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Abstract. In this paper, a damping model for a high-rise building is introduced. This model is
used to investigate the possibilities to identify the relative damping contribution of the inter-
nal material damping in building elements, energy loss at element interfaces and energy out-
flow at the interface with the ground. The building is modeled as an Euler-Bernoulli beam
which is elastically supported at its base by a translational and rotation spring, including vis-
cous damping elements. The beam has internal viscous material damping and is attached to a
distributed viscous damper. Data obtained from conventional full scale measurements of the
vibrations at the top of a high-rise building, is used to calibrate the model. Values of the
model parameters which result in a best fit, are found from calculation of the least square er-
ror between the simulated and measured response. It is concluded that the conventional per-
formed measurements don’t provide enough data to uniquely determine the relative
contribution of the different damping components. A new measurement method is needed in
order to identify the relative contribution.

1 INTRODUCTION

The design of Dutch high-rise buildings is dominated by the effect of dynamic wind loads.
A minimum stiffness is required to keep the maximum occurring deflection during the life-
time of a building below the maximum allowable deformation. In most cases this aspect is
leading in the design process. The dynamic wind load will also introduce vibrations of the
building. Especially slender high-rise buildings are sensitive to these vibrations, because their
natural frequencies (typically between 0.1-0.5 Hz) correspond with the low frequency region,
in which the strongest wind gusts appear, causing a resonance effect. Vibrations with large
accelerations can be noticeable for occupants. To avoid uncomfortable situations the maxi-
mum occurring accelerations should be lower than restrictions given in ISO6897 [1]. The ap-
plication of high strength building materials and new building techniques, makes it possible to
construct more slender and lighter high-rise buildings that satisfy the deflection criterion.
However these high-rise buildings are more sensitive to the wind-induced vibrations and con-
sequently the comfort criteria becomes more governing in the design. Dutch high-rise build-
ings are relatively slender in comparison with foreign buildings, because of the stern
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legislation on daylight entrance. As a result of this comfort and legislation issues, the building
height of Dutch residential buildings appears nowadays to be limited to about 160 m.

The dynamic response of a tall building depends on its mass, stiffness and damping proper-
ties. The maximum occurring acceleration depends to a large extend on the damping proper-
ties, while in contrast with the mass and stiffness, it is difficult to accurately estimate the
damping because of its complex physical nature. The total energy dissipation in a building is a
combination of the internal material damping in building elements, energy loss at element in-
terfaces and energy outflow at the interface with the ground (soil structure interaction, see
Figure 1). At this point the aerodynamic damping is neglected for tall buildings [2].

Structural designers, normally use the damping ratios that are based on measurement of ac-
tual building vibrations. The total damping of the primary vibration modes of a building are
determined from measurement of the vibrationg, iy and torsion direction at the top floor,
during strong winds. Damping ratios are indicated in the annex of Eurocode 1991-1-4 [3],
0.8% and 1.6% for steel and reinforced concrete structures respectively. However actual
damping ratios of Dutch buildings deviate a lot from these values. Ratios up to 2-3% for steel
structures and minimum values of 1.0% for reinforced concrete structures have been observed
[4]. This illustrates the uncertainty around the used damping values.

Based on the observed damping behavior of reinforced concrete buildings, Jeary [5] ex-
plained the structural damping is caused by friction forces at interfaces between structural
members and in microcracks inside the material. Based on this mechanism, an empirical for-
mula with a low amplitude plateau, related to the frequency, is deduced. Also an increasing
damping for increasing amplitude is deduced. Lagomarsino [6] performed statistical analyses
on the damping ratios of 185 buildings to establish an empirical relation between the damping
value in the low amplitude region and the natural frequency. Relations have been found for
reinforced concrete, steel and mixed structures. It is also claimed that the internal material
damping for steel structures is negligible in comparison with the damping at element interfac-
es. Furthermore some particular interesting results considering the amount of partition walls
are indicated. Most recently Satake et. al. [7] studied the damping properties of 205 Japanese
buildings and obtain an empirical formula based on Jeary’s mechanism.

