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ABSTRACT 

In recent years, among 36 states, approximately one half of them had problems with 

the flow induced vibrations of cantilevered support structures. Generally, the vibrations 

occurring were reported to be in the in plane of the structure (vertical-plane vibrations of 

the mast arm) in a direction which is normal to the direction of the wind flow. As a result 

of these high amplitude vibrations, some of the signal structures failed and collapsed due 

to fatigue. Many engineering structures besides traffic signal lights are subjected to 

vibrations which are mostly random in general. These systems may also fail due to 

fatigue resulting from high amplitude vibrations. 

In this research, an autoparamertic damper was introduced. The energy dissipation 

from the beam to the pendulum was observed. A new methodology for locating the 

position of the ball was also introduced. In this method, infrared diodes were used to 

determine the position of the ball. The ball itself behaves as the intermpter of the light 

beam. When the light beam is intermpted, the output shows a peak and these peaks are 

the points where the ball stays at that instance. 

In the lab, random and deterministic experiments were conducted. Both of these 

tests gave insight about the dynamic characteristic of the damper. The damper will be 

tested also in the traffic signal stmcture located at the Texas Tech University Wind 

Engineering Research Field Laboratory (WEFLR). 

This study mainly investigates the potential of a novel absorber with an application 

to the traffic signal structure. 

VI 
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CHAPTER 1 

INTRODUCTION 

1.1 Introductory Remarks 

An autoparametric damper was planned to build to mitigate the vibrations of 

traffic signal stmctures. The structure is under a complex loading that is not clearly 

understood yet. There are four main types, galloping, vortex shedding, natural wind gusts 

and truck-induced vibrations (Kaczinski et al., 1998). These may affect the system either 

combined or individually. There is a lot of research on these subjects. The effect of 

turbulence on lightly damped flexible structures is still fairly new and developing area of 

study. 

Many researchers are spending time on finding feasible solutions for such kind of 

problems. Moreover, the studies on wind induced vibrations are also continued to 

improve the structures. A good analogy is a lightly damped flexible stmcture and the 

cantilever arm of the fraffic signal stmcture. The outcomes of lab experiments are used 

on the real life situations to enhance vibration performance. In itself, the wind induced 

vibrations is a very wide topic and only the parts that are applicable to out problem were 

explained and discussed in the following pages. The complexity of the problem and the 

number of variables can be better imderstood after the introduction section. 

Prior studies on the mitigation techniques for mast arm oscillations were 

demonsfrated and discussed. So that, the damper developed after with this study can be 

compared to previous results. 

Autoparametric vibration attenuation issue is discussed in detail to clarify the idea 

behind the operation principle of the device. Whenever possible, comparisons and 

discussions were added to go into deeper analysis ofthe systems. 



1.2 Loading Tvpes of Wind-Induced Vibrations 

1.2.1 Galloping 

Originally, this term was used to indicate slow motions with large amplitudes on 

freely suspended cables, high tension lines, etc. (Kolousek et al.,1984) . Galloping and 

vortex shedding lock-in are aeroelastic (stmcture interaction with the loading) 

phenomena occurring as a result of a coupling between the aerodynamic forces acting on 

a stmcture and the stmctural vibrations (Novak, 1969). Galloping-induced vibrations 

mainly occur in flexible, lightly damped stmctures with non-symmetrical cross sections. 

Therefore, circular cross sections do not develop any lift force which is directed normal 

to the flow direction because of the symmetry at all angles of attack. However, a wide 

variety of cross sections, square, rectangular prismatic members and mostly ice-coated 

power lines are subjected to galloping (Blevins, 1977). Galloping is caused by the forces 

created when the stmctural element is subjected to periodic variations of the angle of 

attack. The variation in the angle of attack is satisfied by the oscillations of the stmcture. 

The amplitude of the oscillations gets larger when the direction of the oscillation and the 

forces are aligned (Kaczinski et al., 1998). 

When the aerodynamic forces act in the reverse direction of the oscillation of the 

stmcture, the vibrations tend to diminish. Thus, there are two cases to be discussed: the 

first case, where the amplitude ofthe oscillations gets larger, an aerodynamically unstable 

system; the second case, where the amplitude of the oscillations diminish, an 

aerodynamically stable system. 

The stability of the stmcture can be determined by determining the aerodynamic 

force on the stmcture and using the equation of motion to study the small perturbations 

from the static equilibrium position (Blevins, 1977). 



Figure 1.1 Aerodynamic Forces Acting on a Vertically Oscillating Stmcture. 

The aerodynamic force acting on the stmcture depends on the relative speed, Vf. 

The angle ofthe flow with regard to the stmcture is. 

a = tan"'(—) 
V 

(1.1) 

The lift and drag forces resulting from the relative wind velocity Vr are given by 

the following formulas. 

F,=^PK'C,A (1.2) 

F^ = ^PK'C,A (1.3) 

where Q is the lift coefficient, Q is the drag coefficient, p is the density of air and A 

is the cross-section area ofthe stmcture. The net vertical force acting on the stmcture is. 

F^ = -^pV'C^A. (1.4) 



In Eq. (1.4), C^ is the aerodynamic force coefficient and expressed by, 

C'̂  = - ^ ( C , cosa + C,jSina) (1.5) 

and the velocity ratio can be written as, 

V 
-^ = seca . (1.6) 
V 

Eventually, using Eq. (1.6) and Eq. (1.5) in Eq. (1.4), 

1 2 :. 

F, = — p A V (CiCosa + CoSina)sec or. (1.7) 

The forced equation of motion of a spring-mass-damper system is given by 

Eq.(1.8), 

my+2mCy(o^y+k^y = ~pV^C^A (1.8) 

the natural frequency ofthe stmcture is, 

a>^={k^lmf\ (1.9) 

For small angles of attack, C can be expanded as. 

C =c + '^"''^a + Oia^) (1.10) 
y y(a=o) da 

and rewritten and inserted in Eq. (1.8), 

C , = S „ . , f [ ^ + C „ „ „ ] | + 0 ( / ) (1.11) 

' ' 2 m da 
y+(.2i,,»,+^-M—^+Cm.^,ny+<»;y'0. (1.12) 



The first term in Eq. (1.11) has no effect on the stability of the stmcture. 

However, the second term forms the aerodynamic damping and is included in the total 

damping coefficient ofthe system. The total damping coefficient is 

2 w da 2 ^ . ^ . + : ^ 7 : M ^ ^ ^ + C,,,„.o)]=^r • (1-13) 

The system is aerodynamically stable if Dj^>Q and unstable if D^<Q. As 

mechanical damping is a positive term, the aerodynamic damping determines the 

stability. The second term in Eq. (1.13) is used to determine the susceptibility ofthe 

stmcture to galloping, 

( ^ ) | „ . = - ( ^ . Q ) | „ . > 0 . (1.14) 

This is commonly referred as the Den Hartog stability criterion (Hartog, 1956). 

The criterion states that a section is dynamically unstable if the negative slope ofthe lift 

curve is greater than the ordinate ofthe drag curve. As seen in Eq. (1.14), when the slope 

of the lift force coefficient normal to the free stream velocity is positive, then the total 

aerodynamic damping coefficient term is negative. This is called "negative aerodynamic 

damping". As mentioned, for the system to be unstable, meaning that it is susceptible to 

galloping, the total damping coefficient must be negative. Therefore, the magnitude of 

the negative aerodynamic damping should be greater than the magnitude of the positive 

mechanical damping. Thus the minimum wind velocity (onset velocity) to start galloping 

is proportional to the mechanical damping of the stmcture (Novak, 1972). This wind 

velocity is also proportional to mass and stiflfiiess and to the inverse ofthe slope ofthe lift 

force coefficient, C^. As a result of this, if the Den Hartog stability criterion is satisfied, a 

cantilevered support stmcture, being a highly flexible stmcture with low damping, is 

susceptible to gallop-induced vibrations at low wind velocities (Kaczinski et al., 1998). 

As discussed before, because of the symmetry of the circular cross section, the circular 

cylinders are not susceptible to galloping instability. However, there are signs and signals 

attached to the cantilevered support stmctures, and these attachments totally change the 

aerodynamic characteristics ofthe stmcture. McDonald et al. (1995) conducted tow tank 



tests to determine the aerodynamic forces acting on eight different configurations where 

the signals are mounted parallel to the mast arm. These configurations include rear and 

front flow directions, signs with and without backplates and different angles of 

connection of the signs to the mast arm. The configurations are given in Figure 1.2. The 

following figures Figure 1.3 and Figure 1.4 show the tow tank experiment results for the 

fourth and fifth configurations. These results are selected from the study by McDonald et 

al. (1995) so that an unstable and a stable system can be compared and so that the 

susceptibility of the cantilevered support stmctures to galloping can be discussed. Figure 

1.3 shows a signal attachment, subjected to a flow from the rear without a backplate. The 

slope ofthe aerodynamic force coefficient is positive, dC^ /<ia > 0 for -10 <ar < 3, which 

makes the stmcture aerodynamically stable in this range. However, for 3<a<10 the 

slope is close to zero, meaning that there is a neutral dynamic stability (McDonald et al., 

1995). Figure 1.4 shows an aerodynamically unstable stmcture for all angles of attack. 

This stmcture has the most significant disadvantage to gallop-induced oscillations. 

McDonald et al. (1995) also conducted field experiments on two different 

cantilevered signal support stmctures. One ofthe stmctures had a 40 ft. (12.2 m) arm, 

which does not satisfy the current TxDOT specifications, and the other had a 48 ft. (14.6 

m) arm. The dynamic characteristics of the second signal stmcture make it very 

vulnerable to galloping when the direction and speed of wind and the correct angles of 

signal head arrangements are satisfied. The main purpose of the experiment was to 

determine the responses of these stmctures imder galloping-induced oscillations. The 

arms are placed in an orientation so that the galloping vibrations may occur. Two 

dynamically stable signal lights were attached to the 40 ft. (12.2 m) arm. With different 

wind speeds, galloping was not observed. The experiment was repeated using the 

unstable signal head configuration (Figure 1.4). As expected, galloping was observed, 

with free end displacement amplitudes up to 12-16 in. (30-40 cm). The same results were 

observed using tiie second stmcture with a 48 ft. (14.6 m) mast arm. In this stmcture, 

galloping occurred at a wind velocity of 4.5 m/s (11 mph). The maximum stress range in 

the vertical support (330 mm (13 in) away from the base) was 34 MPa (4.9 ksi). 
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Figure 1.4 Cpy versus Angle of Attack for Configuration 5 (McDonald et al., 1995). 

Fatigue cracks are expected to form imder this stress level for the most 

cantilevered support stmcture connection details (Kaczinski et al., 1998). Kaczinski et al. 

(1998) performed wind-turmel experiments on the scale-models of cantilevered support 

stmctures. Aerodynamic and aeroelastic tests were conducted. In order to extend the 

previous research, vertically mounted signals configured with and without backplates and 

signs were used. 

The Den Hartog stability criterion states that the aerodynamic characteristics of 

the stmcture are one of the main factors that make it susceptible to the galloping 

phenomenon. The aerodynamic tests were run imder static conditions to measure the 

aerodynamic forces. Then these forces were used to determine the potential susceptibility 

of a stmcture to gallop-induced oscillations. The aerodynamic tests results correlated with 

tiie previous research results (McDonald et al., 1995). Again, signal attachments with a 

backplate and a rear wind flow (both with and without backplates) were more susceptible 

to galloping. However, tiie aerodynamic tests did not provide any information about the 



dynamic behavior of the cantilevered support stmctures subjected to galloping and 

vortex-shedding. Therefore aeroelastic tests were performed to measure the magnitude of 

the moments that occur during galloping and vortex-shedding, at the base vertical 

supports of the test specimens (Kaczinski et al., 1998). There were five different 

specimens, where two of them were cantilevered support stmctures (one of them shown 

in Figure 1.6 had a tapered mast arm, the other specimen had a prismatic mast arm) with 

signal attachments, and the rest were with signs. However, this study concentrates on the 

cantilevered support stmctures with signal attachments, so the sign attachments will not 

be discussed in detail. The results ofthe experiments showed that even tough galloping is 

possible for most types of signs and signal stmctures; however, the galloping 

phenomenon is very sensitive to specific conditions and does not occur frequently. The 

researchers had problems in reproducing galloping in the wind tunnel experiments even 

with a stmcture with very low damping. For example, one of the two identical 

cantilevered stmctures in a different area but under similar conditions and with the same 

orientation did vibrate, whereas the other did not. This shows that galloping depends on 

dynamic properties ofthe stmcture, dynamic characteristics ofthe signal attachments and 

characteristics ofthe flow. 
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Figures 1.6-1.7 present the effects of backplates and the direction of flow. In the 

first case witiiout a backplate and flow from front, the specimen did not exhibit 

significant gallop-induced oscillations. In the second case, when the backplates are 

attached, the flow direction is very effective and makes the structure susceptible to 

galloping. If the flow is from the front, there is no significant effect, but a rear flow as 

seen in Figure 1.7 (b) is very effective and causes severe oscillations (Kaczinski et al., 

1998). 

Figures 1.8-1.9 show the time histories ofthe dynamic response ofthe rear flow-

backplate case for three different velocity values. As the velocity increases, the 

magnitude of the lift moment increases with regard to the drag moment, which is a 

characteristic ofthe galloping phenomenon (Kaczinski et al., 1998). For low velocities, 

there is no significant increase in the magnitude of the lift moment. However, increasing 

the velocity increases the magnitude, so the galloping instability becomes apparent. Once 

the instability starts, the resulting across-wind resonant vibrations increase as the velocity 

increases. However, this behavior is not totally reversible; once the galloping starts, the 

resulting across-wind vibrations remain even with the reductions in the flow velocity. 

This is an important perspective with respect to fatigue, as the damaging stress cycles 

may remain in galloping-induced oscillations even with the reductions in the velocity of 

tiie flow (Kaczinski et al., 1998). 
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1.2.2 Vortex-Shedding 

Vortex-shedding is another important topic that should be discussed to 

understand the fluid flow and stmcture interaction. Vortex-induced vibrations have been 

studied for a long time and still go on. The main research is directed toward determining 

the interaction and response of the stmctures. Mitigation of large amplitude vortex-

induced vibrations is also studied. 

Vortex-shedding, just like galloping, forms during steady, uniform flows, and 

produces oscillations in a plane normal to the direction of the flow (Kaczinski et al., 

1998). As the flow goes through a rigid obstacle, such as a cylinder, the high fluid 

pressure near the leading edge pushes the developing boundary layers on both sides ofthe 

cylinder. Near the widest section ofthe cylinder surface, the boundary layers detach from 

the surface and form two free shear layers that sweep behind in the flow. As the iimer 

portion of the free shear layers moves more slowly than the outer portion, the free shear 

layers tend to shape into discrete, swirling vortices. These vortices interact with the 

cylinder motion and are the source of the effects called vortex-induced vibrations 

(Blevins, 1977). According to the theorem of conservation of vorticity, an arising vortex 

in the fluid gives rise to another vortex on the opposite side ofthe cylinder. The resulting 

velocity field produces a periodic lift force which is directed normal to the flow direction 

and toward lower local pressures (or higher velocities) (Kolousek et al., 1984). The 

oscillating force starts the so called vortex-induced vibrations. 

The flow characteristic depends on the Reynolds number (Re). At very low Re 

numbers, the flow does not separate. As the Re is increased, a pair of vortices is formed 

right behind the cylinder. As the Re is fiirther increased, tiie vortices elongate in the flow 

direction; their length increases linearly v̂ dth the Re until the flow becomes unstable 

around Re -40. Then the vortices break and a periodic, spread vortex sfreet is formed. Up 

to Re 150, tiie vortex street is laminar, but grows in width as it travels downstream for 

several diameters. The initially staggered wake develops into two parallel rows of 

vortices, or the vortex-trail. Von Karman's inviscid theory states that this vortex 

formation is stable whenever the distance between tiie rows and the distance between the 
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vortices are in the ratio of 0.28. At a Re of 300, the layer separates and breaks up into a 

turbulent wake. The separation point moves forward as the Re is increased. 

f** < i REGIME OF UNSEPARATEO FLOW 

5 TO IS < Rt < 40 A FIXED PAIR OF FOPPt 
VORTICES IN WAKE 

40 < Bt < 90 AND 90 < H« < 150 
TWO REGIMES IN WHICH VORTEX 
STREET IS LAMINAR 

150 < Re < 300 TRANSITION RANGE TO TURBU
LENCE IN VORTEX 

300 < Rt ^ 3 X 10^ VORTEX STREET IS FULLV 
TURBULENT 

3 X 10* ^ Re < 3.5 X 10* 

LAMINAR BOUNDARY LAYER HAS UNDERGONE 
TURBULENT TRANSITION AND WAKE IS 
NARROWER ANO DISORGANIZED 

3.5 X 10^ < fl( 
RE-ESTABLISHMENT OF TURBU
LENT VORTEX STREET 

Figure 1.11 Regimes of Flow Across a Cylinder (Chen, 1987). 

At a Re about 3*10^, depending on the free stream turbulence and the surface 

roughness, the flow separation point moves backward. At the transition range (app 3*10^ 

to 3.5*10^), the drag drops and the vortex shedding is disorganized. The range from 300 

to approximately 3*10Ms called the subcritical range. The supercritical range is Re 

higher tiian 3.5* 10^ and as seen from Figure 1.11, tiie vortex streets are reestablished 

(Chen, 1987). 
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The frequency of the vertices that are shed from the cylinder is a function of 

dimensionless Sfrouhal number (St), the cylinder diameter (D) and the free stream flow 

velocity (V). The relation is given as, 

^ St.V 
fs=-^- (115) 

The Strouhal number is a fimction of the Re number and the relation is given in 

Figure 1.12. In the subcritical region, St is between 0.18-0.2., so in the subcritical flow, 

there is one well defined frequency. As long as this frequency is lower than the natural 

frequency of the stmcture, no oscillations or small amplitude oscillations at this 

frequency occur. However, when the frequency ofthe vortex shedding approaches one of 

the natural frequencies of the stmcture, large amplitude vibrations and high stress ranges 

take place. In order to make the stmcture vibrate, a small excitation force must act for a 

fairly long time, such as the wind blowing at the resonant speed for a long period. It can 

be assumed that for the wind velocities 15-20 m/s (35-45 mph), the flow is so non

uniform that the symmetric formation of periodic vortices is limited. On the other hand, 

wind velocities below approximately 5 m/s (11 mph) can not generate enough force to 

overcome light stmctural damping. Therefore, the wind velocities that initiate vibrations 

are from 5 m/s (11 mph) to 15 m/s (35 mph). Assuming this is the case, the vibrations 

should cease as the wind velocity increases. However, sometimes it is observed that as 

the wind velocity increases, tiie frequency of the shedding increases with regard to 

Eq. (1.15). When the frequencies come close, the vibration amplitudes ofthe stmcture 

become large, but fiirther increase ofthe velocity will not affect the shedding frequency, 

and it remains close to this natural frequency. Thus, the natural frequency of the vortex 

shedding becomes coupled to the natiiral frequency of the stmcture. This is called the 

lock-in effect (Figure 1.12) (Kolousek et al., 1984). The critical wind velocity is derived 

from Eq. (1.15), 

V =^^^, (1-16) 
V 

where /„ is the natural frequency ofthe stmcture. 
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In tiie transcritical region, the vortex shedding is much weaker and it is hard to 

define an accurate shedding frequency. In this region, the vortex shedding frequency is 

defined in terms of the dominant frequency in a broadband frequency range (Blevins, 

1977). Random and disorganized vortex shedding is less energetic, for which reason it is 

hard to initiate vibrations in this range (McDonald et al., 1995). In the supercritical 

region, S, seems to remain constant at 0.27, with strength in vortex shedding (Figure 

1.13). 
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Figure 1.12 Lock-in Schematic (Kaczinski et al., 1998). 
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The wind velocities required to initiate the vortex-shedding in the supercritical 

region are well above the previously discussed velocities, so a symmetric, uniform flow 

cannot be satisfied. This can be seen in Figure 1.14. Therefore, subcritical regime should 

be considered in order to evaluate the susceptibility ofthe cantilevered support stmctures 

to vortex-shedding. 
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Figure 1.14 Required Wind Velocities to Initiate Vortex-Shedding in Supercritical 
Region (Kaczinski et al., 1998). 

In the subcritical region, the critical velocities are calculated using Eq. (1.16). For 

the calculations the natural frequency is assumed to be 1 Hz. and the Strouhal number is 

selected as 0.18. This value is taken from Figure 1.13. The diameters used in the equation 

are typically used in signal, sign and luminaire support stmctures (Kaczinski et al., 1998). 

Remembering that the minimum flow velocity should be at least 5 m/s (11 mph) to 

initiate the vibrations, the results are compared. Figure 1.15 shows that all the velocities 

necessary to start lock-in are below the minimum wind velocity. Thus, the vortex 

shedding phenomenon is not an important factor to initiate oscillations in tiie cantilevered 

support stmctures (Kaczinski et al., 1998). 
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Figure 1.15 Critical Wind Velocities for Lock-In in Subcritical Reg. 
(Kaczinski et al., 1998). 

The water table experiments conducted by McDonald et al. (1995) are in 

correlation with the results previously discussed here. The data from the experiments are 

used to calculate the vortex shedding frequency in air for wind velocities of 4.5 m/s (10 

mph) and 9m/s (20 mph). 
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Table 1.1 Water Table Results (McDonald et al., 1995). 

Configuration 

Octagonal Arm Alone 
Circular Arm Alone 
C. Arm and Signal (1 in.& vertical) 
C. Arm and Signal (1 in.& vertical) 
C. Arm and Signal (3 in.& vertical) 
C. Arm and Signal (3 in.& vertical) 
C.Arm and Signal (1 in. & horizontal) 
C.Anm and Signal (1 in. & horizontal) 
C.Arm and Signal (3 in. & horizontal) 
C.Anm and Signal (3 in. & horizontal) 

Flow 
Direction 

Front 
Back 
Front 
Back 
Front 
Back 
Front 
Back 

sSing -=«<"--» 
4.5 m/s (10 mph) 
3.8 
4.5 
2.1 
1.8 
2.5 
1.7 
2.1 
2.2 
1.7 
2.5 

9 m/s (20 mph) 
7.7 
8.9 
4.3 
3.6 
5 
3.4 
4.2 
4.4 
3.5 
5 

As discussed before, for lock-in to occur, the vortex shedding frequency should be 

close to the natural frequency of the system. The natural frequencies of the cantilever 

support stmctures are approximately 1 Hz (McDonald et al., 1995). Comparing the 

results in Table 1.1 with the natural frequency of a cantilevered signal stmcture, it is clear 

that the vortex shedding frequencies are very high. Therefore, the lock-in condition can 

only occur for velocities lower than 4.5 m/s (10 mph), which is not strong enough to start 

vibrations. For tapered supports, vortex shedding can not occur all over the surface but 

only over a fraction, for which reason they are less susceptible to vortex-induced 

vibrations. Tow tank experiments were also conducted by McDonald et al. (1995) to 

make sure that the results do match. The configurations given in Figure 1.2 were used. 

