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Abstract. Typical steel towers are usually subjected to wind
loads. In the case of sightseeing towers with lattice steel structure
core and low natural frequency of the structure, human and
structure interaction could play role in the tower design. This
paper analyses the response of the tower structure to the
excitation caused by human movement to guarantee the
acceptable levels of human comfort and safe operation of the
tower. There are different adopted levels of the structure and
human behaviour synchronization and its effect on the whole
structure. This synchronization phenomenon should be taken
into account, because people respond instinctively to oscillation of
a structure at a frequency which is close to that of a man’s
natural movement. This paper provides the analysis of possible
mode shapes of the existing 34 meter high steel core sightseeing
tower structure. The paper gives recommendations for the
maximum number of people allowed on the existing structure to
ensure safe operation of the tower. The dynamic performance is
established through the finite element modelling of the analysed
structure.
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l. INTRODUCTION

Lattice steel structures are remarkably flexible, low in
damping and light in weight. Traditionally, for such type of
structures, the dynamic analysis is performed and dynamic
parameters, such as fundamental frequencies, mode shapes
and damping ratios, are found to evaluate the wind induced
vibrations and effects on the structure. Even the most
advanced and comprehensive codes, including the Eurocodes,
focus mainly on these issues .

In the case of the steel lattice sightseeing towers with low
natural frequency of the structure, human and structure
interaction could play role in the tower design. Human
walking induces dynamic and time varying forces. Those
forces have components in vertical, lateral and longitudinal
directions. The lateral forces are a consequence of the sideway
oscillation of the gravity centre of a human body while
stepping alternatively with the right or left foot forwards [1].
The published data on dynamic loads state that the
fundamental frequency of the pedestrian vertical and
longitudinal walking on stationary pavements is 2.0 Hz for
normal walk, 1.7 Hz for slow walk and 2.3 for fast walk. The
horizontal fundamental frequency is 1.0 Hz for normal walk,
0.85 Hz for slow walk and 1.15 for fast walk [2]. In the case of
a tower structure, the horizontal and longitudinal components
of the pacing frequency are of interest.

There has been the growing tendency observed to
construct light weight foot bridges. Due to the problems with
lateral vibrations experienced at some of these structures,
studies on the phenomenon of synchronous lateral excitation
have been performed. Humans are noted to be much more
sensitive to the lateral vibration than the vertical one. Even
when the horizontal vibration is only 2-3 millimetres, the
lateral motion affects balance and pedestrians tend to walk
with their feet further apart, which increases the lateral force
imparted by individuals. In order to maintain the balance,
pedestrians tend to synchronize their footsteps with the motion
of the structure. This instinctive behaviour ensures that
dynamic forces are applied at the resonant frequency of the
structure and further increases the motion. With the increase
of the motion, the synchronization between pedestrians
increases as well. 1t does not go infinitely, but reaches a steady
state with people stopping, when the motion becomes too
uncomfortable [3]. The same processes are presumed to take
place on the sightseeing towers. Wind forces will promote
initiation of the lateral motion and, due the adaptive nature of
human beings, the lateral vibration will have a self-exited
nature until some point.

The expected vibrations of the lattice sightseeing tower
require limitations to meet the human comfort criteria. The
limit values for the acceleration in the international codes are
directly related to the pedestrian comfort. International
standards and sources in literature propose different
acceleration limit values for different reasons, however most
of these values coincide within a certain bandwidth. The
guidelines [4] of the recommended bandwidth for different
comfort levels are presented in Table I.

TABLE |
Acceleration Limits
Comfort Degree Lateral Acceleration
Limit
Maximum <0.1 m/s?
Medium 0.1-0.3 m/s?
Minimum 0.3-0.8 m/s?
Unacceptable >0.8 m/s?
discomfort
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Il. MATERIALS AND METHODS

The present study focuses on the identification whether
the particular structure — the sightseeing steel lattice tower is
at the risk of the harmonic human induced excitation in
resonance with the natural frequency of the structure. The
study investigates the allowed static live load bandwidths to
meet the acceleration limits and takes into account the possible
human and structure synchronization. Possible mode shapes
and the corresponding fundamental frequencies of the existing
steel core sightseeing tower have been analysed.

The studied steel core sightseeing tower is located in
Dzintari, Jurmala, Latvia. It has been open for public since 15
May 2010. The total height of the tower is 36.48 m. All its
elements — the inner and outer core, platforms and stairs are
made of steel, except for the wooden cladding on the facades
of the steel cores. The structural configuration of the tower
and its picture are provided in Figures 1 and 2.

