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DARBA VISPAREJS RAKSTUROJUMS
Temas aktualitate un probléemas nostadne

Cilveku kustibas rezultata izraisitu vieglu un lokanu biivju svarstibas ir
seviski aktuala pétijumu téma pasaulé jau vairak neka 10 gadus. Daudzu
pétnieku interesi pieversties tai piesaistija vairak neka 18 milj. anglu marcigu
verta Londonas gajeju tilta iepriek§ neparedzEtas saniskas svarstibas ta
atklasanas diena 2000. gada. Cilvéku un konstrukcijas mijiedarbibas pétijumu
aktualitati un sarezgitibu arT apliecina v&l aizvien notiekosas pétnieku diskusijas
starptautiskas zinatniskas konferencés un forumos par So tematu.

Zinamakas konstrukcijas, kuru svarstibas var izraisit cilvéku aktivitate
(iesana, 1€kSana, skrieSana, vandalisms un citi) ir gaj€ju tilti, lokanas kapnes,
tribines un parsegumi. Gaj&ju tiltu gadijuma svarstibas parsvara tiek ierosinatas
Skersvirziena un tas pamata izsauc gaj€ju slodzes skersvirzziena komponente.
G3jgju tiltu svarstibas ir saméra labi izpétitas, par ko liecina izstradatas
projektesanas rekomendacijas gaj&ju komforta nodrosinasanai.

Latvija biezak par lokaniem gaj&ju tiltiem sastopamas citas pret gajéju
slodzi jutigas biives — skatu torni, kas cilveku — konstrukcijas dinamiskas
mijiedarbibas konteksta nav pétiti. Skatu torpiem atSkiriba no gajgju tiltiem
butiskas ir gan gaj&ju slodzes Skersvirziena, gan garenvirziena komponentes.
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Att. 1. Skatu torpu izvietojums Latvija

Vesturiski brivi stavosi skatu torni galvenokart bija paredzeti apkartnes
parraudziSanai armijas vajadzibam. Par tOrisma simbolu tie kluva, iesp&jams,
1889. gada, kad Vispasaules izstades ietvaros Parize tika atklats Eifela tornis.



Pilsétas skatu torni parasti ir augsti un kalpo ka arhitektonisks akcents, savukart
lauku apvidos skatu torni ir veidoti ta, lai apmeklétajiem lautu brivi parliikot
apkartni, un to izskatu parsvara nosaka ekonomiski apsvérumi.

Latvija skatu torni parsvara atrodas Latgalé un Kurzemé&. Autores izpé&tito
publiski pieejamo skatu tornu ar vieglu rezgotu konstrukciju atra$anas vietas ir
paraditas attela 1. Jaatzime, ka 18 no 19 izpétitajiem torniem ir paklauti butiskai
gajeju slodzes ietekmei, kas zinamai dalai apmeklétaju izraisa diskomforta
sajiitu.

Gandriz pusi no Siem skatu torpiem parvalda valsts akciju sabiedriba
“Latvijas Valsts mezi”, kura pastavigi riipgjas par vides infrastruktiras objektu
attistiSanu. Ka pieméru var minét nesen (2012. gada oktobr1) atklato 28,5 m
augsto Ancupanu koka skatu torni Rezekng. Lai gan skatu tornu biivnieciba ir
diezgan darga, tas ir lielisks veids, ka palielinat ne parak popularu apvidu
pievilcibu turistu acts.

Dazi no apsekotajiem torniem ir ar jaukta tipa karkasu, piem&ram, koka
kolonnas, sijas un apSuvums, bet no t€rauda stieniem veidota $k&rsvirziena
stinguma sisttma. Tomé@r lielakoties skatu tornus péc konstrukcijas veida
iespg&jams iedalit koka (70% apskatito tornu) un terauda torpos. Tipveida terauda
un koka skatu torni ir paraditi attela 2.

Att. 2. Tipveida skatu torpi; a) Teérauda skatu tornis (Kalsnava);
b) koka skatu tornis Latgalé (Priedaine)

Lielakajai dalai no torniem Latvija ir pievienoti lietoSanas noteikumi, kas
ierobezo apmeklétaju skaitu no 5 lidz 10 cilvékiem. Tomér Sadiem



ierobezojumiem nav zinatniska pamatojuma. Koka skatu tornu biivnieciba
pilniba tiek balstita ieprieksgja buvniecibas pieredz€ un nav pamatota ar
aprékiniem.

Jirmala, Dzintaros 2010. gada tika atklats lokans, ekscentriskas
konfiguracijas te€rauda skatu tornis. Lielaka dala Dzintaru torna apmekl&taji sajit
svarstibas, kas izraisa diskomfortu atrodoties uz skatu torna augsgjas platformas.
Sis biives saméra lielas amplitiidas svarstibas, kas netika paredzétas torna
projektesanas stadija, atklaj izpratnes truikumu par gajéju ierosinatu svarstibu
iespaida ievértésanu skatu tornu projekté$anas procesa. Sobrid biivnormativos
nav pieejami noradijumi vai rekomendacijas projekt€Sanai, kas attiecas uz
lokanu tornu dinamiskas reakcijas paredzeSanu, cilvéku radito dinamisko
iedarbju rezultata. Ar terminu ,,dinamiska reakcija” (dynamic response) $aja
darba tiek apzZim&ta maksimala konstrukcijas svarstibu amplitida pielikto
dinamisko iedarbju rezultata (attiecigi parvietojuma vai paatrinadjuma
amplitiida). Jirmalas torna gadijums parada, ka apvidos ar zemu seismisko
aktivitati un salidzino$i nelielam v&ja slodze€m, cilvéku raditas dinamiskas
slodzes ir iz8kiro$s faktors lokanu un vieglu skatu tornu projekté$ana, nodrosinot
ekspluatjamibas (komforta) kriteriju izpildi.

Lai nakotné varétu veidot estétiskas un ekonomiski pamatotas un
apmeklétajiem komfortablas vieglas konstrukcijas, ir nepiecieSami petfjumi un
padzilinata izpratne par cilveku raditajam dinamiskajam iedarbém un to pareizu
piemerosanu skatu tornu konstrukciju projekt€sana.

Darba meérkis

Promocijas darba merkis ir eksperimentali noteikt un aproksimét laika
mainigas gaj¢ju slodzes, lai izveidotu pamatotu vieglu konstrukciju aprékiniem
piemérotu, laika mainigu gajéju slodzi, izdalot slodzes vertikalo, garenvirziena
un Skérsvirziena komponenti, ka arT izstradat aprékina metodi, ar kuru iespgjams
noteikt S0 slodzu maksimalo iespaidu uz vieglu reZgotu tornu svarstibu
paatrindjuma un parvietojumu amplitidam.

Darba uzdevumi
Lai sasniegtu iepriek§ min&to pétljuma merki, ir izvirziti sekojosi
uzdevumi, kas iedaltti divas grupas:

1) Uzdevumi, kas saistiti ar cilvéka parvietoSanas rezultata raditu laika mainigu
slodzu eksperimentalu noteikSanu un to aproksimaciju:



e Izstradat metodi eksperimentdlai cilvéka solu radito spéku
noteiksanai, noveérsot argjo faktoru butisku ietekmi uz eksperimenta
dalibnieku dabisko kustibu eksperimenta laika;

o Izstradat cksperimentalo datu apstrades metodi vidEjotas gajju
slodzes izmainas laika noteik$anai (mean walking force history) un
analttiskas funkcijas iegtiSanai tas aprakstam, talakai izmantoSanai
analitiskos aprékinos skatu tornu dinamiskas reakcijas (dynamic
response) noteikSanai cilvéku radito iedarbju rezultata.

o Uz ieprieks izstradatas teorétiskas bazes pamata iegiit solu raditas
slodzes dinamiskas iedarbes koeficientus (dynamic load factors
(DLF)) un atbilstosas fazu nobides starp kustibu raksturojosam
komponentem kapsanai pa tipveida kapneém. Salidzinat iegiitos datus
ar pieejamajiem citu p&tnieku datiem izstradatas metodes parbaudei.

2) Uzdevumi, kas saistiti ar rezgotu skatu tornu konstrukciju slogosanu ar
iepriek§ noteiktajam laika mainigajam gajéju slodzém un to iespaida
noteikSanu uz tornu svarstibu paatrindjuma amplitidam:

o Eksperimentali iegiit dinamiskos parametrus lielakajai dalai publiski
pieejamo Latvijas skatu tornu, ka ari eksperimentali noteikt un veikt
analizi par gajeju slodZzu ierosinatam svarstibam 19 publiski
pieejamiem skatu torniem Latvija. Balstoties uz iegltajiem
rezultatiem izstradat kritérijus, kadam rezgotam tornveida
konstrukcijam ir butiski cilveku kustibas raditie efekti un novertet
dazadu parametru (konstrukcijas svarstibu rimsana, attieciba starp
solosanas tempu un konstrukcijas paSsvarstibu frekvenci,
konstrukcijas stingums, atsevisku soloSanas harmoniku iespaids,
apmekl&taju skaits, svarstibu forma) ietekmi uz skatu torpu svarstibu
paatrinajumu amplitiidu vertibam.

e Pamatojoties uz eksperimentalas izp€tes rezultatiem, izstradat
aprékinu modeli rezgotu skatu tornpu svarstibu maksimalo
paatrindjuma vertibu noteikSanai no apmeklétaju slodzém. Ka art
izstradat ierobezojoSos kriterijus, lai skatu tornu apmeklgtajiem
nodro§inatu pienemamu komforta Itmeni atrodoties uz skatu torpa
platformas.

PétTjuma zinatniska novitate

Eksperimentali un teorétiski pieradits, ka viegli rezgoti skatu torni, kuru
pamatfrekvence zemaka par 3,3 Hz cilvéku kustibas radito dinamisko iedarbju
rezultata paklauti riskam tikt iesvarstiti ar svarstibu paatrinajuma amplitiidu, kas
nenodrosina torna apmekl&tajiem pienemamu komforta [imeni.
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P&tfjuma zinatniskas novitates tapat ka izvirzitie uzdevumi var tikt iedaliti
divas grupas. Pirma grupa saistita ar cilvéka parvietoSanas rezultata raditu laika
mainigu speku eksperimentalu noteik§anu un to aproksimaciju:

e Izstradata jauna metode no inversas dinamikas jomas, kas lauj
eksperimentali noteikt cilvéka kustibas rezultata raditos dinamiskos spekus,
izmantojot kompaktus paatrinagjuma meritajus, kas izvietoti tuvu cilvéka
smaguma centram. Metode piemérota attiecigo civilas btivniecibas
uzdevumu risinaSanai plasa apstaklu diapazona. Salidzinajuma ar
tradicionalajam tieSo mé&rfjumu metodém, nepiecieSamie mérinstrumenti ir
salidzinoSi vienkarsi, pastav iespgja ieglt datus par ilgstosaku slodzes
iedarbibu, un eksperimenta apstakli bitiski neietekm& eksperimentos
iesaistitas personas spgju kusteties brivi un dabiski. P&dgjais ir bitisks
trikums tradicionalajam mérfjjumu metodém.

e Pe&tfjuma ir piedavata jauna pieeja dinamiskas iedarbes koeficientu (DLF)
iegliSanai no vidgjotas gajeju slodzes izmainas laika, kas balstita uz
eksperimentali iegiitiem rezultatiem. Sada pieeja lauj saglabat tadus svarigus
parametrus ka fazu nobides starp kustibu raksturojosam komponentém, kas
nepiecieSamas, lai varétu izstradat vidgjotas gajeju slodzes izmainas laika
analitisko izteiksmi. Ta savukart var tikt lietota apskatamas konstrukcijas
analitiskos aprékinos.

e Pirmo reizi ir ieglti vidgjotie dinamiskas iedarbes koeficienti (DLF) un
atbilsto$as fazu nobides starp kustibu raksturojosam komponentém, ka ar1
vidgjoto DLF atkariba no augSup vai lejup kapjoSas personas soloSanas
tempa gajeja slodzes garenvirziena un Skersvirziena komponenteém.

Otra zinatnisko novitasu grupa saistita ar rezgotu skatu tornu konstrukciju
slogosanu ar ieprieks noteiktajam laika mainigajam slodzém un to iespaida
noteikSanu uz tornu svarstibu amplitiidu:

e P&tjjuma ietvaros pirmo reizi izstradata aprékinu metodologija vieglas
rezgotas konstrukcijas torpu maksimalas svarstibu amplitidas noteik$anai
apmekl€taju parvietosanas iespaida. Metodologijas pamata ir pétijumi par
konstrukciju, kam bitu jagpem vera cilvéka raditas dinamiskas iedarbes,
raksturojoSiem parametriem, par bitiskajam gajgju slodz€m un to
novietojumu, analitisks risinajums sakotngjo projekta aprékinu veikSanai, ka
ar1 svarstibas ierobezojosie krit€riji apmekl&taju labsajiitas uzlaboSanai.

e Eksperimentalu pétijumu rezultata pirmo reizi iegiits dinamisko parametru
datu kopums (rimSanas koeficienti, konstrukcijas pamatfrekvences un
passvarstibu frekvences) lielakajai dalai Latvija publiski pieejamo rezgotas
konstrukcijas skatu torgu.
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Promocijas darba praktiskais nozimigums

Sasniedzot promocijas darba izvirzito mérki, galvenais praktiskais
ieguvums ir piedavata torpu svarsttbu maksimalo paatringjumu visbiezak
sastopamo cilvéka radito dinamisko iedarbju ietekmg, noteikSanas metodologija
algoritma veida. Izstradatais algoritms noderigs praktizgjosSiem biivinZenieriem,
kas nodarbojas ar publiski pieejamu skatu torpu projekteésanu, jo paslaik trukst
jebkadas citas projekt€sana izmantojamas informacijas par ekspluat€jamibas
kriteriju izpildi.

Piedavatas aprékina metodes dod iesp&u pamatot, korigét un varbut pat
atcelt noteikumus, kas ierobezo vienlaicigu apmekl&taju skaitu lielakaja dala
Latvijas publisko skatu torpu.

Saja pétijuma iegiitie vidgjotie dinamisko iedarbju koeficienti (DLF),
atbilstosas fazu nobides starp kustibu raksturojosam komponentem un to
atkariba no augSup vai lejup kapjoSas personas soloSanas tempa dinamiskas
iedarbes ir informacija, kas papildina starptautiska standarta ISO 10137:2007
tabulu A.4, kura ir sniegti pieméri projekteéSanas parametriem saistiba ar vienu
pa kapném augSup vai lejup kapjosu personu. Sobrid standarta informacija ir
dota tikai par vertikala virziena pirmajam divam harmonikam.

