be
subject to loads affecting the load-carrying capacity of the bridge.
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Table 3.7
Bridge parameters and calculated DI values
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Bridge over |Frame Slanted |34 |3.36 |0.046 [1/1900 |2.40 |19
river Gauja
on ACV235
Bridge over |Frame Slanted |25 |[6.6 |0.023 [1/1500 |2.70 |19
river Secene,
road P76
Aizkraukle-
Jekabpils

Bridge over |Simply Parallel |23 8.88 [0.046 [1/2030 |2.00 |15
river Lauce, |supported
road P87
Bauska-Aiz-
kraukle

Bridge over |Frame Parallel |16 9.78 {0.073 |1/3200 |2.04 (10
river Dzirla,
road P035

Gulbene-

Balvi

Bridge over |Frame Parallel |20 |17 |0.065 (1/3400 |1.30 |8
river LiCupe,
road A3
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3.2.2.

Prestressed reinforced concrete slabs

The method is valid only for reinforced concrete frame slab
bridges. Table 3.8 shows the criteria and their values for frame-type

bridges.
Table 3.8
Determination of dynamic index for prestressed
reinforced concrete slab bridges
Criteria Al A2 A3 A4 DI
K1 Span length/ 22 24 25 26 K1,
height ratio, L/h
K2 The first form 3.0-3.62 |3.63-4.24 | 4.25-4.86 | 4.85-5.5 KZ(AI.)
of the natural
frequency
K3 |Dampingratio |0.02- 0.026- 0.031- 0.0036-0.04 | K3,
0.025 0.03 0.036
K4 Relative vertical | 1/1900- |1/2051- |1/2210- |1/2351- K4,
deformation 1/2050 [1/2200 1/2350 1/2500
K5 International 2.9-3.65 |3.65-4.43 |4.44-5.2 |5.21-6 K5,
roughness index
IRI
Dynamic index: X Kj

Table 3.9 shows the values of the criteria examined in the method
of the prestressed slab bridges and the dynamic index. Each bridge
is also given a dynamic amplification factor value that shows the
actual dynamic performance of the bridge specified in the test with a
dynamic load. Although it has not been determined how the dynamic
amplification factor correlates with the dynamic index, it can be seen
that for the bridge with the highest dynamic amplification factor, the
dynamic index is also very high — 17 out of 20.
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Table 3.9

Bridge parameters and calculated DI values

Bridge

Bridge on
ACA12 over
railroad
Riga-Rézekne

Overpass over
railway Riga-
Krustpils
95,214 km

Bridge over
river Pedele in
Valka

Bridge over
Railroad Jel-
gava-Tukums
on ACA9
Riga-Liepaja

Bridge system: simply
supported /frame

simply
supported

frame

frame

frame

Carriage-way on
console Y/N
Y Span length /

o
%]

Yes

No

Yes

hight (L/H) ratio

25

22

26

Calculated first natu-
ral frequency (Hz)

w
o

4.47

5.5

S  Damping ratio

o

0.03

0.04

0.03

Relative vertical
deformation (span

length/ static
deformation)
= Maxd

—_
~
[
O
(e}
o
2]

1/2500

1/2090

1/2020

3.2.3. Prestressed concrete ribbed slab bridges

ynamic
amplification factor

° Dynamic index (max
20 p)

3.5 17

21 15

19 15

The method is only valid for continuous bridges with values of the
criteria within the given range. Table 3.10 lists the criteria and their

values for prestressed frame-type bridges.

Table 3.11 shows the values of the criteria of prestressed ribbed
slab bridges and the dynamic index. Each bridge is also given a
dynamic amplification factor value that shows the actual dynamic
performance of the bridge specified in the dynamic load test.

105



Table 3.10
Determination of the dynamic index for prestressed
reinforced concrete ribbed slab bridges

Criteria A1 A2 A3 A4 DI

K1 | Spanlength/ height | 19-21 21.1-23 23.1-25 25.1-27 K1,
ratio, L/h

K2 | The first form of the | 7.3-6.38 | 6.37-5.57 |5.56-4.76 |4.75-3.0 K2,
natural frequency

K3 | Damping ratio 0.02- 0.031-0.04 | 0.041-0.05 | 0.051- K3,

0.03 0.06

K4 | Relative vertical 1/2500- [1/3156- |1/3791- 1/4436- | K4 ,,
deformation 1/3145 |1/3790 1/4435 1/5080

K5 | International 2.9-3.68 |3.69-4.46 | 4.47-5.24 |5.24-6 |K5
roughness index IR/

Dynamic index: Y Kj

The developed method is valid for the specified types of bridges
within the defined criteria ranges. Table 3.11 shows that when
assessing the criteria in Table 3.10, the dynamic index trend
is similar to the dynamic amplification factor value trend. The
developed five-criteria method allows to evaluate the dynamic
performance of the bridge without a dynamic load test, or it can
suggest the need for a dynamic load test. If the calculated dynamic
index value is greater than 12, the dynamic performance level of the
bridge can be considered high, and it would be desirable to perform a
dynamic load test.