The variety of edges and comers on tiie signals led to a disorganized, turbulent flow field, 

and that made it hard to find a dominant shedding frequency. Compared to tiie single 

arm, traffic signals caused three-dimensionality, more surface roughness, and shorten 

aspect ratios leading to more random and frequent vortex shedding (McDonald et al., 

1995). However, Kaczinski et al. (1998) calculated tiie critical wind velocities at tiie 

onset of lock-in from signal attachments and showed tiiat horizontally mounted signal 

attachments may have no effect as they are not deep enough, but tiiat vertically mounted 

lights witii deptiis ranging from 900 mm to 1300 mm (35 to 51 in) could be susceptible to 

vortex-induced vibrations. The aeroelastic experiments showed tiiat none of tiie 
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specimens (previously described in galloping) were susceptible to vortex-induced 

vibrations. Another experiment without the attachments was conducted as shedding of 

vortices from the horizontal mast arms was (tapered and prismatic) expected. Again, the 

critical velocities were less than 5 m/s (11 mph). It was concluded that vortex-shedding is 

not the main reason of the large amplitude vibrations of the cantilevered support 

stmctures. Only stmctures with horizontal supports of relatively large diameter are 

susceptible to vortex shedding (Kaczinski et al., 1998). Tapered stmctures do not seem to 

be affected from vortex-induced vibrations. It can be concluded that galloping is the main 

cause of large amplitude wind-induced vibration of signal stmctures. 

1.2.3 Natiiral Wind Gusts 

Kaczinski et al. (1998) included the effects of natural wind gusts in their report. 

One of the reasons for fatigue cracking may be these fluctuating velocity components, 

which oscillate in a broadband of frequencies as a result of turbulence. The variations in 

the velocity of the flow cause pressure differences on the stmcture and may lead to 

initiating vibrations. Unlike galloping and vortex shedding, the response to natural wind 

gusts is variable and randomly distributed. Variable stress ranges in response to natural 

wind gusts may result in the fatigue cracking, of cormection parts ofthe stmcture, due to 

long-term interaction. In order to estimate the maximum pressure applied on the 

stiiicture, a gust factor is used. A gust factor is the ratio of the expected maximum 

displacement (load) during a specific period to the mean displacement (load) (Kaczinski 

et al., 1998). This factor may be used to determine the design wind pressure and helps to 

convert the expected maximum dynamic wind loading to expected maximum static wind 

pressure. The AASHTO specifications indicate the use of a gust factor of 1.3 in tiie 

design of sign, signal and luminaire supports. Current problems reported tiiat the going 

over tiie ultimate strength of cantilevered support stiiictures has been exceeded due to 

extreme gust loading conditions (Kaczinski et al., 1998). If the damping of tiie stiucture 

is high, tiien there will not be any problems associated witii tiie natiiral wind gusts, but for 

lightiy damped stiiictiires such as tiie cantilevered support stiiictures, tiie natural wind 
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gusts may still cause excessive displacement and fatigue cracking (Kaczinski et al., 

1998). 

1.2.4 Tmck-Induced Vibrations 

The tmcks passing by the cantilevered support stmctures tend to induce gust loads 

on the frontal area and the underside of the attachments and the members mounted on the 

mast arms of these stmctures. The loads are more significant on the sign-support 

stmctures because of the large effective areas. The magnitude of the wind gust pressures 

is much larger than that of the pressures from tmck-induced loading (in the horizontal 

direction). However, they also exert pressure in the vertical direction, and the projection 

area is the depth of the attachment. Depending on the depth of the attachments, the 

bending moments due to the wind gusts may be even larger than those of galloping. 

Therefore, the vertical loads are important for fatigue (Kaczinski et al., 1998). 

Cook et al. (2000) in a previous research in 1996 studied the wind pressures given 

off by semi-tmcks along a major highway. The pressures recorded were lower than the 

pressures that can be produced by the winds at the same speed. However, it is also 

reported that the tmcks produced wind gusts around 2 Hz and 0.5 Hz, whereas mast arm 

stmctures from 30 ft to 70 ft in length have frequencies from 1.4 Hz to 0.6 Hz. Therefore, 

tmck-induced wind gusts may be responsible for the oscillations in the long mast arms 

located at high speed roads (Cook et al., 2000). 

1.3 Current Research on Wind-Induced Vibrations 

With the development of computer programs and processors, it is increasingly 

convinient to do numerical analysis. Current researchers mostly use computational 

methods to analyze the behavior and characteristics of wind-induced vibrations (Mittal & 

Kumar, 2001). However, tiie research still concentrates on the low Reynolds Numbers, 

because ofthe randomness included in higher Re values. On tiie otiier hand, elastic and 

tapered stmctiires are also of concern because of tiieir importance in the engineering field 
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(Zhou et al., 1999). Another part ofthe study concentrates on the responses of cylinders 

with low mass ratio (the ratio of system mass to displaced fluid mass) and low damping 

ratios (tiie ratio of system damping to critical damping) (Khalak & Williamson, 1997). 

Mittal and Kumar (2001) used computational methods to investigate the vortex-

induced vibrations of a light circular cylinder placed in a uniform flow where Re is in the 

range of 10 -lO'*. Stabilized space-time finite element methods are used for the 

computations. This method was introduced by Tezduyar et al. (1992). The cylinder was 

mounted on lightiy damped, flexible supports so that it would vibrate in the in-line and 

cross-flow directions. Their previous research (Mittal & Tezduyar, 1992) was with a Re 

of 290-300 and the cylinder was subjected to in-line and cross-flow vortex-induced 

vibrations. It was concluded that for the in-line oscillations at a certain frequency, a 

symmetric mode of vortex shedding was observed, and for the cross-flow vibrations, 

lock-in and hysteresis phenomena occurred (Mittal & Kumar, 2001). 

Later, Mittal and Kumar (1999) used a Re of 325 and the computations were 

carried out using a lighter cylinder. They observed another phenomenon, which they refer 

to as "soft-lock in." When the natural frequency of the stmcture (Fs) was slightly higher 

than the natural frequency of vortex shedding (Fo), the vortex shedding frequency of the 

oscillating cylinder did not match the stmctural frequency. A slight detuning occurred 

and increased as the natural frequency of the stmcture moved away from the natural 

frequency of the vortex shedding. Soft lock-in was observed only in the light cylinders. 

As the weight of the cylinders increased, the frequencies shifted toward the stmctural 

frequency of the oscillator (Mittal & Kumar, 2001). Then, Mittal and Kumar (2001) 

increased Re to higher values (10 -̂10"*) in order to see the dependence ofthe results on 

Re and the mass of the oscillator. It was concluded that flows at lower Re showed that 

organized wakes and the motion ofthe cylinder, at least when close to Fo, attained a limit 

cycle. For higher Re values, the vortex shedding was disorganized and the cylinder did 

not reach a periodic solution. Moreover, the motion of tiie cylinder affected the fluid flow 

significantly, such as the vortex shedding frequency and tiie mode of the vortex shedding. 

For tiie oscillating cylinders, in certain cases, the swinging of tiie wakes from side to side 
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around the center line and mode competition was observed (Mittal & Kumar, 2001). 

"Self-limiting" of the oscillation amplitude behavior due to the flow changes and 

aerodynamic forces acting on the cylinder was reported. Soft lock-in was also concluded 

to be another self-limiting process for light cylinders that exhibit high amplitude 

vibrations (Mittal & Kumar, 2001). 

Zhou et al. (1999) conducted a numerical study of a uniform flow past an elastic 

circular cylinder using the discrete vortex method combined with the vortex-in-cell 

technique (VIC). This method was introduced by Christiansen (1973). The discrete 

vortex method was first proposed for inviscid flows and fiirther extended for viscous 

flows mixing with the random walk technique (Chorin, 1973; Stansby & Smith, 1983 ) 

and a finite difference scheme (Graham, 1988). As discussed earlier for higher values of 

Re, the flow becomes random and disorganized, which increases the computation time. 

Therefore, the VIC method was introduced which uses Poisson equation for the stream 

fimction rather than the Biot-Savart law to determine the velocity field, which decreases 

the computation time (Zhou et al., 1999). 

The Re for the calculations was 200 and the cylinder motion was modeled as a 

spring-mass-damper system. Application of numerical methods is still limited because of 

the complexity of the problem. Conventional methods typically decoupled the flow 

solution from the stmctural problem (Hall, 1994), for which reason they are not usefiil for 

understanding the interactions between the fluid and the stmcture. Another proposal was 

for the use of a time marching technique that iterates for the interaction of every step 

(Jadic et al., 1998; So et al., 1998). Zhou et al. (1999) used VIC where a finite difference 

scheme is used to solve a two dimensional flow passing an elastic circular cylinder. Two 

groups of computations were carried out. In the first one, the cylinder was allowed to 

oscillate only in the fransverse direction, whereas in tiie second one the cylinder was free 

to vibrate in botii the fransverse and sfreamwise directions. It was found tiiat the 

fransverse vibration amplitiide could be as high as 0.57 D, and at tiiis maximum 

amplittide, tiie vortex pattern in the wake undergoes significant changes leadmg to tiie 

modifications of the vortex frails. It was also presented tiiat streamwise motion of tiie 
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body did influence the motion in the fransverse direction, even though the transverse 

vibration is dominant for a bluff body in the cross flow. Therefore, a one degree of 

freedom model may not be a good representation of vortex-induced vibrations (Zhou et 

al., 1999). 

An experimental study was completed by Khalak and Williamson (1997), using a 

circular cylinder imder vortex-induced vibration to determine the effects of mass ratio 

and damping ratio in a regime of very low mass and low damping. Two separate regions 

of the high amplitude response curve were identified which were referred to as "upper" 

and "lower" branches of response. This response type is the main study of many 

researches as for different mass and damping ratios. Mainly different responses were 

produced. This response is numerically and experimentally studied and will be discussed 

in the following pages. The overall range of excitation and the shape of response could be 

well defined by the mass ratio, but the level of maximum excitation in the upper branch 

seemed to be a fimction ofthe combined mass-damping parameter. 

Govardhan and Williamson (2000) tried to complete and answer some of the 

questions that were left open in the study by Khalak and Williamson (1999).The main 

research was still directed to understand the response and the modes that exist in the 

response of an elastically mounted rigid cylinder in a fluid flow where the mass and the 

damping were at very low levels. Moreover, to imderstand the effects of mass ratio on the 

frequency response and at figuring out the two phase jumps (mode jumps) that occur at 

sufficiently low mass and damping. For the first in a free vibration study, digital particle 

image velocimetry (DPFV) technique was used to determine the vorticity field, 

simultaneously with force and displacement measures. This method is a planar optical 

measurement technique which measures the particles (1-50 microns) in air in the flow 

field using a charge coupled camera. For fiirtiier information on the technique, Adrian 

(1991) and Wemet (2000) can be reviewed. The questions were answered by using two 

formulations for the equation of motion. These were the 'total force' and tiie 'vortex 

force.' The vortex force was related to tiie dynamics of vorticity. A critical mass ratio 

was derived at 0.54. For lower mass ratios tiie lower branch could never be reached 
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(Figure 1.16). It was also concluded that 2P mode was a steady state periodic vortex 

wake mode and was highly repeatable (Govardhan & Williamson, 2000). Further 

discussion ofthe 2P and 2S responses will be on the following pages. 
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Figure 1.16 Schematic Diagram ofthe Low Combined Mass-Damping Parameter type of 
response showing the three branches (initial, upper and lower) and the two mode 

jumps (Govardhan & Williamson, 2000). 

The patterns of the response were presented by the visualization of the flow 

behind an oscillating tapered cylinder where Re was in the range of 400 to 1500. The 

cylinder was tapered at a ratio of 40:1 and it was moving at a constant speed of U while 

being forced to oscillate in the transverse direction (Techet et al., 1998). The resuUs 

showed that within a certain parametric range a hybrid mode formed, which consisted of 

two different patterns along the lengtii of the cylinder. At the larger diameter side two 

vortices per cycle (2S pattern), whereas on the smaller diameter side four vortices per 

cycle (2P cycle). However, within tiie lock-in region and above the threshold amplitude, 

no cells formed, and a single frequency of response was dominant. One ofthe questions 

answered by Govardhan and Williamson (2000) was already answered in this research 
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(Techet et al., 1998) tiie two patterns of mode are phase locked, and the mode is period 

and persistent. 
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Figure 1.17 The Three Response Branches (Initial, Upper and Lower) 
(Williamson, 2002). 

Zdravkovich (1996) discusses the different modes of vortex shedding in means of 

different flow patterns that can occur depending on the factors that affect the vortex 

shedding. These are the Re and the mass and damping ratios. Previous researches have 

been discussed and this discussion included the 2P and 2S cycles and the mode jumps. It 

was just an overview ofthe observed modes of vortex shedding. 

Again, one of the relatively recent researches by Blackburn et al. (2000) presents 

the first comparison between the numerical analyses and the experiments in the vortex-

induced, where both fluid and mechanical dynamic parameters have been matched in 
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order to make a reasonable comparison. The experimental results showed good 

agreement with the three distinct branches which were previously discussed. The three 

dimensional responses were similar in both the character ofthe response and the response 

amplitudes. However, it was concluded that in absence of turbulence, two-dimensional 

simulations are inadequate for predicting the fiill nature of the response of the slender 

cylindrical stmctures. It was even inadequate for understanding the vortex-shedding 

mechanics, even at low Re values. This result was also found to be valid for both free and 

forced cylinder vibrations. This may be the reason why the current researches on the 

vortex-induced vibrations are also intensively concentrating on the experiments. Many 

optical methods are used to validate the results that are generated by the numerical 

methods. The 2P shedding mode was again touched, and it was found that high Re 

numbers establishes this mode better. 

Another recent publication by Fujarra et al. (2001) presents the results of an 

experiment dealing with the vortex-induced vibration of a flexible cantilever in a fluid 

flow. The vibration of the stmcture was restricted to be in transverse dfrection. The 

difference between this study and some of the others, such as the studies by Govardhan 

and Williamson (2000) and by Khalak and Williamson (1997), is that a flexible cantilever 

is used rather than an elastically mounted rigid cylinder, which in this project makes 

more sense, as the traffic signal stmctures can be modeled as a flexible cantilever. Again, 

tiie stioicture had very low mass and damping. The elastically mounted rigid cylinders 

showed a three branch amplitude response, but the flexible cantilever had a different 

response. The initial branch (Figure 1.18) and the lower branch still existed for tiie 

flexible cantilever. It only showed a two-branch response. Different experiments were 

conducted with two identical cantilevers: In one of them, strain was measured to analyze 

tiie body dynamics; in the otiier one, optical techniques were used to monitor tiie tip 

motion. Even tiiough the amplitiide of the cantilever changes along tiie length, the 

cantilever and tiie elastically mounted rigid cylinder showed similar response. Moreover, 

a high-speed mode of large amplitiide response was found outside tiie synchronization 

regime. This was concluded to be a coupling between tiie transverse and streamwise 
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vibrations. A similar idea was also presented by Zhou et al. (1999). They commented that 

tiie sfreamwise motion ofthe stmcture influences the transverse motion, making a large 

amplitude response likely to occur (Figure 1.18). 
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Figure 1.18 Amplitude Response ofthe Flexible Cantilever in the Transverse Direction. 
Filled Squares show the increasing velocity, empty squares show the decreasing 

velocity (Fujarra et al., 2001). 

Currentiy, it can be said that there is more research on vortex-shedding is more 

than on galloping. There are only few papers studying galloping-induced vibrations, and 

only limited numbers of experiments have been conducted. Most of the studies are 

analytical, predicting or finding the exact solutions for the relations between the cross 

flow velocity and the amplitude of galloping oscillations. The recent smdies on galloping 

are discussed in the following pages. 
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Coriess and Parkinson (1993) used a semi-empirical mathematical model based 

on the Hartlen-Currie (Hartlen & Currie, 1970) mode of vortex-induced vibrations and 

the quasi-steady model of Parkinson and Smith (1964) to find the combined effects of 

vortex-induced vibration and galloping. In 1988, Coriess and Parkinson used the method 

of multiple scales (Nayfeh & Mook, 1981) to analyze the model. However, the primary 

resonance region solution was less satisfactory. In the later research (1993), a more 

appropriate asymptotic solution of the model equations was used, which makes the 

solution process more valid (Coriess & Parkinson, 1993). It was reported that the 

accepted solution behavior of the pure Hartlen-Currie model was captured with more 

detail, whereas the method of solution also agrees with previous solutions of the 

Parkinson and Smith quasi-steady model of galloping. However, the comparison showed 

only a qualitative agreement with the previous experimental results with Berger (1987). 

The quantitative results were better in the pure vortex-induced case (Coriess & 

Parkinson, 1993). 

In 1996, Kazakevych and Vasylenko developed an analytical relationship between 

the amplitude of galloping and cross-flow velocity of a rectangular cross sectional 

cylinder. The closed analytical solution was based upon two-dimensional considerations. 

This was because the cross-sectional dimensions of objects under consideration are small 

compared with their length, as in cables. It was found that the amplitudes of galloping 

oscillations begin to increase very fast at a critical wind velocity (Figure 1.19). This 

critical velocity equation was generated in the study. It was concluded that these solutions 

might be used for precise determination of sfresses and deformations of flexible prismatic 

stmctures and their components under the effects of air flow. 
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Figure 1.19 Relationship Between Oscillation Amplitude and Flow Velocity 
(Kazakevych & Vasylenko, 1996). 

Another approach was using finite element formulation to analyze the galloping 

limit cycle oscillations of a suspended, elastic cable by White et al. (1998). In nonlinear 

oscillations, the limit cycle is used for natural constant amplitude vibrations of a 

nonlinear system. It represents the condition at which the work done on the system by 

some external force over the course of one cycle is equal to the work done by the 

nonlinear system on the environment. It may also be described as the energy balance 

(White et al., 1998; originally Hunt & Richards, 1969). It was determined that the 

fimdamental frequency of galloping was aerodynamically dependent, and that it differed 

from the frequency predicted by in-plane analyses. The reason for this was horizontal lift 

force being non-zero and creating a horizontal load on the line beyond that which was 

produced by the drag forces (White et al., 1998). 

Haaker and Van Oudheusden (1997) considered a one-degree of rotational 

freedom mechanical oscillator in a uniform wind field. Again quasi-steady approach (at 

each instant, the unsteady forces are taken equal to tiiose occurring in an equivalent 

steady situation, where there is some relative motion between tiie stiiicture and flow) was 

used to determine tiie aerodynamic forces. It was concluded that large wind speeds 
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increased the aerodynamic terms and became comparable in magnitude with elastic 

forces. The other findings were: a non-harmonic stable limit cycle with a strongly 

amplitude- dependent oscillation frequency; increased limit cycle amplitude with 

increased wind speed, and a critical wind speed where the system became globally 

unstable. The experiments showed that the critical wind speed was lower than the 

theoretical wind speed, due to the effect of the strong unsteady component of the 

aerodynamic forcing (Haaker & Van Oudheusden, 1997). 

1.4 Mitigation Techniques for Flow-Induced Vibrations 

Flow induced vibrations are becoming more of a concern today, because of the 

tendency to use more flexible and higher stmctures. With advances in materials 

technology and computer aided design, the stmctural stiffness can be less due to the 

reduced safety margins. For a given strength, lighter materials and lower weight-induced 

sfresses are preferred, leading to increased flexibility which makes the stmcture 

susceptible to flow-induced vibrations. A variety of dampers were developed and tested 

to mitigate flow-induced vibrations (Modi & Seto, 1998). In tiie followdng pages, a 

review of these approaches is presented. 

Pulipaka et al. (1998) presents and analyses the results of the wind-tunnel 

experiments conducted to evaluate a mitigation technique and to find another explanation 

for large amplitiide vibrations occurring at the fraffic signal stmctiires. As discussed in 

tiie previous pages, tow tank and water table experiments were completed at Texas Tech 

University. The results showed that some of the orientations of tiie attachments were 

more susceptible to gallop-induced vibrations (backplate-flow from behind). However, 

tiie reason for the large amplitiide vibrations was not only galloping, but may have been a 

combination of tiiese effects togetiier. Therefore, some alternatives to current ideas were 

developed such as the flutter theory and tiie tiirbulence influence on galloping. Galloping 

can also be modeled as a single-degree-of freedom flutter in the linear domain. The eff-ect 

ofthe tiirbulence was not clearly understood. It may even increase or decrease tiie onset 

velocity at which tiie galloping starts. Therefore, it may be an important issue that should 
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be clarified to help understand the dynamics of the three-dimensional and high Re 

number interaction of a traffic signal and galloping. The wind tunnel experiment showed 

that tiie onset velocity for negative aerodynamic damping was around 8 m/s, which was 

very close to the result found by Kazakevych and Vasylenko (1996). As a mitigation 

technique, plate airfoils were discussed. Two different types of wings were tested, a flat 

plate and a flat plate with rounded edges. The attachment which was most susceptible to 

galloping vibrations was used in the experiments. The wings proved to attenuate the 

vibrations where the plate with rounded edges was more effective. However, the onset 

velocities gathered in field experiments were not in good agreement with the wind-tunnel 

tests. It might have been because of the different geometric ratios and flow conditions 

used in the wind tunnel, such as the smooth flow in tunnel vs. turbulent flow in the field. 

It was concluded that the damping plates worked effectively and that putting the damper 

in different locations might increase the effectiveness. Again, however, there may be 

many factors that may change the effectiveness of the wings, such as the distance 

between the wing and the cantilever and the effect of unsteady flow conditions. 

Venkatraman and Narayanan (1993) developed an active method to control the 

vortex-induced vibrations of a circular cylinder and galloping vibrations of a square 

prism. Active control of stmctures involves both increasing the system damping and 

stif&iess as well as balancing the effect of extemal excitation or disturbance. The 

balancing force applied to the stmcture depends on the measurement of the response of 

the system. Therefore, a feedback control is available in the system. Active vibration 

control systems are capable of on-line regulations and modifications of control 

parameters to compensate for diverse and unseen conditions (Venkatraman & Narayanan, 

1993; Inman, 2001). The algorithms for the control were based on the disturbance 

accommodating confrol (DAC) (Johnson, 1971, 1976, 1988). This metiiod requires the 

spectral information ofthe excitation and a confroller which calculates an estimate of tiie 

excitation amplittide from the system output, so tiiat this estimated excitation amplitiide 

can be used as a feedforward control loop to counteract excitation which is named 

Luenberger observer (Luenberger, 1971). In the case of vortex-induced vibrations, tiie 
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cylinder was modeled as a single-degree of freedom (SDOF) linear damped oscillator and 

the fluid motion as a Rayleigh oscillator, whereas galloping oscillations were modeled as 

a SDOF limit cycle system with cubic and higher order non-linearities in the velocity 

term (Venkatraman «& Narayanan, 1993). It was concluded that the vibration suppression 

was complete, as opposed to the other active control systems where the effective damping 

of the system was modified but the oscillations of the stmcture were not suppressed 

completely. 

Another analytical study of a galloping tall flexible stmcture with a square cross 

section and a passive tuned mass damper (TMD) was completed by Abdel-Rohman 

(1994). Adding a TMD increased the degrees of freedom ofthe system, which eventually 

made the problem analytically more complex to solve. In order to overcome this 

complexity, equivalent damping of the stmcture was used. The results of the analytical 

solutions showed that the onset wdnd speed at which the galloping started would be 

increased by introducing moderate damping to the stmcture by using a passive tuned 

mass damper where the TMD parameters were tuned to the first mode natural frequency 

ofthe system. 

A novel suppression technique was proposed by Sugiyama et al. (1996). This was 

initially presented to show the feasibility ofthe idea rather than to serve as a prototype of 

a damper confroller. The technique was based on an internal flowing fluid which 

stabilized the stmcture by dissipating vibrational energy. The fluid was discharged at a 

contt-olled speed when the microcomputer used ui the experiment setup detected that the 

amplittide of the displacement at the tip of the cantilever was larger than a previously 

specified threshold value. Then this fluid at the free end of the stioictiire dissipated the 

part of the kinetic energy and elastic energy contained in the horizontal motion of the 

system. For this technique, the flexible stmctiire should have a free discharge end. The 

experiments proved that the vibration was suK)ressed with tiiis method. 
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Figure 1.20 Cantilevered Pipe With Fluid (Sugiyama et al., 1996). 