Petjuma ietvaros izstradata eksperimentalo datu vizualizacijas
datorprogramma, kas var tikt sekmigi pielietota ka erts instruments konstrukcijas
svarstibu Iimena noveértesanai dinamiskas testésanas laika.

Lidz ar to promocijas darba izstradnes kalpo par pamatu, kas nepiecieSams,
lai turpmak var€tu buaveét ekonomiskus un estétiskus vieglas rezgotas
konstrukcijas publiskos skatu torpus, kas nodrosina ari apmeklétaju komforta
prasibas.

P&étiSanas metodika un pielietotie materiali

Promocijas darba izstradatas metodes no cilvéka parvietosanas dinamisko
slodzu iegliSanai pamata ir otrais Nutona likums un pé&tfjumi biomehanikas
nozaré par cilvéka kustibas kinematiku. G3j&ju slodzu gadijuma rakstura
ievert€Sanai  izstradats algoritms komercialaja programma ‘“Mathcad”,
izmantojot taja iestradato nejausu skaitlu generatoru.

Eksperimentalo datu apstrade, frekvencu spektru iegiiSanai, pamata veikta
ar komercialo programmatiru ME'scopeVES (versija 5.1.2010.1215).
Eksperimentalo datu vizualizacijai konstrukcijas svarstibu limena novérteésanai
dinamiskas testeSanas laika, izmantota speciali izstradata programma Adobe Air
vide.
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Rezgoto skatu tornu analitiska aprékinu modela, kas izmantots teorétiskos
pétijumos, pamata ir Eilera — Bernulli prizmatiskas konsoles
diferencialvienadojums.  Skaitlisko  eksperimentu  veikSanai  izmantota
komerciala galigo elementu programma STRAP (versija 12.5).

Eksperimentalo svarstibu paatrinajumu noteikSanai izmantoti pieci viegli
(55 g) 3-asu USB paatrinajuma meritaji, modelis X6-1A (razotajs - Gulf Coast
Data Concepts, LLC).

Pétijumu teorétiska un metodologiska baze

Promocijas darba pétijumi, izstradatas metodes un aprékinu modeli balstiti
uz $adam inZenierzinatnu nozarém:

— konstrukciju dinamika;

— buvmehanika;

— buvkonstrukcijas;

— modala un eksperimentala modala analize;
— varbitibu teorija;

— biomehanika;

— signalu analize.

Pétijuma diapazons un iegiito rezultatu pielietojuma robeZas

Izstradata aprékinu metode vieglu reZgotu tornu svarstibu paatrindgjuma
maksimalo amplitidu noteikSanai gajéju dinamisko slodzu iespaida ir speka
izpildoties $adiem nosacijumiem:

1) maksimalie spriegumi torna elementos neparsniedz pielaujamos saskana

ar nespejas robezstavokla prasibam;

2) maksimalie parvietojumi no atbilsto$as v€&ja iedarbes neparsniedz

ekspluat€jamibas robezstavokla prasibas;

Aprekinu metodika izstradata balstoties uz eksperimentiem, kas veikti koka
un térauda skatu torpiem. Izstradato metodiku ir racionali izmantot sekojosa
apgabala:

— torpa augstums L virs zemes limena: 15m < L <50m ;
— torna stingums E7 un torna masa uz tekoSo metru m ir:
EI<2-10°L7%;
m < 206241 L%,
(ierobezojumi, ar kuriem darba tiek saprasti termini ,,lokans” un ,,viegls”);
— torpa zemaka passvarstibu frekvence f: f <3.3Hz.
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Metode cilvéka kustibas rezultata raditas dinamiskas iedarbes noteik$anai ir
deriga, ja parvieto$anas virsma ir ar ievérojami lielaku zemako paSsvarstibas
frekvenci ka aktivitates raksturojosa frekvence. Ka ari, ja aktivitate (ieSana,
skrieSana, 1€kSana vai kermena SlipoSanas notiek ar gandriz nemainigu frekvenci
vai konstantu atrumu un ieverojot taisnvirziena trajektoriju.

Noteiktas vidgjoto dinamiskas iedarbes koeficientu (DLF) un tiem
atbilstoSo fazu nobizu starp kustibu raksturojosam komponenteém skaitliskas
vertibas vienai personai kapjot pa kapném derigas kapném, kuru slipums b ir
$adas robezas: 24° < 8 < 42° un solu frekvence diapazona 1Hz < f, <2.3Hz

AizstaveéSanai izvirzitie darba rezultati

1. Metode cilveka kustibas rezultata raditas dinamiskas iedarbes
noteiks$anai (izdalot slodzes vertikalo, garenvirziena un $k&rsvirziena
komponenti), kas balstita uz individa smaguma centra (COG) kustibas
kinematiku, izmantojot akselerometrijas tehnologiju kustibas mérianai.

2. Eksperimentalo datu apstrades metode vidjotas gaj&ju slodzes izmainas
laika analitiskas izteiksmes iegiiSanai.

3. Vidgjoto dinamiskas iedarbes koeficientu (DLF) un tiem atbilstoSo fazu
nobizu starp kustibu raksturojosam komponent€m skaitliskas vertibas
vienai personai ar dazadu solu frekvenci parvietojoties augSup vai lejup
pa tipveida kapném.

4. Metodologija maksimalas svarstibu paatrinadjuma  amplitidas
noteik$anai lokaniem rezgotiem torniem ar dazadiem dinamiskajiem un
geometriskajiem parametriem no cilvéku parvietoSanas izraisttam
gadijuma rakstura dinamiskam iedarb&ém.

5. Rekomendacijas torpu svarstibu pielaujamajam paatrinajumu vertibam,
kas nodrosina apmeklétajiem pienemamu komforta Itmeni pie dazadam
tornu svarstibu frekvencém.

Promocijas darba sastavs un apjoms

Promocijas darbs sastav no anotacijas, ievada, trim galvenajam nodalam,
kas sadalitas apak$nodalas, secinajumiem un literatiiras saraksta. Pirmaja nodala
ir veikts literatiiras apskats uz ka pamata formuléts disertacijas mérkis un
izvirziti uzdevumi ta sasniegSanai, 2. un 3. nodala ir izklastits pé&tjjuma
uzdevumu izpildes un mérka sasniegSanas process.

Darbs satur 135 lappuses, 82 attelus, 28 tabulas un literatiiras sarakstu ar
136 nosaukumiem. Promocijas darbs uzrakstits ang]u valoda.
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Darba iegiito rezultatu aprobacija starptautiskas konferences

. RASD 2013 11th International Conference on Recent Advances in Structural
Dynamics, Italy, Piza, 1% — 31 July, 2013 (Gaile L., Radigs I. Lattice Tower
Dynamic Performance under Human Induced Loading).

. The 9th International scientific conference ,,Environment. Technology.
Resources”, Rezekne, June 20-22, 2013 (Gaile L. Analysis of Dynamic
Parameters of Observation Towers in Latvia).

. The International Scientific Conference ,,Civil Engineering’13” of Latvia
University of Agriculture. Jelgava, 16-17 May, 2013 (Gaile L., Radins I. The
Footfall Induced Forces on Stairs).

. Riga Technical University 53rd International Scientific Conference to the
150th anniversary and The 1st Congress of World Engineers and Riga
Polytechnical Institute / RTU Alumni, Riga, Latvia, 11-12 October, 2012
(Gaile. L., Radinsh. I. Dynamic Loading and Response of Observation
Towers and Gaile. L. Analysis of Dynamic Parameters of Timber and Steel
Observation Towers).

. 25th International Conference on Noise and Vibration Engineering
(ISMA2012/USD2012). Belgium, Leuven, 17-19 September, 2012 (Gaile L.,
Radins I. Steel Lattice Sightseeing Tower’s Horizontal Vibrations Induced by
Human Movement).

. 19th International Congress on Sound and Vibration Proceedings of Recent
Developments in Acoustics, Noise and Vibration (ICSV19). Lithuania,
Vilnius, 8-12 July, 2012 (Gaile L., Radin$ I. Eccentric Lattice Tower
Response to Human Induced Dynamic Loads).

. International Conference on Civil and Construction (ICSCE 2012). Sweden,
Stockholm, 11-12 July, 2012 (Gaile L., Radig$ I. Human Induced Dynamic
Loading on Stairs).

. XVII International Conference on Mechanics of Composite Materials, 2012,
May 28 - June 1, Jurmala (Gaile L., Radins I. Assessment of the Fatigue Life
of a Tower by Using a Real-Time Loading History).

. Rigas Tehniskas universitates 52. Starptautiska zinatniska konference. Riga,
2011. gada 13.-16. oktobris. (L. Gaile, I. Radins. Cilveku izraisito svarstibu
ietekme uz konsoles veida konstrukcijam).

10.Apvienotais pasaules latvieSu zinatnieku III kongress un Letonikas IV

kongress "Zinatne, sabiedriba un nacionala identitate", Sekcija "Tehniskas
Zinatnes". (Gaile L., Radins I. Ekscentriskas konstrukcijas darbiba dinamisko
slodzu ietekmg).

11.The International Scientific Conference ,,Civil Engineering’11” of Latvia

University of Agriculture, Jelgava, May 12-13, 2011 (Gaile L., Radinsh 1.
Time Depending Service Load Influence on Steel Tower Vibrations).
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12.The 8th International scientific conference , Environment. Technology.
Resources”, Rezekne, June 20-22, 2011 (Gaile L., Radinsh I. Dynamic
Response of Tower Structures).

Publikaciju saraksts

1. Gaile L., Radinsh I. Lattice Tower Dynamic Response Calculation to
Human Induced Loads: Case Study // 54th International Conference of
Riga Technical University: ,Innovative Materials, Structures and
Technologies”, Riga, Latvia, November 8, 2013, (akceptéts publicésanai).

2. Gaile L., Radinsh I. Lattice Tower Dynamic Performance under Human
Induced Loading // RASD 2013 11th International Conference on Recent
Advances in Structural Dynamics, Italy, Piza, 1* — 3™ July, 2013, pp.1-15.

3. Gaile L. Dynamic Parameters of Observation Towers in Latvia //
Proceedings of the 9th International Scientific and Practical Conference
"Environment. Technology. Resources", Latvia, Rezekne, 20-22 June,
2013, pp. 57-62.

4. Gaile L., Radinsh I. The Footfall Induced Forces on Stairs //,,Civil
Engineering'13”: 4th International Scientific Conference Proceedings,
Part I, Latvija, Jelgava, 16-17 May, 2013, pp. 60-68.

5. Gaile L., Radins 1. Steel Lattice Sightseeing Tower’s Horizontal Vibrations
Induced by Human Movement // 25th International Conference on Noise
and Vibration Engineering (ISMA2012/USD2012), (CD-ROM), Belgium,
Leuven, 17-19 September, 2012, pp. 1211-1221, (indekséts Thomson
Reuters Web of Science datu baze).

6. Gaile L., Radips I. Eccentric Lattice Tower Response to Human Induced
Dynamic Loads // 19th International Congress on Sound and Vibration
Proceedings of Recent Developments in Acoustics, Noise and Vibration
(ICSV19) Lithuania, Vilnius, 8-12 July, 2012, pp. 560-567, (indekséts
SCOPUS datu bazé).

7. Gaile L., Radips§ I. Human Induced Dynamic Loading on Stairs //
Proceedings of International Conference on Civil and Construction (ICSCE
2012). Sweden, Stockholm, 11-12 July, 2012. Issue 67, pp. 626-632.

8. Gaile L., Radin$ I. Time Depending Service Load Influence on Steel Tower
Vibrations // ,,Civil Engineering'l1”: 3rd International Scientific
Conference Proceedings, Latvija, Jelgava, 12-13 May, 2011, pp. 144-149m
(indeksets SCOPUS datu bazé).

9. Gaile L., Radin$ I. Dynamic Response of Tower Structures // Proceedings
of the 8th International Scientific and Practical Conference "Environment.
Technology. Resources", Latvia, Rezekne, 20-22 Jun, 2011, pp. 85-91.
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PROMOCIJAS DARBA SATURS

Promocijas darba ievada dala ir formul&ta pétijuma probléma, izvirzitais
mérkis un galvenie uzdevumi ta sasniegSanai, ka arT izcelta petljuma zinatniska
novitate un praktiska nozime, definétas petijjuma robezas, pétijuma teorétiska un
metodologiska baze.

1. Literatuiras apskats / pétijuma teoréetiskais un eksperimentalais
pamatojums

Literatiiras apskats, kas ir pé&tijuma teor€tiskais un eksperimentalais
pamatojums, sastav no divam apakSnodalam, kuras analizétas Sobrid aktualas
pieejas cilveéka raditu dinamisko slodzu eksperimentalai noteikSanai un
teoretiskai model€Sanai, to pielietojums konstrukciju aprékinos, ka ar1 svarstibu
amplitidu noteikSana konstrukcijam, kas var tikt paklautas butiskam cilveku
aktivitasu raditam dinamiskam iedarb€ém un esoSo ekspluat€jamibas krit€riju
analize saistiba ar pielaujamo konstrukciju vibraciju limeni.

Viegli gajgju tilti [131], gridas ar mazu passvaru [41], tribines [24, 35],
lokanas kapnes [72] ir konstrukcijas, kuras galvenais vibraciju c€lonis ir cilveku
aktivitates. Arvien izplatitakas ar svarstibam saistitas problémas lokanam un
vieglam konstrukcijam ar zemu rimsanas koeficientu parada, ka miisdienas vairs
nav pienemami projektu izstradat, balstoties tikai uz statiskajam slodzem. Tapat
ka tadas labi zinamas konstrukcijas ka liela laiduma parsegumi un kapnes vai
gaj&ju tilti, lokani rezgoti skatu torni parstav konstrukciju veidu, kas var tikt
paklauti butiskam cilveéku raditam svarstibam. Skatu tornu biivkonstrukciju
projektésana ir lielakoties balstita uz ieprieksgjo biivniecibas pieredzi, jo Sobrid
nav pieejamas nekadas vadlinijas par to, ka projekta papildus v&ja wvai
seismiskajam slodzeém ievertet ar citas dinamiskas iedarbes. Pedgja laika lielaku
nozimi iegiist projekta arhitektoniskais aspekts un, veicot atkapes no
tradicionalas biuivniecibas un projektéSanas pieredzes, ir nepiecieSama dzilaka
izpratne par tornu dinamisko reakciju (parvietojumiem un paatrinagjumiem)
cilvéka radito dinamisko iedarbju rezultata. Tadejadi butu iesp&jams savlaicigi
ierobezot svarstibas un nodrosinat §adu konstrukciju apmeklétajiem pienemamu
komforta limeni. Lai arT ir zinami gadijumi, kad publiski pieejamu, vieglas
konstrukcijas skatu torpu svarstibas eckspluatacijas laika rada nepatikamas
sajutas ta apmekletajiem [47], trikst krit€riju §is problémas novéerSanai
projektesanas stadija. Tas ir Tpasi aktuali tados regionos ka Latvija, kur parsvara
ir Iidzens reljefs un kur v&ja un seismiskas slodzes ir salidzinosi nelielas.