The contracting party or the infrastructure manager (Latvian
State Roads, JSC “Latvia’s State Forests” or local governments) can
use the dynamic index method to assess the particular bridge with
uneven road pavement and see if a dynamic load on the structure
may result in a reduction in the load-carrying capacity and whether
it is necessary to perform a dynamic load test for the particular
bridge.
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Table 3.11
Bridge parameters and calculated DI values
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Road overpass Frame Parallel ' 20 6.0 0.02 1/2500 1.7 9
onroad A6,
Riga-Belarus
Border

Bridge over Simply Slanted 19 7.3 0.03 1/4550 2.0 11
river Divaja on supported

road A6

Road overpass Frame Parallel 25 40 0.06 1/3470 5.6 17
onroad P8

over road E22

(R=6000m)

Road overpass Frame Parallel 27 49 0.06 1/5080 4.1 19
onroad E22

over road V920
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4. PERMISSIBLE DYNAMIC AMPLIFICATION
FACTORS FOR BEAM BRIDGES

The maximum permissible value of the dynamic amplification
factor from the load carrying-capacity point of view can be
calculated only for a specific structure and a specific load
because the value of the dynamic amplification factor is inversely
proportional to the load and the mass of the structure. Exceeding
permissible value of the dynamic amplification factor the structure
will not collapse, however, the damages caused can reduce the load-
carrying capacity.

The value of the dynamic amplification factor of the moving load
is related to the geometrical and material characteristics of the
bridge span structure. It is also related to the type of load (traffic
load, railway load, pedestrian load), therefore dynamic amplification
factor values for the same type and length of beams are different.

On Latvian roads, most bridges and overpasses (approximately
90 %) are constructed of standard bridge structures by the design
load schemes N-13, N-18, N-30 and some heavy transport units
NG-60, NG-80.

In today’s road transport flow in Latvia, the maximum permitted
uncontrolled heavy transport load indicated in Cabinet Regulation
No. 279 “Road Traffic Regulations” Annex 2 is K44 - a six-axle
container carrier with a standard mass of 44 t and a total length of
13.4 m. The above-mentioned K44 load is used in the calculations,
as it shows the maximum permissible heavy load in daily traffic.
Vehicles of such mass are not used in dynamic load tests, as they can
create forces in the structure that will cause permanent damage
under uneven pavement conditions.

The following calculation method was used to determine the
value of the maximum allowable dynamic amplification factor.

1. Knowing the dimensions of the cross-section and the amount

of reinforcement, determine the maximum allowable stress of
beam E_ , KN-m or N/mm?.

2. Determine the maximum applied stress of the self-weight on

structure M, kN-m, or N/mm®.
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3. Determine the difference £, -E which shows the maximum
allowable stress E for the moving load.

4. Determine E_, Wthh is the maximum applied stress in the
structure of the specific moving load. In this case, it is the
maximum permissible load K44.

5. The maximum allowable value of the dynamic amplification
factor is determined according to Formula (40), where the
maximum allowable value of the dynamic amplification factor
is ratio Ep/Ep’i.

Maximum allowable value of dynamic amplification factor =

_ ERd,i _Eg,i ’ (40)
Ep.i
where
E .. — maximum allowable stresses of the most loaded element or

Rd,i
section of the structure, KNm or N/mm?;

Eg’i — stress from the structure self-weight, KN-m or N/mm?;

E,, - maximum applied stress in the structure of the specific moving
load, KN-m or N/mm?;

i — the most heavily loaded section or structural element.

The calculation is performed for the following standard span
structures:

- reinforced concrete beams with frame-type reinforcement
(made according to type 56 design drawings (with and
without diaphragms));

- prestressed concrete beams with and without diaphragmes;

- prestressed concrete beams with wire bundles.

In Latvia, tests with dynamic loads are performed only on new
or reconstructed bridges. Therefore, there are not many results
of tests with dynamic loads on such standard reinforced concrete
structures. However, by performing a dynamic load test after
reconstruction, it is possible to compare the actual values of the
dynamic amplification factor with the maximum allowable for the
specific standard span structures.