Poh and Baz (1996) proposed another active vibration control technique for small 

amplitude vortex-induced vibrations of flexible cylinders using a robust adaptive Least 

Mean Square (LMS) algorithm introduced by Widrpw et al. (1967). The algorithm, being 

adaptive, rejects the effect of the periodic vortex-induced excitations which act 

persistently on flexible cylinders. Another advantage is that it can accommodate a 

considerable amount of uncertainty about the system dynamics or parameters. The LMS 

controller manipulates the vortex shedding excitation signal to generate the balancing 

action by driving a set of piezo-electric actuators. These actuators were stuck to the outer 

surface ofthe cylinder (Figure 1.21), so that they could develop the forces necessary to 

balance the disturbances. 
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Figure 1.21 Working Principle ofthe LMS Control (POH & BAZ, 1996). 

The actuators expand and contract depending on the voltage applied across or 

opposite from the polarization axis. The experiments showed that the effectiveness ofthe 

controller in suppressing the vibration amplitude of the cylinder for different vortex 

shedding frequencies. Using pressure transducers instead of the hot wire anemometer, as 

used in this experiment, and using pressure transducers to control the in-line oscillations 

would make the damper more practical to use. 

Another numerical study was completed by Modi and Seto (1997), on the control 

of vortex and galloping-induced oscillations using passive rectangular nutation dampers. 

Nutation forms when an unbalance occurs in the spin motion. The energy was dissipated 

with a sloshing liquid. The nonlinear effects such as wave dispersion, floating particle 

interactions and wave breaking were also taken into accovmt in the analysis. The research 

mainly included the numerical simulation of sloshing liquid (shallow water model was 

used), numerical prediction ofthe stioicttiral response under tiie vortex resonance witii the 

existence of a rectangular nutation damper. Experiments were also conducted to compare 

witii the results ofthe numerical analysis. The damped and tiie undamped response of tiie 

stiTicttire were compared using numerical and experimental approaches. The numerical 
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approaches were proven to be successful in predicting the free surface dynamics and 

reduced damping. Furthermore, the numerical analyses were also successftil in predicting 

the vortex resonance response. 

Continuing with an experimental study for understanding the effectiveness of the 

rectangular nutation dampers and optimum system parameters. Modi and Seto (1998) 

conducted wind-tunnel experiments. These dampers would be more appropriate to use in 

tiie tall buildings and offshore stioictures. However, it will still be discussed in this project 

so that the reader comprehends the problems associated with the dynamics of the 

vibrations and the mitigation techniques. The experiments showed that the nutation 

dampers provided efficient mechanism for the energy dissipation in the means of the 

reduced damping parameter. The reduced damping parameter is a measure ofthe energy 

dissipation in means of the reduced damping parameter. The reduced damping parameter 

is a measure of the energy dissipated with liquid to that with an equal amount mass of 

solid. The tests were developed using another stmcture in front of the main stmctures, 

like in the wake of another stmcture. It helped the experiments to be more realistic. Even 

in the traffic signal case, the effects of vortex-induced vibrations, galloping vibrations 

and tmck-induced vibrations are acting at once, totally changing the dynamics ofthe flow 

before interaction. This problem increases the complexity of the problem at hand. 

Therefore, the interaction of the fluid with the cantilevered signal stmctures is not well 

understood yet. The individual experiments conducted with different flows (vortex, 

gallop, tmck-induced) did not show definitely the reason of oscillations (Kaczinski et al., 

1998). 

Owen et al. (2001) conducted another experimental study of passive control of 

vortex-induced vibrations study. The modifications were sinuous axis and hemispherical 

bumps attached on the cylinder. The previous experiments carried out in the past years 

showed tiiat the vortex shedding from tiie bluff bodies could be weakened, and in some 

cases totally suppressed when the fiow separation lines were forced to be sinuous. A 

critical value was found where the vortex shedding was suppressed. This happened when 

peak-to-peak wave height, w to wavelength, A was above the critical value. The 
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suppression of the vortex shedding was satisfied for a wide range of Re numbers. The 

waviness of the stmcture also helped reduce the drag. As discussed before, galloping 

phenomenon occurs in anti-symmetric stmctures. Therefore, the waviness in the stmcture 

may also affect gallop-induced vibrations. A drag reduction of 47% was recorded for a 

circular cross-sectional body with a wavy axis. Above a certain value of wave steepness, 

vortex shedding was obsolete. Likewise, by attaching hemispherical bumps, similar 

effects were observed. Dependence of the angle of attack could be altered or attenuated 

by attaching the bumps in a spiral pattern (Figure 1.22). 

7/J-

Figure 1.22 A View of Circular Cylinder with Hemispherical Bumps (Owen et al., 2001). 

It was proposed that, for lower values of the mass and damping ratios, vortex-

induced vibrations can be totally suppressed for a cylinder witii bumps ratiier tiian a 

circular cylinder. Again in anotiier paper by Owen et al. (2000), the flow visualization 

behind a wavy cylinder with Re=100 was presented. 

Mittal and Raghuvanshi (2001) sttidied the effect of placing circular cylinders 

behind tiie main cylinder, ft was stated that over a limited range of Reynolds numbers, by 

tiie proper placement ofthe cylinder, the vortex shedding could be totally suppressed. 

The proposed Re number was 80, but even tiiough for higher Re values tiie flow became 

unstable, tiie presence ofthe confrol cylinders still had a significant effect on tiie flow. 

Numerical sttidies were conducted to verify tiie experimental results of tiie previous 

research, ft was concluded that the results were in good agreement that with tiie proper 

selection of tiie location, the vortex shedding behind tiie main cylinder was totally 
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diminished. The amplitude of the time-varying forces was reduced when the flow was 

unsteady. 

Later, a numerical study of the flow past a cylinder under the control of two 

rotating cylinders was completed by Mittal (2001), confirm the idea proposed in the 

previous research. The rotating cylinders provided circulation and inject momentum from 

the outer region of the flow through the wake of the cylinder. The effects of the gap 

between the cylinder and the rotating cylinders and Re number were studied. The initial 

hypothesis was that if the gap was too large, even when the rotation ofthe cylinders were 

fast (so that they could generate enough circulation), their effect on the main cylinder 

would be low. Furthermore, if the gap was small, even the interaction of the cylinders 

would be high: there would not be enough space to generate enough circulation to 

achieve good control (Figure 1.23). 
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en 
Figure 1.23 Layout ofthe Main and Confrol Cylinders (Mittal, 2001). 

A stabilized finite element method was used to solve the incompressible Navier-

Stokes equations. The computations showed that, at high rotation rates, in purely two 

dimensional flows, very large lift coefficients were sustained. However, in 3-D 

computations, tiie aspect ratio of tiie cylinder was an important parameter for the amount 

of lift generated. Because of tiie instabilities and the separation of flow, a loss of lift and 

increase in drag was observed. For the velocity ratios (rotating cylinder/free sfream 

velocity) higher tiian 5, the flow at low Re numbers was steady. However, for Re=10^ 

the flow was unsteady but tiie wake was highly organized and narrow compared to 
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uncontrolled flow. Moreover, at low Re numbers, the coefficient of power necessary for 

the rotating cylinders was significant, whereas at high Re values, it was negligible. In all 

cases, the drag coefficient and the unsteady aerodynamic forces acting on the stmcture 

were reduced in the control of the rotating cylinders. The reduction in the aerodynamic 

forces led to a decrease in the flow-induced vibrations. 

1.5 Review ofthe Previous Research on Mitigation Techniques 

As galloping and vortex shedding are aeroelastic phenomena, meaning that there 

is an interaction between the stmcture and the loading, changing the dynamic properties 

of the stmcture or changing the aerodynamic characteristics of the stmcture or the 

attachments may help to mitigate vibrations (Kaczinski et al., 1998). For the galloping 

phenomenon, the dynamic properties could be changed so that the onset wind velocity is 

greater than the wind velocity. Furthermore, for vortex shedding, critical wind velocity of 

the lock-in phenomena should be arranged so that it would not fall in the range of wind 

velocities (5 m/s (11 mph) to 15 m/s (35 mph)) where vortex shedding is not of 

importance. Changing the stmcture's mass, stiffness and/or damping can modify the 

dynamic properties. However, there are limitations on the modifications because of the 

current regulations on support stmctures, and the alterations may have diverse effects, 

such as increasing the susceptibility of the stmcture to altemative sources of vibrations. 

For example, changing the dynamic properties of stmcture considering vortex-induced 

vibrations may make the stmcture susceptible to galloping vibrations. Changing the 

geometric properties of the members or installing an extemal device to provide positive 

aerodynamic damping helps attenuate galloping-mduced oscillations as the aerodynamic 

properties of the members or attachments are modified. For vortex-induced vibrations, 

symmetric and uniform formation of the vortices at a well-defined frequency must be 

prevented. The possible modifications were discussed in the previous section, such as 

using a stmcture with sinuous axes, bumps, etc.Thus, any kind of passive vibration 

absorption method would help change the aerodynamic characteristics of the stmcture. 

Again, the method proposed for use in the stmcture may have diverse effects, e.g., helical 
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stipes which were used to mitigate vortex oscillations proved to increase drag (Owen et 

al., 2001). The additional possible causes of wind-induced oscillations ofthe cantilevered 

signal support stmctures were natural wind gusts and tmck-induced wind gusts. Unlike 

the aeroelastic phenomena, these loads are aerodynamic and there is negligible 

interaction between the loading and the stmcture (Kaczinski et al., 1998). Therefore, 

changing the dynamic properties of the stmcture has no effect on mitigating these kinds 

of vibrations. In conclusion, increasing the damping of the stmcture by adding extemal 

damping devices has been proposed and different kinds of damping devices were tested 

both in the lab and in the field. This section of the thesis lists and reviews the damping 

devices that were tested up to now. To date. University of Wyoming, University of 

Florida, and Texas Tech University have proposed and tested extemal damping devices. 

Before a discussion ofthe dampers, a quick review ofthe locations where the cracks start 

will be presented. The critical locations (fatigue-sensitive locations) have to be 

determined before designing or proposing a damping device. 

Figure 1.24 Possible Crack Locations (Hamilton et al., 1998). 
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List of dampers tested for various universities: 

University of Wyoming (Hamilton et al., 1998) 

- Tuned Mass Damper 

Viscoelastic Dampers 

a. Viscoelastic Pads (Elastometric Pad) 

Viscous Dampers 

Viscoel£istic Spheres 

Impact Dampers 

a. Hapco Impact Damper 

b. Flat-bar Impact Damper 

c. Sfrand Impact Damper 

d. Shot-put Impact Damper 

Alcoa Dumbell Dumper 

Stmt with a Shock Absorber 

University of Florida (Kalajian, 1998) 

- Belleville Disc Springs (for mast-arm/ pole) 

- Neoprene Pad (for mast-arm/ pole) 

- Stockbridge Type Version Dampers 

- Batten Device 

- Liquid Tuned Damper 

- Tuned Mass Damper 

- Spring/ Mass Friction Dampers 

- Spring/ Mass Impact Friction Dampers 

- Woodpecker Damper 

University of Florida (Cook et al., 2000) 

- Roimd Impact Damper 

- Eight- Inch Tapered hnpact Damper 

- Long Four-Inch Tapered Impact Damper 

- Semi-Tuned Tapered Impact Damper 
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Texas Tech University (McDonald et al., 1995) 

Tuned Mass Damper 

Liquid Tuned Mass Damper 

- Plate 

A quick review of tiie damping metiiods will be infroduced in the following 

pages. After a literature review on the stmcture vibration control methods, different kinds 

of dampers which were tested on the traffic signal stmctures will be discussed. 

1.5.1 Viscoelastic Damping 

This is one of the passive vibration control methods used in reducing the 

vibrations by increasing the amount of damping in the stmcture. The dissipation of 

vibration energy into heat through viscous action is known as viscoelastic damping (Yi et 

al., 1996), and it is a result ofthe deformation ofthe viscoelastic materials (Nakra, 1998). 

The viscoelastic materials show both viscous and elastic behavior. An elastic material 

returns to its original position after being stretched and released. However, a viscous fluid 

keeps its extended shape. Therefore, the viscoelastic material returns to its original shape 

after being sfressed, but slow by enough to oppose the next cycle of vibration (Rao, 

2001). Polymeric materials and mbber-like substances such as plastic, silicone, neoprene, 

nylon, vinyl, and polyurethane show viscoelastic behavior. The complex modulus is used 

to denote the sfress-strain relation for a viscoelastic modulus, 

E' = E{\ + Tjj) (1.20) 

where rj is the loss factor and E is the Young's modulus for the viscoelastic material 

(Inman, 2001). When the material is subjected to cyclic sfress ( c r j and stt-ain {s^), the 

maximum energy stored and dissipated per cycle in unit volume is given by (Mead, 

1998), 
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max. energy stored 

energy dissipated per cycle 

-> ZU = cjl/2E = E£l/2 

-> SfV = 2;rTj„al/2E = 7rE'el 

(1.21) 

(1.22) 

In the above equations, E' is known as tiie loss modulus, and the material with a 

higher value of loss modulus will dissipate more energy per cycle. 

The material properties of the polymers are significantly dependent on the 

environmental effects such as temperature and frequency. At low temperatures, the 

polymer effectively freezes and has a very large storage modulus but loss factor is low. 

This first region is called the glassy region. The next one is called the transition region. 

As tiie temperature is higher than that ofthe first region, the material becomes softer and 

then turns into a mbbery state. The softening ofthe material increases the loss factor. The 

last region is the flow region, where the material becomes softer as the temperature and 

the loss factor increases (Figure 1.25). On the other hand, as the frequency increases the 

same effects can be seen, but in the reverse order (Figure 1.25). However, temperature 

changes are more effective on the polymer than frequency changes. A good 

understanding of these effects is necessary so that the materials can be selected and 

modified for different applications (Mead, 1998; Rao, 2001). 
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Figure 1.25 Storage Modulus and Loss Factor Dependence on Temperattire 
(Rao, 2001). 
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The main deformations that the viscoelastic material undergoes are the fluctuating 

direct sfrains and the shear strains, where the direct strain is a fimction of the local 

bending moment and the shear strain is a function ofthe local shear force (Mead, 1998). 

A viscoelastic stmcture is often added on the surface of a stmcture, and this is called free-

layer damping or unconsfrained layer damping. In this situation, the vibration energy is 

dissipated due to direct sfrains as the material will extend and compress in planes parallel 

to the main stmcture. The system loss factor, for this kind of application, increases with 

the thickness, storage modulus and loss factor of the viscoelastic material. Furthermore, 

the damping performance is independent of the mode shape of the vibration as the 

viscoelastic layer covers the surface (Rao, 2001; Inman, 2001; Nakra, 1998). 
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Figure 1.26 Storage Modulus and Loss Factor versus Frequency for Fixed Temperattires 
(Inman, 2001). 

Anotiier application of viscous damping is consfraining the viscous material with 

anotiier layer of metal. This case is called the constrained layer damping. As a result of 

this stiff metal layer, the viscoelastic material is forced to produce shear deformation. 

This method is more eff-ective as there are higher loss factors than in the case of free-

layer damping because more energy is consumed and dissipated into heat by the shearing 

deformation of tiie viscoelastic material. The symmetric formation ofthe stmctiire and 

tiie consfraining metal, such as same thickness and stiffness is, as yet tiie most effective 
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metiiod, as the shear deformation is maximized (Rao, 2001). Figure 1.27 shows the two 

possible attachment methods. Rao (2001) also discusses a tuned viscoelastic damper 

(TVD), which is similar to a tuned mass damper, except that a viscoelastic material is 

used to dissipate energy. This application is usefiil for a single frequency or a narrow 

band of frequencies. These dampers should be adjusted to work in the mbbery range, as 

the temperature effects may cause detiming when the viscoelastic material is designed in 

or close to transition range (the stiffness varies significantly in this region). If the TVD is 

timed properly, the peak is split into two, one below and one above the resonance 

frequency ofthe original system (Figure 1.28). 

(a) 

Viscoelastic 
material 

y/////M////////ML 

Longitudinal 
deformation 

Shear 
deformatior 

Figure 1.27 Basic Configurations for Viscoelastic Damping (Nakra, 1998). 
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Figure 1.28 Principle of Tuned Viscoelastic Damper (Rao, 2001). 
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1.5.2 Tuned Mass Damper 

Another passive confrol method for dissipating energy from a vibrating stmcture 

is the tuned mass damper (TMD). A TMD is basically a spring-mass-damper system. It is 

a single point device, meaning that on the one hand it is attached to the stmcture and on 

the other hand it is free (Kashani). TMD is tuned to the natural frequency or one of the 

resonant frequencies of the stmctures. At these frequencies, the vibration energy is 

transferred to the TMD and the oscillations are attenuated (Soong & Dargush, 1997). 

Thus, damping ratio and the tuned frequency determines the effectiveness ofthe damper. 

For this reason, the mass and the stiffness ofthe TMD are arranged to match the resonant 

frequency. Samali et al (1999), also added an actuator to the TMD in order to increase the 

effectiveness. This system is called an active tuned mass damper (ATMD). Wind turmel 

experiments are conducted to compare the effectiveness of ATMD with TMD. A control 

algorithm is necessary to calculate the response of the stmcture and to balance the force 

as a feedback. It was proven that using ATMD would be more efficient with regard to 

TMD. Some types of TMD's will be reviewed in the following chapters when the 

previous studies are examined. 

1.5.3 Impact Damper 

This is another passive vibration technique where by an impactor or particles of 

various sizes, shapes and materials is inserted in the cavity of the stmcture or in a 

container attached to the stiiicture. As the impactor or the particles hit the walls of the 

stmcture, momentum transfer and energy dissipation occurs and the kinetic energy is 

converted into heat and sound. These momentum exchanges between tiie stmcture and 

the impactor or particles cause the attenuation ofthe vibrations (Saeki et al., 2001; Soong 

& Dargush, 1997). However, if many particles are used in tiie cavity rather tiian just one 

impactor, tiiere will also be energy dissipation due to fiictional losses and particle to 

particle collisions. Therefore, higher damping is achieved witii regard to other techniques 

where tiie dissipation is converted to heat only. Moreover, tiiis technique is independent 

from the temperature effects and does not have an impact on the weight, stiffiiess and 
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strengtii of the materials (Friend & Kinra, 2000). As discussed before, the viscoelastic 

materials are very temperature dependent and that is a drawback for the applications. 

Using a single impactor is very simple and quite common in lightly damped stmctures. 

However, because of the impacts of the damper on the stmcture such as surface erosion, 

high noise levels, sensitivity to input excitation, the current research concentrates 

primarily on the particle impact damping. The studies showed that at frequencies at or 

below 20 Hz. the damper is effective. Some different types of impact dampers have been 

tested on the traffic signals, and these will be discussed in the review section. 

1.5.4 Viscous Dampers 

In viscous dampers, fluids are used for energy dissipation. Again, this is a passive 

vibration absorption method. Dashpot is a classical application of the method, where the 

vibration energy is converted into heat as the piston moves against a highly viscous fluid. 

In this application the efficiency increases as the viscosity ofthe fluid increases. Another 

application ofthe damper is flow of fluids in a closed container. As the liquid is forced to 

move against the moving piston and through the small orifices, high levels of energy 

dissipation are possible (Soong & Dargush, 1997). 

The following damping methods were not tested in any of the universities above. 

However, currently extensive research is being conducted on these methods. 

1.5.5 Active Control of Damping Using Smart Stmctures 

A smart or intelligent stmcture is equipped with sensors and acttiators with one or 

more microprocessors that take the response ofthe sensors and use distiibuted-parameter 

control theory to activate the actuators so that the balancing or counteracting force can be 

applied. Examples of these were discussed previously in tiie context ofthe mitigation of 

flow-induced vibrations section of the thesis, one of them was Venkaframan and 

Narayanan (1993) and the other was Poh and Baz (1996). However, tiie term smart 

stmcttires were not discussed in these papers. Smart stixictures have advantages such as 
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response to environmental changes such as load, temperature and shape. Therefore, 

extensive attention has been paid to the materials and the algorithms used in the active 

vibration confrol of these stmctures (Casciati & Magonette, 2000). Furthermore, the 

attenuation of vibrations, tiie interaction of the glue with the stmcture and the 

piezoelement has also been discussed widely (Osinski, 1998). However, active control 

systems have some application problems: they are hard to implement at high frequency 

ranges as the cut-off frequency is limited by the hardware used, the active control may 

become unstable depending on the control gains and it may be totally obsolete after 

adverse effects, reliability is imcertain (Balamumgan & Narayanan, 2002). In order to 

overcome these problems, a hybrid solution was tested in different researches. A 

combination of passive vibration absorber and active vibration absorber was tested to see 

the efficiency. 

Consfrained viscoelastic materials were used as passive vibration damper. The 

main idea was; the shear deformation ofthe viscoelastic layer was controlled by an active 

piezoelectric consfraining layer. The hybrid system acts as a smart consfraining layer 

damping treatment with built in actuation capabilities (Ray et al., 2001) as seen in Figure 

1.29. The passive damper helps to reduce vibrations at high frequency levels, reduces 

power consumption, and improves robustaess and reliability. Therefore the system is 

both reliable and smart (Balamumgan & Narayanan, 2002). Chantalakhana and Stanway 

(2001) used the same method to attenuate the vibrations of a clamped-clamped plate. The 

experimental results showed that the modes with frequencies ranging from 0 to 600 Hz 

were suppressed effectively. 
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Figure 1.29 Application of tiie Hybrid System to a Cylindrical Shell (Ray et al., 2001). 

50 



Anotiier application ofthe same idea was proposed by Bhattacharya et al. (2000). 

However, rather tiian viscoelastic material as a passive damper, ferro-magnetic 

material was used, and for the active damper magnetostrictive (Teflon -D). Again, the 

problems associated with the active dampers were repeated and a passive absorber was 

necessary. It was also observed that ferromagnetic material had high damping at low 

strain levels. The combined system was compared to individual dampers, and it was 

shovra that the hybrid system has higher damping than the active and passive systems 

individually. 

1.6 Experiments on Mitigating the Vibrations of Traffic Signal Stmctures 

The review of the damping methods will be organized under the name of the 

university where the experiments were completed. 

1.6.1 The University of Wyoming (Hamilton et al., 1998) 

Research at the University of Wyoming was conducted hypothesising that both 

in-plane and out-of-plane motions contribute significantly to the fatigue damage. Their 

observations showed that the tip of the mast arm was displacing in circular or elliptical 

motion. Therefore, the dampers were designed to damp out both in-plane and out-of-

plane vibrations. In a recent paper by Gray et al. (1999), at the University of Wyoming, a 

review of the current research was presented. It was reported that, field monitoring, finite 

element analysis (FEA) and laboratory testing of full scale models were used to 

understand the contributions of in-plane and out-of-plane vibrations to the oscillations. 

Field monitoring consisted of measuring the dfrection and speed of the wind and the 

sfrain in the mast arm in the in-plane and out-of-plane directions. Backplates were 

initially removed and then re-installed back for comparison. Figure 1.30 shows the resuhs 

ofthe field experiments over a six month period. 
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Figure 1.30 Field Data, No. of Cycles versus Stress (Gray et al., 1999). 