Lai izstradatu metodes skatu tornu maksimalo svarstibu amplitidu
aprékina$anai, S$aja apak$nodala tiek apskatiti pastavoSo metodologiju
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pamatprincipi, kas tiek pieméroti citam konstrukcijam — tiltiem un lokanam
gridam, cilvéku radito dinamisko iedarbju konstrukciju vibraciju limena
noteiksanai [20, 37, 88, 89, 116, 130, 131].

Sobrid pastav dazadi ekspluatgjamibas kritériji, kam janodrogina
konstrukcijas un tas elementu piem@rotiba paredz@tajam noliikam.
Starptautiskajos standartos noraditas pielaujamas Skersvirziena paatrinajuma
robezvertibas ir tieSi saistitas ar konstrukciju lietotaju labsajutu [54, 67].
Parsvara §is vertibas ir noteiktas dzivojamam vai biroju augstceltném, ka art
tiltiem. Autores riciba nav informacijas par to, ka biitu izstradati un pieejami
kadi ieteikumi par skatu torniem $aja aspekta.

Promocijas darba literatiiras apskata izvertets pasreizgjais stavoklis cilveka
raditu dinamisko iedarbju noteikSana [22, 95, 116, 131]. Tiek analiz&tas
izmantotas test€Sanas metodes [68, 72, 95, 96]. Visbiezak izmantota pieeja, kas
balstita uz pilniba atkartojamu solu Furj€ sadalijumu, paredz att€lot gaj&ju slodzi
laika diapazona ka Furjé sinusoidalo komponensu summu. Saja gadfjuma
metodes pamata ir i harmonikas Furjé koeficients, kas bieZi tiek saukts par
dinamiskas iedarbes koeficientu (DLF;). Gaj&ju slodzes simul&Sanai piemérotaki
ir varbutiskie spéku modeli, jo tas ir no daudziem parametriem atkarigs
gadijuma rakstura Saura spektra process. Tomér no projekt€Sanas viedokla &rtak
biitu izmantot deterministisku spéku modeli, kura nemtas véra gajéju slodzes
novirzes no periodiska rakstura.

Analizgjot eksperimentalas metodes, gajéju balsta reakciju spéka (GRF)
noteikSanai tiek secinats, ka ta sauktajam inversajam dinamiskajam metodém
piemit liels potencials pielietojumam buvniecibas nozarg, lai noteiktu uz
konstrukciju darbojoSos nepartrauktos cilvéka raditos dinamiskos spekus plasa
apstaklu diapazona.

Lai gan pédgja laika vairakos detaliz&tos literatiiras apskatos un jaunakas
projekt€sanas vadlinijas ir atspogulota pétnieku interese par gajeju slodzu
eksperimentalu noteik§anu un modelésanu, lielaka dala $o p&tijumu attiecas tikai
uz gajeju iedarbém, parvietojoties pa horizontalam virsmam. Joprojam ir loti
maz pétijumu par gajéju slodzeém, parvietojoties pa kapném, kas butu piemeroti
bilivniecibas nozarei. Pamata $adi pétfjumi veikti biomehanikas nozarg, kur
lielaka interese ir, nevis nepartrauktas slodzes atra$ana, bet gan atseviskas
vertibas, ar kuru palidzibu tiek raksturota normala cilvéka gaita.

EsoSos pétijumos biitiskas atskiribas starp aprékinatajam un eksperimentali
izméritam lokanu kapnu dinamiskam reakcijam (paatrinajumiem) no gajeju
iedarbeém apstiprina, ka esoSie slodzu modeli joprojam ir nepilnigi. Autores
riciba nav informacijas par to, ka ieprieks kados citos p&tijumos biitu noteiktas
augSup un lejup kapjoSas personas raditas dinamiskas iedarbes uz kapneém
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garenvirziena un $kersvirziena komponentes. Tacu tieSi §1s komponentes ir
galvenas cilveéka raditas dinamiskas iedarbes, kas nepiecieSamas skatu tornu
dinamiskas reakcijas aprékiniem.

Balstoties uz literatiiras apskatu, formul&ts promocijas darba mérkis, ka arT
ir izvirziti uzdevumi §1T merka sasnieg8anai. Izvirzitie uzdevumi ir iedalami divas
grupas, no kuram pirmie ir saistiti ar cilvéka parvietoSanas rezultata raditu laika
mainigu sp€ku eksperimentalu noteikSanu un to aproksimaciju, bet otrie ar
ieprick§ noteikto laikd mainigo spéku pielikSanu rezgotam skatu torpu
konstrukcijam un to iespaida noteik$anu uz torpu svarstibu amplitiidu.

2. Gajéju solu raditie laika mainigie speki

Izanaliz@jot Sobrid plasi pielietotas eksperimentalas metodes cilvéka
kustibas rezultata radusos dinamisko spéku noteikSanai, kopuma izkristalizgjas
tris galvenie trikumi: mérinstrumentu un to izvietojumu butiska ietekme uz
cilveku kustéties brivi eksperimenta laika [17], parsvara eksperimentalie
mérfjumi iesp&jami tikai laboratorijas apstaklos un sarezgita pasa eksperimenta
uzblive. Tapeéc darba eksperimentala pétjjuma ietvaros izstradata metode, ar
kuru paredzgts iegtit gaj€ju slodzes izmainas laika, izmantojot cilvéka smaguma
centra (COG) kustibas kinematiku, vienlaicigi mazinot iepriek$ mingto trikumu
ietekmi. Piem@ram, vertikalas gajéju slodzes funkciju var iegiit no vienkarsa

dinamiska lidzsvara, kas balstits uz otro Nitona likumu (1).
F(t)= Mg + Ma(?). 1)
Bet horizontalas gaj&ju slodzes funkciju ieglist izmantojot izteiksmi (2):
F (1) = Ma(r). )

kur
M ir personas kermena masa,
g — gravitacijas konstante,
a — COQG paatrinajums.

Ticamu COG paatrinajuma datu a(?) iegiSanai tika izmantota progresivo
inverso dinamisko metozu kategorijai piederiga akselerometrijas tehnologija.
Eksperimenta konfiguracija paradita 3. attela.

Eksperimenta laika tika izme@rita un ierakstita 18 personu (jaukta virieSu un
sievie$u grupa) smaguma centru paatrinajuma izmaina laika, kapjot augSup un
lejup pa tipveida kapném. Testa dalibnieki kapSanu atkartoja vairakas reizes ar
dazadiem brivi izveltiem atrumiem.
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Att. 3. Eksperimenta konfiguracija

Uz So datu pamata tika izstradata jauna eksperimentalo datu apstrades
metode, kas lauj iegtt vid€jotas gajeju slodzes izmainu laika (mean walking
force history) un iegut analitisko funkciju tas aprakstam, ko iesp&jams talak
izmantot analitiskos aprékinos, skatu tornu dinamiskas reakcijas (dynamic
response) noteiksanai cilvéku radito iedarbju rezultata.

Atskiriba no tradicionalas pieejas, kad sakaribas starp solosanas tempu un
slodzes amplitidam tiek balstitas uz vid&o soloSanas harmonikas DLF
amplitidu, $T1 metode piedava atrast vid€joto nepartrauktas gajeju slodzes
izmainu laika (mean continuous walking force history), nemot vera ar1 atkartoto
solu ne periodiskumu. Tada veida netiek zaudéta informacija par fazu nobidém
starp kustibu raksturojosam komponentém (harmonikam) — $§is parametrs ir
nepiecieSams, lai ieglitu uz Furjé rindam balstitu analitisku funkciju. Metodes
bitiba soli pa solim aprakstita un ilustréta 1. tabula.

Lai gan Iidzigu eksperimenta konfiguraciju var izmantot ar citu cilveka
darbibu radito dinamisko slodzu noteiksSanai, $aja gadijuma Tpasa uzmaniba tika
pieversta tiesi kustibai augSup un lejup pa kapneém, jo tas ir viens no galvenajiem
vieglu rezgotu skatu tornu dinamisko slogojumu veidiem. Tapéc darba
2.3. apaksnoda]d aprakstiti ar to saistitie rezultati, kas ieglti ar iepriek$
izstradatajam metodeém. Taja skaita atrasts vidgjotais frekvencu spektrs gaj€jam,
parvietojoties augSup (ar 2Hz) un lejup pa kapném (ar 2.15Hz) prieks visam trim
speka komponentém, ka arl noteiktas atbilstosas fazu nobides starp kustibu
raksturojosam komponent&m - harmonikam.

Lai noteiktu sakaribas starp gaj€ju slodzes amplitidam un solu frekvencem,
ir ieteicams aplukot nevis atseviskas, konkrétai frekvencei atbilstosas individa
DLF; vertibas, bet gan izmantot vidgjo izmainu starp maksimalajam un
minimalajam amplitidu vérttbam » periodiem no eksperimenta ieglitam

20



nepartrauktam individa solu slodzes izmainam laika. Ieglito sakaribu piemérs
paradits attela 4.

2 0.6% b) 4 .

= 05 R I = = R R P ]
£ S0 % . =

IIFE 0.3 ;%E 0.4 °

g Y g

R 5 e e 2 ed

g o2 - vid&ja no 12 periodiem g viaeja no 12 periodiem

0.9 14 19 2.4 09 14 19 24
frekvence, Hz frekvence, Hz

Att. 4. Sakaribas starp amplitadu un solu frekvenci: a) garenvirziena, kapjot augsup;
b) skérsvirziena, kapjot augSup

1. Tabula

Izstradatas metodes ekvivalentas (videjotas) gajeju slodzes analitiskas
izteiksmes noteikSanai pamatprincipi

Nr. Darbiba Ilustr.acuz'l vai
p.k. paskaidrojums

1. | Izmérit individualas gaj&ju paatrinajuma
izmainas laika (WAH;) un transformét
ieglitos mérjjumus no sensoru lokalam
astim uz globaliem virzieniem, nemot g p" ] 1 p"'

g
. 2
vera 3. att. paradito lenki a . 2 :
£ . ¢
B et dat
2. | Sadalit WAH,; atseviskos periodos p, (4At) — perioda laika vidgjoti dati
un veikt periodu videjoSanu, lai iegiitu
ekvivalento periodu un vienas personas ﬂ
WAH:

P = p.(A0)/n

3) ;
3. | Transformét datus no laika diapazona uz .
frekvencu spektru, izmantojot diskréto
Furje transformaciju (FFT):
P (A) = p,, (&) “4)
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Noteikt DLF vértibu un atbilstoSo fazu
nobidi katrai personai no p.(4f), lai
ieglitu  atseviSkas harmonikas un
individuala gaj&ja slodzes izmainas laika
(WFH,) analitisko izteiksmi (5):

c,(t)= Y A sinQ2aft + ).

(i — harmonikas kartas numurs, n — kopgjais
iesaistito harmoniku skaits, A — i harmonikas
Furjé koeficients (DLF), f;— i harmonikas
frekvence (Hz), ¢' —i™ harmonikas fazu nobide,

x - skat. 5. punktu)
Vajadzibas gadijjuma lietot vertibas
korekcijas koeficientu, lai laukumu
summa zem iegitas funkcijas sakristu ar
eksperimentali  iegitam  slogojuma
vesturem:

x= Z Aoy Z Ape
i=1 i=1

Veikt vidgjosanu starp WFH; funkcijam,
lai iegiitu ekvivalento (vid&jo) gajeju
slodzes izmainu laika:

(A1) = Z”: c,(At)/n

Parveidot no laika diapazona
frekvencu diapazonu, izmantojot FFT:

¢, (A = ¢, (Af)
Noteikt vid€jo gaj&ju slodzes izmainas
laika DLF vértibu (4.,) un atbilstoo
fazu nobidi no c.(4f), lai iegiitu
atseviSkas harmonikas un vidgjotas
gaj&ju slodzes izmainas laika analitisko
izteiksmi vertikalajam virzienam (9) un
Skersvirzienam vai garenvirzienam (10):

F,,(0) =G+ G, sinQixt+p,,)
i=1

eq,y

uz

Fione 1 () = 2 Gy SN2+ @l 1)

i=1

(G ir subjekta kermena statiskais svars (N))

©)

(6)

()

(®)

©)
(10)

Gare

J

Al W sin(2rf,t +9")

(n —kopgjais periodu skaits,

A,,,—i® perioda paatrinajuma

(tikai pozitivie) laukums zem
WFH, funkcijas, 4,,,—i"
perioda paatrinajuma (tikai

pozitivie) laukums zem

(WAH;) funkcijas)

laiks (s)
laika - slodzes atkariba individiem
—— vidgjota laika - slodzes atkariba

qu sin(2nf t +¢")
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Tadejadi, iegiistot sakaribas starp amplitiidu un solu frekvenci augsup un
lejup kapsanas gadijuma, iegiita arT domingjoso harmoniku DLF veértibu atkariba
no solosanas frekvences. Piem&ram, tika atklats, ka augSup kapsanas gadijuma
garenvirziena spéka amplitiida ir liela mera atkariga no soloSanas tempa, skat.
4. attelu:

DLF,(f)=DLF,(2Hz)-(1.49f —1.98),ja 1Hz< f <23Hz (11)

kur
f—solu frekvence, Hz;
n — harmonikas kartas numurs (n=1...2);
DLF, (f) — n-tas harmonikas dinamiskas iedarbes koeficients pie solu
frekvences f;
DLF,(2Hz)— dinamiskas iedarbes koeficients pie solu frekvences 2 Hz un

atbilsto$as fazu nobides n-tai harmonikai, kas noraditas autores publikacijas
[48] II-1V tabula.