Despite these empirical formulae which are based on results for multiple buildings, their
results show a lot of scatter because there is a large variety of buildings and relatively few
buildings have been measured. The amplitude dependency makes it even more difficult to
make a good comparison between different damping ratios.

By monitoring the vibrations of individual buildings over longer periods of time, in-depth
investigations to the damping properties of buildings have been performed [8]. In the Chicago
Full-Scale Monitoring Program [9], the dynamic response of 3 tall buildings has been moni-
tored over a decade to study the amplitude dependency of the damping. Furthermore higher
damping levels are observed at structural systems with a greater degree of frame action than
cantilever action.

Up till now, researchers have tried to get a grip on the damping behavior of tall buildings,
by studying the overall damping. Since this total damping is a result of many different energy
dissipation mechanisms, it is particulary difficult to find a clear relation between this overall
damping behavior and the building properties. Therefore it is proposed to focus on a method
to identify the damping contribution of different building parts. In this way, their damping
behavior with respect to the corresponding building part characteristics can be studied sepa-
rately.

For this purpose, a dynamic building model is developed in which 4 viscous damping pa-
rameters represent the damping in different parts. First an explanation about the assumed
mass, stiffness and damping properties in this model is given. The use of the model to identify
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the relative damping contribution of building parts is illustrated by comparison of the dynam-
ic behavior of this model with the response data of a real full-scale measurement.

2 BUILDING MODEL

2.1 Set-up of the model, equation of motion and boundary conditions

The dynamic behavior of a high-rise building is analyzed by considering its deflection due
to an along-wind loading. Because most tall buildings are symmetrical, the deflection of the
centre of rotation can be analyzed as a 2-dimensional problem. The deflection due to rotation
can be neglected at this point. A model is developed (see Figure 1) in which a high-rise build-
ing is represented by an Euler-Bernoulli beam with distributed p#asslastically supported
at its base and subjected to an along-wind load q(z,t)

Energy loss at
element interfaces

(between elements) q (Z,t) i—g A

§ —]
Aerodynamic

/ damping

SERRIREIERE

Figure 1 — Damping sources and dynamic model of a high-rise building

Since high-rise buildings are slender, the shear deformation is small in comparison with the
bendingdeformation and can be neglected [10]. In addition the deformations are small com-
pared to the building’s dimensions. These two aspects justify the use of the Euler-Bernoulli
beam to model the deformation of a high-rise building. The foundation of the building can
rotate and translate under a horizontal load. The elastic rotation stiffness of the piles and soil
is modeled with a rotational sprinkg]. The reaction of the soil against the translation of the
undergound structure in horizontal direction is represented by translational skf)n&iger-
gy will be lost during loading and unloading of the soil. This damping due to soil-structure
interaction is modeled by a translational) (@nd rotationaldg) viscous damper.

Intemal material damping of a beam can be represented by a viscous damping model
which is introduced by adding a time-dependent term to the modulus of elasticity.

.0
E m Q)

In this way the stresses in the material are modeled according to the Kelvin-Voigt model.
The non-structural elements of a building will move relative to each other, or relative to the
main load bearing structure. Energy will be lost due to friction at the interfaces between these
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elements. This energy loss has been modeled by the distributed darppacsdss the whole
lengh of the beam.

The transverse vibration of the beam is governed by a partial differential equation, the
equation of motion (EM), in which(z,t)is the transverse deflection of the beam at poszion
and time t

2 4 5
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2.2 Natural frequencies and mode shapes

For low modal damping ratiog€<0.10; as observed at the measured tall buildings), the
naural frequency and mode shapes can be found by neglecting all damping mechanisms and
solve the homogeneous EM.

pA%+ EI%:O (7)
The BCs of the system at@ and zH are:
El %0 - kR%FO ®)
=l %ZZO =ku(0,1) 9)
El %Z:H =0 (10)
El %Z:H =0 (11)

The solutioru(z,t)is assumed as the multiplication of an unknown coordinate related func-
tion, U(z)and an unknown time related functior(tyy

u(z9=U(4%(} (12)

Using the method of separation of variables by inserting Eq. (12) in (7), the EM can be
separated into the time and coordinate related differential equation.