The maximum permissible values of the dynamic amplification
factor for standard reinforced concrete and prestressed concrete
girder bridges are summarized in Table 4.1. The lowest permissible
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dynamic amplification factor of value 1.4. was found for reinforced
concrete beam bridges with frame reinforcement and diaphragms.
Value 1.4 represents a 40 % margin for dynamic load. The second-
lowest reserve is for reinforced concrete beams with diaphragms. In
turn, the highest permissible dynamic amplification factor was found
for reinforced concrete beam bridges with frame reinforcement
without diaphragms - 4.4.

The dynamic amplification factor of standard span structures
depends on the span length, so using these results, not only the beam
type but also the span length should be considered. The maximum
allowable dynamic amplification factor is the lowest value of the
permissible dynamic amplification factor. Exceeding this value of
the dynamic amplification factor will not cause the collapse of the
structure. However, it may cause damages that can reduce the load-
carrying capacity of the bridge.

In the dynamic parameter analysis in Chapter 3 of the
dissertation, three prestressed concrete beam bridges were
considered, two of which are standard beam bridge reconstructions.
The bridge over the lecava River is a prestressed concrete beam
bridge without diaphragms with a span of 11.36 m. The dynamic
amplification factor measured for this bridge is 3.1, which is 19 %
less than the analytically determined maximum permissible value
of 3.8. The experimentally measured dynamic amplification factor
of the bridge over the Jugla canal in Riga (span consists of double
T-profile prestressed concrete beams without diaphragm with span
22.16 m) is 1.32, which is 40 % less than the analytically determined
maximum permissible value 2.2.

Standard project bridges are no longer built in Latvia, however,
the number of standard type bridges in Latvia is about 90 % of the
total number of bridges. The proposed method allows to assess the
load-carrying capacity reserve of the reconstructed bridges for
dynamic load and to compare it with the experimentally obtained
dynamic amplification factor values. Thus, determining whether
the bridge has sufficient dynamic reserve for maximum permissible
heavy load K44 determined in Annex 2 of the Cabinet Regulation No.
279 “Road Traffic Regulations”.
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Table 4.1

Maximum permissible values of the dynamic amplification
factor for standard girder bridges

Bridge type

Value range of dynamic amplification factor

L=8.66m

L=11.36m

L=14.06
m

L=16.76
m

L=22.16
m

Frame
reinforcement
beams with
diaphragms

1.4-2.9

1.6-2.8

1.6-2.4

2.4

1.8-3.2

Frame
reinforcement
beams without
diaphragms

2.5-3.1

29-3.5

3.2-4.4

29-4.4

Prestressed
concrete beams
with diaphragms

2.2-2.8

2.3-2.7

1.7-2.5

Prestressed
concrete
beams without
diaphragms

3.5-3.8

3-3.5

2.6-3.8

Prestressed
concrete beams
(wire bundles)

2.4-3.3

2.2-3.8
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5. RECOMMENDATIONS FOR
SUPPLEMENTING LVS 190-11 “BRIDGE
INSPECTION AND LOAD TESTING”

Based on the dissertation results, recommendations have been
prepared for the standard LVS 190-11 “Bridge inspection and load
testing” Sections 7.3. and 7.4.

Recomendations for Sections 7.3. and 7.4. are based on
methodology for dynamic load testing developed in Chapter 2 of the
Thesis and on the analysis of the dynamic parameters of the bridges
performed in Section 3.1 of the Thesis.

Recommendations for Section 7.3:

1. Inclue the following point: Before the dynamic load test:

« an assessment of the technical condition of the bridge
must be done to determine whether the structure has any
damage that reduces the load-bearing capacity;

« perform a bridge dynamic analysis with FEM software
program to determine the locations where gauges should
be placed to obtain the most accurate bridge dynamic per-
formance;

« develop a test program indicating what will be measured,
what measuring devices and loads will be used.

2. Supplement text “A loaded vehicle may be used to generate the
dynamic load, which could cross the bridge daily and cause
increased dynamic effects” with the following sentence: All
vehicles used in the test must be weighed to assess the effect
of the specific load on the span structure.

3. Supplement text “During the bridge test, the vehicle must pass
the span structure several times at different speeds” with the
following sentence: Vehicles must cross the bridge at speeds
20, 40, 60 km/h and, if necessary, up to the permitted speed
limit of the bridge location. The crossing must be done on even
and uneven pavement.