Lai metodi parbauditu, iegutas vidg€jas DLF; vertibas (kapsanai augSup ar
2Hz un kapsanai lejup ar 2,15 Hz) tika salidzinatas ar S.C.Kerra [72] iegiitajam
vertikala speka komponentes DLF; vértibam. Aplikojot pirmas harmonikas
rezultatu sakriSana veért€jama ka loti laba (Att. 5). Otro harmoniku rezultati
nedaudz atSkiras, un tas atbilst B.Deivisa [29] priekSlikumam, otrajai
harmonikai lietot augstaku vertibu. Kerra dati par otro harmoniku ir loti
izklied&ti, un vid€ja vertiba nav atkariga no soloSanas tempa (kapjot lejup), kas
neatbilst realitatei.

o B
)

—_——
—
L it
T T r
.
o

- e)... o igiits N0 vidgjotas
4 e @30, ‘slogoSanas vEstures (2Hz)
b oy 4 Ty x

-;l L ?'v l \
2 25 3 35 4 45 5
2" Solu frekvence (Hz)

e oo o
IS I ]
)

S :
%)
Q2
=)
!
"1

1. harmonikas amplitida
(ka dala no statiska svara)

[=]

—
i

Att. 5. Pirmas harmonikas vertibas, kapjot augSup pa kapném
(salidzinajums ar Kerra datiem)
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Augsup un lejup kapsanas procesu atskiribas paraditas 6a un 6b. attéla, kas
iegliti no ekvivalentas (vidgjotas) gajéju slodzes izmainas laika.

a)

b)
(NN 150 150
=
AN a \\m{ A ?
\\50 / AN 50 \/
\ /

200 -150 -100 -50 07100 150 200 -150 -100 -3 ‘&0 100130
Spckagarcnwr&_ﬂ,so_z{\ Speka garenvirziena 5,/ >
componente, N P \\) componente, N o N

O = D =
100FE 5 AT I
150}z 2 S 5017 2
L g —T 2.5
200»(/1 2 zoom 3]

Att. 6. Gajeja vidgja speka vektora galapunkta trajektorija: a) kapjot augSup ar

frekvenci 2 Hz; b) kapjot lejup ar frekvenci 2,15 Hz;

Tika secinats, ka, lai aptuveni reproductu realas gaj€ju slodzes izmainas
laika vertikala virziena, garenvirziena un $k&rsvirziena, ir nepiecie$amas vismaz
trts harmonikas. Tas ir harmonikas, kuru DLF vértiba parsniedz 0,05. Vertikala
virziena un garenvirziena gadijuma biitu jaizmanto tris pirmas harmonikas, bet
Skeérsvirziena gadijuma biitu jaizmanto pirma, tre$a un piekta harmonika.

P&tfjuma piedavato metozu galvenas prieksrocibas ir $adas:

ta ka nepastav laboratorijas apstak]u noteikti ierobezojumi, ir
iesp&jams plasa apstaklu diapazona noteikt cilvéka radito dinamiskos
spekus, kas dazadu darbibu rezultata ietekmé konstrukciju;

mériSanas iekartam nav butiskas ietekmes uz cilvéku dabiskajam
kustibam,;

instrumentu izmaksas nav lielas: nepiecieSami divi akselerometri,
kas var uzglabat un lejupieladet datus;

metode lauj ieglit ne tikai dinamisko iedarbju koeficientus, bet arT ar
vidgjo gaj&ja slodzes izmainas laika saistitas fazu nobides vertibas;
iegiitas analttiskas videjas funkcijas satur informaciju par personas
solu neregularitati un atSkiribam starp gajéju slodzes izmainam laika,
tatu joprojam ir uzskatams par deterministisko spéku modeli.
Atskiriba no varbitiska speku modela to ir &rtak pielietot, veicot
attiecigas konstrukcijas analitiskos aprekinus.
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3. ReZgotu tornu svarstibas gajéju dinamisko iedarbju rezultata

Saja promocijas darba nodala ir aprakstiti eksperimentalie un teorétiskie
pétijumi par vieglu rezgotu publiski pieejamo skatu tornpu dinamiskajiem
parametriem un svarstibu amplitidam (paatrinajumu) pie dazadiem cilvéka
raditiem dinamiskiem slogoSanas veidiem. Balstoties uz Siem pétjjumiem
izstradats metodologijas algoritms maksimalas rezgota torpa svarstibu
paatrinajuma vertibas atraanai no tipiskam gajéju dinamiskam slodzeém.

Lai izstradatu metodi vieglu un lokanu tornveida konstrukciju maksimalo
svarstibu noteikSanai svarigi ir izpétit jau esoSo konstrukciju dinamiskos
parametrus un to svarstibu amplitidas, ko rada cilvéku parvietoSanas pa
konstrukciju. Tapéc pétijuma eksperimentalaja dala ir analizEta lielaka dala
Latvija publiski pieejamo vieglu rezgotu skatu tornu dinamiska darbiba un to
dinamiskie parametri. Kopuma dati iegati par 19 rezgotiem skatu torpiem tomer
detaliz€tos pétijumos izmantoti no tiem 12, kuriem vizuali konstatéts
apmierino$s tehniskais stavoklis. Izpétito tornu tipiskie geometriskie un
dinamiskie parametri, ka arT noverotais svarstibu maksimalais paatrinajums, ir
att€loti 2. tabula. Datu apstradei tika izmantoti spektralas analizes teorijas
elementi.

4. Tabula

Izpétito Latvijas reZgoto skatu tornu tipiskie dinamiskie parametri

(kopsavilkums)
Tipisko parametru diapazons Koka Terauda
P P P konstrukcijas konstrukcijas
Augstums 19-34m 20-36.5m
Izmérs plana zemes [iment 48-94m 1.5%*-95m
Pamatfrekvence 1.2-1.6 Hz 0.8-2.6 Hz
=1%**;
Rimsanas koeficients 3.1%-3.85%

1.7% —2.7%

Maksimala svarstibu amplitida no
apmekl&taju parvietosanos 0.15 — 0.4 m/s’ 0.2-0.5 m/s’
(paatrinajums)

* — galvena Skérsvirziena stinguma sist€éma

** _ pilniba metinata konstrukcija
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Dazados apstaklos izméritie konstrukciju paatringjumi (tie izmantoti arT
dinamisko parametru noteikSanai) parada, ka visnelabvéligakais gadijums, kas
normalos ekspluatacijas apstaklos var tikt sasniegts un visaugstakais torna
dinamiskas reakcijas limenis, ir tad, ja kompakta apmekl&taju grupa kapj lejup
pa torna kapném (skat. 7. att.).

Saja pétijuma dala no eksperimentilajiem rezultatiem tiek secinats, ka
vieglas un lokanas vertikalas konstrukcijas, ka skatu torni, kuru passvarstibu
frekvences ir Iidzigas cilveka solu frekvencém, ir paklauti svarstibam to
rezonanses modas. AtSkiriba no tiltiem, kuru StpoSanos Skérsvirziena rada
cilvéku solu speka Skérsvirziena komponente, tornveida konstrukcijas svarstibas
rada cilvéku solu spéka skersvirziena un garenvirziena komponente. Konstatéts,
ka cilveku kustiba pa kapném un torpa dinamiskas atbildes reakcija (dynamic
response) nav tiesa veida (lineari) saistitas ar eksperimenta iesaistito personu
skaitu jeb apmekl&taju grupas lielumu.

025 %
0.20 |
0.15
0.10
0.05 M. e i
0

005 gt " N ISLéik‘s"ﬁ{iﬁ
-0.10 i | ‘.‘
-0.15 +—

-0.20 +—
-0.25 +—
-0.30

7 apmekl&taju briva uzvediba
uz augsgjas platformas

2

Paatrinajums, m/s’
i

—_—

| | 2 apm. uz augsu

7 apm. uz augsu 7 apm.uz leju ‘ ‘

2 apm. uz leju

Udru kalna torpa reakcija uz dazadiem slogo$anas scenarijiem
| 1 | | 1 | 11 1 | |

Att. 7. Piemérs torna dinamiskai reakcijai dazados slogosanas gadijumos

Detalizetaka analize veikta ekscentriskas konstrukcijas térauda skatu
tornim Dzintaros, kad eksperimentali noteikta atsevisko kap$anas harmoniku
ietekme uz svarstibu amplitidu dazadam torpa paSsvarstibu frekvencém.
Papildus salidzinatas eksperimentali ieglitds un ar galigo elementu rékinu
palidzibu noteiktas konkréta torna passvarstibu frekvences.

Talak izvirziti kriteriji pielaujamo svarstibu paatringjumu robezvertibam.
Pamatojoties uz apmeklétaju subjektivo vert§jumu par visu parbaudito tornu
svarstibu Itmeni, tiek piedavata sakotngja ltkne — lielaka paatrinajuma
ierobezojums, kas nodrosina apmeklétajiem maksimalu komforta Iimeni. So
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likni iesp&ams modificét ar koeficientiem, kas ievérteé konkrétas konstrukcijas
tipu un novietojumu, sasniedzamo komforta ITmeni vai citus apstaklus. Zemak
redzamaja grafika (8. att€ls) ir atliktas eksperimentali iegiitas dazadu torpu
paatrinajumu vertibas, pie kuram apmekletaji izjuta zinamu diskomfortu.
Papildus ir attéloti arT cilvéka soloSanas harmoniku tipiskie frekvencu diapazoni.

Vieglu skatu torpu | o
svarstibu zemako frekventu< 1 < >
tipiskais apgabals di ¢
Il lc il
b frekvence, Hz
0.01 —HH0.1 ! ] /110 100
[ .( \'7:\\ [ Ha . I
Yo, 1 st A
e 1o i 1 . - il
Vay, g A - experimentalie rezult.
1@} !]7&)~ "l\l" T+ + " Q 4yt
£ £ Al
Z TSN ! T <
',i'ojag /0[37)0.1 e=r i dums 458
{ as (lS - { %O v
1T L e fe
o {p ;:'ﬂ_'/ 1 | '3\
g L
o <«
g J&
0.01| % F
Iestades (ISO 10137) = Skatu torni

—— Dzivojamas ekas (ISO 10137) —— Uztvere (ISO 2631; 1974)

Att. 8. Komforta kritériji (informaciju par “a” Iidz “e” sk. 3. tabula)

5. Tabula

Augsup vai lejup kap$anas harmoniku tipiskie frekven¢u diapazoni

Frekvencu diapazona nosaukums Frekvence f|, Hz
Spéeka garenvirziena komponentes 1. harmonika (a) 0.5< /<3
Spéeka garenvirziena komponentes 2. harmonika (b) 1<2f, <6
Speka Skérsvirziena komponentes 1. harmonika (c) 0.25< £,/2<1.5
Speka Skérsvirziena komponentes 3. harmonika (d) 0.75<3f,/2<4.5
Speka Skérsvirziena komponentes 5. harmonika (e) 1.25<5£,/2<75

kur fir gajéja kapsanas frekvence
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P&tijuma teorétiska dala TpasSa uzmaniba tiek veltita skatu torpu dinamiskai
reakcijai (dynamic reaction), ja tai pieliktas dazadas soloSanas harmonikas

(kustibas komponentes) no individualiem apmekl&tajiem, ka art no apmekletaju
grupam ar dazadu apmekl&taju skaitu tajas.

Lokani skatu torni ir linearas konstrukcijas, kas dinamiskas reakcijas
analizes nolikos tiek modelétas ka konsole ar visa augstuma vienmerigi

izklied€tu masu (9. att.).
A y
7\ 7 \ L
I\ /
in(Q)-8 II \ i
F(t)=F s . =
< (t)=F,sin(Q2t)-3(y-y,) / ! !
I \ |
: / \ \ /
Q £y =Gx { i \ I osL
- Q=2nf, i 1 \ \
= ! I | 1
} I i
| I |
f I
X

v

Att. 9. Aprékinu shéma un modu formas
G — subjekta kermena statiskais svars; 1' - harmonikas Furj¢ koeficients (DLF); f, — harmonikas sola

frekvence; L — torpa augstums

Viskozi rimstosas sisteémas reakcija uz harmonisku ierosmi var tikt izteikta

labi zinama nehomogena diferencialvienadojuma forma (12):
(12)

s5? 52x 5%x ox
~= | EI(y)—= |+ () ==F(yt
éyz{ ») 5yz} m(y) 57 c(y) 51 (68))

Eksperimentali iegiito datu un aprékinato vertibu bitiska neatbilstiba

parastajam pienémumam, ka konstrukcija sasniedz stacionaru svarstibu stavokli,

parada, ka torni $adu svarstibu stavokli nesasniedz, jo slodze tiek pielikta ar
mainigu periodiskumu un dazadiem virzieniem, kas ir janem véra aprékinos.
legiitais  kustibas  vienadojuma (12) risinajums (13), pieméram,
parvietojums, ja sakuma noteikumi vienadi ar nulli un ja ir nemta véra viskoza
rimSana, ieklauj vibraciju pirmo stadiju, kad stacionars stavoklis v&l nav
sasniegts:
n=3 20 Jaz

x(,
maoi

i=1

i(p! sinQ — 2£Qcos Q) + Q pl sin it + 2&,w; cos wit)e ™
D

|

kur:
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p=o +E - QP (14)
P = +E - (15)

:(§i2+(22+5,-2)274(225‘-2. (16)

¢ - rimSanas koeficients;
®, - svarstibu forma;

m - konstrukcijas masa uz garuma metru, kg/m;
o, - torna lenkiska passvarstibu frekvence, rad/s;

Q% - modala masa.

Tadiem nehomogeéniem diferencialvienadojumiem ar konstantiem
koeficientiem ka (12) konkréto risingjumu var aprékinat atseviski katrai
funkcijai vienadojuma labaja pus€. Lidz ar to, izmantojot (13) vienadojumu, var
aprékinat maksimalo reakciju no katras soloSanas harmonikas. Rezultatus
saskaitot, tiek ieglita konstrukcijas kopgja reakcija p&c noteikta skaita “sekmigu
solu” (izteikta ka laika moments)'

& |: }+m(y) +c(y)——G/1 sin(Q,7+0,)
5y’
+
;y {El(y) }m(y) +c(y)——G/1 sin(Q,¢ +6,)
+
+
;; {EI(J’) }*m(ﬁ +C(y)*—G/1 sin(Q,¢+6,), 17)

kur:

4; - i-tas harmonikas dinamiskas iedarbes koeficients (DLF);
n - konkrétas soloSanas harmonikas kartas numurs;
o, - konkrétas soloSanas harmonikas fazu nobide.