Fig.1. Sightseeing tower in Dzintari

The structure consists of the braced inner core with the
dimensions of 1500x1500 mm, made from tubes with cross
section 200x200x8, and the outer core with the dimensions
4240x4240 mm, made from tubes with cross section
140x140x5. The outer core has no vertical bracing, as this was
required by the architectural concept. The inner and outer
cores are connected only by steel stairs.
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Since the tower is opened for public, there have been
complaints about the tower’s excessive vibration. The human
perception of vibration is very sensitive and the reaction is
substantially psychological. Therefore, it should be analysed
whether these vibrations are realistic or just perceived by the
human visual stimuli.

The literature [4] provides a recommendation that,
whenever fundamental frequencies are close to the critical
range (from point of view of the pedestrian excitation), a more
precise numerical model should be used, as the hand made
formulas and simplified methods are not sufficient for the
assessment of the fundamental frequencies. The finite element
software is widely spread and accepted as a more precise
numerical model. To evaluate the degree of vibration, the
fundamental frequencies and the critical mode shapes of the
existing tower have been established by using three
dimensional finite element models created by the structural
analysis software STRAP 12.5.
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Fig.2. Plan of the Sightseeing Tower in Dzintari

The fundamental frequency and mode shapes of a
structural system can be determined by solving the undamped
free vibration equation (1) [5]:

K¢ = Mg’ )

where :

K — stiffness matrix;

M — mass matrix;

@ — corresponding eigenvector matrix;
Q — eigenvalue matrix.

To extract the eigenvalues, the structural analysis
software uses the subspace iteration technique. The created
finite element (FE) model is presented in Figure 3 and the first
three critical mode shapes for the structure are presented in
Figure 4.
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It is necessary to evaluate the influence of the mass of
static sightseers on the tower’s natural frequency, because
natural frequencies of the structure decrease due to a live load
and could shift into the critical frequency range or could leave
it. It can be found in the literature [4] that the critical interval
for the lateral vibrations is 0.5Hz < f; < 1.2Hz and the critical
range for longitudinal ones is 0.5Hz < f; < 1.2Hz, where f;is
the natural frequency of the structure.

In the case of the tower, the longitudinal component
corresponds to the tower’s torsional mode. The critical range
of natural frequencies is based on empirical pedestrians on a
flat surface. It is assumed in this paper that a similar range will
be present for the pedestrian movement on the stairs.
However, a more thorough investigation is required, as this
matter has not been found in literature.

To evaluate acceleration of the tower, the recommended
method found in literature [4] has been adapted and adjusted
to suit for the tower case.

When the harmonic load (F, sin (2#f,t)) is applied to a
damped single degree of freedom system, the response of the
system would be:

FO
47°M
X(t) =
S =10 a8

sin(27f,t — @) @

where:

Fo — amplitude of the lateral load, N;
M — system mass, kg;

f — system natural frequency, Hz;

fo — load frequency, Hz;

& — structural damping ratio;
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Fig.3. FE model of the tower

Comparing the results obtained by Arup Partnership in the
experiment with a shaking table [6] and the results given in
[7]1, the amplitude of the lateral load is taken as a percentage of
the vertical live load and depending on the lateral amplitude of
the tower vibration (3). It is observed that the fundamental
component of the lateral force increases with the platform’s
amplitude, but remains insensitive to the structure’s lateral
frequency.

H, =02A+4 3)

where:
H, — lateral force/vertical force, %;
A — tower vibration amplitude, mm.

Let us model a lattice tower as a cantilever with one
degree of freedom and apply amplitude of the horizontal load
at the cantilever tip. The equivalent mass applied at the
cantilever tip from the tower mass and the pedestrian live load,
which is uniformly distributed over the height of tower, can be
obtained by taking approximately one fourth of the total mass
of a beam at the free end [8]. Then by using the approximate
methods, such as the Rayleigh’s method or the Dunkerley’s
formula, the approximate equivalent mass of the cantilever is
found by applying the formula:

M= 33m,

4
140 @

where m, — uniformly distributed mass, kg.
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In the analysis, the effect on the structure from the
pedestrian synchronization has been considered for the first
translational mode shape. A look is taken at one critical
direction of the tower vibration and, therefore, the applied
horizontal live load component is taken as a half of the total
equivalent horizontal force, by considering the degree of the

synchronization effect.
During the synchronization process, pedestrians adopt the

same pacing frequency as the natural frequency of the tower.
The response of the system (1) becomes:

_ 0 i _Z 5
X(t) FIVEE sin(2ft 2) ®)

1), 2) /
! VIBRATION
J DIRECTION

where:
Fo — amplitude of the lateral load, N;

M — system’s mass, kg;
f — system’s natural frequency, Hz;

&— structural damping ratio.