The FEA results were also in agreement with the field experiment results. It was 

found that the out-of-plane moment could cause sfress as much as 73.3 Mpa (10.5 ksi) in 

circumference dfrection and 46.2 Mpa (6.62 ksi) in the longitudinal direction, whereas in-

plane moment was creating 16.4 Mpa (2.35 ksi) in circumference direction and 20.3 Mpa 

(2.91 ksi) in longitudinal dfrection. 

The devices tested on the full scale models are listed and discussed below; 

1.6.2 Elastometric Pad 

An elastometric pad was placed in the mast arm and pole connection and at the 

base, ft was a 13 mm (1/2 in.) thick pad witii an 80 Shore "A" Durometer average 

hardness. As discussed in the dampers section, the viscoelastic dampers are more 

efficient under shear sfresses. The field test results showed tiiat a maximum damping 

factor of 5.1 (average was 2.8 %) was provided at tiie base and tiiis was the highest when 
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Figure 1.31 Elastometric Pad at the Base and at the Connection (Hamilton et al., 1998). 

compared to other configurations. It was discussed that the shear stress was caused as a 

result ofthe torsional deformations under out-of-plane vibrations. It also helped a little to 

mitigate in-plane vibrations as they also work under normal or bending stress. However, 

even though they are easy to apply to the traffic signals, the relative movement of the 

layers at the base may cause excessive loads on the anchor bolts and placing a pad to the 

existing stmctures would be difficult. Moreover, these pads are sensitive to temperature 

changes, and this may affect the efficiency. As shown in Figure 1.25, as the temperature 

decreases, the loss factor also decreases, which has an impact on the efficiency. 

1.6.3 Stmt 

A stmt was placed between the pole and the mast arm in the plane of the 

stmcture. An adjustable automobile shock absorber was attached on the stmt. The stmt 

worked effectively in damping the in-plane motion, but it did not affect the out-of-plane 

motion. However, if placed with an offset to with regard to the mast arm, it may be 

effective. The application and the damping response of tiie arm can be seen in Figure 

1.32. 
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Figure 1.32 Stmt Damper on Left and Tip Acceleration versus Time on Right 
(UWYO Kester Lab Web Page). 

1.6.4 Hapco Impact Damper 

An impact damper manufactured by Hapco was used in the experiments. This 

damper is used in the luminaries to suppress vortex-induced vibrations. It is an aluminum 

pipe with a Teflon ring placed loosely in it to satisfy impact when the stmcture vibrates. 

However, it was concluded that it was not very efficient for this application, as it was 

designed for different applications. 

1.6.5 Flat-bar and Strand Impact Damper 

Another impact testing was run using a flat steel bar with a steel weight 4.5 kg 

(10 lb.) attached to the mast arm. The weight impacts tiie flat-bar when the oscillation 

starts and the energy dissipation is sustained. 
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Figure 1.33 Flat-bar Impact Damper (UWYO Kester Lab Web Page). 

1.6.6 Sfrand-Impact Damper 

The experiments with the flat-bar showed that this idea would be useful. 

However, an increase in yielding was necessary without changing the stiffiiess. Then a 

sfrand impact damper was designed. The strand was a 13 mm (1/2-in) diameter high 

sfrength seven wfre sfrand. The span of the damper could be changed to control the 

damper's natural frequency. 
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Figure 1.34 Sfrand Damper on Left and Test Results on Right IP hi-plane, 
OP Out-of-plane (UWYO Kester Lab Web Page and Hamilton et al., 1998). 

The maximum damping was 1.6% whan tiie setting was near the nattiral fequency 

period of tiie mast ann. However, when tiie period is increased, tiie damping ratio 

behaved diversly for 250 mm OP, 360 mm IP and 460 mm IP. It was concluded that the 

sfrand damper perfonned particularly well for tiie in-plane vibrations and was effective 
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for tiie out of plane vibrations. However, fiirther testing would be necessary to find the 

most effective combination for the period. 

1.6.7 Shot-Put Impact Damper 

This damper was similar to Hapco Impact damper, but rather than an aluminum 

pipe, a steel pipe witii 9 kg (20 lb) steel shot-put was used. The steel end plates were 

adjustable so tiiat the test could be conducted for different gap lengths. In addition, the 

position of tiie damper was adjustable. It could be placed at 45 degrees of intervals to 

mitigate both in-plane and out-of-plane vibrations. The damper can be seen in Figure 

1.35. 
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Figure 1.35 Shot-put Damper on Left and Test Results on Right IP In-plane 
OP Out-of-plane (UWYO Kester Lab Web Page and Hamilton et al.,1998). 

In-plane tests were completed for 0 and 45 degrees and out-of-plane tests were 

completed for 45 and 90 degrees. It was shown that this damper provided damping in 

both dfrections. 

1.6.8 Alcoa Dumbbell Damper 

This damper was manufactured by Alcoa Fujikira, Ltd., to use for tiie ttibular 
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busses in electtical substations. It had a multi-wire cable with two 3.1 kg (6.9 lbs) 

weights suspended from the each end of the cable. The energy dissipation is satisfied 

from the fiiction between tiie cables. It provided little damping in both directions but it 

was small compared to other methods. 

1.6.9. The Universitv of Florida (Kalajian. 1998^ 

Kalajian initially attempted to mitigate the vibrations by using a damper at the 

mast-arm pole connection. Belleville disc springs and neoprene pad (similar to the one 

used in The University of Wyoming) was used for the tests. However, both of these 

methods proved to be inefficient. Therefore, after these attempts, it was determined to use 

a damper on the tip ofthe mast-arm. 

1.6.10 Stockbridge Type Version Dampers 

A flexible rod with a mass is attached to the tip of the mast arm to damp the 

vibration. The vibration energy is transferred through the rod to the mass. Different 

materials and stiffiiess of rod were tested. A batten was also used in the experiments. 

However, both of the dampers were ineffective in mitigating the vibrations. The batten 

damper even increased the oscillation amplitude. 

1.6.11 Liquid Tuned Damper 

In this type of damper, the moving or sloshing liquid is used to dissipate the 

energy. Water was used as the damping fluid because it is easy to clean and it is readily 

available. However, if used in the stmcture, evaporation will occur, making it necessary 

to conduct maintenance more often. Three different setups were tested. Initially, a 

sfraight PVC tube was attached to the mast arm with hose clamps. Water was added 

incrementally for the effects on damping to be observed. This metiiod proved to be 

ineffective. Later, when a U-tiibe was used rather than a straight tiibe, and the results 

showed tiiat the damping was 25% higher witii regard to sfraight ttibe. Finally, a longer 
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and higher tube was tested to see if the damping would fiirther increase with the height or 

length of the tube. The results showed that this damping method would not be sufficient 

to damp the vibrations. 

1.6.12 Tuned Mass Damper 

The properties of the tuned mass damper were discussed in the previous chapters. 

A mass and spring was used to damp the vibrations, and the frequency ofthe damper was 

matched closely to the frequency ofthe stmcture. The damper proved to be effective with 

a damping ratio of %6. However, as it is tuned to the frequency of the stmcture, a lot of 

modification would be necessary to make the damper work in different traffic signal 

stmctures. The schematic ofthe system can be seen in Figure 1.36. 
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Figure 1.36 Tuned Mass Damper Experiment (Kalajian, 1998). 

1.6.13 Spring Mass/Friction Damper Application 

Friction or viscosity was added to a timed mass damper to see whether an 

improvement was possible or not. Different modifications were made to the timed mass 

damper, such as material ofthe housing (to analyze the friction effects), damping liquid 
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and mass shape. For tiie fiiction dependency, the diameter ofthe mass was selected to be 

slightly smaller tiian the diameter of the tube or pipe. The frequency range was in the 

range of traffic signal stmcttires (0.5- 1.5 Hz). Two experiments were conducted using 

bungee cords in a PVC tube and a galvanized tube. Both devices improved the damping 

ofthe stmcture; the damping ratio was twice as high in the latter one. Then oil was added 

to the damper in order to increase damping and showed good results. 

Another experiment was completed using a tension spring. Again oil was used as 

a damping fluid, and it was reported that the damper was effective. However, these 

devices are very tall, because ofthe pipes used . The rest ofthe efforts were to shorten the 

structure without changing the damping characteristics. Compression springs were used 

in a shorter tube, but the damping ratio drastically decreased. 

1.6.14 Spring/Mass Impact Friction Dampers 

Still trying to improve the damping and to shorten the damper, a combination of 

the tension and compression spring devices was used. This worked very well and a 9.5 % 

critical damping was satisfied. Later, impact effect was also included, and a tapered 

spring mass system was used so that the mass would impact the reducer. However, it was 

still very long (46 in, 117 cm). Thus, different shorter dampers were tested. The spring 

was fixed into the mass and the housing was shortened. However, as there was limited 

space for the mass to move, this system was not as effective as the previous ones. This 

damper is shown in Figure 1.38. 

1.6.15 Woodpecker Damper 

As an impact damper application, a mass attached to a pivot point on the mast 

arm, supported with a spring was used. The mass hit the mast arm when the vibration 

started. This was not useful in mitigating the vibrations. 

Further research at the University of Florida was detailed in a research report 

dated of January 2000 by Cook et al. The goal in this research was to sustain a 5% 
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damping in each damping. The research started with one of the Kalajian's damping 

devices. It was a 4 by 2 in. tapered spring/mass impact damper. It was ineffective, so 

different types of dampers were tested in the following experiments. 

1.6.16 Round Impact Damper 

It was believed that the impact damping would be a good method to use. For the 

purpose of dissipating the vibrations in both directions, the mass was allowed to move in 

both a horizontal and a vertical direction. The device can be seen in Figure 1.37. 
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Figure 1.37 Round Impact Damper (Cook et al., 2000). 

The mass is attached to the upside of the round case witii a spring. The damper 

was not successful in mitigating the vibrations in the vertical direction but worked well in 

tiie horizontal direction. On the assumption tiiat letting tiie mass move in the horizontal 

direction would decrease the amplitude of the oscillations, this property was also taken 

into account when designing the other dampers. 

1.6.17 Long Four-Inch Tapered Impact Damper 

A long version of a tapered damper was constixicted to allow a variety of spring 

lengtiis and stiffiiesses and mass weights, in order to determine tiie frequency of tiie 
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damper at which the damping is most effective. For different frequencies of the damper, 

the critical damping was calculated in horizontal and vertical directions. No change was 

observed in the horizontal direction. For the 0.75 and 1 times, the frequency of the signal 

stmcture, the damping in the vertical direction was the highest. The next step was to 

understand the mass dependency of the damping. As the mass is increased in the impact 

damper, the percent critical damping also increased in both directions. The layout of the 

long four inch tapered impact damper can be seen in the next figure. An eight inch 

tapered damper was also tested, but it was observed that the damper was useless in both 

directions. 

&) 

Figure 1.38 Long Four-Inch Tapered Impact Damper (Cook et al., 2000). 

1.6.18 Semi-Tuned Tapered Impact Damper 

A complete design of a damper as a result of previous conclusions was proposed. 

The design is similar to tiie previous damper. The frequencies, tiie mass and tiie lengtii of 

tiie damper were all selected to be eflfective. Later tiiis damper was also tested on tiie field 

at different locations. This 3 ft long semi-timed impact damper worked well in the field. 
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It was reported that the vertical displacements were 0.5 in and horizontal displacement 

1.2 in whereas the ones without the damper were moving 4 to 6 in. vertically and 2 to 4 

in. horizontally. 

1.6.19 Texas Tech Universitv (McDonald et al.. 1995^ 

Three different damping devices were tested at Texas Tech University. Initially, a 

tuned mass damper and liquid timed damper were proposed, but neitherr technique was 

not recommended. Then a damping plate (wing) was designed. The results of the 

experiments will be discussed in the following pages. 

1.6.20 Damping Plate (Wing) 

A rectangular plate 9 in * 36 in (23 cm * 91 cm) was installed on the mast arm to 

test as a damper. A larger plate (16 in * 66 in ; 41 cm * 168 cm) was installed right above 

the traffic signal light, as it was proposed that it would be more effective in that location. 

It was reported that the wing was successful in mitigating the vibrations when there was a 

3 in (8 cm) space between the wing and the light. It was also proposed that increasing the 

area would increase the damping. 
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1.7 Autoparametric Interaction 

In non-linear multi degree of freedom systems, a phenomenon called internal 

resonance may occur. This term proves a linear relationship between the system natural 

frequencies. Thus, non-linear normal mode interactions occur in the form of energy 

exchange (Cicek, 1999). This energy transfer is called the autoparametric resonance 

where the lower mode frequency equals to one half of the higher mode frequency. As the 

higher mode transmits its own energy to the lower mode, the energy of the lower mode 

increases, such as a vibration absorber of the higher mode (Cuvalci et al., 2002). 

Autoparametric resonance takes place when the extemal resonance and the internal 

resonance meet due to an extemal force (Ibrahim, 1989). Therefore, it can be concluded 

that autoparametric vibration is a form of parametric vibration where oscillatory motions 

result from time-dependent excitations. Small parametric excitations may produce large 

response when the frequency of the excitations is close to one of the natural frequencies 

ofthe system (Cuvalci, 2002). 

A classical example of an autoparametric system is the elastic pendulum, which is 

composed of a spring and a mass where the spring can both swing and oscillate (Figure 

1.39). 

'/////////////. 

Figure 1.39 Elastic Pendulum (Tondl et al., 2000). 

In this case, if the ratio of the linear frequencies in the longitudinal to transverse 

dfrection is 2:1 and the spring starts to operate at a near vertical position, this normal 

mode motion will be unstable and energy will be transferred to tiie swinging motion, and 
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tiiis sequence will repeat itself There will be a continuous energy transfer between the 

modes (Tondl et al., 2000). 

For an autoparamefric system, there should be at least two constituting 

subsystems. The first one is a primary system that generally will be vibrating. The 

primary system can be self excited, parametrically excited, externally forced, or a 

combination of these. The second subsystem is called the secondary system, and the 

secondary system is coupled to the primary system in a non-liear way. However, the 

secondary system can be at rest while the primary system is vibrating, and this is called 

the semitrivial solution. In the notable regions ofthe semitrivial solution, when the lower 

mode or the secondary system is at rest, the autoparametric resonance occurs. The 

vibrating primary system will act as a parametric excitation of the secondary system and 

cause the secondary system to oscillate. This is an example of the autoparametric 

excitation (Tondl et al., 2000). 

The vibration absorber designed for dissipating the vibrations of a traffic light 

pole basically depend on the relations explained here. In this context, the absorber is a 

secondary subsystem and the cantilever light support with the half-moon guide is the 

primary system. The natural frequencies of the systems are designed in a 1:2 ratio, 

assuming that most of the energy absorption occurs in this ratio. Initially, the ball is at 

rest until the flow-induced oscillation starts to take place. At this point the energy transfer 

is from the mast arm to the ball until some of the energy is dissipated. The ball, on the 

other hand, dissipates energy with friction on the guide. 

Assuming a mass-spring-pendulum system, the process principle can be clarified 

(Figure 1.40). 
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Figure 1.40 The Mass-Spring-Pendulum System (Tondl et al., 2000). 

In the figure (Figure 1.40), y is the coordinate of the mass M, and <p is the 

angular deflection of the pendulum. Mass M is excited by a harmonic force. There are 

three frequencies associated with the system: first one is the frequency ofthe spring-mass 

system (primary system); the second one is the pendulum (secondary system), and the 

last one is the frequency ofthe driving force. Respectively, these frequencies are denoted 

by &>, , CO 2 and Q. If the ratio ofthe frequencies ofthe primary system to secondary 

system is 2:1 and the ratio ofthe forcing frequency to primary system is 1:1, then the 

resonant motion ofthe primary system, as stated above, acts as a parametric excitation on 

the secondary system. Conversely, the motion of the pendulum affects the motion of the 

mass-spring system. It is possible that the energy ofthe mass-spring system is transferred 

to the motion of the pendulum. Now it is visible that the pendulum effectively took the 

vibration energy ofthe mass-spring system (Tondl et al., 2000). 

An important property ofthe autoparametric systems is saturation. Inserting more 

energy into the primary system increases the energy of the secondary system so that 

increasing tiie forcing amplitudes of tiie primary system would result in increased 

amplitudes for the secondary system, whereas the energy ofthe amplitude ofthe primary 

system is much smaller. This idea shows that more energy will be absorbed by the 

pendulum or the secondary system. 
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1.7.1 Vibrations Absorbers for Flexible Stmctures 

Modal interactions for harmonically and randomly excited non-linear systems 

with internal resonance have been studied extensively. Sevin (1961) studied the 

pendulum-type absorber numerically and presented the finding that a complete energy 

transfer could occur between two modes. It was also shown that this transfer occurred 

when the natural beam frequency was twice the natural frequency of the pendulum. 

Ibrahim and Barr (1975) both theoretically and experimentally studied the two-mode 

interaction of a system under harmonic excitation. It was stated that a weak coupling 

existed between the vertical motion ofthe primary stmcture and the sloshing liquid. Non

linear vibration absorbers are currently being investigated in order to find out the affects 

of parameters on the effectiveness of the absorber and also to find out the conditions that 

impact the performance ofthe absorber. 

Haxten and Barr (1972) studied the steady state response of a two-degree-of-

freedom system consisting of a spring-mass-damper system under harmonic forcing. A 

beam carrying a tip mass was attached to the primary mass. The study showed that he 

beam and the tip mass reduced the amplitude of the vibrations of the primary system. 

Later, Ashworth and Barr (1986) experimented on general stmctures subjected to single 

frequency harmonic excitation with a two-mode and four-mode interaction. It was 

concluded that quadratic non-linearities were also of great importance to parametric 

terms. In these experiments, the interaction between the four mode and the two mode 

interactions of a single mode under excitation were demonstrated. Zavodney and Nayfeh 

(1989) examined the response of a beam carrying a lumped mass under parametric 

excitation both theoretically and experimentally. The beam material was replaced witii 

metallic and composite material to see tiie differences in tiie response. The experimental 

results were reported to be in good agreement witii tiie tiieoretical results. 

In recent years, Mustafa and Ertas (1992-1995) sttidied tiie dynamics and 

bifiircations of tiie column-pendulum system also theoretically and experimentally under 

periodic excitation. The autoparametric relation between the column and the pendulum 

was demonsfrated. It was reported that the experiments showed quasiperiodic and phase-

66 



locked periodic motions on a 2-toms and that increasing the forcing would result in the 

deformation ofthe toms, as at the onset of turbulence. Later, Cuvalci and Ertas (1996) 

considered the dynamic behavior of a beam-pendulum system under periodic excitation. 

The pendulum was used as a vibration absorber. The testing condition was a 1:1 

frequency relation ofthe primary system to the forcing frequency and a 2:1 ratio ofthe 

primary system frequency to pendulum frequency. As described above, these are the 

conditions under which autoparametric interaction would take place. The experimental 

and theoretical results agreed fairly well, proving the existence of autoparametric 

interaction. 

The random vibrations of the autoparametric resonance were also studied by 

many researchers. Baxter and Ewan-Iwanowski (1975) carried out experiments on the 

parametric response of simply supported steel colunrn for vibration tests. Roberts (1980) 

again studied a two-degree of freedom system with a quadratic non-linear relation of the 

modes under random excitation. Again it was reported that the results were in agreement, 

but only to an extent, meaning that the results were similar under some conditions. A 

theoretical study by Li and Ibrahim (1988, 1989) presented some significant results. It 

was concluded that the autoparametric vibration energy occurred in such a way that the 

higher mode always provided energy to the lower mode, and also that the correlation of 

the autoparametric interaction to a certain level of excitation mainly depended upon the 

system dynamic properties. Another experimental study by Ibrahim and Sullivan (1990) 

concentrated on a non-linear two-degree of freedom system under random excitation. In 

order to sustain the resonance conditions, the first two modes ofthe model were adjusted 

to have a ratio of 0.5, and the root mean square response was illustrated to be linearly 

proportional to the excitation spectral density up to a certain level. However, tiie 

experimental results were not in good agreement witii tiie previous tiieoretical studies 

conducted by Ibrahim and Heo (1986). The confradiction might have been due to tiie 

white-noise used in tiie tiieoretical stiidy, which is a broad-band process, whereas tiie 

experiment was a limited-band random process (Cicek, 1999). Ibrahim et al. (1990) 

sttidied tiie change of mean square responses of tiie primary system and the absorber witii 
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varying frequency ratios. It was shown that the autoparametric vibration and maximum 

energy exchange occur in tiie vicinity of 0.5 frequency ratio (Figure 1.41). Cicek (1999) 

looked into two different stmctures, tiie first one being a beam-tip mass-pendulum system 

and the second a one storey building. The main concentration of the research was to 

analyze the effectiveness of the pendulum as a vibration absorber. These systems can be 

seen in Figure 1.42. The research included theoretical and experimental studies. It was 

concluded that tiie results were in good qualitative agreement. Again in the neighborhood 

of 0.5 pendulum to system natural frequency ratio, the absorption ofthe energy was much 

greater than at other frequencies. Therefore, the results were also in agreement with the 

one conducted by Ibrahim et al. (1990). It was concluded tiiat the pendulums tested in 

these experiments can be considered as a suitable vibration absorber when properly 

tuned. Tondl and Nabergoj (2000) introduced a novel dynamic absorber which can move 

in the transverse and longitudinal direction. This absorber was added to an extemally 

excited pendulum. The efficiency of two different variations of the absorber was 

compared. In the ffrst case, both subsystems (primary and the secondary), there was a 

rectilinear motion. However, in the second case, the pendulum rotated and the absorber 

remained in rectilinear motion. Both systems can be seen in Figure 1.43. 
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Figure 1.41 Results ofthe Autoparametric Study (Ibrahim et al., 1990). 
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Figure 1.42 Previous Study by Cicek (1999). (a) Beam-Mass-Pendulum System under 
Random Forcing, (b) One Storey Building under Random Vibrations. 
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Figure 1.43 Two Absorber Configurations under Study (Tondl & Nabergoj, 2000). 

The results showed that system 1 has practically no effect on the behavior of the 

system when it is located at the center of gravity. However, the efficiency, when 

increased, can be found at a different location. For system 2 (on the right hand side), the 

absorber has little effect when situated at the suspension point or close to it. For random 

vibrations, the natural frequencies should be tuned, and for that case system 1 has a 

certain level of damping ability. Lee and Cho (2000) conducted another theoretical study 

to evaluate the existence of the destabilizing effect that was observed in the papers by 

Ibrahim and Roberts (1976, 1986, 1988, and 1991) and Roberts (1980). ft was reported 

tiiat tiie stabilizing effect of damping has been a known and generally accepted idea for 

resonance responses. For a similar mass-spring-beam v^tii tip mass configuration, 

analytical solutions were used to fmd the response of the system. It was concluded that 

tiiere was a remarkable contrast in tiie results witii Ibrahim and Roberts' (1977) 

observation. 
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1.8 Scope of Present Research 

The emphasis of this research is on a new autoparametric damper which will be 

applied to traffic signal stmctures. Currently several universities are trying to develop a 

feasible one. A model of the damper will be used in lab experiments under random and 

deterministic loading conditions to figure out the dynamics ofthe system. 

A measurement design will be used that is built up with emitting and transmitting 

diodes to collect the data from the damper. 

Eventually, if the damper is found effective after the lab experiments, a 1:1 scale 

will be built and applied to the a fraffic signal support stmcture which is located at the 

Wind Engineering Research Facility at Texas Tech University. 
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CHAPTER II 

METHODOLOGY 

2.1 Introductory Remarks 

Random experiments are studied and presented for a considerable amount of time. 

It is important to understand how to process and analyze the signals collected from the 

system under random excitation. There are many special functions that can be used to 

look for different characteristics of the data. This chapter provides information on 

random vibration experimentation and indicates what to look for in random experiments. 