4. It is recommended to revise the following sentence “To
determine the dynamic characteristics of the structure,
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moving, impact, or vibration loads can be used, which can
cause permanent oscillations (including free oscillations)”.
Revised: To create both free and forced oscillations in the
structure, moving, impact, and vibration loads can be used in
the dynamic load test.

Supplement text “During the bridge test, the vibration
characteristics (diagrams) must be recorded using special
equipment for recording oscillations” with sentences: The
dynamic parameters of the bridges can be recorded using
displacement, stress and acceleration measuring devices.
The sampling frequency of the accelerometer must be at least
twice the frequency to be recorded.

Recommendations for Section 7.4:

Include the following points:

Evaluation of the results of the dynamic load test.

The results of the dynamic load test must be compared with
the analytically calculated results.

The measured natural frequency must be compared with
the analytically calculated one. If the difference between the
values is more than 10 %, the design calculation model must
be corrected based on the experimental data.

If the bridge’s natural frequency is in the range from 3 Hz
to 6 Hz, it is recommended to check whether the dynamic
amplification factor for even pavement condition is below the
value 1.4 specified in LVS EN 1991-2 load model LM1.

If the dynamic amplification factor obtained from the
dynamic load test for even pavement condition is higher
than 1.4, the design load partial factor must be changed
according to the obtained dynamic amplification factor
value. The load-carrying capacity of the structure must be
checked, considering the experimentally determined dynamic
amplification factor value.
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CONCLUSIONS

A method was developed for estimating the dynamic
performance of a bridge. In the method, dynamic parameter data
experimentally obtained from bridge dynamic load tests were
used. The data were obtained by non-destructive oscillation
analysis and digital data reading methods taking into account the
bridge pavement unevenness. The method can be used not only
for new bridges but also for the ones in operation. Proposals were
developed for supplementing Sections 7.3. and 7.4. in standard LVS
190-11 “Bridge inspection and load testing” of the Republic of Latvia
with the methodology of experimental determination of dynamic
characteristics of bridges and evaluation of dynamic characteristics
obtained from dynamic load testing.

1. A dynamic bridge load testing methodology was developed
for obtaining and evaluating the dynamic parameters of
reinforced concrete and prestressed concrete slab bridges.

2. Experimentally obtained dynamic amplification factor
mean values for bridges designed by the requirements of the
Eurocodes were calculated, which for bridges designed after
2000 (for even pavement) in 97 % of cases are between 1 and
1.4. The values obtained are lower than the values specified in
Eurocode load model LM1 - from 1.4 to 1.7 depending on the
span length.

3. Experimentally obtained dynamic amplification factor mean
values for bridges designed before 2000 (for even pavement)
in 88 % of cases are 1.1, which is lower than the value of the
dynamic amplification factor determined in the SNIP building
standards (1 + p) = 1.2.

4. It has been experimentally proven that the pavement’s
evenness level and vehicle speed influence the bridge’s
dynamic amplification factor.

5. It was determined that a bridge has an increased dynamic
performance if the natural frequency of reinforced concrete
bridge is in the range of 3 Hz to 6 Hz.

6. The dynamic index method allows to evaluate the dynamic
performance of new bridges and bridges in operation on a
scale from 4 to 20. The developed method of the dynamic
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index allows to evaluate the level of the dynamic performance
without the need to perform a dynamic load test. In the
method, five parameters are used: span length/height ratio,
natural frequency, vibration damping ratio, relative vertical
deformation, and international roughness index IRI.

. The maximum permissible values of the dynamic
amplification factor for standard prestressed concrete
and reinforced concrete girder bridges were determined
for Cabinet Regulation No. 279 “Road traffic regulations”
Annex 2 Maximum acceptable heavy traffic load. These
dynamic amplification factor values show the permissible
load-carrying capacity margin of beam bridges. The lowest
dynamic amplification factor margin was calculated for
reinforced concrete beams with frame reinforcement and
diaphragms - span length for these beams - 8.66 m. The
dynamic amplification factor for such a structure is 1.4, which
indicates a margin of 40 % to absorb the dynamic load.

. Recommendations for supplementing the Latvian state
standard LVS 190-11 “Bridge inspection and load testing”
Sections 7.3. and 7.4 have been developed. Section 7.3. has
been supplemented with instructions for the performance
and preparation of the dynamic load test. Section 7.4. has been
supplemented with criteria for evaluation of the dynamic
amplification factor and natural frequency.
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