According to the Eurocode recommendations [9], the
damping ratio & for a steel lattice tower with ordinary bolts is

0.05.
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Fig.4. Mode shapes.
1), 2) first and second mode shape and vibration directions accordingly;
3) third mode shape vibration direction

Displacement of the tower tip can be found from the

equation (5):
y(t) = x()®

where:
y(t) — vector of the concentrated mass movement;

X(t) — response of the system;

@ — vector of modal displacement at the tip of the cantilever.

. Foo. T
y(t):—ZMf:sm(Z;ﬁt 2)

(6)

where Fy — amplitude of the lateral load, N;

M — system’s mass, kg;
f — system’s natural frequency, Hz;

&— structural damping ratio.

I1l. RESULTS AND DISCUSSION

U]

The determined natural frequencies of the sightseeing
tower for the first two mode shapes are beyond the critical
frequency range of 0.5Hz < f; < 1.2Hz and equal to 1.26Hz
and 1.3Hz for the translational mode shapes. For the torsional

Then the human comfort criteria — acceleration at the tip of
tower for the first translational mode shape - can be found

from the equation (7):

14



Scientific Journal of Riga Technical University
Construction Science

2011
Volume 12

mode shape, the tower is already within the critical range of
1.25Hz < f;<2.3Hz. This means that the live load of
sightseers should be taken into account for determining the
tower’s natural frequency. Figure 5 presents the natural
frequency dependence on the additional live load of sightseers.

The chart shows that the movement of visitors up and
down the tower may induce the vibration combined in
torsional and translational directions. When the live load
increases, the torsional vibration gets less frequent and leaves
the critical range when the live load is around 1.7 Hz, which is
a significant number of people on the tower.

In this paper it is assumed that sightseers’ stream is up and
down the same and therefore longitudinal sightseers’ force
component compensate each other and looked only at lateral
force component influence on the tower’s vibration. To
mention that the accidental situation - intentional tower
swaying was not analysed.

Fujino [3] has estimated from the video recording of a
moving crowd that minimum 20% of the pedestrians were
walking on the bridge synchroniously with the bridge’s lateral
vibration, which had the frequency of about 0.9 Hz and the
amplitude of 10 mm [6]. Similar process of the tower
sightseers’ synchronization is assumed to happen, because it is
natural for a man to compensate an additional lateral
movement of his centre of gravity by swaying with the
structure’s displacement. The initial amplitude of 10 mm is
1/3350 of the sightseeing tower’s deflection and it can be
easily initiated by wind forces.
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Fig.5. Calculated natural frequencies of the tower as a function of the
applied live load

In this study the range of sightseers’ synchronisation has
be taken from 15% to 30%, looked at the initiated acceleration
from this phenomenon and presented in Figure 6.
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Fig.6. Maximum resonance acceleration

During the sightseers’ synchronization with the structure,
their step frequency matches with the tower’s natural
frequency. The calculated resonance maximum acceleration is
presented in Figure 6 and shows that the average comfort level
for the tower visitors is when the sightseers’ stream does not
exceed 0.75 kN/m?. It corresponds to 180 sightseers with the
average weight of 75kg.

When a higher live load and degree of synchronization is
present, the acceleration increases to the unacceptable level. If
15% of synchronization occurs, the allowable live load will be
almost 2kN/m? untill the unacceptable level is reached, in
comparison with the synchronization level of 30%, when the
unacceptable level will be reached with the 1.2 kN/m? live
load.

IVV. CONCLUSIONS

According to the analytical calculations of the existing 34
m high steel lattice sightseeing tower, the dynamic
performance is susceptible to the human induced vibrations. It
has been concluded that, for the steel lattice tower type
structures with natural frequencies close to the lateral pacing
frequency, it is important to take into account the potential live
load for the tower’s modal mass calculations.