Dazadu solosanas harmoniku ietekme uz kop&jo konstrukcijas svarstibu
amplitidu ir liela méra atkariga no konstrukcijas pamatfrekvences. Zemak
10. att€la ir paradits visbiezak sastopamais gadijums, kad pirmas harmonikas
garenvirziena komponente sakrit ar konstrukcijas passvarstibu frekvenci.
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Att. 10. Sakariba starp konstrukcijas passvarstibu frekvenci un atsevisku garenvirziena
so]oSanas harmoniku ietekmi uz kopgjo vibraciju

Situacijai, kad kada no solo$anas harmonikam ir tuvu kadai no torna
passvarstibu frekvencém, piemit gadijuma raksturs. Gandriz pilniga sakriSana
ilgaka laika perioda ir iespgama tikai ar nelielu varbitibu, jo personas, kapjot
augsup vai lejot, maina kapsanas atrumu. Turklat kapném ir pagriezieni, un tie
ietekm@ solu ritmu. Ta ka ierosme ir nevienmériga, slogosanas ilgumam (secigu
sekmigu solu skaitam) ir liela ietekme uz torna dinamisko reakciju, bet nelielas
konstrukcijas rimSanas koeficientu atSkiribas reakciju bitiski neietekmé.
Attieciba starp soloSanas tempu un konstrukcijas paSsvarstibu frekvencém ir
viens no galvenajiem parametriem, lai noteiktu konstrukcijas svarstibas cilvéka
ieSanas slodzu ietekmé (11. attgls).

0.8 m ! ’
vidgjais n=10 n=10 _
paatrindjums, | £=0.02 N -E=0.01 — ©,=1.68 Hz
m/s’ | m=9‘60 kg/m
n=8
0.6lee0031:032] n |
o 029 | n=10 Ty £=0.02 F(0)=162.8 sin Ot
o e 026 |&=0.03 / [
g o o021 | | L ns6
) ° 02 T e0.02
iz 04 — T
k| n=4
S I 1 le002 |
< - .
o n - sekmigu solu skaits > ‘ | DLF=0.11
(rezonansg ar l modas \ n=2 G=740 N
0.2 1 frekvenci) B 0.02 | 2gajeii T
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/ Standartnovirzes apgabals
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Att. 11. Piemérs torpa reakcijai ar dazadiem frekvencu koeficientiem
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Lai ievértétu iesp&jamas atSkiribas konkrétas soloSanas frekvences
attiecibai ar ierosinato konstrukcijas passvarstibu frekvenci, ieteikts aprékinat
vidgjo veértibu torpa reakcijai uz izvéléto solu skaitu koeficientu diapazona

1+£20% no Q/w, (pamatojoties uz eksperimentu rezultatiem).

No pétijuma eksperimentalas dalas ir skaidrs, ka sakariba starp tornu
apmekletaju skaitu grupa un konstrukcijas dinamisko reakciju uz o ierosmi nav
lineari pieaugosa. Lai gan ir loti ticams, ka grupas locekli, sekojot viens otram,
kaps ar vienadu atrumu, fazu nobides starp soliem biis dazadas. Idealizéts
ekvivalents cilvéku skaits, kas pilniba sinhronizé solus, ir &rts veids, ka $adu
slodzi ievertet buvkonstrukciju aprékinos.

L1dz ar to tika izmantots “Mathcad” programma iestradatais nejausu skaitlu
generators, lai model&tu fazu nobides sadalfjuma gadijuma raksturu pie dazada
cilveku skaita grupa un lai tadgjadi noteiktu ekvivalento cilveku skaitu H,,
konkr&taja virziena. Tika veiktas n=10 simulacijas grupam, kas sastav no 2 lidz
20 cilvekiem. Piemérs ar 8 cilvéku grupu ir paradits 12a un 12b. attéla.

y H} :icosmm‘mcosmm 20
» k=1
H; = i cosg . jacosp, <0

k=1
H} =H+H;
i-i"simulacija;

n = 100000, kur n - kop&jais simulaciju
skaits; _

m - apmeklétaju skaits i*" simulacija;

F. - viena gaj€ja izraisitais spcks vienads ar 1

@, - fazu nobide i simulacija

Att. 12a. Fazu nobides sadalfjuma individu starpa simulacijas piemeéra aprékina shéma

Simulacijas aprékinu rezultata iegiitas sakaribas starp grupas dalibnieku
skaitu m un ekvivalento apmeklétaju skaitu H,, kas aprakstitas ar
vienadojumiem neparsniedzot paredz&tas varbitibas 95% (18) un 90% (19)
limeni:

Hj;% =0.001m" —0.0353n" +0.6249m +0.845 (18)
Hf;% =-0.00351" +0.2831m+1.3419 (19)
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Pieméram ar 8 apmekl&tajiem, blivuma funkcija no ekvivalenta cilvéku
skaita grupa un sakaribas starp cilvéku skaitu grupa un ekvivalento apmekletaju
skaitu paraditas 12c. attéla.

b) ¢)

16
e 8 i 14— Pilniba sinhronizati
- "0 el 4 slkeletan
,-E % % 12 visi apmekletaji
=] £ _z10
£ B g
= 4 H L R
% £E6
2 L 8= 1L : ; |
st 4 1 E neparsniedzot paredzéto
20 il il 2 [ H, 90% varbiitibu

I [ ;
LU 1‘_31 2 1 0% s s 10 15 20 25
e Apmeklgtaju skaits, m

Att. 12. b) astonu apmekl&taju ekvivalenta personu skaita grupa H,, blivuma funkcija;
¢) attieciba starp cilveku skaitu grupa un ekvivalento apmekl&taju skaitu H.,

- = . _ skaits grupa skaits grupa
Iegiitas attiecibas 1y, = H, /M3,

samera precizi atbilst pétijuma
eksperimentalaja dala ieglitajiem datiem. Salidzinajums atspogulots darba tabula

Cetriem no skatu torpiem (diviem t€rauda un diviem koka torpiem):

6. Tabula
Eksperimentalo un teorétisko rezultatu salidzinajums
Teorétiskie
Salidzinatas re;ultatl ar Atskiriba, %
cilveku pienemto Eksperimentalie
Tornis grupas varbitibu rezultati, 7,
(Skai}s T r90% -7, .100% r95% — T .100%
grupa) Yo | Tos o0, Tosv,
Udru k. 7&2 1.67 | 1.95 | 0.25/0.15=1.7 -1.8 12.8
Priedaine 3&2 124 | 1.14 | 0.21/0.15=14 -12.9 -22.8
Dzintari 11&7 1.28 | 1.25 0.48/0.39=1.23 3.9 1.6
Kalsnava 9&2 1.9 | 221 | 0.19/0.1=1.9 0 14.0
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Balstoties uz iepriek$€jas nodalas veiktiem teorétiskajiem un
eksperimentalajiem pétjjumiem, darba soli pa solim aprakstits izstradatais
metodologijas algoritms. To pielietojot inZeniertehniskajos aprékinos, iespgjams
noteikt maksimalo svarstibu amplitidu rezgotiem skatu torpiem, ko izraisa

apmeklgtaju parvietosanas pa bivi (20):

amean = 2’5 j. amax (Zy(Z), (20)

0,8
kur:
@ yean - maksimala svarstibu padtrindjumu amplitida, m/s;
a,. (2) - maksimala svarstibu paatrindgjumu amplitida laika 7, m/s*;
z=Q/w, - attieciba starp attiecigo ieSanas frekvenci un torpa paSsvarstibu
frekvenci;

t =2r/w; - laiks péc n “veiksmigiem” soliem.

Promocijas darba pilnaja varianta papildus nodemonstréti divi aprékina
piemeri, izmantojot izstradato metodologiju. Pirmaja pieméra maksimala
svarstibu amplitida aprékinata tipveida koka tornim, bet otraja ekscentriskas
konstrukcijas t€rauda tornim Jurmala. legitie teorétiskie rezultati salidzinati ar
eksperimentaliem merfjumiem attiecigaja situacija un atspoguloti darba
salidzino§as tabulas. So rezultatu atbilstiba eksperimentali izméritiem svarstibu
paatrinajumiem apliecina piedavatas aprékinu metodikas pamatotibu.
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4. Secinajumi

Darba ietvaros izstradata metode laika mainigu gaj&ju slodzu noteikSanai
un aproksimé$anai, izdalot slodzes vertikalo, garenvirziena un Sk&rsvirziena
komponenti, ka arT piedavata aprékina metode, ar kuru iesp&jams noteikt So
slodZzu maksimalo iespaidu uz vieglu rezgotu tornu svarstibu paatrinajumu un
parvietojumu amplitidam.

e Piedavata inversas dinamikas metode, kas balstita uz cilvéka smaguma
centra kinematiku, eksperimentalai cilvéka solu radito laika mainigo
speku noteikSanai noveér§ vienu no lielakajiem trikumiem ieprieks
lietotajas metodeés - eksperimenta dalibnieku dabigo kustibu
ierobezojumus eksperimenta laika, kas biitiski ietekmé gajéja slodzes
raksturu un amplitidas.

e Piedavata cksperimentalo datu apstrades metode vidgjotas gajeju
slodzes izmainas laika noteikSanai (mean walking force history) lauj
vidgjot tieSi gajéju slodzu izmainas laika, tadejadi iegilistot ne tikai
vidgjos dinamisko iedarbju koeficientus (DLF), bet ari vidgjoto
atsevisko harmoniku atbilstosas fazu nobizu veértibas, un iesp&ju atrast
analitisko funkciju tas aprakstam. P&c jaunam metodeém iegiitas DLF
vertibas ir parbauditas, salidzinot ar citu p&tnieku tradicionala veida
(tieSos merijjumos) iegiitajiem datiem un rezultatu atbilstiba apliecina
piedavato metozu pamatotibu.

e Eksperimentali pirmo reizi iegitie, ar dazadu atrumu pa kapném
kapjosu personu, vidgjie dinamiskas iedarbes koeficenti (DLF) un tiem
atbilstosas  fazu  nobides  (priek§  starptautiska  standarta
ISO 10137:2007 tabulas A.4) parada, ka tikai, kapjot augSup, speka
Skersvirziena un garenvirziena komponenSu amplitiidas ir liela méra
atkarigas no solosanas atruma, bet lejup kapsSanas gadijuma, mainoties
soloSanas atrumam, atbilstosas DLF vértibas var uzskatit par
nemainigam. Kapsana pa kapném lejup rada par 14% lielakas vertikala
speka vertibas neka kapsSana augSup. Lai analitiski aprakstitu realu
gajeju slodzes izmainu laika vertikala virziena, garenvirziena un
Skersvirziena, jaizmanto vismaz tris harmonikas: 1., 2. un 3.
harmonika - vertikalajam un garenvirzienam, 1., 3. un 5. harmonika -
Skersvirzienam.

e Viegli rezgoti skatu torni, kuru pamatfrekvence zemaka par 3,3 Hz un

stingums vai masa attiecigi mazaki par EI<2-10°L*** un
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m<206241- L% cilveku kustibas radito dinamisko iedarbju
rezultata teorctiski paklauti riskam tikt iesvarstiti ar svarstibu
amplitidu, kas nenodrosina torna apmekl&tajiem pienemamu komforta
limeni. Pieliktas slodzes neperiodiskuma un virziena mainas dél,
rezgoti torni nesasniedz stacionaru svarstibu stavokli un vislielako
torna svarstibu amplitiidu var sasniegt, ja kompakta apmekl&taju grupa
kapj lejup pa kapném. Savukart iesp&jai, ka kada no soloSanas
frekvencém ir tuvu kadai no konstrukcijas passvarstibu frekvencém,
piemit gadijuma raksturs. Gaj€ju grupas slodzes gadijuma raksturs var
tikt ievertets ar teor€tiski iegiitiem vienadojumiem, kas atspogulo
nelinearu attiecibu starp realo apmeklétaju skaitu grupa un idealiz&tu
ekvivalento apmeklétaju skaitu. Atsevisku soloSanas harmoniku
ietekme uz kopgjo svarstibu amplitiidu ir atkariga no konstrukcijas
pamatfrekvences vértibas. Konstrukcijam, kuru pamatfrekvence ir
augstaka par 2 Hz, domingjoSa ir tikai vienas gaj€ju harmonikas
ietekme.

Piedavata sakotngja Itkne — lielaka paatrinajuma ierobezojums, kas
nodro§inatu apmekletajiem pienemamu komforta Itmeni, izveidota
pamatojoties uz apmekl&taju subjektivo novert§jumu par visu
parbaudito tornpu svarstibu Itmeniem, ka ar1 citu pé&tnieku
secinajumiem par cilvekam pienemamu svarstibu paatrinajumu limeni,
parada, ka pielaujamie maksimalie paatrinajumi viegliem reZgotiem
skatu torpiem ir aptuveni 3,3 reizes lielaki ka augstceltnu biroja ekam,
kam §adi ierobezojumi ir noteikti normativaja baze.

Izstradatais algoritms, kas, balstits uz darba veiktajiem teoretiskajiem
un eksperimentalajiem pétijjumiem, lauj noteikt maksimalo svarstibu
amplitidu viegliem rezgotiem torpiem no cilvéku parvietoSanas
izraistam gadijuma rakstura dinamiskam iedarb&ém. Atkariba no gaj&ju
savstarpgjas sinhronizacijas pakapes aprékinatas un eksperimentali
iegltas paatrindjuma vertibas var atSkirties no 0 Iidz 25%, kas
apliecina piedavatas aprékinu metodikas pamatotibu.
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GENERAL REVIEW OF THE THESIS

Subject Actuality and Formulation of the Problem

Vibration of the light-weight structures caused by the movement of
pedestrians has been a particularly topical research subject in the world for more
than 10 years now. Many researchers found this topic attractive when previously
unforeseen lateral vibration experienced more than 18 million British pounds
worth London Millennium Footbridge on its opening day in 2000.The research
of human-structure interaction topicality and complexity also confirm
researchers’ ongoing discussions at international conferences and forums.

The best-known structures that are sensitive to vibrations caused by human
activity (walking, jumping, running, vandalism, etc.) are pedestrian bridges,
slender stairs, grandstands or slender slabs. In the case of the pedestrian bridges,
vibrations are mainly induced in a transverse direction and are basically caused
by the pedestrian lateral component of load. Vibrations of the pedestrian bridges
are relatively well studied, consequently the design recommendations have been
developed to ensure an adequate pedestrian comfort.