Deterministic experiments will be discussed in Chapter IV. 

2.2 Random Vibrations 

This research involves the experimental side of tiie random vibrations. Random 

vibration in itself is a wide research interest with a theoretical and an experimental part. 

The mathematical process of a stochastic or random process has proven to be very 

successful for describing various physical and natural phenomena. The mathematical 

formulation ofthe stochastic processes was already established in tiie years between tiie 

worid wars. In the engineering field, electiical engineers quickly found wide application 

areas for this new matiiematical and statistical topic in confrol tiieory and elecfronics. As 

a result of tiiis contiibution, the terminology used in these processes is heavily influenced 

by tiie electrical engineering jargon (Solnes, 1997). However, in this research, tiie 

experimental part will be used, and for ftuther understanding the concept of random 

vibrations and wavelet analyses, an infroduction of tiiese processes will be discussed in 

tiie following pages. The discussion will help tiie reader comprehend why this particular 

system should be tested under random excitation and how the output should be used. The 

output of tiie system, the system response, may not reveal tiie characteristics of the 

dynamics ofthe system. In order to make much sense out of it, some particular fimctions 

are applied, or rather; the output is processed with some fimctions. The duty of the 
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functions and the outputs, after these fimctions are applied, will be discussed. However, a 

brief introduction to random vibrations will be presented, but the theory will not be 

discussed deeply. For more information on the theory, there are available books and 

research (Cicek, 1999; Osire, 1993; Solnes, 1997; Wirsching et al., 1995; To, 2000; 

Nigam & Narayanan, 1994; Newland 1996). 

There are mainly two types of approaches to constmcting models in order to 

describe physical phenomena: the deterministic approach and the probabilistic approach. 

In the deterministic approach, for specific given values ofthe variables for the problem, a 

particular state of the process will be observed. This is satisfied by establishing a 

functional relationship between the physical variables. However, in the probabilistic 

approach, predictions are not possible. The different states of the process in the 

probabilistic model can be predicted only within certain measures of likelihood. Thus, 

nondeterministic data of this type are referred to as random time functions (Nigam and 

Narayanan, 1994). 

For many natural phenomena such as wind-induced vibrations of a building or a 

stmcture; earthquake-induced vibrations of buildings; water-wave induced motions of 

ships and off-shore stmctures; other phenomena such as vibration of an automobile due 

to surface roughness; brain waves recorded on an elecfroscope, and even market 

fluctuations, a complete description of the process can not be given. Thus, for functions 

and processes which may be too complex to fmd deterministic patterns and for 

experiments which give various outcomes, a probabilistic model can be used to get rid of 

tiie uncertainties. In the use of these examples, it is clear tiiat the probabilistic model is 

more of use to describe these kinds of events more realistically. An example of tiiis is 

given by Figure 2.1. The two graphs shown here represent the response from a point on 

an aerospace shell stmcture. 
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Figure 2.1 Responses of an Aerospace Shell Sti^cture with Same Input 
(Wirsching et al., 1995). 

As seen in the figures, even tough with the same excitations coming from the 

same source, the responses are not identical. This is a typical example of the 

impredictable behavior ofthe response characteristics ofthe random processes. Stmctural 

responses to random excitations are random processes. At each fiiture excitation, the 

response will be different from the past (Wirsching et al., 1995). In general, the random 

process is a fimction of time space and the instantaneous amplitude can be defined by the 

probabilistic methods described above (Cicek, 1999). However, a large amount of data is 

necessary to establish reliability. Otherwise, if the number of data is not enough, the 

statistical analyses may not be meaningful. Each of these records is called a sample, and 

the total collection of these samples is called an ensemble. The ensemble average of the 

data in each sample at time t can be computed. These instantaneous data at each sample 

at time t and t + r can be multiplied, and after averaging these results for the ensemble, 

if tiie average does not vary for different values of t, tiien tiie random process is called 

stationary. If tiie ensemble averages are replaced witii time averages, and if tiie results of 

each sample are tiie same as those of any other sample and equal to tiie ensemble 

average, tiie random process is called ergodic (Thomson & Dahleh, 1998). Statistical 

measures or frequency decompositions like Power Specfral Density (PSD) are usefiil only 
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if tiie results are consistent. It is assumed that the functions and process are stationary and 

ergodic, so tiie results will be same when applied to any other sample which is large 

enough (Moretti, 2000). Non-stationary process on the other hand can not be assumed as 

stationary. However, the total process can be divided into sections, and each of these 

sections are assumed to be finite lengths of sample functions from random processes, 

and each of these may be assumed to be neariy stationary (Newland, 1996). 

Random vibration processes can be divided into three subgroups. The first group 

establishes the identification problems that are necessary to estimate the system 

properties. The second category includes the prediction problems, which consist of 

deriving the probabilistic or statistical information from the system response. The last 

group contains the measurement problems, where the excitation characteristics are 

determined (Osire, 1993). This research involves prediction problems, as the 

characteristics ofthe system are examined with a known excitation. 

There are several ways to classify a stochastic process according to the parameter 

set and the random variables involved. The state space is composed of a set of possible 

values of an individual random variable. The stochastic process is called discrete state 

space if is coimtable; that is, if the random variables are discrete. Otherwise it is called 

continuous state space, where the random variables are continuous. The same 

assumptions also work for the indexing. If the index set is countable, then tiie index 

variable assumes discrete values and is called discrete parameter process; otherwise, 

again, it is called continuous parameter process (Solnes, 1997). 
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Figure 2.2 Possible State Spaces and Index Sets: (a) Discrete-State Space; Discrete Index 
Set; (b) Continuous, Continuous; (c) Continuous, Discrete; (d) Discrete, Continuous 

(Wirsching et al., 1995). 

Random excitation can be classified into two processes. The first one is the 

narrow-band process, where the spectral density is limited with a narrow range of 

frequencies. The second one is the broad-band process, where a wide range of 

frequencies are covered. Figure 2.3 shows the specfral density of the narrow-band and 

broad band records, respectively. 
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Figure 2.3 Narrow and Broad-Band Process and tiiefr Specfral Density 
(Thomson & Dahlen, 1998). 
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For narrow band excitation, frequency analyses can be successfully completed. 

However, for a broad band excitation, frequency analysis fails, and the spectt-al density of 

the excitation becomes a system parameter. The system acts as a filter, changing the 

characteristics of the excitation. Even for a broad-band excitation, the response of the 

system demonstrates a narrow band process where the spectral density concentrates on 

the natural frequencies ofthe system (Figure 2.4). 

Figure 2.4 Narrow-Band Response for Broad-Band Excitation 
(Cicek, 1999; org. Newland, 1984). 

2.2.1 Random Processes in Time Domain 

2.2.1.1 Correlation 

Correlation function mainly measures the similarities between two quantities. 

Correlation is a time-domain analysis used for detecting hidden periodic signals buried in 

measurement noise, propagation time through the stmcture and for determining the 

information related to the stmcture's specfral characteristics. Suppose there are two 

records, X and Y. The correlation between the two is computed by muftiplying the 

ordinates ofthe two records at a specific time /, and finding the average value by dividing 

tiie sum ofthe products by tiie number of products. Correlation wdll be largest when tiie 

two records are similar; otiierwise, some of tiie products will be negative or positive and 

thefr sum will be smaller. The next case takes two identical records, but one of which is 

shifted in time. Thus, at time /, one record is X is x (t) and Y is x (t+r), and tiie 

correlation is the average of x (/) x (t+r). hi tiiis context, if T=0, then tiiere is complete 
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con-elation; otiierwise, the correlation decreases (Thomson & Dahlen, 1998). In addition, 

the product tells the smoothness of the fimction with respect to time difference r . A 

smooth function tends to produce positive results; a rough one will more often have 

negative results. The average of this product is given by (Moretti, 2000): 

1 ' 
RiT)=V\m-\xit).x{l + T)dt. (2.1) 

0 

When r=0, Eq. (2.1) reduces to: 

R(0) = x^=c7\ (2.2) 

When one of the records is delayed in time with regard to the other one, or one of 

them is advanced in time with regard to the other one, it is clear that R{T) = /?(-r)is 

symmetric about the origin and is always less than R(0). For rough fimctions such as 

highly random fimctions like broad-band noise, the autocorrelation fimction declines 

steeply, loosing its correlation in a short time shift. For a periodic wave, the 

autocorrelation must also be periodic with the same period because shifting the wave one 

period moves the record to the same point. The results are totally in correlation. For a 

narrow band data, the results are similar to that of the sine wave, a periodic wave. As 

stated above, the narrow band output has peaks at the natural frequency or the resonant 

frequency of the system. However, as T goes to higher values, the waves tend to go to 

zero, but gradually this time. This discussion is illusfrated in Figure 2.5. 
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Figure 2.5 Functions and tiieir Autocorrelation (Thomson & Dahlen, 1998). 

On the other hand, cross correlation relates two different quantities where one is 

shifted in time. This time the records at time taiex (/) and one shifted in time y (/+ r ) are 

averaged. The cross correlation is given by: 

1 ^ 
R:^(^) = li^ip\xit).y(t + T)dt . (2.3) 

'- 0 

For example, if one record, x {t\ is the deflection under F,(r) and y(r) is the 

deflection due to ^2(0, then the deflection due to both loads is the total ofthe individual 

deflections, but the autocorrelation for this summation includes also the cross correlation 

terms. 

2.2.1.2 Mean Square Time History 

In order to understand the autoparametric interaction of a multi-degree freedom of 

systems under random excitation, the mean square response ofthe system under study is 

calculated. It is useful in random vibration testing to assume that observing the mean 

square output shows the stationary frends (Cicek, 1999). The mean square given 
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by£[x^(/)], is calculated by integrating x^{t) over a time interval T and taking its 

average: 

1 ^ 
E[x-(t)] = lim — f x^dt. (2.4) 

' 0 

2.2.2 Random Processes in Frequency Domain 

2.2.2.1 Power Spectral Density 

The frequency content of a random fimction can be described in terms of the 

spectral density of the mean square value. If the magnitude of the frequency components 

in a frequency -domain representation is of interest, then the magnitude of the fimction is 

squared and plotted against frequency. From this plot the following can be interpreted 

(Moretti, 2000): 

Periodic fimctions show sharp spikes at the resonant or fimdamental 

frequencies. 

Unsteady periodic fimctions show wider peaks. 

Fully random functions show up as broad spectra: 

- A spectrum over a wide range of frequencies is called white noise, which 

will be discussed in the following pages. 

- A broad spectrum which is higher at the low frequency end is called pink 

noise. 

The power specfral density (PSD) can be obtained with the following metiiods: 

- The Fourier transform of tiie autocorrelation function, 

- The square of the vector-magnitude of the complex-value function X(H'), 

- Direct output from the x(0 of tiie analog instruments. 

2.2.2.2 White Noise 

In the frequency domain, white noise is the simplest random process possible. It is 

defined by a specfral density fimction that is constant for all frequencies from -oo to+oo. 
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The "white" part of tiie name comes from the spectrum of white light which contains the 

colors of all frequencies. The "noise" part comes from its correlation fimction, which 

exists only in the limiting sense. The autocorrelation function of white noise is a delta 

function at r = 0 and it is completely uncorrelated with itself at all lags except zero. 

Therefore, the process is called "noise," completely incoherent (Wirsching et al., 1995). 

SX(O)) 

Figure 2.6 Simulation and Specfral Density Fimction of White Noise 
(Wirsching et al., 1995). 

As seen in Figure 2.6, the spectral density fimction covers all the frequencies. 

Even though the definition of white noise is very simple, it brings certain difficulties in 

time domain. The autocortelation fimction of the white noise becomes infinite at zero, 

meaning that the invariance is infinite or the process has infinite energy. The 

autocorrelation fimction is illustrated in Figure 2.7. 
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Figure 2.7 Autocorrelation Function of White Noise (Cicek, 1999). 
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Figure 2.8 shows tiie fimctions included in digital signal analysis. However, this 

text is limited only to the ones that will be applied in our test set-up. 
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Figure 2.8 Digital Signal Analysis Chart (Cicek, 1999). 

A brief introduction of the fimctions was given so that the results make sense for 

the reader. On the other hand, detailed derivations were not included, as the theoretical 

part of the study is an entirely distinct subject that has to be taken into account in a 

different context. In the discussion of results, all of the functions described above are 

used and processed on the data. Therefore, in the discussion, these functions and their 

properties will be more readily comprehensible. However, preliminary to a detailed 
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discussion, the following figures will help the reader organize what has been discussed in 

the previous pages. The next step is to go over the random vibration testing and data 

acquisition details. 
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CHAPTER III 

EXPERIMENTAL SETUP AND RANDOM EXPERIMENTS 

3.1 Introduction 

As discussed in the previous chapters, the experimental study of the system is 

very important. This system, when in the field, is subjected to wind loading and vehicle 

loading. These are random forces and their behavior is not deterministic. Therefore, this 

study is a basis from which to perform real loading conditions. 

In this section of the thesis, the response of the beam and the pendulum (ball) to 

random loading is analyzed experimentally. Mainly, these experiments include finding 

the optimum conditions, e.g., determining the most effective frequency ratio 

(ball/system). Here, the so called system stands for the half moon shape guide, the ball, 

the beam and the cables, as they all individually have an effect on the natural frequency. 

The ratios covered are 0.5 Hz +- 0.1 Hz. The response is examined using the mean square 

response, which gives an idea about the energy content of the system; power spectral 

density, which shows the magnitude of the frequencies involved and also the natural 

frequency of the system. The autocorrelation of the system and the histogram for the 

position ofthe ball is also included. The histogram is a good illustration for observations 

as to the position ofthe ball during the experiment. These distributions and results will be 

discussed fiirther in the following pages. 

White noise was applied as an input to the system and the frequency range was 

from 2.5 Hz to 30 Hz. The calculated natiiral frequency of tiie pendulum (ball) is 1.52 Hz. 

So tiie system frequency will vary depending on the tuning ratio from 3.75 Hz. (for RF 

=0.4) and 2.5 Hz. for (rf = 0.6). Thus, tiie band-limited excitation covers all the natural 

frequencies for different ratios. 
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3.2 Experimental Model 

This section gives the details ofthe devices used in the experiments, experimental 

set-up, data acquisition hardware and software, data processing and the procedure. The 

novel measurement technique for displacement ofthe ball is introduced in detail with the 

advantages and the drawbacks of the system. However, the circuit scheme of the method 

will not be discussed deeply. The experimental set-up for the system can be seen on the 

following page. In order to make the set-up clear and easily understandable, the photos of 

the equipment used are also included with the schematic. Then the layout is drawn so that 

the signals on the system are more readily identifiable. 
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Figure 3.1 Experimental Set-up Layout. 
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Figure 3.2 Photos ofthe Equipment used in the Set-up. 
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3.2.1 The Shaker and the Amplifier 

The shaker is a MB Dynamics CIO. The frequency range ofthe shaker is from 2 

Hz. to 3000 Hz, which is well above the necessary limits. This is an air-cooled shaker 

with a maximum transmitted force of 1200 lbs. and a 1 in. peak-to-peak maximum table 

displacement. The amplifier used in the system is another MB dynamics machine called 

S Series Power amplifier. It is a solid state and designed to drive electrodynamic shakers. 

The amplifier is air cooled and kept in a metal cabinet. In correlation with the shaker, the 

output frequency of the amplifier ranges from 2 Hz. to 3000 Hz. The amplitude of the 

table is predetermined according to the experiment. Thus an accelerometer is attached to 

the table to confrol the amplitude. This is a feedback coming from the table. For sending 

the random signals to the amplifier, a Data Physics Corporation computer is used. The 

software used to send the white noise or sinusoidal excitation is Signal Calc 550 

Vibration Confroller. This application includes random, shock, sine, dwell, sine on 

random and random on random applications. The controller controls the shaker 

continuously by determining the system frequency response and then filtering the system 

with inverse frequency response in a feedback control loop. Therefore, the final response 

of the shaker is in the tolerance bands or limits with the reference spectral density. The 

frequency limits for band-limited excitation with specific amplitude are given before 

running an experiment. Another important piece of data that has to be given as an input to 

the program is the alarm limits. These will stop running a test immediately if there is any 

over limit in the system. The software also shows the signal send for random vibration. In 

the next figure, the reference signal and the signal applied to the system are shown. The 

tolerance limits and the alarm limits are well above or below tiie signal. Actually, the 

confrol signal correlates well with the reference signal. As this is in frequency domain, 

tiiis shows the power specfral density (PSD) ofthe confrol and the reference signal. The 

PSD for the reference signal looks like a sfraight line at the given amplitude because 

ideally all the frequencies should be used in the given amplitude. However, in the 

application level, there is some zigzagging on the line, as it is not possible to send all the 

frequencies at the same amplitude due to tiie sensitivity or the time delay on the feedback 
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contt-ol. The frequencies covered are from 2.5 Hz to 30 Hz and the amplitude of the 

signal is 0.0003. These values are clearly seen in tiie following logarithmic diagrams. The 

reference signal can also be seen with dashed lines. 
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Figure 3.3 The PSD ofthe Confrol and Reference Signal. 

A PCB Piezofronics 353B52 accelerometer is used to monitor and control the 

amplitude of the shaker table. These are piezoelectric based accelerometers to enable 

conversion of mechanical energy or sfrain into electrical energy. The accelerometer is 

attached to a 480C02 ICP Sensor Power Unit. This unit is botii a power source for the 

accelerometer and an integrator so that the acceleration can be converted into velocity or 

displacement. Acceleration is given in terms ofm/s^org. The displacement, velocity and 

acceleration can be written as a fimction of frequency and time (Cicek, 1999): 
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Acceleration: a = A sin(2;r//) 

Velocity: v=\adt = cos(2;z/?) 
2nf 

Displacement: d=\vdt= ~^ smi2nft). 

Up to tills point, the equipment used in the shaker system and in the monitoring 

of beam is discussed. Basically, tiiese are readily available parts and can be found in most 

of tiie vibration equipment manufacturing companies. The problem tiiat arose in tiiis 

experiment was monitoring tiie position of tiie ball, ft was necessary especially for the lab 

experiments because tiie position of the ball provides much insight into the dynamics of 

the system. On the other hand, tiiere were some constramts that have to be taken into 

account: for example, tiie equipment should resist vibrations; be light; not be easily 

interfered with other sources; be accurate to some extent; have less cfrcuit; should be 

cheap, reliable, and easy to troubleshoot and maintain. Most important of all, this device 

should be used with the computers and equipment available in the lab. Therefore, there is 

a sfrong relation between the detection method and the constraints or environmental 

parameters. It even depends on where the experiments are being conducted. Hence, it is 

necessary to evaluate the actual environmental parameters and then to develop the 

optimal method to capture required data. 

3.2.2 Data Acquisition from Ball-Pendulum 

There were many options to use in detecting the position of the ball; first, the 

advantages and disadvantages of these systems are discussed. Then the details and 

operation principle ofthe current methodology is presented. 
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3.2.2.1 Elecfromagnetic Force Detection (EMF detection) 

3.2.2.1.1 A classic of electronics. A magnetic coil which is wrapped around the 

tube, in which the ball moving can be used as a "tank coil" of an oscillator circuit. A 

moving ball will change the oscillation frequency ofthe oscillator. This frequency chance 

can be used as ball position data. In order to detect the ball position with a high 

resolution, this method is very suitable. 

3.2.2.1.2 Hall-Effect Sensors. "Hall-Effect" sensors are used as position 

detectors. Hall-Effect sensors are solid state stmctures and sensitive to magnetic field. 

They are available in different physical sizes and sensitivities. They are commonly used 

to detect the speed of rotating parts (i.e. motor shaft, gears, etc.). The Hall-Effect sensor 

changes the output state if any magnetic material moves along from the sensor. By using 

two Hall-Effect sensors in special orientation, it is possible to measure the direction of 

the rotation as well. Data resolution is limited by the physical size of the sensor and by 

the available area where the sensors are attached. 

3.2.2.2 Optical Switches 

Another classic of electronics in terms of movement detection is based on 

intermpting the light beam according to the position of the object. It consists of a light 

source and a light sensitive receiver. An "Intermpter" is physically attached to the 

moving object m such a way that the light beam is intermpted whenever the object moves 

along the light source. 

Historically the sensors were made from CdS-Resistor and an ordinary light bulb. 

Modem optical switches are made from Infrared Photo Diode (IR-Diode) and a photo 

fransistor which is sensitive to the IR-light. They are robust and less sensitive to tiie 

visible light. Therefore, interference-free operation is easier. IR-Optical switches are in 

different shapes and many sizes. With an IR-diode and phototi^sistor pair it is easy to 

constiiict a custom optical switch. Data resolution is limited by the physical size of the 

sensor pair, by the available area where the sensors pairs are attached, and by the signal 

response ofthe receiver (transistor). 
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3.2.2.3 Advantages and Drawbacks 

Even though the EMF-Detection method is a very precise and a robust method , it 

requires a complex design environment and special tools. Since it acts as a simple radio 

transmitter, other electronic equipment may be affected by the magnetic field; hence, 

special care is mandatory to avoid the interference , which increases the complexity and 

the cost of the solution. 

On the other hand, the Hall-Effect sensors could be a good candidate to detect the 

position of the ball. However, because of the magnetic field sensitivity, they are not 

practical to use in this particular application. In common applications such as motor 

speed detector, the sensor is embedded in motor's metal case so that the environmental 

magnetic interference can be automatically eliminated. 

In our experiment, however, encapsulating the sensor stmcture with a metallic 

shield would bring other physical parameters in our calculations, and it would make also 

the whole design physically heavier. 

Finally, custom design optical switch seems to be optimal solution for our 

application. It is light, cheap and easy to handle, which makes the solution very feasible. 

The use of IR-Light emitting diodes (IR-Diode) enables avoidance of any visible light 

interference. A relatively simple electronics would be capable of producing predictable 

position data to the host data acquisition system. A carefiil selection of the sensor 

elements would provide a reasonable resolution as well. Figure 3.4 shows a simplified 

floor plan of an optical switch-based data acquisition system. 

Sensor Array 

• Signal Conditionina 
and MUX 

National InGtnjmertE 
CHgHBl I/O Card 

Perianal Computer 

Figure 3.4 Layout of Optical Switch Data Acquisition. 
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3.2.2.4 Electronics Circuit Description 

3.2.2.4.1 IR-Sensor Pairs. The IR-Diodes are assembled on a circular path (Figure 

3.5). They emit IR-light continuously in a forward direction. In the same manner, the 

photo transistors are placed exactly across the IR-diodes. Without intermption ofthe IR-

light beam, tiie photo transistors outputs are low (about 0 VDC). When the moving object 

passes through the IR-diode, it intermpts the beam, and tiie output of the transistor 

switches from OV DC to the +V DC. This change in the voltage level produces a pulsed 

signal, which can be processed as position data in a dedicated data acquisition system, 

such as National Instrument's digital I/O card with LabView software. Since the pulse of 

the signal corresponds to a certain distance and an angle ofthe moving ball, it is easy to 

determine the frequency ofthe vibration. 

Figure 3.5 Schematic ofthe Diodes on the Guide 
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Figure 3.6 Schematic of Array Senor Layout 

3.2.2.4.2 Data selector-Multiplexer (MUX). In order to make the design practical, an 

"n-to-1" multiplexer (MUX) has been used. All sensor pair outputs are feeding the inputs 

ofthe mux, and a binary counter provides input selection bits to the mux. In other words, 

a binary counter "scans" tiie inputs ofthe mux, and sequentially switches each input into 

an output. 
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For a better performance, the scan frequency has been chosen about 1 KHz, so 

that theoretically up to 500 Hz vibration frequency can be captured (Figure 3.7). 