The existing sightseeing tower in Dzintari has the critical
natural frequency for the torsional mode shape. Therefore,
even the relatively light live load induces tower vibrations
created by the sightseers’ pacing force longitudinal
component. The additional increase of a live load adds
transversional vibrations created by the sightseers’ pacing

15



Scientific Journal of Riga Technical University
Construction Science

2011
Volume 12

force horizontal component and depends on the degree of the
sightseers’ synchronization. There is a necessity of further
research to evaluate the degree of the human synchronization
effect during operation of the tower type structure. The
recommended maximum allowable live load to meet the
average degree of comfort level for the tower visitors is 135
kN in respect to the tower transversional vibrations. No
resonance accelerations for the torsional vibration mode,
which could further limit the maximum live load, have been
calculated in this study.
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Liga Gaile, Ivars Radins. Cilvéku izraisito svarstibu ietekme uz konsoles veida konstrukcijam

Terauda torni galvenokart tiek aprékinati uz v&ja slodzu iedarbi, nenemot véra cilvéku slodzi. Térauda skatu torpiem, kas ir saméra vieglas konstrukcijas, cilvéku
masas un parvieto$anas izraisitas slodzes var butiski iespaidot gan passvarstibu frekvences, gan svarstibu amplitiidas un paatrinajumus. Tapéc, projektgjot térauda
skatu torpus ar rezgotu karkasu un zemu passvarstibu frekvenci, nepiecieSsams izvertét mijiedarbibu starp cilvékiem un konstrukciju. Drosas ekspluatacijas un
pielaujama cilvéku komforta nodro$inasanai raksta tick analizéta torna konstrukcijas darbiba cilvéku kustibu izraisito slodzu ietekmé. Cilvéki parvietojoties rada
dinamiskas, laika mainigas slodzes vertikala, garenvirziena un $k@rsvirziena, kuru frekvences ir tuvas konstrukcijas paSsvarstibu frekvencém. Uz torpu
konstrukcijam bitiskako iespaidu atstaj garenvirziena un $kérsvirziena slodzes, pie kam pirmas izraisa torna vérpes, bet otras - Skérssvarstibas. Gajju
izraisitajam slodzém raksturigs sinhronizacijas efekts - cilveki instinktivi reagé uz konstrukcijas kustibam gadijuma, kad konstrukcijas passvarstibu frekvence ir
tuva cilvéku dabisko kustibu frekvencei. Apskatiti dazadi cilveku uzvedibas un konstrukcijas darbibas sinhronizacijas limeni, ka ar to iedarbiba uz konstrukciju
kopuma. Darba analizétas iesp&jamas svarstibu formas eso$am 34 metru augstam skatu tornim ar rezgotu terauda karkasu. Konstatéts, ka skatu torna passvarstibu
frekvences ir butiski atkarfgas no apmekl&étaju skaita. Aprékinu rezultati rada, ka pie mazas slodzes (mazs cilvéku skaits) diskomfortu var izsaukt vérpes
svarstibas. Palielinoties slodzei, vérpes svarstibu passvarstibu frekvence iziet no cilveku kustibai raksturiga frekvencu diapazona un aktualas kliist svarstibas
Skersvirziena, kuru passvarstibu frekvences mazas slodzes gadijuma ir arpus bistamo frekvencu diapazona. Analizes rezultata iegiitas rekomendacijas maksimali
pielaujamam cilveéku skaitam, kur§ var vienlaicigi atrasties uz torpa, ar mérki garantét konstrukcijas ekspluatacijas droS$ibu un komfortu. Analiz&€amas buves
dinamiskas Tpasibas noteiktas, izmantojot galigo elementu modeléSanas panémienu.

Jlura Iaiisie, UBapce Papunbin. Biusinue kosie6anuii, BbI3BAHHBIX JIIOAbMH, HA COOPY KeHHs] KOHCOJIbHOI0 THIIA