W+afW=0 (13)
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uv-4U=0 (14)
where
2
pe=LZh (15)

wn is the natural frequency. A dot denotes differentiation with respect td ameroman
numbers indicate differentiation with respect to positzoffhe time and coordinate related
part are standard second and fourth order differential equations and their general solution can
easily be derived.

W(t) = Asin(w, @) + Bcod w, O) (16)
U(z)=CcoshB@)+ G sin{B03+ G cofBOy+ ¢ siBO) (17)

ConstantA enB depend on the initial conditions a@gC, depend on the BCs. By substi-
tution of the general solutions into the BCs, a set of 4 algebraic equations is obtained.

AC=0 (18)
i kg _ _ ke 1
! El ! El gl 8
ag| K 8 « 4|l (19)
cosh(fH)  sin{BH) - cofBH) - siHBH) C3 0
| Bsinh(BH) B cos{BH) B sifBH) -B cogBH) |-

Constants ¢C, are found by solving this set of algebraic equations. To find the non-trivial
soluion of the set of equations, the determinanfdfas to be equal to zero. The expression
of the determinant is a function af,. By setting this expression equal to zero, the frequency
equaion is obtained. This transcendental equation has infinite amount of solutions, which are
the natural frequencies of the system. By substitution of the found natural frequencies in the
set of equationsC, i-C,4; can be found for every natural frequeney. The natural frequen-
ciesare defined such that the determinant is zero, consequently the system is dependent. This
means that the constar@s;-C,; that need to be found depend on each other. In order to find
theshapes of the modes, it is assumed @gtl. The total solution of the undamped free vi-
braion is a summation over all modes.add B depend on the initial conditions.

u(z,t):gu.(z)wi(a
U (2)= G con(B 2+ G sinh(B 3+ G cogBR b+ G sibg )
W, (t) = Asin(cq,t) + B co{ @, 1)

4_ pA"%,iz
A= El

(20)

2.3 Calibation of the mass and stiffness to the measured natural frequency

On the 8' of December 2011, the accelerations at the top of a high-rise building in the cen-
tre of Rotterdam were monitored with 6 accelerometers. The accelerometers were placed as
indicated in Figure 2. With the response-time data from these devices, it was possible to de-
termine the vibrations in the three main directions of the buildwna@ridy-translation and
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torsion). The data concerning the time-responsedinection is used to illustrate the damping
identification.

f At top
floor
2y

Ea== X
J = X Ext
) v 11 v

“Tay]

Top floor, 6 accelerometers

Figure 2 — monitoring of the accelerations with 6 accelerometers at the top of the building

Representative values of the model parameters concerning the mass, stiffness and height
arederived from the design calculations of this building. By inserting these values in (19), the
corresponding natural frequencies and mode shapes are found. The natural frequency of the
first mode in the model is equal tg=wn/2n =3.39 /2#0.230Hz, however it doesn't corre-
spond wih the first natural frequency that is measurigd((536 Hz). Based on a sensitivity
analsis and because of the conservative assumptions in the design process, a lower mass and
higher stiffness have been assumed in order to calibrate the natural frequency of the model to
the measurements [4]. Values of the calibrated mass, stiffness and mode shapes can be found
in Table 1, Table 2 and Figure 3.

pAlkg/m] EI[Nm? kg[Nm/rad] kr[N/m] H[m]
2.30-10 7.44-16° 4.42-16° 1.00-16" 1215

Table 1 — overview of calibrated mass and stiffness model parameters

Mode o [rad/s] Cyj Coi Csii Caii
1 3.43 0.93 -0.57 -0.92 1
2 22.62 0.46 -0.48 -0.41 1