In Latvia, other pedestrian load sensitive structures are found more often
than light-weight pedestrian bridges — the observation towers and these
structures have not been studied from the human-structure dynamic interaction
perspective. Unlike pedestrian bridges, the observation towers are subjected to
both a pedestrian load transverse and a longitudinal component.
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Fig. 1. Location of observation towers in Latvia
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Historically, the free standing towers were primarily used by the military to
provide a good observation of the surrounding area. Observation towers like
Eiffel that are located in the cities are usually tall structures and serve as an
architectural symbol but towers located in the countryside are designed to allow
viewers an unobstructed view of the landscape and tend to have a design mostly
driven by economic aspects.

Latvia has numerous observation towers mostly located in the regions of
Latgale and Kurzeme. The map of light-weight lattice public observation towers
that was inspected by the authors presented in Fig. 1. It was established that
18 observation towers of the 19 inspected are sensitive to human induced
dynamic loads and vibrations cause uncomfortable feeling of visitors in certain
circumstances.

Almost half of the observation towers are the responsibility of the state
company JSC “Latvia’s State Forests” that continuously develop the
environmental infrastructure objects. The recently opened for public (October,
2012) 28,5m high timber observation tower “Ancupanu skatu tornis” in Rezekne
serves as an example. Although construction of such towers is rather expensive,
it is a great way to increase tourist attraction to the area otherwise unpopular.

Fig. 2. a) An example of the steel observation tower (in Kalsnava); b) An example of
the timber observation tower in the region of Latgale (Priedaine)

There are some examples of mixed structure e.g. timber structure (columns,
beams, and cladding) with a steel rod lateral resisting system but mostly
observation towers can be divided in timber (70% of the inspected towers) and

37



steel structures. An example of a typical steel and timber observation tower is
presented in Fig. 2.

Most of the towers in Latvia have a set of rules to limit the number of
visitors from 5 to 10 people, however this limit is not based on any research
information and the construction is based purely on previous experience,
especially for timber observation towers.

In 2010 a light-weight eccentric steel structure observation tower was
opened for public in Jurmala, Dzintari and experienced an unexpectedly high
level of vibration amplitudes that caused uncomfortable feelings to the visitors
of the tower. This structure highlighted the lack of understanding and inadequate
design information of the building codes, regarding the slender tower dynamic
response to the human induced loads. It demonstrates that in areas with a low
seismicity and relatively low wind loads the human induced dynamic loads
could be determinative in a slender and light-weight observation tower design as
well as in checking the serviceability criteria.

The research and better understanding of human induced dynamic loads
and their correct application to the observation tower structure at the design
stage is a necessary requirement to be able to develop aesthetically pleasing and
economically justified light-weight structures in the future.

Objective of the Study

The objective of this study is to develop the method of analytical
approximation of human movement induced dynamic loads based on the
experimental investigation and to develop the calculation methodology for
assessment of light-weight lattice self-supporting tower type structure dynamic
response to typical human induced dynamic loads as well as to set a limit on the
observation tower vibration acceleration amplitudes due to the comfort criteria
of tower visitors.

The Tasks of the Thesis

Tasks that have to be resolved can be subdivided in two main groups in
order to achieve the formulated objective of the thesis.

The first group of tasks associated with the experimental identification and
approximation of human induced time varying forces:

e To develop the new method of experimental identification of the
footfall induced forces that is not restricted to the laboratory
environment and therefore does not have strong influence on a
person during the tests move naturally and is suitable for the civil
engineering applications;
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e To develop an experimental data processing method of obtaining the
mean continuous walking force history of a person that could be
analytically approximated and therefore used in analytical
calculations of observation tower response to human induced
loading;

e To obtain dynamic load factors and corresponding phase shifts of
footfall induced forces on stairs by the newly developed method and
compare to other researcher work data that is available for
justification of the newly developed method;

The second group of tasks has to be resolved is associated with the
application of those loads to the lattice self-supporting tower structure and
finding its response to it:

e To obtain the dynamic and geometric parameters of most of the
public observation towers in Latvia and to develop the criteria for
tower type structures that are sensitive to the human movement as
well as experimentally identify the loading events from human
movement under actual serviceability conditions that cause the
highest response levels of observation tower vibration;

e To develop preliminary recommendations of criteria that would
ensure the acceptable comfort level for the observation tower visitors
based on the observations made during the experimental researches
(subjective assessment);

e To assess the different parameters (structural damping, ratio between
pacing rate and natural frequencies of the structure, stiffness of the
structure, separate walking harmonic importance, number of the
visitors, mode of vibration etc.) importance and contribution to the
dynamic response level of observation tower and based on that
develop calculation methodology and recommendations for
assessment of light-weight lattice tower type structure dynamic
response to typical human induced dynamic loads.

The Scientific Novelty of the Work

It is experimentally and theoretically proven that vertical light-weight
cantilever type structures like public observation towers with a fundamental
frequency less than 3.3 Hz may undergo vibrations induced by human activities
that do not satisfy the serviceability limit criteria — the required comfort criteria
during the structure exploitation.

The scientific novelties of the work as well as tasks to be resolved can be
subdivided in to two groups. The first group is associated with the experimental
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identification and approximation of human induced time varying forces but the
second group is associated with the application of those loads to the lattice self-
supporting tower structure and the dynamic response to them.

A new method from the branch of progressive inverse dynamic methods is
developed that allows estimating dynamic forces induced by human activities
(walking, running, jumping and body swaying) under a wide range of conditions
(no limitations of laboratory environment) for civil engineering applications.
Comparing to the traditional direct measurement methods several advantages
can be highlighted such as required instruments cost relatively low, there is a
possibility to obtain records over longer periods of time (continuous walking
force histories) and test setup does not have a strong influence on human ability
to behave or move naturally.

The experimental data processing method of obtaining the analytical
expression of the mean continuous walking force histories is proposed. The
approach preserves an important parameter such as the phase shift of relevant
walking harmonic and obtained analytical expression of the mean continuous
walking history can be further used in analytical calculations of the structure
under consideration.

The mean dynamic load factors, the corresponding phase shifts and their
dependence from the pacing rate of dynamic force longitudinal and lateral
component for the actions of stair ascent and descent have been obtained for the
first time.

As a result of experimental investigations the dynamic parameter data set
(damping ratios, fundamental and natural frequencies of the structure) has been
obtained for the first time of most of the lattice observation towers opened for
public in Latvia.

Methodology of light-weight lattice tower maximum dynamic response
calculation due to towers visitors’ movement is given for the first time. It is
based on the performed studies about the range of parameters of structures that
require considering the human dynamic loads, applicable loads and its
dispositions as well as the analytical solution for preliminary design calculations
and the criteria to limit vibrations due to comfort of visitors.

Practical Application of the Thesis

The main practical gain as a result of reaching the doctoral thesis objective
is that the methodology and recommendations of light-weight lattice tower type
structure maximum dynamic response calculation to the typical human induced
loads under structure serviceability conditions is given for the first time. This is
useful material for the structural engineers working in the industry and
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undertaking the design of public observation towers as any other design infor-
information regarding this subject is not available.

The proposed calculation method provides possibility to justify, correct the
set of rules that limit the number of visitors at a time on most of the public
observation towers in Latvia.

The obtained mean dynamic load factors, corresponding phase shifts and
their dependence from pacing rate of a person stair ascending and descending
dynamic force of all three components is supplementary information to Table
A.4. of International Standard ISO 10137:2007 were presented examples of
design parameters due to one person ascending or descending stairs only for first
two harmonics of vertical direction.

During the research computer program of experimental data visualization
was developed and can be successfully implemented as a quick tool of structure
vibration level assessment during the dynamic testing.

Therefore the developments in the thesis are the necessary base to be able
to develop more economically justified and aesthetically pleasing light-weight
lattice observation towers for public use in the future.

The developed computer program of experimental data visualization can be
successfully implemented as a quick tool of structures vibration level
assessment during the dynamic testing.

Therefore the developments in the thesis is the necessary base to be able in
the future develop more economically justified and aesthetically pleasing light —
weight lattice observation towers for the public use.

The Methodology of the Research

The bases of the new method of obtaining dynamic forces from human
movement by utilizing accelerometery technology is Newton's Second Law of
Motion and researches done in the field of biomechanics about the kinetics of
human motion. To take into account the stochastic nature of the human loading,
an algorithm has been developed that uses the random number generator
integrated in the commercial software “Mathcad”.

Post processing of the experimental data to obtain the frequency spectrums
is mostly done by the commercial software “ME’scopeVES”
(version 5.1.2010.1215) from “Vibrant technologies”. The computer program of
experimental data visualization to assist the dynamic testing was developed in
Adobe Air environment.

The differential equation of the Euler — Bernoulli prismatic cantilever beam
is the base of the analytical model used in the theoretical investigations of self-
supporting lattice tower response to human induced load. Commercial finite
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element software STRAP (version 12.5) was used for carrying out the numerical
experiments. The software uses the subspace iteration technique to extract the
eigenvalues.

In the experimental research part accelerations measured by five 3-axis
light weight (55g) USB accelerometers (Model X6-1A, producer - Gulf Coast
Data Concepts, LLC).

Theoretical and Methodological Bases of the Research

The performed researches, developed calculation models and methods are

based on the following engineering science branches:

— Structural dynamics;

— Structural engineering;

— Structural mechanics;

— Biomechanics;

— Modal and experimental modal analysis;

— Probability theory;

— Signal analysis.

Scope of the Study

The use of the developed methodology of light-weight lattice self-
supporting tower maximum dynamic response calculation due to tower visitor
movement is appropriate when the following requirements are fulfilled:

1) the maximum stress in the elements of the structure are less than
limiting stresses of ultimate limit state;

2) the maximum displacements of the structure from appropriate wind
loading are less than the limiting displacements of serviceability
limit state.

The developed methodology is based on the experimental investigations of
existing full scale timber and steel observation towers. The newly developed
methodology is rational to use for the self-supporting towers with parameters in
the following range:

— height L above the ground level: 15m < L <50m;

— stiffness £/ and mass per meter m:

EI<2-10°L*%;
m<206241-L7"%,
(the authors restrictions of the term ,,slender” and light-weight” in the thesis)

— the fundamental frequency of the structure f: f < 3.3Hz.

The developed method that allows estimating dynamic forces induced by
human activities is appropriate if the supporting structure on which activity is
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performed has a remarkably higher fundamental frequency than activity fre-
frequency. Also if activities (walking, running, jumping or body swaying) are
performed with the frequency or speed, close to constant and have a rectilinear
pattern.

The obtained mean dynamic load factors and the corresponding phase
shifts of person dynamic force longitudinal and lateral component for the action
of stair ascent and descent are appropriate to use if stair inclination b is in a
range of: 24°< #<42°  The obtained mean dynamic load factors and
corresponding phase shifts of a person while stair ascent or descent are for

walking frequency range of 1Hz < f, <2.3Hz

Results Presented for the Defense

1. The method of obtaining vertical, longitudinal and lateral
components of human movement dynamic forces based on
kinematics of the motion of human center of gravity (COG) (by
utilizing accelerometery technology);

2. Experimental data processing method for obtaining the analytical
expression of the mean continuous walking force history;

3. The mean dynamic load factors (DLF) and corresponding phase
shifts of single person ascent and descent induced forces at different
pacing frequencies;

4. The methodology of maximum vibration acceleration amplitude
assessment of light-weight lattice self-supporting towers with
different dynamic and geometric parameters due to human
movement initiated dynamic loads of stochastic nature;

5. Preliminary recommendations of limiting the observation tower
vibration acceleration amplitude to assure an acceptable comfort
level of tower visitors.

Structure and Volume of the Doctoral Thesis

The thesis consists of Abstract, Introduction, Three main chapters divided
into sub-chapters, Conclusion and Bibliography. Chapter 1 is a Literature
review, Chapters 2 and 3 covers the attainment of the objective and tasks of the
thesis.

Thesis contains 135 pages, 82 figures, 28 tables and reference list of
136 sources. Thesis language is English.
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The Approbation of the Results - List of relevant International Conferences

1.

RASD 2013 11th International Conference on Recent Advances in
Structural Dynamics, Italy, Piza, 1t - 3 July, 2013 (Gaile L., Radins I.
Lattice Tower Dynamic Performance under Human Induced Loading).

. The 9th International scientific conference ,,Environment. Technology.

Resources”, Rezekne, June 20-22, 2013 (Gaile L. Analysis of Dynamic
Parameters of Observation Towers in Latvia).

The International Scientific Conference ,,Civil Engineering’13” of Latvia
University of Agriculture. Jelgava, 16-17 May, 2013 (Gaile L., Radins I.
The Footfall Induced Forces on Stairs).

Riga Technical University 53rd International Scientific Conference to the
150th anniversary and The 1st Congress of World Engineers and Riga
Polytechnical Institute / RTU Alumni, Riga, Latvia, 11-12 October, 2012
(Gaile. L., Radinsh. I. Dynamic Loading and Response of Observation
Towers and Gaile. L. Analysis of Dynamic Parameters of Timber and
Steel Observation Towers).

. 25th International Conference on Noise and Vibration Engineering

(ISMA2012/USD2012). Belgium, Leuven, 17-19 September, 2012
(Gaile L., Radip§ 1. Steel Lattice Sightseeing Tower’s Horizontal
Vibrations Induced by Human Movement).

19th International Congress on Sound and Vibration Proceedings of
Recent Developments in Acoustics, Noise and Vibration (ICSV19).
Lithuania, Vilnius, 8-12 July, 2012 (Gaile L., Radin$ I. Eccentric Lattice
Tower Response to Human Induced Dynamic Loads).

International Conference on Civil and Construction (ICSCE 2012).
Sweden, Stockholm, 11-12 July, 2012 (Gaile L., Radin$ I. Human
Induced Dynamic Loading on Stairs).

XVII International Conference on Mechanics of Composite Materials,
2012, May 28 - June 1, Jurmala (Gaile L., Radin$ I. Assessment of the
Fatigue Life of a Tower by Using a Real-Time Loading History).

Rigas Tehniskas universitates 52. Starptautiska zinatniska konference.
Riga, 2011. gada 13.-16. oktobris. (L. Gaile, I. Radins. Cilvéku izraisito
svarstibu ietekme uz konsoles veida konstrukcijam).