3.2.2.4.3 Monostable Flip-Flop. A monostable circuit at the output ofthe mux has 

the fimction of producing a constant trigger impulse each time, if one of the sensor 

transistors is active. This makes the hardware timing consistent and the programming of 

the DAQ (Data acquisition) easy as well. Constant luS pulse duration seems to be 

optimal. 

3.2.2.4.4 Binary Counter. The binary counter in the circuit has two functions: It 

supplies the mux with input selection data and shares the moving object location's 

"address" to the data acquisition board. Whenever the trigger signal is present, these 

"address" bits are captured and processed. 

Figure 3.8 shows a sample timing diagram for 16-sensors. A free running clock 

triggers the 4-bit binary counter, and allows counting from "0000" to "1111". In the 

timing diagram, the location data for two neighbor sensors are shown. 
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Figure 3.7 Mutliplexer Basics 
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Figure 3.8 Sample Timing Diagram. 

3.2.3 Working Principle of Measurement Technique 

By means ofthe power generator (Figure 3.2), 5 V is applied to the IR diodes in 

sequence. This means that only a couple of diodes wall work in an instance, so initially 

the first 13 diodes transmit light and then the rest ofthe diodes will transmit. However, as 

the frequency of the fransmitted signal is too high, there will not be any loss of data in 

means of the position of the ball. This sequencing of the transmitted signal is called 

multiplexing. Basically, it is a switching of the signal from 1 to 0 and from 0 to 1. This 

process can either be completed by either hardware or software. In order to manipulate 

and arrange the system easily without using a lot of electronic circuits, it is preferable to 

add the multiplexing process in the software. The figures shown above are basically the 

hardware configurations. Thus, these schematics are presentations of the idea for a 

hardware configuration, but they are not used in this way in our methodology. Most of 

the processes outlined in the previous chapters with the figures are included as a part of 

the code in the Lab View software. The advantage of multiplexing is the reduction in 
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consumption of power. Otherwise, if all the diodes were made to transmit signals at once, 

more power would be used, and that would result in increased heat radiation. Eventually, 

it can be said that with low power consumption and heat radiation, the receivers are 

reading all the diodes with a very high frequency. 

In this section of the operation of the technique, the details about the electronic 

circuits will not be discussed in detail. The objective is to give an idea about how the 

system works. The next property of the system is using as much current as possible, 

because it would increase the brightness and the power of the transmitting diodes. 

Therefore, the signal to noise ratio is higher. It would prevent the extemal sources or 

disturbances from interfering with the received signal. The power transistors used in the 

board help sustaining high currents to several LEDs. The peak current for the switching 

ofthe diodes is arround 100 -150 mA. Otherwise, the current supplied by the power unit 

may not be sufficient. 

When the ball is in front of the transmitting diodes and the signal is intermpted, 

the output is " 1 " , and if not, it is "0". As the light caimot be transmitted to the receiving 

diodes, the output if the system will ve + V DC. This output can be read with the 

LabView Program (Figure 3.9). 
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Figure 3.9 Output from the Ball-Pendulum. 

Depending on the diameter of the ball, either two or three diodes will be 

intermpted. In this case, the largest diameter ball is used as an absorber, so three diodes 

are showing around 6 V with the position lights on. For use in the data processing, an 

average is obtained so that even though three diodes are intermpted, only one position 

will be saved or captured. For example, if the ball is in front ofthe diode numbers, 12-13 

and 14, the location will be saved as 13 only. 

The displacement ofthe ball from the origin is calculated from the angle between 

the diodes (a~6^) as shown in Figure 3.5. The difference ofthe diode with the light on 

and the one in the origin is calculated and then muUiplied with the angle. These values 

are used for the comparison ofthe data for different experiment locations. 

3.2.4 Data Acquisition for the Pendulum System 

Two separate acquisition systems were used. One of tiiem collected data from the 

pendulum system and the other one from the beam system. In this section, tiie pendulum 

system will be discussed. Assuming the data flow from the pendulum to tiie laptop, the 

98 



devices are; tiie semi-circle (pendulum) where the ball oscillates; the board; the signal 

conditioning block; the power generator; the data acquisition card for the laptop; the 

laptop, and tiie program written in LabView for monitoring and saving the data. 

The semi-circle is made from Plexiglas with twenty nine holes drilled on the both 

sides for placing the diodes. It is in two pieces so that the ball inside can be changed 

easily because deterministic experiments include comparing mass ratios and how they 

affect tiie damping. The dimensions ofthe semi-circular piece are given in the following 

figure. 
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Figure 3.10 Dimensions ofthe Guide. 

The diodes are placed into these circular holes symmetrically. On one side are the 

receivers, and on the other side are the transmitters. The dimension of the thickness 

should be carefully determined so as not to distract tiie light beam. If the inside diameter 

of tiie circle is too large, then tiie distance between tiie diodes will be large and the light 
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beams coming from different transmitters may interfere with each other, and the radiation 

intensity decreases. If tiie tiiickness is small, there may not be enough space for the ball. 

Anotiier important issue is that when Plexiglas is used, the light may reflect from 

the sides of tiie circle into other receivers, so these receivers may not show the ball, even 

if tiie ball is in front of tiie light. This may result in a smaller signal-to-noise ratio. To 

prevent this, the inside ofthe circle was painted black. 

The diodes used in tiie system were manufactured by Fairchild Semiconductor. 

The manufacturer's part number for the emitting diode is 1N6266, and the part number 

for the photo detector or the transistor is L14G1. One ofthe important properties of these 

diodes is the angle of emission and transmission respectively. For this application, a 

narrow angle on both sides is preferable. Again, the distance between each diode on the 

sides ofthe circle is not large enough. Therefore, the angle is kept as small as possible so 

that the receivers could not able to detect two or three emitting diodes at once. Each of 

the receivers would only detect one signal at once. The fransmission angle is +- 10 

Degrees for the emitter and the detector. Both of the diodes are very cheap, which 

drastically decreases the total cost ofthe device. 

The board is the piece used to sustain the communication between the signal 

conditioning and the semi-circle. Mairdy, all the circuits are handled in this device, such 

as limiting the current to 20 mA to satisfy the standard to work under 5V with 270 Ohms. 

Basically, it contains the terminal blocks, resistors, power transistors and the heat sinks. 

As there are twenty four diodes on each side, a number of cables are used. These cables 

are attached to the terminals on the board. There are four main terminals on the board. 

The first two of the terminals connect to the emitters for multiplexing. The last two 

basically collect and send the receiver signal to the signal conditioning block. Again the 

power fransistors were used to satisfy the current levels that are necessary to power up 

tiie emitting diodes. The heat sinks helped keep the temperature levels in a reasonable 

range. Otherwise, the elecfronic equipment may be disturbed or damaged. 

National Instruments SC-2345 is used as the signal conditioning and connector 

block. This block is responsible for tt-ansmitting tiie pulse generated by LabView to the 
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emitters and, conversely, transmitting the output of the measurement to the laptop. The 

connector block means that different modules may be used for different applications. 

There are many modules to select from depending on the number of channels used, input 

range, power requirements and the type of measurement. For this experiment, SCC-FTOl 

modules were used to read and send the data to the program. The properties of this 

module are that it has two channels with an input range of+- 10 V, allowing single stage 

Al with low power requirements. As it allows two input charmels, two receiver cables are 

cormected to the first four modules and the rest to the other modules. Thus, with eight 

modules, data acquisition from twelve outputs was possible. The terminal block is used to 

transmit the pulse signal to the board as it has output chaimels. The signal conditioning 

device cormects to 68-pin E Series DAQ cards. The DAQ card used in the experiments is 

again produced by National Instruments is called DAQCard-AI-16E-4. The signal 

conditioning block is connected to the data acquisition card with two cables: the first one 

is a SH6868 female-female cable and as the card is also female, an adaptor is necessary; 

that is another cable called PSHR68-68M which is male-male. The card can be used in 

three different input modes: these are differential, referenced single ended, and non-

referenced single ended. The differential input uses two channels: one of the lines 

connects to the positive input charmel, and the other connects to the negative input 

channel. However, in this experiment referenced single ended input type is used. If this is 

used, only one line enters the positive channel, so both channels m a SCC-FTOl module 

can be used as inputs, which were discussed above. The negative input is internally tied 

to tiie ground. As a resuft of tiiis, differential input can use only 8 channels for data 

acquisition, whereas referenced single ended input can use all 16 channels. 

The power generator is used to power up tiie diodes. The generator used in tiie 

experiment is a Protek 310 power supply. Six Volts was supplied to system with enough 

current. If the cun-ent is not sufficient, tiien tiie output would be disfracted and it would 

not be enough to power up the diodes, thus resulting in cormpt data. 

A laptop was used in the data acquisition because depending on tiie experimental 

parameters, tiie orientation ofthe beam and the pendulum had to be changed. A laptop 
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was more flexible to experiment with. It had a Windows 2000 system and LabView 6i. 

The code was preferable in LabView because it has built-in fimctions such as signal 

processing, filtering and so on. The visual instruments used in the graphical interface help 

make the programs user-friendly for novices. Mainly, the principle of coding is similar to 

that of existing programs in that both have specific fimctions completing a specific duty, 

but the advantage of the LabView is that the programmer uses graphical language rather 

than conventional language. Another reason for using LabView is that there were already 

some existing programs from previous research. Therefore, instead of writing a totally 

new code from scratch, the existing programs were modified or developed to complete 

the task, which saved a lot of time. Lastly, it has the capability of plotting the output and 

saving it to another file for fiirther analysis. 

In this part of data acquisition, the code consisted of generating the pulse signals 

and sending them to the diodes in pairs (multiplexing) and then reading the input from 

the DAQ card. The graphical interface (Figure 3.9) shows the position ofthe ball both 

graphically and numerically, and these values are stored in a previously specified file. 

The scan rate and the threshold value for the voltage output are adjustable, depending on 

the experiment. The determination of these factors will be discussed in the following 

pages. 

3.2.5 Data Acquisition for Beam System 

The second data acquisition system lies between the beam and the desktop. The 

data flow (Figure 3.1) is from the piezo film to tiie data acquisition card and eventually 

the desktop. This part ofthe system records the oscillation amplitudes of tiie beam made 

of spring steel. The bending capability of tiie spring steels is very high and tiie vibration 

characteristics of tiie beam can easily be detected using piezo films. As one of tiie 

parameters was the natiiral frequency of tiie system, in order to change the frequency, tiie 

stiffness ofthe system was changed by altering the length of tiie oscillating part of tiie 

beam. 
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A piezo film is used to monitor the oscillations or deflections of the beam. Piezo 

film is very easy to use, and easy to install. It is a light piece that helps collect data 

without interfering with the natural frequency ofthe system. Again, the working principle 

is similar to an accelerometer; deflection causes the crystals to move in the longitudinal 

direction and back. As a result of this movement, the output voltage changes 

proportionally. It is also cheap and readily available. 

The block on this lane is National Instruments SCB-68. 16 analog inputs are 

possible with this device. Depending on the experiments, either one or two analog inputs 

were used at once. The DAQ card on the desktop, called AT-MIO-16E-2 is another 

National Instruments product. Both data acquisition system were 68 pin products so 

similar cables were used in the systems. However, instead of using referenced single 

ended, differential input type was used. The two lines coming from the piezo films were 

attached to different analog input charmels rather than to a ground channel. 

The desktop was a Windows 2000 system and LabView was used to process and 

display data. Mostly one chaimel was used, but for the effect of eccentric mass on the 

oscillations ofthe beam, two piezo fihns were used; one of them in the in-plane direction, 

and the other in the out-of-plane direction. 

The other part of the experimental set-up was vibration control, which was 

discussed in the beginning ofthe chapter. 

3.3 Experimental Procedure 

3.3.1 Sampling Rate and Alias-Free Sampling 

Sampling rate stands for tiie frequency at which tiie data is sampled. The scan 

rate therefore determines the number of samples taken in a second, or it is the finite 

amount of time between samples or data points. Sampling rate affects the range of 

frequencies that can be detected, as at least two samples per cycle are required to define a 

frequency component. So for samples A/ apart, the frequency will be +- 1/2A/. This is 

called tiie Nyquist frequency of holding frequency (Cicek, 1999; org. Bendat & Piersol, 

1986; Goldman, 1991). The detennination of tiie sampling rate is very important. A very 
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high value for a sampling rate may result in usage of excessive amounts of memory space 

and increased processing times. However, a very small value may cause aliasing 

problems. If the sampling rate is too low, then a false lower frequency may appear in the 

sampled data. This is called an alias (Figure 3.11). The Nyquist sampling criterion states 

that the sampling rate should be greater than twice the highest frequency ofthe system. If 

the data is not sampled correctly, the frequency reading will be off. The high-frequency 

signal components behave or seem like a low-frequency component. In order to prevent 

aliasing, anti aliasing filters may be used. These filters remove the signal components 

with frequencies greater than the Nyquist frequency from an input signal before the data 

is sampled. Once the data is sampled and aliasing occurs, it is not possible to reconstmct 

the original signal (SCC Series User Manual, NI, 2000). 

Adequately sampled signal 

Aliased signal due to undersampling 

Figure 3.11 Aliasing of an hiput Signal (Cicek, 1999; org. Harvey and Cama, 1996). 

3.3.2 Noise 

Noise is another important factor tiiat has to be taken into account when 

conducting experiments. Noise is an unwanted signal tiiat interferes witii tiie input (data) 

signal. As a resuh of noise tiiere will be unnecessary components in tiie data which make 

it harder to interpret or comprehend. Therefore, in tiie experiments tiie noise levels must 

be confroUed by using and modifying tiie equipment and measurement systems for tiie 

required sensitivity. In order to reduce the noise, some precautions must be taken, such as 

minimizing tiie lengtii of tiie cables used between tiie source and tiie measurement 
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system, using signal conditioning to power up tiie low level signals above tiie interfering 

noise, and isolating or keeping the system away from the magnetic field sources. 

In this study, both sinusoidal (deterministic) and random experiments were 

conducted. Sinusoidal experiments include a fixed pendulum (ball) natural frequency to 

system frequency which will be defined from random experiments, with three different 

mass weights and forcing amplitudes. Natural frequency of the ball in the semi-circle is 

calculated to be 1.52 Hz, and experiments showed tiiat it is 1.55 Hz. Since the sampling 

rate is at least twice tiie highest frequency ofthe system, for this part ofthe experiments 

the scan rate is 50 scans/sec. This would be enough to cover the forcing frequencies 

starting from 2.7 Hz to 3.3 Hz. However, for the random excitation part of the 

experiments, an absorption region is sought. The natural frequency ratio is no longer 

fixed to 0.5, but to ratios varying from 0.4 to 0.6, which makes 3.75 Hz to 2.5 Hz, 

respectively. The random excitation frequencies were ranging from 2.5 Hz to 30 Hz. For 

the random vibration testing, the heaviest ball was used to keep a constant mass ratio of 

0.0238. 

For the random experiments, the frequency range was given, and these 

frequencies were applied to the system randomly. The frequency ratio ofthe pendulum to 

the system was also changed to determine the absorption region. Previous autoparametric 

studies showed that the maximum energy transfer occurred at the neighborhood of 0.5 

(Cicek, 1999). However, in order to analyze random data, the mean square response, 

power spectral density, and autocorrelation fimctions were applied. As this was a real life 

situation, it would be wise to determine an absorption region where the damper could 

work effectively. 
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3.4 Results and Discussions 

The following outlines tiie research completed in the random experiments: 

1. Time history 

2. Mean square response 

3. Power spectral density 

4. Response ofthe beam and tiie ball-pendulum for various frequency ratios 

5. Autocorrelation functions 

The following figures show the time history results for various ratios and the shaker. 

As a reminder, the scan rate for the data acquisition ofthe beam was 100 scans/sec and 

90 scans/sec to cover all the random excitation frequencies which ranged from 2.5-30 Hz. 

This excitation may cover more than the fundamental frequency. The Power Spectral 

Density ofthe beam and ball-pendulum would clear that part out. Each test took 3600 sec 

and was repeated five times for each ofthe frequency ratios. One important point is that it 

would be preferable to have a range of frequencies rather than a specific frequency would 

be preferable. Previous results showed that a 1:2 frequency ratio, meaning that the 

frequency ofthe ball oscillating in the guide was one half of the frequency ofthe system, 

shows the sfrongest autoparametric interaction. Therefore, most damping was expected in 

that vicinity. 
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The frequency ofthe ball was calculated by tiie following formula. 

Figure 3.12 Rolling Cylinder on a Curved Surface (Shames, 1980). 

The natural frequency equation for the figure above is given by (Shames, 1980): 

<y„ = 
g 

(R-r) 
(3.1) 

To make sure that the calculated ball-oscillation frequency matches the 

experimental frequency, the power spectral density of the ball response was determined. 

When the amplitudes were high, the ball might hit the beam, and that would result in a 

drastic change of the natural frequency. Therefore, the beam was forced with low 

amplitude, letting the ball oscillate without any obstmction. Theoretical calculations 

showed that the frequency was 1.52 Hz., whereas the experimental result shifted to 1.55 

Hz. This corresponded to a system frequency of 3.11 rather than 3.04 to satisfy the 0.5 

ratio. The results of the experiments would demonstrate which frequency was closer to 

tiie natural frequency of the ball oscillation in the pendulum. Including both of these 

frequencies prevented any misinterpretation. Otherwise, if a strong autoparametric 

resonance occurred in another ratio, it might cause confiision. 
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The following figures and discussions would clarify the experiments (Figures 

3.13-3.21). 
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Figure 3.13 Time History of Shaker. 
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Figure 3.14 Time History for the Beam for fjf^ = 0.43. 
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Figure 3.15 Time History for the Ball-Pendulum forfjf^ = 0.43. 
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Figure 3.16 Time History for the Beam for/^/X = 0.49. 
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Figure 3.17 Time History for the Ball-Pendulum for /^/ / , = 0.49 
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Figure 3.18 Time History for the Beam for/^//^ = Oi . 
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Figure 3.19 Time History for the Ball-Pendulum for fjf, = 0.5. 

I l l 



1.50 

135 

Figure 3.20 Time History for the Beam for/^/X = 058. 

25.5 

Time (Sec) 

Figure 3.21 Time History for the Ball-Pendulum for /^/ / , = Oi8 
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Even tiiough tiie data was random, time history results still give an idea about 

how different ratios aff̂ ect tiie vibration amplitudes. Generally, the amplitudes for the 

beam were less tiian 0.5 V around the ratios of 0.49 and 0.5, as expected. Conversely, tiie 

amplitudes for tiie absorber increased. Assuming that the stationary mean square averages 

tiie data, increasing ball-pendulum amplitudes would produce larger mean square values. 

At some points, for tiie ball response, a very smooth data was not satisfied. The reason 

for tills was probably tiie precision of tiie output file or expansion of data points in a 

narrow time domain to a larger scale. The program used for data acquisition from tiie 

ball-pendulum averages tiie output of tiie diodes to overcome the sensitivity problem that 

may be caused by tiie distance between the diodes. The novel measurement technique up 

to this point produced rational data. 

There was a limit to tiie number of channels that could be connected directly to 

tiie measuring system. A total of 24 channels could be used. Therefore, tiiree pafrs of 

diodes on one end and two pairs of diodes on the otiier end were dismissed. Once the 

amplitude of tiie ball got larger, tiie ball would hit tiie beam witiiout generating data. The 

output would include NaNs referred as not a number. For example, the output data would 

be as follows: 16-17-18-19-22-23-NaN-NaN-19-18 or 7-6-5-4-2-1.5- NaN-4-6-7. 

Eventually, the NaNs were replaced eitiier witii 25 or 0.5, depending on the position of 

the ball. The total number of NaNs was at most 1% of the total number of data. 

Therefore, this replacement would not have an impact on the response of the ball-

pendulum. A LabView program was written to make the number change, as shown in 

Figure 3.22. This program also helps to delete the excess amount of data produced after 

one hour of experiments. Starting and stopping the data acquisition for the ball-pendulum 

was user-controlled. Thus, the number of data was sometimes more than 324000. The 

scan rate for the data acquisition for the pendulum was 90 scans/sec. Each experiment 

would take one hour, which equals the total number of points stated above. If the total 

number was larger than this number, the rest ofthe numbers were deleted. 

Next step was looking into the root mean square responses of the system. Again 

the mean square responses were generated for various ratios between 0.4 and 0.6. The 
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duration of each experiment was 3600 seconds. The long duration was chosen to 

demonstrate the dynamic characteristics ofthe system and to obtain a stationary response. 

Stationary data were necessary for the comparison ofthe results. Depending on the ratios, 

the time for obtaining a stationary signal may vary. These duration differences can be 

seen in the following graphs (Figures 3.23-3.39). The stationary mean square response 

value is important to understand the repeatability of the given test, as it is almost 

impossible to repeat the same random test (Cicek, 1999; org. Ibrahim et al., 1990). 

Bf̂ , 
joH 

IFifstr 

ET 

J 

first r 

•VlTrue k r WWeoM^MMMMMMMK. ^ 

B> 

• 

True H 

ioH 
BfigMMfita 

m 

1324000 m 

Figure 3.22 The Program for Replacement of NaN s. 
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Figure 3.23 Mean Square Time History of tiie Shaker. 
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Figure 3.24 Mean Square Time History for the Beam for fp/f, = 0.43. 
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Figure 3.25 Mean Square Time History for tiie Ball-Pendulum for fp/f^ = 0.43 
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Figure 3.26 Mean Square Time History for the Beam for /^//^ = 0.47 . 
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Figure 3.27 Mean Square Time History for the Ball-Pendulum for f^jf^ = 0.47 
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Figure 3.28 Mean Square Time History for the Beam for / ^ / / , = 0.49 . 
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Figure 3.29 Mean Square Time History for the Ball-Pendulum for f^jf^ = 0.49 
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Figure 3.30 Mean Square Time History for the Beam for fpjf^ = 05. 
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Figure 3.31 Mean Square Time History for tiie Ball-Pendulum for fpjf^ = 05 

119 



0.16 

0.14 

0.12 

0.1 

^ 0 . 0 8 

cr 

0.06 

0.04 

0.02 

3600 
Time (Sec) 

Figure 3.32 Mean Square Time History for the Beam for/^//^ = 052. 
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Figure 3.33 Mean Square Time History for the Ball-Pendulum for fp/f^ = 052 
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Figure 3.34 Mean Square Time History for the Beam for fpjf, = 0.6. 
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Figure 3.35 Mean Square Time History for the Ball-Pendulum for fp/f^ = 0.6, 
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Figure 3.36 Comparisons of Mean Square Time History Results 
for ratios: 0.43-0.47-0.49-0.5 (Beam). 
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Figure 3 37 Comparisons of Mean Square Time History Results 
for ratios: 0.43-0.47-0.49-0.5 (Ball-Pendulum). 
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Figure 3.38 Comparisons of Mean Square Time History Results 
for ratios: 0.5-0.52-0.6 (Beam). 
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Figure 3.39 Comparisons of Mean Square Time History Results 
for ratios: 0.5-0.52-0.6 (Ball-Pendulum). 
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Figure 3.40 Mean Square Responses versus Detiming Ratios (a) Ball-Pendulum (b) Beam 
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The behavior, as expected, tends to minimize for the beam around a ratio of 0.49 

(Experimental ratio of 0.5) ratiier than tiieoretical 0.5. Figure 3.40 proves that the 

sfrongest interaction occurs in the 1:2 pendulum to system ratio. Figures 3.24-3.39 show 

tiiat, generally, tiie ball took longer to reach a stationary. The cause of the fiuctuations 

might be non-uniform data. As the frequency ratio approaches to 0.49 or 0.5, the mean 

square response got stationary in a shorter amount of time. Figure 3.23 demonstrates the 

root mean square response for tiie shaker. The shaker response was pretty steady after 

around 400 seconds. Figures 3.24-3.39 show the interaction between the pendulum and 

the beam. In the previous studies, similar results were acquired as to the stationary time 

of the pendulum, shaker and the beam (Cicek, 1999). Increasing or decreasing tiie 

frequency ratio results in a more fluctuating response for the beam, adding to the time to 

reach a steady value. However, the pendulum response seems to be oscillating for nearly 

all the ratios. 