Table 2 —natural frequencies and corresponding mode shape constants for calibrated mass and stiffness

1st mode shape 2nd mode shape
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height z [m]
height z [m]
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Figure 3 — Mode shapes of the first two translational bending modes
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3 SIMULATED DYNAMIC RESPONSE

3.1 Wind loading conditions

No information about the local wind loading conditions were obtained during the monitor-
ing of the response. Therefore theoretically based assumptions about the along-wind load are
made to represent the statistical characteristics of the random wind load to which the building
was subjected. The along-wind load at heiglg split in a meany and fluctuating par®
[11].

1 1 . a2 1 _ ~
pwzzpairvzzzpair( +V) ZE,Oairl:Vz+2DVle'|' \%:I (21)

Since the fluctuating response was monitored around the mean deflection of the building,
only the fluctuating wind load is modeled.

G(z1)=BOG Op( z}= BICp, O FT(.2) (22)

The widthB is constant over height; is the shape factor which is inserted as an average

of the local shape factors over the frontal area of the building. Thetfésrmeglected be-

cause it is relatively small. The mean wind velocity is described by a logarithmic wind profile
depending orz. Gusts are the fluctuating part of the wind speed in time. A spectral descrip-
tion of the turbulence is a convenient tool to account for the energy contained in the sequence
of gusts. The single sided variance spectrum of the fluctuating vel&gjtyghows how the

energy of a sequence of gusts is distributed over the frequencies of the gusts. Because at a cer-
tain height there is a linear relation between the fluctuating wind velocity and wind load, the
Fourier transform of the fluctuating wind loa,( and the single sided variance spectrum of

the fluctuating wind loadS,q) are equal to [11]:

Ei](z,a» = EBEI; [l%W[]%In[}géj[jgi( Zaa (25”

Sqq(z,w){BEQ o Ewn(iﬂz S/ ) (24)

The shape of the wind spectrufp) as given in the Eurocode [3] has been adopted for the
wind velocity spectrum, the total varianeg? is unknown. The shape of the spectrum is as-
sumed to be constant over height withz=0.6H. Using the shape-6) of the spectrum, the
following expression for the load spectrum is derived:

Sqq(z,a)) :|:B|:Cf |::bair D%'”[%J} %FD[Z:O’GH ; f :%j (25)

On a large surface, the peaks of the wind velocity at different places won’t occur at exactly
the same time. Thus the total wind load on a larger surface shows less variance. To take this
effect into account, the spectrum has to be multiplied with the aerodynamic admiftance y

Clor 2V ok (oeni=2
Sqeqe(z’w)_)((w) |:B|:Cf Dgairlzvoln(zoj:| w FD[Z 016H’f Zﬂj (26)

In which (forR, takeH=B) [12]
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x(w)=RR [] (27)
_1 1-e”
Rh - ,7 2,72 (28)
w
sola)m -
v(z)

The expression for the wind loading spectrum at different heights consists out of a constant
part with unknown magnitude, a coordinate related part and a frequency dependent part.

Sie (z2w)= GOQ( 30Q,(w) (30)

In which

CW :[BECf |$air E% |]TV:IZ

Qz(z){m(

NN
N—
—

(31)

3.2 The steady state response

The steady state response is determined from the EM and BCs as given in Eq. (2)-(6). Be-
cause the EM contains two terms related to damiEnaurfdcy) and the BCs contain damping
tems (Cr andcy), the equations can’'t be decoupled by making use of the modal analysis.
Therefore the EM and BCs are transformed to the frequency domain by making use of the
Fourier transformation:

j%[@"” dt=iw[ u(z )& dt= W, (zw)
2 92 | 2 | ° i 32
J‘%@"‘“dh iwf%@"“dt:—wzj ule'™ dt= o’ 0U ( 7o) (32)

etc

For every wthe transformed EM is an ordinary differential equatidti wespect ta.