10.Apvienotais pasaules latvieSsu zinatnieku III kongress un Letonikas

IV kongress "Zinatne, sabiedriba un nacionala identitate", Sekcija
"Tehniskas Zinatnes". (Gaile L., Radin$ 1. Ekscentriskas konstrukcijas
darbiba dinamisko slodZzu ietekmg).
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11.The International Scientific Conference ,,Civil Engineering’11” of Latvia
University of Agriculture. Jelgava, May 12-13, 2011. (Gaile L., Radinsh I.
Time Depending Service Load Influence on Steel Tower Vibrations).

12.The 8th International scientific conference , Environment. Technology.
Resources”, Rezekne, June 20-22, 2011. (Gaile L., Radinsh I. Dynamic
Response of Tower Structures).
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1. Gaile L., Radinsh I. Lattice Tower Dynamic Response Calculation to
Human Induced Loads: Case Study // 54th International Conference of
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publication).

2. Gaile L., Radinsh I. Lattice Tower Dynamic Performance under Human
Induced Loading // RASD 2013 11th International Conference on Recent
Advances in Structural Dynamics, Italy, Piza, 1st — 3rd July, 2013, pp.1-
15.

3. Gaile L. Dynamic Parameters of Observation Towers in Latvia //
Proceedings of the 9th International Scientific and Practical Conference
"Environment. Technology. Resources", Latvia, Rézekne, 20-22 June,
2013, pp. 57-62.

4. Gaile L., Radinsh I. The Footfall Induced Forces on Stairs //,,Civil
Engineering'13”: 4th International Scientific Conference Proceedings,
Part I, Latvija, Jelgava, 16-17 May, 2013, pp. 60-68.

10.Gaile L., Radin§ I. Steel Lattice Sightseeing Tower’s Horizontal
Vibrations Induced by Human Movement // 25th International Conference
on Noise and Vibration Engineering (ISMA2012/USD2012), (CD-ROM),
Belgium, Leuven, 17-19 September, 2012, pp. 1211-1221, (indexed in
Thomson Reuters Web of Science).

5. Gaile L., Radins I. Eccentric Lattice Tower Response to Human Induced
Dynamic Loads // 19th International Congress on Sound and Vibration
Proceedings of Recent Developments in Acoustics, Noise and Vibration
(ICSV19). Lithuania, Vilnius, 8-12 July, 2012, pp. 560-567, (indexed in
SCOPUS).

6. Gaile L., Radin§ I. Human Induced Dynamic Loading on Stairs //
Proceedings of International Conference on Civil and Construction
(ICSCE 2012). Sweden, Stockholm, 11-12 July, 2012. Issue 67, pp. 626-
632.
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7. Gaile L., Radin$ 1. Time Depending Service Load Influence on Steel
Tower Vibrations // ,,Civil Engineering'11”: 3rd International Scientific
Conference Proceedings, Latvija, Jelgava, 12-13 May, 2011, pp. 144-149,
(indexed in SCOPUS).

8. Gaile L., Radins I. Dynamic Response of Tower Structures // Proceedings
of the 8th International Scientific and Practical Conference "Environment.
Technology. Resources", Latvia, Rezekne, 20-22 Jun, 2011, pp. 85.-91.

SUBSTANCE OF THE DOCTORAL THESIS

Introductory part of the doctoral thesis contains a formulation of the
problem, the objective and formulated tasks, the methodology to reach it, the
scientific novelty and practical application of the study as well as defined the
scope of the study.

1. Literature review

Literature review serves as a background and substantiation of theoretical
and experimental investigations of the thesis. It consists of two chapters where
the state of art approaches are analyzed when dealing with the identification of
human dynamic loads, application to the structures and determination of the
dynamic response of structures that are sensitive to human induced loads and
serviceability criteria.

The structures where the most important source of vibration is human
activity are highlighted in the thesis. Increasing vibration problems for slender
and light-weight structures with low damping ratio show that to perform design
based on the static load only is not enough anymore. The slender light-weight
observation tower is one more structural type besides the well-known objects
like grandstands [24, 35], slender floors [41], long span stairs [72] or footbridges
[131] that are susceptible to human induced vibrations. The structural design of
observation towers is mostly based on previous construction experience as there
is no available guidance how to deal with dynamic loads other than wind load or
earthquake. Lately the architectural aspects of the design are becoming more
important and require better understanding of tower response to human induced
loads in order to ensure the acceptable levels of vibrations to achieve acceptable
comfort level of the structure visitors. Although there are cases of the excessive
vibration problems of public light-weight observation towers [47], criteria for
identification of the problem in the design stage is absent. This is a topical in
regions like Latvia with generally flat terrain, relatively low wind loads and
seismicity.
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To develop basic methodology of observation tower dynamic response cal-
culations underlying principles of the existing methodology for other structures
(bridges and slender floors) that are sensitive to human induced loading in the
chapter are reviewed [20, 37, 88, 89, 116, 130, 131].

Different serviceability criteria have been developed to ensure that the
structure and its elements are suitable for the intended activity. The limit values
of the lateral acceleration in the international codes are directly related to the
structures users’ comfort [54, 67]. Mainly values are given for the high-rise
buildings of residential and office use or pedestrian bridges. To the best of the
authors’ knowledge there are no any available recommendations regarding the
observation towers.

In thesis the present status of human dynamic load identification is
discussed [22, 95, 116, 131]. Underlying principles of commonly used test
methods are analyzed [68, 72, 95, 96]. The most common way based on the
Fourier decomposition for perfectly repeatable footfalls is to represent walking
force in the time domain as a sum of Fourier harmonic components. Here the
Fourier coefficient of the i" harmonic often referred to as dynamic loading
factor (DLF;) and is base of this model. Probabilistic force models are more
suitable when simulating the walking forces as it is a stochastic narrow band
process and depends on many parameters. Nevertheless more convenient from a
design point of view would be the deterministic force model that has taken into
account non periodicity of the force.

Regarding experimental techniques for ground reaction force (GRF)
identifications it is concluded that the so called inverse dynamic methods have a
great potential in the context of civil engineering applications to estimate
continuous human induced forces applied to the structure under a wide range of
conditions.

Although several recent extensive literature reviews and new guidelines
highlight the interest of researchers in experimental identification and modeling
of human walking forces, the major part of these researches is done for the
human walking forces on the flat surfaces. Still there is a little work done on
walking forces on the stairs for civil engineering applications. Remarkable
discrepancies between calculated and experimentally measured slender stair
responses to human walking loads confirm that loading models are still not
complete and tuned properly. The author is not aware of any previously obtained
information about stair ascending and descending force longitudinal components
that are the main human dynamic forces required for observations tower
dynamic response calculations.
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The conclusions from the performed literature review are presented at the
end of the literature review and based on them the objective of the study was
developed. To be able to assess the dynamic response and performance of lattice
self — supporting towers during the early stage of the designing process, the first
group of tasks to be resolved is associated with the experimental identification
and approximation of human induced time varying forces but the second group
of tasks is associated with the application of those loads to the lattice self-
supporting tower structure and finding its response to it.

2. Research on footfall induced forces

There are three main shortcomings of the available state-of-art
experimental investigation methods that are used to obtained human footfall
induced dynamic forces: strong influence on person move naturally during the
tests, restriction to the laboratory environment and complex experimental set up.
Especially influence on person move naturally during the tests lately is
addressed as serious shortcoming [17] due to the fact that locomotion is adaptive
in its nature and optimizes according to circumstances [1]. Therefore it is
developed a new experimental method to obtain reliable results of GRF (ground
reaction forces) for the civil engineering applications. Method is based on the
kinematics of motion of human center of gravity (COG) to obtain the continuous
walking force histories in three global directions. It is well known that the
vertical walking force function might be obtained from a simple dynamic
equilibrium based on the Newton’s Second law (1).

F(t) = Mg + Ma(1), (1)
For longitudinal or lateral walking force direction (2):
F(t) = Ma(?). )

where
M is body mass of the person,
g — gravitational constant,
a — acceleration of the COG.

To obtain reliable COG’s acceleration data a(?) accelerometry technology
from the branch of progressive inverse dynamic methods was utilized.
Ilustration of the experimental set up presented in Fig. 3.

The acceleration of the 18 persons’ (mixed group of men and women)
center of gravity (COG) in vertical, lateral and longitudinal directions during
stair ascent and descent were recorded to obtain individual continuous walking
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force time histories. For test subjects there were several attempts with different

pacing rates.
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Fig. 3 Illustration of the experimental setup

Also new experimental data processing method of obtaining the mean
(equivalent) continuous walking histories that takes into account the
imperfectness of the repeated footfall of the individual as well the differences
between the individual walking force histories by averaging them has been
developed and presented in the thesis. Consequently it is possible to obtain the
mean values of the DLF; and the corresponding phase shifts ¢; that are the
necessary parameters to obtain analytical walking force function based on the
Fourier series. A step by step description with illustrations of the method is
presented in the Table 1.

Although similar setup might be used for the identification of human
dynamic forces from different activities there was a particular interest in stair
ascent and descent cases as stairs are one of the key elements of light-weight
lattice observations towers. The results and verification of the developed
experimental data processing method are presented in the thesis in Section 2.3
where the obtained mean DLF values for stair ascent and descent are compared
and analyzed with DLF values obtained by other authors who used traditional
footfall force measurement methods.

To obtain the relationship between the walking force amplitude 4 and
pacing frequencies it is suggested do not take the separate DLF; values
corresponding to the relevant frequency but to take the mean value of the
individual’s experimental walking force history of n periods expressed as a
range from maximum to minimum amplitude. Then it is a true reflection of force
peak amplitudes opposite to the individual DLF values where connections
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between the harmonics are not taken into account. An example of the obtained
relationships is presented in the Fig. 4a and 4b.

a) 0.64 b) Py
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Fig. 4 Relationship of amplitude and pacing frequency
a) longitudinal component, ascent; b) lateral component, ascent

Table 1

Description of the new method for obtaining the equivalent continuous
walking histories (analytical expressions)

Ne Action Ilustration or notes
Measure individual walking

1. | acceleration histories (WAH;) and
transform the recorded

measurements from the local axis of
the sensors into global directions
taking into account the angle a in

Fig. 3 . s
2. | Divide individual walking accele- {2 v A PO & A 08 A o

G i W W HHime(s)

acceleration

ration histories (WAH;) into periods
i i < measured d

P (At) and perforn_l p eriod aV.eraglng —fljlzll‘t:: z]i/rccraggctiaovcr period

to obtain the equivalent period and

further WAH of the person:

A= p (A0 3) 4

3. | Perform transformation from the

harmonics

time domain to the frequency = 2
domain via FFT (Fast Fourier E.)
Transform): &
Hz
Py (A1) = p, (Af) 4)
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Find the DLF value and relevant
phase shift for each individual in
order to obtain separate harmonics
and further the analytical expression
of individuals’ walking force history
(WFH,) (5):

e, ()= Y Asin2afit + p").

(i — order number of the harmonic, n — total
number of contributing harmonics, .

Fourier coefficient of the i/ harmonic often
referred as DLF, f - i" harmonic frequency

(Hz), ¢’ — phase shift of the i harmonics, y
- see step Ne 5)

If necessary, use the correction

coefficient for magnitude to

maintain the same area under the

function as the experimental data

have: 7= ZI: A, Z:‘ A,,
Perform averaging between the
functions of WFH; to obtain the

equivalent  (mean) continuous
walking time history:

e, (A= ¢, (A /n

Transformation from the time
domain to the frequency domain via
FFT:

¢, (M) = ¢, (8f)
Find the DLF value ( 2] ) and

relevant phase shift of c.(4f) in
order to obtain separate harmonics
and further the analytical expression
of the mean walking force history in
vertical (9) and lateral or
longitudinal directions (10):

F,,.(10) =G+ GA, sinQQnfit +¢,,)
i=1

Flpg i (0) = D G2, SIN2iAfit + 01 1)
i=1

(G is a static weight of the subject’s body (N))

©)

(6)

()

®)

)

(10)

l

(n — total number of periods,

A, — area under the WFH;

function (only positive) of
period i, 4, — area under the

e

WAH, function (only positive)
of period 7)

e
T
et

0.5 1 1.5 2
time (s)
- time - load histories of individuals
mean time - load history

A, sin(2mfiz +9")
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By using the new method DLF values of dominant harmonics for different
pacing frequencies of stair ascent and descent have been obtained. For example
it was found that longitudinal direction force amplitude strongly depends on the
walking pace for stair ascending case (11):

DLF,(f) = DLF,(2Hz)-(1.49 f —1.98) for 1Hz< f <2.3Hz, (11)

where
f—pacing frequency, Hz;
n —number of the harmonic (n=1...2);
DLF,(f) - dynamic load factor at pacing frequency f* of the harmonic #;
DLF,(2Hz) - dynamic load factor at pacing frequency 2Hz and

corresponding phase shifts of the harmonic » found from Table II — IV of
authors publication [48].

To check the method S.C.Kerr’s [72] obtained results of the vertical force
component DLF; were compared with the new mean DLF; values (for ascent
(2Hz) and descent (2.15Hz) cases) and found to be in a very good agreement for
the first harmonics (Fig.5). Results of the second harmonics slightly differ and it
correlates with the proposition of Davis [29] to take a higher value for the
second harmonic. Kerr’s data for the second harmonic has a very significant
scatter and the mean value does not depend on the walking pace (stair
descending case) which seems to be quite unrealistic.
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4
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-
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L

Fig. 5. First harmonic values for ascending the stairs
(comparison with Kerr’s data)
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Fig. 6a and Fig. 6b that are obtained from the mean walking force history
reveals the differences between the process of stair ascending and descending
process.

a) b)
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Fig. 6. Path of the mean pedestrian force vector end point: a) ascending case at rate
of 2Hz; b) descending case at rate of 2,15Hz

It is found that the minimum number of harmonics to obtain approximate
replication of the real walking force time history for vertical, longitudinal and
lateral directions is three. Those are harmonics with DLF’s above 0.05. In the
case of vertical and longitudinal directions it should be taken first three
harmonics, but for a lateral direction it should be first, third and fifth harmonic.

The main advantages of using the presented method are following:

o Possibility to estimate continuous human — induced forces of different
actions applied to the structure under a wide range of the conditions due
to the non-laboratory restrictions;

e Measurement devices do not have strong influence on human ability to
move naturally;

e Requirement of low cost instruments: few accelerometers that are
capable of storing and downloading data for relatively small time
intervals;

e Allows to obtain not only dynamic load factors but also the phase shift
values associated with the mean walking history;

e Obtained analytical mean function contains information about the
imperfections of person’s footfalls and differences between the
continuous walking histories but is still a deterministic force model.
Unlike probabilistic force models it is more convenient to handle, when
performing analytical or numerical calculations of the structure under
consideration.
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3. Research on human induced vibrations of lattice light-weight towers

This section of thesis covers the experimental and theoretical investigations
of the light-weight lattice public observation towers dynamic parameters and
responses to the different human induced loading conditions.