CrasbHble BBIIIKH, B OCHOBHOM, PaCCUHTaHBI Ha BO3/EIICTBHE BETPOBOI Harpy3KH, Oe3 yueTa Harpy3KH, BHI3BAHHOH JTIOABMH. J{JIs CTAIBHBIX CMOTPOBBIX BEIIIICK,
KOTOpBIE SIBIIOTCS] CPAaBHUTEIBHO JITKIMH KOHCTPYKIMSAMH, Macca JII0ied U Harpy3KH, BI3BaHHbIE HX IIEPEMEIICHHEM, MOTYT CyIIECTBEHHO MOBIUATH KaK Ha
JaCTOTHl COOCTBEHHBIX KOJEOAHUH, TaKk M HAa aMIUIUTYAbl KoineOaHuii M yckopeHus. I1odToMy HpH IPOEKTHPOBAHHM CTAalIbHBIX CMOTPOBBIX BBIIIEK C
peneTyaThIM KapKacoM W HH3KOHW 4acTOTOH COOCTBEHHBIX KOJICOAaHMH HEOOXOAMMO YYHTHIBATH B3aHMMOJCHCTBHE COOCTBEHHBIX KOJEOAHMII KOHCTPYKLIHH H
KoJieOaHuil, BBI3BAHHEIX JBIOKEHHEM Jofei. Llenpio TaHHOro HMCciemoBaHus sBIsETCS OOecreueHne IPHEMIEMOTro YPOBHsI kKoMdopTa rojeil u 6e3omacHon
9KCILTyaTanud. JIIogu mpu IepeMeleHHH CO3[aloT AWHAMUYECKHE, M3MEHSIONNeCs BO BPEMEHH HArpy3KH B BEPTUKATLHOM, IPOJOIBHOM H IONEPEUHOM
HaINpaBJICHHUAX, YACTOTHl KOTOPBIX ONM3KH K 4acTOTaM COOCTBEHHBIX KoJeOaHWi KOHCTpYKIWMi. [ BhIeK HanOosee 3HAYMMBI HATPY3KH B NPOAOIBEHOM U
TIOTIEPEYHOM HAIPABJICHUSX, IPHYEM HEpBbIC CO3MAI0T KOleOaHUs KPydeHHs, a BTOpBIC - MonepeduHsle konebanus. /sl Harpy3oK, CO3IaHHBIX IEMEeX0JaMH,
xapakTepeH dQ(eKT CHHXPOHH3AIUH - TIOAM HMHCTUHKTHBHO PEAarupyioT B OTBET Ha KoJIeOaHHs KOHCTPYKIMH, KOTJla 4acTOTa COOCTBEHHBIX KoyeOaHHI
KOHCTPYKIMHU ONIM3Ka K 9aCTOTE €CTECTBEHHBIX IepeMeleHni moaei. PaccMOTpeHB! OTAeNbHbIC YPOBHH CHHXPOHU3AIHYU [OBECHHS KOHCTPYKI[UH U JIIOJCH, a
TaKKe MX BO3JCHCTBHE HAa KOHCTPYKIMIO B IeloM. B paboTe mNpoaHaNM3MpOBaHBI JHHAMHYECKHE XapaKTEPUCTHKH BO3MOXHBIX (opM KoieOaHuMi
CYIIECTBYIOIIEH CMOTPOBOII BHIMIKY BEICOTOH 34 MeTpa cO CTaIbHBIM pelIeT4aThiM KapKacoM. Pe3ynbTaTel pacueTa MOKa3bIBAIOT, YTO COOCTBEHHBIE KOIEOaHMs
CMOTPOBOH BBIIIKK CYIIECTBEHHO 3aBUCST OT KOJIMUeCcTBa noceruteneid. [Ipu HeOonmbmoi Harpy3ke (Maixo moceTuTenell) MpUYMHON AUCKOM(OpTa MOTYT CTaTh
KonebaHus KpydeHus. IIpu yBenuueHHH Harpy3Kd 4acToTa COOCTBEHHBIX KOJIEOAHMU KPYYEeHHs BBIXOAWT U3 JHAIa30Ha 4acTOT XapaKTEPHOTrO JUII Harpy3ok
BBI3BaHHBIX NTEPEMEIICHUEM JIFOJICH 1 aKTyaJIbHBIMH CTAQHOBSITCS ITONIEPEUHbIe KoIeOaHusl, COOCTBEHHBIE KOJICOAHNS KOTOPBIX NMPU MaJIbIX HArpy3Kax HaXOJIATCs
3a IpefenaMd KpPUTHYECKOrO JHAala30Ha 4acToT. Pe3ymbTaToM aHamm3a SBISIOTCS PEKOMEHIAUH [0 MAKCHMAlIbHO AOMYCTHMOMY KOJIHYECTBY YEIOBEK,
OJHOBPEMEHHO HAaXOSIIMXCS HAa BBIMIKE, U oOecredeHHs Oe30MacHOi JKcIuTyaTanyu. FccienoBaHHe IUHAMHYECKOTO IOBEACHUS aHAIM3HPYEMOTO
COOPY’KEHHS BBITIOJIHAJIOCH HA OCHOBE METO/Ia KOHEUHBIX 3JIEMEHTOB.
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