5 v 417 — QF(Zia)) (33)
U:(zw)" -6:0: (zw) Bl rieE T
In which
Ve 4:pAa)2—ia)cd
F El+iwE| (34)

=)

Q(zw)=[ oz )0e“ d

—00

The BCs, forz=0 become:
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(Bl +iwE )W " -k, U, —iax, W, =0 (35)
(Bl +ieE 1)U " +k,U, +iax,U, =0 (36)
and forz=H:
(Bl +iE'1)U," =0 (37)
(Bl +ieE )W, " =0 (38)

Based on the derived wind loading spectrum (30), the Fourier transform of the load consist
out of a multiplication of a constant, a logarithreidependent function and a part depending
onw. To simplify calculations, the logarithmic functianfitted by an exponential functional.

QF<z,w):J?w@(w)ln(§J -~ JC.Q,(w)(b + h ") (39)

The general solution of Eq. (33) to a load as in (Iiﬁ :1) is equal to:

U (z.w) = C cosh(B: 2+ G sint{B: I+ G cofB: ¥+ ¢ sifi3: )
+Cy(w)+C, (w)e™*
_ _szw(w)
Co(@)= B (El +iwE1) (40)
C (w)=2%l®) 1

G

For everyw, the constants can be calculated from the 4 algeleqiations that can be
found by substitution of the general solution into the BCs:

kg +iccy kg +iacy
1 . -1 - R R
(El+iaE"1) B, (El +iaE'1) . & [Fou
) g2l K tiee (K Hiacy) - C,|_| Foz
(E|+I(/JE |),BF (EI+in*I),8F2 B (E|+in*|)ﬁ|:2 B (53 = Fos (41)
cosh(B:H) sinh(B:H) -cos(B:.H) -sin(B:H) C,| [Foa
| Bsinh(B.H) Beosh(B.H) Bsin(B:H) -pcos(BH) |
In which
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2
Fop = {(EI +icE"| )Eﬁ—%) +Kg E—I_C—1+iax:R E—I_?}Cz(a))

Fo, = —{(EI +iwE'| )EE—%)s—kT —iaxsT}Cz(w)—[kT +iwe; | G (w)

Fos=—(El +iaE"l )[ﬁ‘ljzcz(w)e‘”’c

c

Fou=-(E1+161) {2 c. (o)

From (40)-(42) a linear relation between the lo@g)(and the responséJf) can be ob-
served. The velocity response is obtained by multiplication of the responseuwitine trans-
fer function (see Figure 4) for the velocity at the téfarop,iS the response to a unit load

Qu(w)=1.

(42)

Hyrop (@) = i@l (H,0,Q, (w) =1) (43)

Because of the linear relation, in accordance with (23), (24) and (31), the single sided vari-
ance spectrum of the velocity at the top is equal to:

vaTopP = ‘ H vTop(a))‘2 CW Qow (C()) (44)

In which

2 FD(Z:O,6h;f:2wj
CWwa(a)) = |: Bl]:f wair |j70 B7-v:| X(a))2 w 4

The right hand side of (44) doesn’t contain the logarithmic distribution anymore because
this is incorporated in the transfer function.

(45)

x10°

Hvv [(mP/Ns)]
Hvv [(mP/Ns)]

— n o [

| |

a n 1 L L L h
15 2 25 35 1 45 18 19 0 21 2 3 24 25 %
omega [rad/s]

3
omega [rad/s]

Figure 4 — Transfer function at the first and second natural frequency

4 CALIBRATION OF THE MODEL

4.1 Measured spectrum

The single sided variance spectrum of the time response signal in the main tramslation
direction is obtained using Welch’s method [13]. In this method, the measured signal is divid-
ed in multiple segments that partly overlap (50%). The spectrum of each segment is obtained
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by using the Fast Fourier Transform (FFT). These spectra are averaged to find the spectrum of
the complete time signal. Because of averaging, this method results in a smoother spectrum
than by application of the FFT on the complete signal.