Figure 3.40 illusfrates the comparison of stationary mean square values for the 

beam and the ball-pendulum. Each point of the graph was generated after 3600 sec of 

random experiments. If the graphs are divided into two regions, one of them being up to 

0.5 and the other half is the rest, it is clear that both beam and pendulum trends correlate 

with each other for the first half The average energy level ofthe beam decreased, while it 

increased for the ball-pendulum. However, at some ratios such as 0.58, this frend did not 

continue and, interestingly, both ofthe values increased. For the beam amplitude that was 

reasonable as that sfrong of an autoparametric interaction was not expected at that point. 

The contradiction was the ball mean square value also increased drastically. 

One of the previous studies by Cuvalci et al. (2002) produced a similar result. 

One experiment investigated the effects of different mass ratios. Surprisingly, the 

response of the beam decreased, but the response that of the pendulum stayed nearly 

constant (Figure 3.41). 

Eitiier tiie data from tiie ball pendulum at tiiat point might have had errors or tiie 

ball amplitiide does not necessarily increase every time it absorbs energy. Even tiiough 

tiie response was large due to large amplitudes, tiie energy fransfer from tiie beam to the 
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ball might be limited. One additional reason may be that, the coupling at that frequency 

was obsolete, and both of the systems behaved as a single degree of freedom system. The 

deterministic part ofthe experiments might help make more sense out of this response. 
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Figure 3.41 Comparison of Mean Square Responses for Different Mass Ratios 
(a) System, (b) Absorber (Cuvalci, 2002). 
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Figure 3.42 Autocorrelation ofthe Damper. 
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Figure 3.43 Autocorrelation Function for the Beam for fp/f, = 05. 
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Figure 3.44 Autocorrelation Function for the Ball-Pendulum for fpjf^ = 0.5 
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Figure 3.45 Autocorrelation Function for the Beam for / ^ / X = 0.43. 
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Figure 3.46 Autocorrelation Function for the Ball-Pendulum for / p / X = 0.43. 
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Figure 3.48 Autocorrelation Function for the Ball-Pendulum for fp/f^ =05S. 
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Following the mean square response data, autocortelation results were generated 

(Figures 3.42-3.48). As stated in tiie random vibrations part, the correlation function is 

used in finding the similarities between the two separate data. Autocorrelation also looks 

at tiie similarities in one set of data where the points are gathered from time shifts. It 

gives an idea of the randomness of a signal. A sinusoidal data would have an 

autocorrelation fimction of a cosine. Thus, periodic signals remain constant and keep 

away from decaying. Even if there is some periodicity in the signal, the decaying will 

take a longer time (Figure 2.5). Broad-band data suddenly drops to zero. Depending on 

the explanation, the ball-pendulum response takes longer to get to zero. The 

autocorrelation values of the beam and ball-pendulum came out different and depending 

on the high amplitude differences, the beam take longer to reach zero. It indicated that the 

beam was a wider band function with regard to the ball. The output of the shaker had 

small amplitude and behaved like wide-band function. Starting from the shaker to the 

ball-pendulum, the band got narrower. The results are in good agreement with that of 

Cicek's (1999). 

With the ratio changed away from 0.5 vicinity, the autocortelations of distant 

ratios become narrower. The same behavior was observed in both the beam and the ball-

pendulum. However, looking at the magnitudes for t=0, the beam for 0.5 ratio seemed to 

be excited more. 
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Figure 3.49 Probability Density Function of tiie Shaker. 
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Figure 3.50 Probability Density Function ofthe Beam for / ^ / ^ = Oi 
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Figure 3.51 Probability Density Function ofthe Ball-Pendulum for fp/f^ = Oi 
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Figure 3.52 Probability Density Function ofthe Beam for Z^//, = 0.43. 

Figure 3.53 Probability Density Function of tiie Ball-Pendulum for Z^//, = 0.43 
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Figure 3.54 Probability Density Fimction ofthe Beam for fpjf, = Oi8. 
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Figure 3.55 Probability Density Function of tiie Ball-Pendulum for/^//, = Oi8, 
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Before looking into tiie Power Specfral Density distributions of beam, shaker and 

tiie ball-pendulum, tiie histograms will be discussed (Figures 3.49-3.55). The histogram is 

used for displaying the distiibution of the data in a probabilistic way. It gives an idea of 

the probability for a distribution to have a specific value. 

In tills research, histograms are produced rather than the Probability Density 

Functions (PDF). Once the envelope curves are drawn around the histograms, they look 

like PDFs. In order to have a curved shape at least for the responses, the intervals were 

arranged accordingly. The intervals for tiie beam and ball-pendulum were 100 and 30, 

respectively. Further increasing the number for the ball deformed the distribution. 

Generally, the beam data spreads with Gaussian distribution. The responses ofthe 

distant ratios showed an increased peak. Even the shaker could be Gaussian with a 

steeper peak. Moreover, the ball-pendulum for ratios of 0.5 and 0.43, if an envelope 

curve was drawn to the maximums of the intervals; a Gaussian distribution can be 

satisfied. The symmetry of the response around origin is another property of the 

Gaussian. When it comes to 0.58 ratio, the peak at the origin deforms the normal 

distribution. Actually, this data is confroversial with the mean square values displayed in 

Figure 5.28. The ball seems to stay around the origin around 35-45% while having a very 

high average value. Therefore, the average mean value seem to be higher than expected 

for 0.58 ratio. 

The following figures (Figures 3.56-3.58) demonstrate the Power Spectral 

Density (PSD) distributions for the shaker, the beam and the ball-pendulum, respectively. 

The white noise distiibution starting from 2.5 Hz up to 30 Hz can be clearly seen in the 

Figure (3.56). It is nearly a straight line, showing that tiie input to the system was leveled. 

Therefore, tiie amplitudes of tiie mdividual frequencies were nearly the same during tiie 

experiments. 

Before the beam frequency, it is more convenient to discuss tiie ball frequency. 

1,52 Hz was calculated from tiie equation and 1.55 Hz was measured experimentally. 

PSD ofthe ball after tiie experiment came very close to tiie values generated beforehand. 
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Depending on the ball frequency, the system was set up for 0.5 ratio. What must 

be underscored is that, the 1:2 ratio was developed from the value calculated by the 

formula. Eventually, the system frequency was set up to be 3.04 Hz for that ratio. Again, 

tiie results showed that 3.11 Hz, which was derived from experimental frequency, 

showed a better autoparametric interaction. 
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Figure 3.56 Power Specfral Density ofthe Shaker. 

136 



N 

«M 

3 
(A 

Freq (Hz) 

Figure 3.57 Power Spectral Density ofthe Beam for fp/f, = 05 

I.OOOE-1-OT 

1.000E-2-S 
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CHAPTER IV 

SYSTEM UNDER DETERMINISTIC EXCITATION 

4.1 Infroduction to Deterministic Experiments 

The previous chapter clarified tiie experimental procedure under random 

excitations. Random loading of the system reflects the loading conditions more 

realistically. The response of the system under wide frequency loading could also be 

captured. The absorption region and the frequency ratios where most autoparametric 

interaction occurred were indicated. 

Sinusoidal experiments were also usefiil for comparing different parameters such 

as different system-to-pendulum mass ratios, loading amplitude variations, or location of 

the damper. The reason for continuing with the sinusoidal experiments was to find ways 

of improving the damping capability ofthe ball-pendulum. Therefore, all the experiments 

were conducted at w, = 2w„ ratio. 

Initial testing involved the system between two frequencies and letting the 

fundamental frequency of the system be forced. For these experiments, the sweep rate 

was chosen to be as small as possible for the system to reach a steady state. Second 

experiments entailed forcing the system at the natural frequency for observing the beam 

and ball-pendulum responses. Sweep experiments were useful in imderstanding or 

highlighting the absorption region. However, the effect of various mass ratios was better 

demonstrated by the constant frequency forcing experiment. The next experiments 

involved changing the location of the damper. The conclusions on this data were very 

useful on the application of the damper. It gave us the flexibility to move the damper to 

different positions, and even putting it somewhere not very visible. Therefore, the drivers 

could not be distracted by the damper. Eventually, the last set of experiments entailed 

changing tiie forcing amplitudes. This is very helpfiil in simulating real life loading 

situations. Low, moderate, and high levels of amplitudes were tested for different mass 
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ratios. All of these experiments gave us the flexibility and the options to modify our 

damper with regard to the results obtained. 

The sweep experiments were conducted with 50 scans/sec for the beam and 90 

scans/sec for the ball-pendulum. The frequency range was between 2.7-3.3 Hz and the 

fundamental frequency was set to be around 3.05-3.11 Hz. For the lower and higher 

amplitudes, there was a slight change in the frequency. This range was selected so that 

maximum autoparametric interaction could occur and both experimental and calculated 

frequencies could be covered. Most of the experiments were completed at 3.06 Hz. The 

sweep rate was 0.001 Hz^sec. The ratios for the masses starting with the heaviest one 

were 0.0238, 0.0188 and 0.0145. All three balls were bearing balls with very smooth, low 

fiiction surfaces. These ratios can be considered small but the channel in the guide was 

not big enough to fit a larger diameter ball. 

The data acquisition and the equipment used have afready been described in the 

previous chapter. Mainly, there was no difference in the data acquisition systems of both 

experiments. 

Eventually, the objective of these experiments was to find out how the weight of 

the ball affected the oscillation amplitudes. Moreover, experiments continued with 

moving the damper on each side ofthe beam to test whether it would still operate without 

any problems and could satisfy a sufficient amount of damping. The experiments 

included different amplitudes to determine whetiier the damping could still work. 

4.2 Results and Discussions 

The following are the steps that will be covered in tiie following pages. 

1. Time hstory 

2. Sweep experiments 

3. Constant fi«quency experiments (Dwell) 

4. Damper on one side (Out-of-plane) 

5. Different amplitudes. 
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Random experiments proved that autoparametric interaction takes place in the 

neighborhood of fpl f^=05. Therefore, sinusoidal experiments were conducted for this 

ratio to figure out the other factors that might affect the operation and effectiveness ofthe 

damper. The first experiment was a free vibration example for calculating the % critical 

damping value of tiie damper in tiie lab so that later on it could be compared to the values 

from the field experiments. 

Time (Sec) 

Figure 4.1 Free Vibration Analyses of Beam with and without the Damping. 

The percent critical damping was calculated from the logarithmic decrement 

given by. 

n x{t + nT) 
(4.1) 

and the damping ratio is given by. 

C-
^A7r'+5' 

(4.2) 
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The calculations showed tiiat witiiout tiie damping tiie system % critical damping 

ratio was 0.318%, and witii tiie damper active, it was increased to 1.88%. Nearly six 

times of damping can be satisfied. Later on this result will be compared to the % ratios 

from the field experiments. 

The response ofthe ball for free vibrations was also generated (Figure 4.2): 

THne (Sec) 

Figure 4.2 Free Vibration Response ofthe Ball-Pendulum. 

Initially, the ball moves all the way on the path, as the initial amplitude was very 

large. As it was a free vibration response, it seemed to take two or three seconds until the 

system started oscillating at the natural frequency, and then the ball started taking some 

energy as the ratios were frequency-wise out of range initially. The origin is taken as 13.5 

for the ball-pendulum, and the graph stands symmetric around tiiis value, ft can be said 

that tiie ball tiaveled all tiie way m tiie guide back and forth to absorb tiie energy until the 

beam amplitude started diminishing. Further discussion about that part will continue once 

the sweep responses ofthe ball-pendulum are plotted. 

The next graph was plotted to see if there would be a drastic change between the 

up-sweep and tiie down-sweep responses witiiout dampmg. Usually, some experiments 
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can be conducted using botii for detennining tiie absorption region. As stated before, in 

this part of tiie stiidy, tiie aim is to look at different parameters. Therefore, either up

sweep or down-sweep can be used unless tiiere is a huge amount of difference. 

Otherwise, constant frequency experiments could be carried out to determine which of 

the sweeps looks similar to steady state constant frequency responses. Several sweep 

experiments were completed and nearly all of tiiem gave different maximum amplitude 

values. Up-sweep and down-sweep experiments also gave different amplitudes. On the 

other hand, as seen in the Figure 4.3, there was a slight shift in the frequency value where 

the peak is. This may be a reason for the different amplitudes of the responses. 

Fundamental frequency of the system was found experimentally, and for different initial 

displacement amplitudes, different frequencies came up. The change was at most ±0.02 

Hz. 

The rest of the experiments were continued with up-sweep experiments as there 

was no drastic difference between the both responses. 

Figure 4.4 shows the up-sweep responses of the beam with and without the 

damper. This figure is a comparison of amplitudes for different mass ratios. It is obvious 

that the absorption takes place successfidly around the fimdamental frequency. These 

graphs are generated for the medium level of forcing amplitude, which was 0.02 m. 
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Figure 4.3 Up-Sweep and Down-Sweep Responses for the Beam without Damping. 
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Figure 4.4 Up-Sweep Responses of Beam with and without the Damper. 
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In tills figure, the amplitude for the beam decreases when the ball weight 

increases. The differences between tiie amplittides of tiie damped beam are not too great. 

All balls could all damp tiie system under a certain level of 0.2 V. The damped results are 

not considerably different from each otiier. This is an outcome ofthe very low ratios and 

close ratios. Further increasing the ball weight may decrease tiie amplitudes even more. 

At least going up to ratios of 0.03 scales may have a huge effect on the response. There is 

a sudden decrease (jump phenomena) in tiie amplitiide ofthe beam around 2.97 Hz. The 

absorption continued up to around 3.13 Hz. Different weight ratios do not seem to have 

an effect on the expansion or contraction of the absorption region. However, when the 

forcing amplitudes are increased, different mass ratios may have different lengths of 

absorption regions. Generally, previous studies showed that increasing the forcing 

amplitudes increases the absorption region (Cuvalci, 2000). When the ball responses are 

compared, the jump phenomena could be better understood, as an instant increase in the 

ball amplitudes will be observed. 

Sweep data did not give a very clear view ofthe differences. Therefore, constant 

frequency experiments were finished. The system was forced at the fimdamental 

frequency for enough time to reach steady state and was plotted for the damper active for 

all weight ratios and for the damper inactive (Figure 4.5). 

The difference between the effects of light and heavy balls is visible and the beam 

responses are fafrly distinct from each other. This graph is analagous to the mean square 

response ofthe random data in the previous chapter. With respect to this data the average 

energy level can also be qualitatively discussed if not quantitatively. In a sense, it is 

visible that the beam damped with heavy ball has lower amplitude and carries less 

energy. Conversely, the undamped system has larger amplitudes, resulting in larger 

energy levels. The heavier the ball, tiie amplitudes will decrease. 
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Figure 4.5 Steady State Responses for Natural Frequency Forcing. 
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For the up-sweep tests, the ball responses were also generated. This part of the 

results gives an idea of the ball oscillations and tiie jump phenomena that occur around 

2.95 Hz. 

The first three figures show tiie responses for the ball oscillating in the pendulum 

without any alterations (Figures 4.6-4.8). 

2.9 295 3.05 3.1 315 
Freq (Hz) 

Figure 4.6 Heavy Ball Up-Sweep Response. 

2 9 2.95 3.05 3.1 315 
Freq (Hz) 

Figure 4.7 Medium Ball Up-Sweep Response. 
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Figure 4.8 Light Ball Sweep Response. 

These graphs were added into the results to give an idea of jump phenomena, the 

oscillation's amplitudes, and the duration of the oscillation. For the heavy ball, the 

oscillation started at nearly 2.9 Hz. All of the balls seemed to oscillate the same path 

lengths for the frequency intervals. At 3.15 to 3.2 Hz, the balls seemed to go all the way 

from one side of the guide to the other. The response graphs which calculate the 

maximum points are shown in the following figure (Figure 4.9). 

The jumps can be seen clearly in the beginning of the absorption region. In the 

end ofthe region there is a decay of oscillations. This data shows that the heavy ball took 

more frequency range than the other two. The oscillation's amplitudes again are nearly 

same, except tiie durations. The duration change may have been a shift of data as the ball-

pendulum data was user-confroUed and could not be started and stopped at exactly the 

same time. But the change in the forcing amplitudes may provide an insight as to whether 

the absorption region was really varying or not. If the path had been longer or the ball had 

been heavier, or the amplitudes were lower, the response of the pendulum might have 

been a curve and might have peaked around 3.1-3.15 Hz. 
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Figure 4.9 Response Curves For the Ball-Pendulum. 
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The following figures show the up-sweep responses for forcing amplitiides of 

0.01 m, 0.02 m and 0.03 m. The up-sweep for the different amplittide levels without any 

damping is shown in tiie next figure (Figure 4.10). More energy was introduced into tiie 

primary system, and as tiiere was no absorption, all the energy was carried on the beam, 

thus increasing the amplitudes. 

a. 
a. 1.5 
E < 

-Amp 0 02 
-Amp 0.01 
-Amp 0 03 

Freq (Hz) 

Figure 4.10 Up-Sweep Response ofthe Beam for Different Forcing Amplitudes. 
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Figure 4.11 Comparison of Ball-Pendulum Responses for Various Forcing Amplitudes 
for Heavy Ball. 

Being in good correlation with the previous results (Cuvalci, 2000), the 

absorption region increased with the increasing forcing amplitude. The results are only 

displayed for the heaviest ball and the lightest ball (Figures 4.11-4.12). However, the 

beam responses for all the balls will be plotted in the following pages. Both light ball and 

the heavy ball cortelates to the increasing region when the amplitude increased. The 

Figures 4.13-4.14 are the beam responses for constant ball weight ratios with different 

amplitudes. Again, the graphs will be displayed only for the heavy and the light ball. 
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Figure 4.12 Comparison of Ball-Pendulum Responses for Various Forcing Amplitudes 
for Light Ball. 
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Figure 4.13 Response ofthe Beam for Different Forcing Amplitudes with Heavy Ball. 
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Figure 4.14 Response ofthe Beam for Different Forcing Amplitudes with Light Ball. 
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An interesting phenomenon occurred for the light ball at the 0.03 m amp. Even 

though Figure 4.12 showed that the absorption region increased for the light ball, and 

even though the ball amplitudes were large, it could not damp the system. The jump 

phenomenon is no longer visible around the natural frequency ofthe system. This is most 

probably because of the limited saturation. Commonly, the saturation principle states that 

when energy is infroduced into the primary system, it would result in the increasing 

amplitudes of the secondary system. This is the principle by which the absorbers work 

(Tondl et al., 2000). For the light ball at this amplitude, no more saturation was possible. 

The reason for that may be the limited amplitude; the path that the ball can roll on has a 

limited length. Eventually, it could not absorb enough energy with that limited amplitude. 

Moreover, this limited path might be forcing the ball to compensate for the energy 

difference infroduced by the higher forcing amplitude and to increase the absorption 

region. The light ball could still able to decrease the maximum amplitude by some 50%. 

However, reasonable damping levels that were acquired in the other amplitudes are not 

valid anymore. Additionally, for the heavy ball, at the highest level of forcing amplitude, 

not enough absorption was possible, but it could still damp the system successftilly. For 

the lower amplitudes, the absorption range was smaller, and smallest for the lowest 

amplitude. However, for even though the absorption range was very small, the maximum 

level of damping was satisfied within this smallest region. Of course, the extemal energy 

introduced was low. Therefore, the absorption of the system primarily depends on tiie 

extemal loading. For constant amplitude, if the absorption range is large, then it would 

decrease the energy infroduced. 

Another figure may be helpful in fiirther discussion of this topic. It is a steady 

state response of the system at the natural frequency, and the balls are free to oscillate. 

This is a comparison of tiie constant frequency beam data (Figure 4.5) witii tiie ball data 

at the steady state response for tiie fimdamental frequency. The beam resuft showed tiiat 

tiie highest mass ratio dampens tiie system at most, biitially, it was assumed tiiat tiie 

amplitiide of tiie ball should be larger so tiiat tiie energy could be absorbed, or tiiat tiie 

amplitude ofthe ball increased due to energy absorbed (Figure 4.15). 
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Figure 4.15 Steady State Responses ofthe Balls at the Natural Frequency. 

Again, for the steady state response, as seen in the sweep figures, the amplitudes 

of the three balls are similar, although they all absorbed different levels of energy from 

the system. 

For large amplitude tests, the impact of the ball to the beam should also be 

investigated. In this research, there was no study of this problem. For 0.01 m amplitude 

there was no impact. When the forcing amplitude increased, the ball started hitting the 

beam. It is possible that the mass, hitting the beam, behaves like an impact vibration 

absorber when the balls start oscillating at the same amplitudes. 

The deterministic tests continued with changing the location of the damper. For 

practical purposes, it was necessary to compare the data from the in-plane (plane under 

the beam) and out-of-plane (next to beam). If tiiis idea worked, tiie application of the 

damper to the traffic signal stmctiires could be more flexible, offering more locations to 

attach the damper. Moreover, if tiie path considerations were taken into account (which 
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may be a good test to conduct), it would be possible to install a larger guide without 

interfering with the fraffic and the drivers. When the guide was attached to one side ofthe 

beam, there was a change in the fimdamental frequency of the system. This change can 

be seen in the following figure (Figure 4.16). 

2 70 2 75 2.80 2.85 2.90 

Figure 4.16 Beam Responses with the Guide in-plane and out-of-plane. 
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Figure 4.17 Beam Responses with out-of-plane Damping. 
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Figure 4.18 Constant Frequency Responses for Damper On the Side and In-Plane. 

The damper was attached to one side of the beam and the frequencies shifted. 

However, there was no problem with the damping even though the system was around 

the ratio of 0.54 (Figure 4.17). Mean square response comparisons showed that around 

ratio 0.55, the damping was still very high. Therefore, even tiiough the ratio is away from 

0.5, the damper on the side could work effectively. But it may not be the case for otiier 

applications where the responses of the ratios may drastically differ. The only problem 

was that it took longer for the jump to occur with the damped system. As seen in the 

Figure above (Figure 4.18), both tiie in-plane and out-of-plane dampers witii the heavy 

ball satisfied nearly tiie same level of amplitiide. One important point here: tiie amplitude 

ofthe system with the out-of-plane damper was already low, even without the damping. 

The change in the frequency has to be taken into account when tiie damper is put 

the damper on tiie side of the mast arm. The damper should be designed to satisfy the 

ratio specified in tiie previous pages for a good interaction. 
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CHAPTER V 

FIELD EXPERIMENTS 

5.1 Infroduction to Field Experiments 

The next step after the lab experiments was to find an existing problem to apply 

the damper to. The vibration ofthe traffic signal structures seemed to be appropriate as a 

real life problem. The effectiveness of the damper under realistic loading conditions 

could be observed and tested. Moreover, the compatibility of the damper to such a 

problem could be tested, as there were multiple concerns about an extemal damper 

attached to a traffic signal. For example, it should be maintenance-free, as confroUing and 

repairing of individual dampers would take a lot of time and increase the costs. The size 

ofthe damper is also an important issue; a large sized damper would be heavy and would 

distract the drivers. Durability is another important factor; the damper should be 

operational in all weather conditions. The following chapters will go into field 

experiment details and discussions. The preparation ofthe field experiment as well as the 

damper itself and the proposed damper will be illustrated and explained m detail. 