It is important to understand the typical dynamic behavior of the existing
observation towers to be able to develop the methodology of tower response
calculations to human induced loads. Therefore experimental investigations to
find the typical dynamic parameters of existing lattice observation towers have
been carried out, as well as theoretical and experimental investigations of
application and structure response to the human induced loads obtained in
previous section of thesis.

During the experiments the vibration accelerations of 19 observation
towers in Latvia were measured but further for the dynamic analysis 12
observation towers that are in satisfactory technical condition were taken (no
major defects found by visual inspection). The typical geometrical and dynamic
parameters as well the response level of inspected towers are summarized in
Table 2. Post processing of the experimental data was done by using the signal
theory.

Table 2

Typical geometrical and dynamic parameters of the inspected light-weight
lattice towers in Latvia (summary)

Typical parameter range Timber structure | Steel structure
Height 19-34m 20-36.5m
Plan dimension on the ground level 48-94m 1.5*-9.5m
Fundamental frequency 1.2-1.6Hz 0.8—2.6 Hz
Damping ratio ~1%**

3.1%-3.85%
1.7% —2.7%
Max response to visitors movement 0.15 — 0.4 m/s> 0.2 — 0.5 m/s>
(acceleration)

* — main lateral load resisting system
** — fully welded structure

Under miscellaneous conditions measured accelerations of the structures
(also used for the dynamic parameters extraction) reveal that the highest
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dynamic response of the tower can be reached at normal exploitation conditions
when a compact group of visitors descends the structure (Fig. 7).

In this part of the research from experimental results it is concluded that the
lightweight slender vertical structures like sightseeing towers with their natural
frequencies close to human walking frequencies experiences vibrations in its
resonance modes. Unlike the bridge structures where lateral sway is caused by a
human walking lateral force component, the tower type structure vibration is
caused by a human walking lateral and longitudinal force component. The
human movement on the stairs and tower response is not entirely (no linear
relationship) connected with the number of the individuals using the structure.

025 %
0.20
0.15
0.10
005 14 | |‘

7 individuals behéving
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=
(9]
=

7 ind. ascending 7 ind.descending ‘ ‘

2 ind. descending

response of the “Udru kalns ” tower to different loading scenarios
1 1 1 11 1 | |

Fig. 7. Example of tower response to different loading scenarios

The observation tower in Dzintari (steel structure with eccentric
configuration) was chosen for the additional experiment that aimed to identify
the importance of human walking frequency synchronization with the natural
frequency of the tower by comparing the human walking ground reaction force
harmonic frequencies with the frequencies of the tower at its maximum
response. It was concluded that human and structure synchronization has more
an accidental nature and human induced loading itself has a stochastic nature.

Based on the visitor’s subjective assessment of the vibration level of all
inspected towers the preliminary curve - the peak acceleration limit ensuring
maximum comfort level of visitors is proposed. The curve can be further
modified by factors that takes into account the type, site of particular structure
and required comfort level or other factors. On the graph (Fig. 8) there are
plotted experimental values of different towers when visitors experienced some
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degree of discomfort as well as typical frequency ranges of the walking harmon-
harmonics.
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Fig. 8. Comfort criteria (for “a” to “e” see Table 3)

Table 3
Typical frequencies range of harmonics due
to ascending or descending the stair
Frequency range title Frequency f,, Hz
1* harmonic of force longitudinal component (a) 0.5< <3
2" harmonic of force longitudinal component (b) 1<2f,<6
1* harmonic of force lateral component (c) 0.25< £,/2<1.5
3™ harmonic of force lateral component (d) 0.75<3f,/2<4.5
5™ harmonic of force lateral component (e) 1.25<5£,/2<75

where f, is pacing frequency

Further particular attention is paid to observation tower response to the
different walking harmonics and response calculations to group loading.
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The slender observation towers are the line-like structures and for the pur-

pose of response analysis are modeled as the cantilever with uniformly distribut-

ed mass along the height (Fig. 9).
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Fig. 9. Calculation scheme and mode shapes

G - static weight of the subject body; 1'- the Fourier coefficient of the harmonic (DLF); f, - human

walking frequency of the harmonic; L - height of the tower

Response of the system with viscous damping to induced harmonic
excitation written in the form of a well-known non-homogenous differential

equation (12):

5y’

The considerable discrepancies
calculated values with usual assumption that structure reaches steady state

5? 5x 5x ox
EI(y)—= |+ o te(y)==F(y,t
{ (y)gyz} r'1(y)6t2 CKy)gt ,0)

of experimentally obtained data and

vibrations, demonstrates that a tower does not reach this state of vibration due to

the

of vibrations when steady state has not been reached yet:
; (p| sinQt —2£0cos Q) +Q( pl sin it + 2@5,- cosg)it)e’g"

£ @, y)Qé{
o D
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ma:

where:
—2 2 2.
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inconsistent periodicity of applied loading and its direction therefore it

should be taken into account.
The obtained solution (13) of the equation of motion (12) e.g. displacement if
initial conditions are zero and viscous damping considered includes the first part

}(13)

(14)
(15)
(16)



& - damping ratio;

®, - mode shape;

m - mass of the structure per meter length, kg/m;
o, - tower natural angular frequency, rad/s;

Q% - modal mass.

For non-homogenous differential equations like (12) with constant
coefficients the particular solution may be found separately for each function on
the right side of the equation. Therefore the maximum response from each of the
walking harmonics might be found from equations (13), and then summed
together for obtaining the total response of the structure after the interested
number of “successful footfalls” (expressed as a time moment):

2 2 2
;yz {El(y) gyf } +m(y)%+c(y)% = GA, sin@1+6))
+
5 {El(y) 52"} m(y)§—2x () 2E Z GA, sin(@,t+5,)
5y’ 5y’ ot’ ot
+
+
y{EI(y) 52x}+m(y)52x+c(y)é‘x=G/1 sin(Q. ¢ +6,) (17)
5y’ 5y? ot’ ot " " "

where:

A, - dynamic load factor (DLF) of walking harmonic i;

n - number of walking harmonic considered;
8, - phase shift of the walking harmonic considered.

Various walking harmonic inputs to the total vibration greatly depend on
the fundamental frequency of the structure. The most common case as an
example when first harmonic longitudinal component coincides with the
fundamental frequency of structure is presented in Fig. 10.

The case, when one of the walking harmonics is close to the one of the
towers natural frequencies, has a stochastic nature. An almost complete
conjunction for a longer period of time would have a minor probability due to
the fact that individuals walking upstairs or downstairs vary the speed. Besides,
stair has a turns that influences the pacing rhythm.
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Fig. 10. Relationship between fundamental frequency of structure and separate
longitudinal walking harmonic input to the total vibration

Because of the transient nature of excitation, the loading duration (number
of subsequent “successive” steps) has a major effect on the tower response but
slight variation in damping ratios of the structure does not make a considerable
difference. The ratio between pacing rate and natural frequencies of the structure
is one of the most important parameters to determine vibration of structure under
human induced dynamic walking loads (Fig. 11).
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Fig. 11. An example of tower response at different frequency ratios
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To take into account possible variation in ratio between relevant walking
harmonic and exited natural frequency of the structure it is suggested to
calculate the mean value of the tower response for the selected number of steps
in ratio range of 1+20% (based on the experimental results).

From the experimental part of the investigation it is clear that the
relationship between the number of tower visitors in the group and structure
dynamic response to this excitation will not rise linear. Although it is very likely
that individuals in the group would have the same walking speed when
following each other, phases between steps would differ. The idealized
equivalent number of persons that fully synchronize their steps is a convenient
way to deal with this loading in structural design calculations.

Therefore the random number generator built in the Mathcad software is
utilized to simulate stochastic property of phase shift redistribution for different
number of individuals in the group in order to find the equivalent number of
persons H,, in the considered direction. The performed number of simulations is
n = 10’ for the groups of 2 to 20 persons. The simulation example for group of
8 persons is presented in Fig. 12 a).

a)

m
H = Zcoscpm, forcosp,, 20
k=1

I

H) = Zcos(pm, forcosp, <0
k=1

H =H'+H}

i - i"simulation;

n = 100000, where n - total amount of
simulations;

m - number of visitors in i" simulation

F,; - single person walking force taken as 1

:th

¢, - the phase shift of the i" simulation

Fig. 12 a). Scheme of the calculation for simulation example of the phase shift
redistribution between individuals
As a result the obtained relationship between number of people m in the
group and the equivalent number of visitors approximated by equations for
intended probability of H., not being exceeded 95% (18) and 90% (19)
accordingly:
Hj;% =0.0017° —0.0353m” +0.6249m + 0.845 (18)

H."* =-0.0035m" +0.2831m+1.3419 (19)

The example of density function of the equivalent number of persons for a
group of 8 visitors and relationship between number of persons in the group and
equivalent number of visitors are presented in Fig. 12 b) and ¢).
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Fig. 12 b) density function of the equivalent number of persons in group of 8; c)
relationship between number of persons in the group and equivalent number of visitors H,,

The obtained relationships 1y,

_ H visitorsin the group /H visitorsin the group
T e eq

correlate very

well with the data from the experimental part of the research. A comparison
between theoretical and experimental results for two timber and two steel towers
is presented in Table 4.

Table 4
Comparison of theoretical and experimental results
Theoretical
Si results of
12es ratio with . Difference, %
of ) Experimental
Tower intended .
groups . results of ratio,
name .| probability
consi- 7, — —
dered Bowe 7T 1009 | 22 le 100%
Too, Tosy, Too% Tos0,
Udruk. | 7&2 | 1.67 | 1.95 | 025/0.15=1.7 -1.8 12.8
Priedaine | 3 &2 | 1.24 | 1.14 | 0.21/0.15=14 -12.9 -22.8
Dzintari | 11&7 | 1.28 | 1.25 | 0.48/0.39=1.23 3.9 1.6
Kalsnava | 9&2 | 1.9 | 2.21 | 0.19/0.1=19 0 14.0

Based on the experimental and theoretical investigations of thesis in the
algorithm of the methodology for calculation of maximum response of structure
to typical human induced loads is presented. The given procedure can be used to

determine whether the designed

lattice observation tower fulfills the

serviceability requirement: an acceptable comfort level of users of the structure.
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The peak acceleration mean value can be calculated according to the equation
(20):

1,2
amean = 2’5 J‘amax (Zy(z)’ (20)
0,8

. 2
where a,... - mean peak acceleration, m/s”;

mean

(2)- peak acceleration at time ¢, m/s’;

amax
z=W/w; - the ratio between relevant walking harmonic and the
excited natural frequency;

t=2pn/W; - time after n subsequent “successive” steps, s;

As a verification of developed methodology and also practical guide for the
peak acceleration calculation of lattice observation tower response to human
induced loads the analytical calculation example of timber tower (Example 1)
and numerical calculation example of steel tower (Example 2) are presented in
thesis.
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4. Conclusions

Within the thesis the experimentally obtained human movement induced
dynamic loads are studied and based on that the calculation methodology for
assessment of light-weight lattice self-supporting tower type structure dynamic
response to those typical human induced dynamic loads is developed as well as
a limit is set on the observation tower vibration acceleration amplitudes due to
the comfort criteria of tower visitors.

As the final summary of the present study the following conclusions are

drawn:

The proposed method of obtaining dynamic forces from human
movement, based on kinematics of the motion of human center of
gravity (COQ), eliminates one of the most important drawbacks of
the traditional methods — an influence on human ability to move
naturally that has significant effect on character and magnitudes of
human induced dynamic forces;

The proposed experimental data processing method for obtaining the
mean continuous walking force histories, based on the averaging
between continuous walking histories itself, allows to find not only
the mean dynamic load factors (DLF) but also the phase shift values
associated with the mean walking force history and therefore allows
to obtain analytical expression of human induced dynamic force
components;

For the first time experimentally obtained the mean dynamic load
factors and corresponding phase shifts of a person while stair ascent
or descent at different pacing frequencies (for Table A.4. of
International Standard ISO 10137:2007) reveals that lateral and
longitudinal direction force amplitudes strongly depend on the
walking pace only in case of the stair ascent. In the case of stair
descent, DLF values can be considered as constant when the pacing
rate is changed. Descent of stairs creates 14% higher vertical
amplitudes than ascent. In order to approximate replication of the
real walking force time history for vertical, longitudinal and lateral
directions a minimum of three harmonics must be used: 1%, 2™ and
3" for the vertical and longitudinal direction and 1%, 3" and 5" for
the lateral direction;

The vertical light-weight cantilever type structures such as public
observation towers with fundamental frequency less than 3.3 Hz,
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stiffness of structure less than EI <2-10° L%

than m < 206241 - L™ may undergo vibrations induced by human
activities that do not satisfy the serviceability limit criteria — required
comfort criteria during the structure exploitation. The lattice tower
does not reach the steady state vibrations due to inconsistent
periodicity of the applied loading and its changing direction. The
highest response of the tower can be reached when a compact group
of visitors descend the structure. The occurrence, when one of the
walking harmonics is close to the natural frequency of the structure,
has a stochastic nature. The stochastic nature of the group loading
might be taken into account with theoretically obtained equation of a
non-linear relationship between the real number of visitors in the
group and the idealized equivalent number of persons. The separate
walking harmonic input to the total vibration of the structure depends
on the fundamental frequency of the structure. For structures with
fundamental frequency above 2 Hz only one harmonic input is
dominant;

and self-weight less

The proposed preliminary curve - the peak acceleration limit
ensuring maximum comfort level of visitors, based on the visitor’s
subjective assessment of vibration level of all inspected towers and
other researchers’ findings about human tolerance to vibrations
reveal that allowable acceleration limit is around 3.3 times higher
than the one of high-rise office buildings where such limitation is set
in the building codes;

The developed algorithm based on the performed experimental and
theoretical investigations allows to calculate the maximum dynamic
response of structure to typical human induced loads. Depending on
the degree of pacing synchronization among visitors agreement
between theoretically and experimentally obtained results of the
structures maximum response to the stochastic time varying human
induced loads are in the range of 0 to 25% which serves as a
verification of the developed methodology.
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