The response has been measured for 2 hours during a typical autumn storm (maximum 1-
hour-average wind speed of 12 m/s and a maximum peak wind speed of 22 m/s) with a sam-
pling frequency f¢) of 50 Hz (360448 data points). Because averaging the signal with more
segments will decrease the resolution of the spectrum, it has been decided to subdivide the
signal in 10 segments, leading to a resolution of 0.0048 rad/s. From the definition of the sin-
gle sided response spectrum [11], the area under the single sided variance spectrum is equal to
the variance (£). To check the statistical properties of the spectrum, the area has been com-
paed to the standard deviation of the time signal (see Figure 5).

4x 107 variance spectrum of measured X 10° measured velocity signal at the top (x-dir)
velocity at the top .
is | 6,=2,35-10"
— e Nerr/2+41 | points - 054
=]
© |
oS 28 2 o
2 = 360448
o =
£ 2 = . | -1
= 2.l T [ L
815 = 1%
'E ¢ ——p 10/x65536
o 1 . 4t—>
c,=2,30-10 -1 PR . —
05 J :
0 Mo -15
10" 10° 0 500 1000 1500 2000 2500
omega [rad/s] time [s]

Figure 5 — Variance spectrum of the measured velocity and part of the measured time signal

4.2 Calibration method

In section 2.3 it is explained how the mass and stiffness parameters are calibrated to meet
the measured natural frequendy=0.536 Hz). Looking at (41)-(44), the simulated dynamic
response depends on 5 unknown factors: a constant loadGaciod 4 damping parameters,
influencing the transfer function. Minimum, maximum and an initial guess values are derived
for these parameters. These values (Table 3 and Table 4) are based on theoretical formula’s
concerning the wind velocityy, V,) and the expected modal damping ratio [14].

co [Ns/nf] cg [Nms/rad] cr [Ns/m] E | [Nm?s]

Initial estimate  1.00-0 1.00-16° 1.00-16° 1.00-16°
minimum  1.00-1®  1.00-14 1.00-16  1.00-10
maximum  1.00-10 1.00-16° 1.00-16° 1.00-16°

Table 3 — Estimated damping values

Cu [N’ oy[m/s] Ci[-]  B[m] par [kgim’] V, [m/s]

Initial estimate 8.70-10 2.90 1.45 44.3 1.25 4.00
minimum 2.60-16  1.45 1.00 44.3 1.25 2.00
maximum 3.80-10 5.80 2.40 44.3 1.25 8.00

Table 4 — Estimated wind load values
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The effect of the load is investigated in the case of minimum and maximum damping values
according to Table 3. The linear relation between load and response is clearly visible in Fig-
ure 6 and Figure 7. For low damping, the absolute effect of the load on the response around
the natural frequency is much larger than for frequencies around the quasi static peak (Figure
9). In case of maximum damping values, the effect is vice versa. The quasi static response is
the response for a structure that only reacts statically, thus with transfer funcbie@. athe

quas static peak is the result of the peak in the wind spectrum which is visible in Figure 7.

The red line in Figure 8 shows a reasonable fit of the simulated spectrum with the meas-
ured spectrum. This fit is obtained by assuming minimum load and damping values and sub-
sequently increasing, until it gives a resonance peak comparable to the measurement. As
increases, the peak decreases more than proportional and gets wider. The height of the quasi
static response doesn’t strongly depend on the damping parameters. The same behavior is ob-
served forcg andE'|. Forcp=4,410" Ns/nt, cg=2,1610"* Nms/rad and 1=2,0310"2 Nm’s, a
resonance peak comparable to the measurement is found. The influercésdbo small to
reduce the peak of the resonance peak to match the measured spectrum. This is most proba-
bly caused by the large stiffnesskef The contribution of this damping term will be neglect-
ed and cr is assumed to have its minimum value.