5.2 Objective of Field Experiments 

The main objective of the field experiments was to see the effectiveness of the 

damper. This process can be divided into multiple steps. Initially, the fundamental 

frequency ofthe traffic light had to be detennined. Then the damper could be buiU using 

half of the value ofthe natural frequency, for lab experiments have shown that maximum 

damping can be satisfied at the 1:2 ratio of pendulum to system frequency. The 

construction ofthe damper is comprehensively discussed in tiie following pages. The last 

step was attaching the damper to the mast arm of the fraffic signal structure and 

comparing the system responses with and without the damper in use. Eventually, any 

modifications, where applicable, were carried out to increase the effectiveness of the 
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damper. The comparison of tiie different dampers was made by looking at the % critical 

damping ratios. 

5.3 Field Research Plan 

The field research plan outlines the steps that had to be completed in the field. As 

stated above, the 1:2 ratio had to be kept for maximum damping. The traffic signal in the 

field had a 48 ft (14.6 m) cantilever arm which met the TxDOT standards for SMA-80 

(Pulipaka). A different study by Pulipaka et al. was completed using the same mast arm 

for experiments. The details have been discussed in the previous chapters. The orientation 

of the mast arm was taken into account in their study. Therefore, the meteorological 

tower was also used to capture the wind velocities. However, in this project, neither the 

orientation nor the wind velocities were considered. Basically, free vibration response of 

the structure was analyzed. An initial forcing was applied to the system until it started 

oscillating at the natural frequency, and then the forcing was removed and the system 

kept on oscillating on its own until it stopped. This helped us eliminate the waiting time 

for appropriate wind velocities which initiated the galloping. Step by step, the research 

plan was as follows: 

1. Finding the natural frequency of the fraffic signal structure with the inactive 

damper on 

2. Constructing the damper 

3. Constructing the clamps for attachment 

4. Fixing the damper to the pole 

5. Response data acquisition and analyzing the results 

6. Calculating the percent critical damping ratios. 

5.4 Field Site 

The ti^ffic signal stiiicttire is located at tiie Wind Engineering Research Field on 

tiie Texas Tech University campus. However, any tt^ffic signal stiiictiire on the roads 
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could have been used, as some colleges have. The drawback at the field was that there 

was no through-traffic which could simulate a 100% real life situation. However, it was 

easier to make necessary modifications, such as fastening the damper to the signal and 

reaching the mast arm. These would be serious problems once the experiments were held 

at the fraffic signals that were already in use. For reaching the mast arm, a fixture was 

built, as seen in Figure 5.1. 

5.4.1 Test Signal Structure 

As stated above, a 48 ft (14.6 m) structure was used in the experiments (Figure 

5.1). The base ofthe structure is fixed to a rotating steel plate. The steel plate is mounted 

on a concrete formation. This whole design was used to rotate the signal structure in the 

desfred direction. Again, in this research, it was not necessary to use this set-up as no 

rotation was desired. 
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Figure 5.1 The Traffic Signal Structure and the Fixture. 

161 



5.5 Manufacturing the Damper 

Using the formula 5.1, the radius ofthe damper was calculated for an average of 4 

in. ball. Natural frequency for tiie system shown in Figure 5.1 was 0.69 Hz. From tiie 1:2 

ratio tiie ball frequency had to be 0.345 Hz. The radius of the pipe was calculated to be 

56.82 in. close to 57 in. 

The radius of the damper, or the guide that the ball rolls on, was around 57 in. 

Many factors were taken into account; for example, tiie guide tiiat tiie ball rolls on had to 

be a closed structure so tiiat the ball would not be not affected by envfronmental factors 

such as dust, dirt, rust, etc. A light and easily handled structure was preferable. That point 

becomes very unportant while tiie damper was being attached to the mast arm. If the 

damper was not light and handy, it would be difficult and time-consuming to get the 

damper mounted on the arm. A design which was maintenance-free was desfrable, 

considering the number of lights even in Texas. Any modifications or replacements had 

to be avoided during the operation. One ofthe most important points deserving emphasis 

is that; even though the current project worked on 1:2 ratio, the main purpose was to find 

a region where the damper could work effectively. From the manufacturing point of 

view, it was not necessary to built individual dampers for each traffic light which would 

not be reasonable and flexible. Therefore, one damper must be capable of covering traffic 

lights with varying frequencies in that region. Moreover, if this ratio is close to 1:2,but 

not exact, where most of the damping was observed, then some weights can be added to 

the mast arm to satisfy the ratio. In the end, three or four different radiuses of dampers 

could cover all the fraffic lights, as the frequency range is not wide. The frequency range 

ofthe signals is mostly between 0.7-1.4 Hz. 

A PVC pipe would be suitable for some of the considerations listed above. 

However, the problem was getting the desfred radius. A 180-degree pipe with that radius 

was quite large. Preparing a mold and formmg the plastic pipe with casting would not be 

feasible because of the cost/unit issue. However, for mass production it is feasible, and 

the cost would be very low for each of the pipes. If only three or four different radius 
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pipes were needed, then three or four molds would be necessary. The exact radiuses can 

be satisfied easily with this manufacturing method. 

For this experiment, only one or two pipes would be necessary. Therefore, the 

local plastic pipes dealers were contacted. Luckily, at O' Tool in Lubbock, pipes with 

specific radiuses and angles were sold. The angles were 30, 45, 60, 90 degrees and the 

radiuses were ranging from 30 to 150 in multiples of 30. In our experiment, two pieces of 

60 in. radius and 90 degree pipes were acquired. Then a fitting was used between them to 

form a 180 degree angle. Two double clamps were also purchased for attaching the pipe 

to the mast arm. 

Figure 5.2 Initial Damper Design. 

This mitial damper had many drawbacks; it was huge and heavy, mounting it on 

tiie mast arm was a real problem, and the ball in tiie pipe was not able to roll forward and 

back on a sfraight patii. When tiie figure is observed, it was clear tiiat tiie fitting caused 

the connection part ofthe pipes to be linear, defonnmg the circular shape. The ball in tiie 

plastic pipe was oscillating on its own in the cross-sectional area of tiie pipe. 
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Figure 5.3 Out-of-Plane Ball Oscillations. 

The out-of-plane movement ofthe ball caused increased fiiction and kept the ball 

from moving freely in the in-plane path. The vibration energy from the mast arm carmot 

be transferred to the ball unless the ball is free to move and increases its amplitude. After 

these points were clarified, some modifications were made to overcome these problems. 

The circular shape was addressed first; it was certain that the fitting should be 

removed from that critical cormection point. In other words, the connection point and the 

minimum of the arch must not overlap. As there were no 180 degree pipes available, an 

altemative might be cutting one of the pipes in half and using two fittings at 45 degree 

angles. The half pipe between the two fittings would then be a perfect cycle (Figure 5.4). 

Figure 5.4 Modified Damper. 
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Yet, the out-of-plane movement of the ball was not solved. A proper way to 

overcome this problem was cutting out a duct for the ball to move along. The channel had 

two advantages: one of them was the decrease the friction between the ball and the 

channel, as there will be point contact on a straight line; the second was that the ball 

would be limited to oscillate along the path (Figure 5.5). These two modifications 

drastically increased the behavior of the ball in the PVC pipe. Both advances helped the 

ball move along the path with lower friction taking energy from the mast arm. 

Figure 5.5 View ofthe Channel that was Cut from tiie Pipe. 

Still, the damper was too large and heavy to use on the traffic lights on stt-eets. It 

was necessary to access the feasibility of the same operation with a smaller and lighter 

structure. The 180 degree pipe was basically shifted upwards keeping the same radius, 

but decreasing the lengtii ofthe path the ball could move on. 

Figure 5.6 Shifting the Pipe Beside tiie Mast Arm. 
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Then it was necessary to shift the damper, removing it from sight so that the 

drivers would not be distracted (Figure 5.6). It could even be removed behind the lights, 

rendering the damper totally invisible. In the lab, the set-up was tested with the damper 

on the sides rather than right under the beam. The damper still worked effectively in that 

position. Therefore, the damper had the flexibility to be used in multiple locations around 

the mast arm without losing any operational property or causing any problems. 

The damper was now lighter and easier to move around. However, the path was 

limited with that design. The amplitude of the ball increased to absorb the energy from 

the mast arm. The saturation phenomenon states that when the forcing on the primary 

system increases, the amplitude of the secondary system at some point will start to 

increase. Depending on the vibration amplitude ofthe mast arm, the ball tended to roll on 

a longer path so that it could compensate for the extra energy. During the experiments, 

once the amplitude ofthe mast arm was increased, the ball fell out ofthe duct. Moreover, 

the ball hitting the mast arm was not desirable. The impact of the ball might diversely 

affect the process. It would also make a lot of noise which was not appropriate. 

The contact line between the ball and the PVC pipe had a rough surface. Even 

though, the channel was cut out in a drilling mill, it was hard to get a better surface. This 

process can be seen in the following figure (Figure 5.7). 

Figure 5.7 Manufacttiring of tiie Channel Through tiie Pipe. 
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In the current field experiments, the inside radius of the pipe was used, as it was 

close to the necessary radius. As seen in the figure, there were two charmels in the pipe in 

the inside and outside radius. Because of the channels, the pipe got very loose and started 

swirling. Several bolts were mounted through the pipe to make it more rigid. Then two 

pieces of spring steels were refro fitted on the pipe along the comers ofthe inside channel 

to decrease the roughness and friction between the ball and the pipe. Another challenge 

was getting the spring steel fixed on the comers. The curved pipe surface did not allow 

directly fixing the spring steel. A surface was necessary for fastening the steel properly, 

but the steel and the curved surface had only a line contact. The only way to attach these 

two pieces was filling the empty volume between the steel and the pipe. Multiple 

aluminum rounds were manufactured to support the steel piece. These pieces were 1.5 in. 

away from each other, with rivets going through the spring steel and then the round piece 

and finally the pipe. The following figure clarifies the process (Figure 5.8). 

Figure 5.8 Track Attached to the Pipe with the use of Rounds. 

Again, the friction was low and tiie pipe was not long enough; as a resuft of these 

factors, the ball with all the energy could not dissipate it and fell from tiie ends. A new 

measure had to be taken, to prevent the ball from falling and enable it to dissipate its 

energy. 
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The discussions proved that adding springs on both ends of the channel might 

increase tiie absorption and prevent the ball from falling. Three springs were fixed on a 

steel plate. The steel plate was welded on a U-shaped sheet of metal. The U -shape was 

fastened on tiie pipe. The following figures show the design with springs (Figures 5.9-

5.10). 

Figure 5.9 Detail ofthe Springs Attached. 

Figure 5.10 The Ball-Pendulum Damper. 
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5.6 The Balls used in the Experiments 

Three balls with different properties were used in the experiments. The first one 

was a 4.13 in. diameter lead ball covered with plastic. Actually, it was a regular shot put 

ball, but for additional weight it was filled with lead. For protection against rust-causing 

environmental effects, it was covered with plastic. This is the heaviest ball used in the 

experiments weighing, 5.5 kg. (12.1 lb.). The second ball was a 4 in. bearing ball with a 

very smooth surface finish. The inside of the ball was steel and covered with chrome. It 

was lighter with regard to tiie first ball weighing, 4.25 kg. (9.35 lb.) . These two balls 

would help establish not only the desired weight, but also the preferable surface finish 

(Figure 5.11). The plastic cover might have an impact on the effectiveness ofthe damper, 

whereas the lighter ball might not be as effective as the first ball. As the lab experiments 

showed, increasing the weight of the ball increased the energy absorbed. Finally, the last 

ball was again a shot-put ball, but without alterations. It was the lightest, at 3.63 kg. (8 

lb.) but the surface finish was fairly rough. Therefore, the third ball was omitted during 

the experiments. Only the first two balls were used for data acquisition. The details ofthe 

balls can be seen in the following figures. 

(a) Lead Ball (b) Bearing Ball 

Figure 5.11 Lead Ball and Bearing ball 
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5.7 Field Equipments and Data Acquisition 

Data acquisition for the field experiments was similar to that of in the lab 

experiments. A PCB Piezofronics 353 B52 accelerometer was mounted on the tip of the 

48 ft mast arm. This was connected to an ICP Sensor Power Unit again from the same 

company. The laptop and the accelerometer were communicating through a SCB-68 

National Instruments data acquisition board. Again, LabView was used for data 

acquisition and processing ofthe data (Figures 5.12-5.13). 

Figure 5.12 Graph of Field Experiments. 
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Figure 5.13 Layout of Field Experiments. 

Starting with the natural frequency resuUs, the response of the system with and 

without the damper is shown in the following pages. 

5.8 Results and Discussions for the Field Experiments 

The layout ofthe field experiments: 

1. Time history of the mast arm 

The field experiments consisted of comparing the time histories of the fraffic mast 

arm with and without the active ball-pendulum. Free vibration analysis of the structure 

should give a result trend to the free vibration analysis in the lab. Comparing the 

amplitudes, the % critical damping ratios were calculated for comparisons. 

Multiple experiments were completed for each ball and for each modification. 

However, the ball did not oscillate until the channel was cut out ofthe pipe. 
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Initially, tiie comparison ofthe two designs is illustrated (Figure 5.14). 
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Figure 5.14 Comparison of Mast Arm Response with and without Springs Attached 
for tiie Heavy Ball (Lead Ball). 

The drawback of using the inner radius of the pipe was the failure of the ball to 

stay on the guide when it hit the ends of the chaimel. Especially for the heavy ball, when 

the amplitudes got large, the ball was going out of one side ofthe channel. Therefore, for 

the purpose of absorbing some of the energy from the ball and preventing it from falling 

out of the channel, springs were added to the ends. It was assumed that once the ball hit 

the spring, attached to a plate covered with rubber, it would leave some of the energy on 

the springs. When the design was tested, as shown in Figure 5.10, the ball hitting the 

spring had an impact on the effectiveness of the system. For the design with springs, the 

peaks all through the data prove that when the heavy ball hit the springs, it caused a kind 

of hammer loading or instant loading on the mast arm. This continued for nearly 80 

seconds. The XQ value was selected; start from 20 seconds, as for the initial 20 seconds, 

the ball was just starting to oscillate. The drawback of the other design without the 
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springs was that once tiie springs were removed, two plates were left on tiie pipe so that 

the ball would not just fall down out ofthe edge. Again, the heavy ball had a very large 

amplitude rolling motion, and there was a strong impact on the plates. Moreover, when 

the ball hit the plate, it jumped up around 2-3 in. and fell back down on the track, in the 

chaimel. When it hit the pipe, the first three or four huge peaks were observed. The heavy 

ball affected tiie data more than the light ball did (Figures 5.14-5.15). For this ball the 

effects of the impact were lessened as amplitudes. The design with springs has a spread 

data all around the time scale where the amplitudes are higher, the damping is less 

effective. These results are valid for both balls. The data did not diminish to a smooth 

curve until 80 seconds. On the other hand for the system without springs, the light ball 

did not seem to cause the same problem as the heavy ball. The experimental damper in 

fact used the inside radius of the pipe without any guides or brackets around. As for the 

actual design, the ball is going to oscillate in the pipe rather than on the surface; there will 

be no chance of falling down or separating from the track. Eventually, these problems 

would be solved without considering very complex designs. 
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Figure 5.15 Comparison of Mast Arm Response with and without Springs Attached 
for the Light Ball (Bearing Ball). 

Only a 90 degree angle of the pipe was used for the experiments. The ball 

oscillated with large amplitudes in the frack and the path length was not sufficient to 

compensate for it. A longer path may be tested if there is an optimum length of pipe that 

can be used to eliminate these sfrong impacts. If the path length is assumed to be enough, 

then one other solution may be to reduce the powerful impacts by adding some viscous 

damping in addition to the springs. The hammering of the ball could be reduced before 

affecting the mast arm. Moreover, increasing the weight ofthe ball has its advantages and 

disadvantages. One disadvantage is that as the ball gets heavier, it could affect tiie mast 

arm more significantiy than a light ball. Interestingly, as discussed in the previous 

chapter, even in the lab experiments, the balls hit the beam itself. But tiie beam data did 

not show any peaks or irregularities. Again, this may be an issue ofthe weight ratios, as 

the light ball did not create as many peaks and high amplitiides as the heavy ball. A 
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comparison of tiie mass ratios for lab and field experiments is not indicated, as the weight 

of tiie fraffic signal stiiicture could not be found. 

The following figures show the advantages of the heavy ball are advantageous 

over the light ball (Figures 5.16-5.17). 
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- Undamped Response 

60 

Time (Sec) 

90 

Figure 5.16 Comparison of Damping with Heavy and Light Ball. 

The heavy ball clearly damped the system in a shorter amount of time. The results 

of % critical damping ratios will show how great the difference is. This figure shows that 

the system is damped and the heavy ball is more effective. A detailed figure can be seen 

in the following page. Once the impact issues are solved, this response could be even 

faster in means of cycles. 

The system was allowed to oscillate on its own when ft reached certain amplitude. 

It was not easy to get the same amplitude every time; therefore, all the data was 

normalized. Another drawback of the heavy ball was getting it to initiate oscillation, 

whereas there was generally no difficulty of tiie kind for tiie bearing ball. This difficulty 

was assumed to be due to the high static friction ofthe heavy ball and the frack. 
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Figure 5.17 Detail of Comparison between Light and Heavy ball. 

The % critical damping ratio for the system when the ball is fixed is around 0.3 

%. With the use ofthe heavy damper, the % ratio improved up to 1.1 % and for the light 

ball, this value was around 0.75 %. It was observed that these values can be fiirther 

increased by decreasing the response time of the ball. Mainly, it takes a longer time for 

the balls to react; during the experiments, when the mast arm was released, the balls were 

remained at rest. It took some time for the balls to initiate oscillation. They failed to move 

until the fimdamental frequency of the system was close or reached. Once the steady 

oscillations were satisfied, the balls started moving along the path, absorbing energy. 

Therefore, the absorption region may even be smaller for the damper used in the field. 

Otherwise, the level of energy to get the ball rolling at different frequencies can not be 

satisfied by tiie fraffic signal structure. This shows that the autoparametric interaction 

occurs around 0.5 frequency ratio. For the light ball, this reaction is easily observed. 

However, for the heavy ball, it is very difficult to initiate movement, ft is necessary to 

apply a small amount of force, and then the heavy ball to oscillate with increasing 
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amplitudes. For the field experiments, the ball position was not determined. It was not 

necessary to do so, as tiie ball was visible and the lab experiments already provided 

sufficient insight about the interaction ofthe ball with the system. 

177 



CHAPTER VI 

CONCLUSIONS AND FURTHER RECOMMENDATIONS 

In this project, a comprehensive study on a new ball-pendulum vibrations device 

was conducted. A new measurement technique was deployed for obtaining the ball 

position data. Eventually, the device was applied to a real life problem. 

In order to have a good understanding of the system, random and deterministic 

experiments were carried out. Each of these experiments gave us insight into the dynamic 

behavior of the system, revealing various characteristics and proving the interaction 

between the damper and the system. 

The random experiments proved that autoparametric interaction occurred for an 

internal detuning ratio of 0.5. This result was in good correlation with the past results 

which were gathered from dynamic systems that work on the same principle. The mean 

square, autocorrelation, histogram and power spectral density responses of the system 

were studied. The results showed that generally, the unidfrectional energy transfer 

occurred from the beam to the ball-pendulum. 

Later, the sinusoidal experiments were carried out. In this part of the research, the 

point of concenfration was finding out how different parameters affected the system. The 

experimental procedure consisted of sweep and constant frequency experiments. These 

experiments were performed with various mass ratios, forcing amplitudes, and damper 

locations. Fruitftil results were derived from them which were applicable to field 

experiments. Increasing the mass ratio decreased the peak amplitudes. When the forcing 

amplitude was increased, the absorption region for all the mass ratios increased, but for 

the smallest ratio, the damping was no longer possible at the maximum forcing 

amplitude. Moreover, increasing forcing amplitudes also increased the beam response 

amplitudes regardless ofthe mass ratios. 

Eventually, the damper was attached to one side of the beam to test for different 

locations where the damper could still work. When the damper was added, tiie frequency 

ofthe system shifted down to a lower frequency. As a result of tiiis, tiie ratio of 0.5 was 
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obsolete, and it also shifted to 0.54. However, the system still worked property and 

managed to attenuate the vibrations. 

Combining the results of the lab experiments with the factors of design 

considerations, a 1:1 scale damper was built which was tuned to the frequency ofthe 

system. For field experiments, the traffic signal structure in the Wind Engineering 

Research Field of Texas Tech University was used. The damper successftilly dampened 

the vibrations ofthe structure. As the design was not totally complete, the total efficiency 

was around 70%. Therefore, the damping could be better and the % critical damping 

ratios can be increased. For the proof of the concept, the results showed that the 

autoparametric damper was working. Moreover, it is light and maintenance free, but not 

complex and not visible to drivers, which is a very important consideration with regard to 

traffic regulations. Modifications in the discussion chapter of the field experiments have 

to be completed for the damper to work fully effectively. 

Moreover, a measurement system was built with emitting and transmitting diodes 

to determine the position of the ball in the guide for analysis. Nearly three hundred hours 

of experiments were completed. During these experiments, no serious problems were 

encountered. All the diodes worked perfectly through the research without causing any 

frouble. The only downside of the module was the limited number of channels that could 

be used with the current equipment. Therefore, the output data had to be modified for up 

to at most 1% ofthe total number of data. The amount was not large enough to change 

the frend and affect the analysis by causing wrong results. The system is much cheaper 

with regard to the laser data acquisftion system and still gives enough resolution to carry 

out the experiments. 

Further recommendations can be made with regard to each category discussed 

above. The patii length of the guide could be varied and tested under random and 

deterministic excitations. The random experiments could be concentrated on a narrower 

area in the neighborhood of 0.5. The results may show different characteristics. For tiie 

measurement system, the density of the diodes could be increased to increase the 

sensitivity. There is a limit to that, as diodes emit and fransmit light at specific angles and 
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so may interfere when kept close to each other. The guide used in the lab experiments 

could be widened to accommodate larger diameter balls so that the mass ratio can be 

increased. In addition, draining some energy from the ball may result in shorter paths. 

Methods of keeping the ball in specific amplitudes can be sought. Impact effects should 

be figured out experimentally. They may have an important effect on the way the system 

behaves. Theoretical or numerical studies can be done to compare the experimental 

results witii. Eventually, the damper should be modified witii tiie methods proposed in tiie 

last chapter. These modifications can eliminate the undesirable movements of the ball 

and increase the response time with the % critical damping ratio. 
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CALCULATING THE % CRITICAL DAMPING RATIOS 
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CALCULATING THE % CRITICAL DAMPING RATIOS 

Logarithmic Decrement is given by 

1 
^ = - l n 

n 

where % critical damping is calculated as. 

(A.1) 

c-
-JATT^+S^ 

100 (A.2) 

Without the damper. 

S = —\n 
40 

0.317 

0.142 

f = 
0.02 

V4;r'+0.02' 

0.02 

* 100 = 0.3% 

(A.3) 

(A.4) 

whereas with the damper from normalized data. 

^ = — I n 
40 

1.42 
= 0.07 

4-= 
0.07 

V4^^+0X)7' 

0.0833. 

* 100 =1.1% 

(A.5) 
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