The question is which combination of load and damping parameters give the best fit with
the measured spectrum. The load will mainly influence the height of the quasi static response,
and it will also affect the height and width of the resonance peak. The damping parameters
will mainly influence the shape of the resonance peak. Because of these three points, it is suf-
ficient to execute a calibration procedure by comparison of the measured spectrum with the
simulated spectrum over 6 small ranges of omega (see Figure 9). This reduces calculation
time. Comparison over range 1 and 2 provide for proper calibration of the height for the quasi
static response. Range 3 and 6 provide for proper calibration of the width of the spectrum,
range 4 and 5 take the height of the resonance peak into account.

The response spectrum is simulated for many combinations of different valu&g 6t
cr andE'l, but ¢;=1,010* Ns/nf. For every simulation the square of the error between the
simulated spectrum and the measured spectrum is calculated for the 6 ranges. The combina-
tion with the least square error is the best fitted combination.

-7 single-sided variance spectrum of the velocity at the top
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Figure 6 — the effect of load on the simulated response, minimum damping
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<10 single-sided variance spectrum of the velocity at the top
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Figure 7 - the effect of the load on the simulated response, maximum damping
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4.3 Results and conclusion

First the order magnitude is determined by considering the least square error of 3600 com-
binations of the values indicated in Table 5. An overview of the error, first natural frequency
and modal damping ratio of the combinations can be found in Table 6.

o [Ns/nf] cg[Nms/rad] cr[Ns/m] E | [Nm°s] C, [N/m‘]
1.00-16  1.00-16 1.00-10 1.00-16  1.00-10

1.00-18 1.00-16 1.00-16 1.00-16
1.00-14 1.00-16 1.00-16 1.00-16
1.00-16 etc. etc. 1.00-10
1.00-16  1.00-1&° 1.00-1&6*  1.00-18
Number of values 5 12 1 12 5

Table 5 — values used to create combinations
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o [Ns/nT] | cg [Nms/rad]| c; [Ns/m] | E'I [Nm?s] | C, [N“m?] | Error |AError [%]| wni | & [%]
1| 1.00-16 1.00-16° 1.00-10 | 1.00-16° 1.00-10 |1.43-10° 0.0 3.394| 1.69
2| 1.00-16 1.00-16! 1.00-16 | 1.00-16" 1.00-14 |1.45-10° 1.2 3.394| 1.58
3| 1.00-16 1.00-16 1.00-10 | 1.00-16* | 1.00-18 |1.46-10° 2.0 3.394| 1.49
4| 1.00-16 1.00-18 1.00-16 | 1.00-16° 1.00-16 |1.47-10° 3.0 3.394| 1.50
5| 1.00-16 1.00-14 1.00-16 | 1.00-16° 1.00-16 |1.47-10° 3.1 3.394| 1.50
6| 1.00-16 1.00-16 1.00-16 | 1.00-16° 1.00-16 |1.47-10° 3.1 3.394| 1.50
7| 1.00-16 1.00-16 1.00-16 | 1.00-16° 1.00-18 |1.47-10° 3.1 3.394| 1.50
8| 1.00-16 1.00-14 1.00-16 | 1.00-16° 1.00-18 |1.47-10° 3.1 3.394| 1.50
9| 1.00-16 1.00-16" 1.00-14 ["1.00"16¢ 1.00-14 |1.58-10° 11 3.399| 1.38
10| 1.00-10 1.00-16" 1.00-16 | 1.00-16 1.00-14 |1.61-10° 13 3.399| 1.39
11| 1.00-19 1.00-16" 1.00-16 | 1.00:-16 1.00-14 |1.62-10° 13 3.399| 1.39
12| 1.00-10 1.00-16" 1.00-16 | 1.00:-10 1.00-14 |1.62-10° 13 3.399| 1.39
13| 1.00-19 1.00- 16" 1.00-16 | 1.00-16 1.00-10 |1.62-10° 13 3.399| 1.39
14| 1.00-10 1.00- 16" 1.00-16 | 1.00-16 1.00-10 |1.62-10° 13 3.399| 1.39
15| 1.00-19 1.00- 16" 1.00-16 | 1.00-10 1.00-10 |1.62-10° 13 3.399| 1.39
16| 1.00-18 1.00- 16" 1.00-10 | 1.00-16* | 1.00-18 |2.68-10° 88 3.394| 2.02
17| 1.00-16 1.00- 16" 1.00-10 | 1.00-18* | 1.00-18 |2.84-10° 99 3.394| 1.98

Table 6 — overview of combinations with the least error

When looking at the combinations with the lowest error it can be concluded that the load
will have order of magnitude 40The other combinations (1-17) with low error also show
someinteresting aspects because three ranges can be distinguished. In each range, one of the
three relevant damping parametas, €z andE 1) can vary a lot without influencing the error
significantly. Consider for examples for combination 1-8. The shape of the resonance peak
is governed by the damping contribution of the other two damping souwsesdE |). The
range in whichcg can vary freely, are values below the order of magnitude for the respective
paraneter (except for combination 2, whefd has a lower value, such ttwican be higher).

It can be concluded that the order of magnitude for the parameters that give the least error are:

co [Ns/nf] cg [Nms/rad] cr [Ns/m] E |1 [Nm“s] C, [N“/m]
1.00-16  1.00-16° - 1.00-16¢ 1.00-10

Table 7 — order of magnitude for the parameters to obtain the best fit

In order to find an even better fit, the same procedure is repeated for values around the
found oder of magnitude foco, cg, E | andCy. For each parameter 19 values have been as-
sumael, ranging from 10% to 190% of the found order of magnitude. For example considering
co, these values are:10°, 210°, 3-10°, ... 810", 9:10°. Combinations with even smaller er-
rors are found, an example of such fit can be found in Figure 9. However combinations with
different damping values have comparable small errors. No unique solution is found and the
relative contribution ofp, ck andE | can't be determined because the parameters influence
the resonance peak in the same way. It can only be concluded that the damping parameters
have a value between 10% and 190% of the values in Table 7. For the load par&ydters,
is possible to give a more accurate estimation of the magnitude because the fits with the least
square error all had a value ol@ or 210* N¥m?.
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o single-sided variance spectrum of the velocity at the top
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Figure 9 — simulated response for well fitted combination

5 CONCLUSION

In this paper a building model is introduced to investigate the possibilities on identifying
the relative damping contribution of different building parts. This is done by a numerical cali-
bration of the simulated response to the measured response (Figure 9). By making use of the
design calculations and the measured dynamic response of the building, the mass and stiffness
parameters of the building were calibrated by comparison of the simulated and actual natural
frequency of the first mode. Since no information about the local wind loading conditions was
available, the magnitude of the variance of the wind load at time of measurement was un-
known. Theoretical assumptions made it possible to define the shape of the wind loading
spectrum along the height of the building, which can be multiplied with an unknown wind
loading factorC,, to obtain the wind loading spectrum. With the transfer function derived
from the model, it was possible to simulate the response at the top of the building. The trans-
fer function depends on the a priori unknown damping parameters;, cr andE |. The re-
sponse spectrum is simulated for many combinations of different values for these parameters.

Best fit values folC,, ¢p, Cr, cr andE | are found from the combination that resulted in the
least square error between the simulated and measured response spectrum at the quasi static
and resonance response. In conclusion it is possible to give a quite accurate estimation of the
load factorC,, the effect ofcr can be neglected, but it is not possible to identify the relative
contribution of the other three damping parameters. The latter is caused by the fact the three
parameters influence the shape of the resonance peak in the same manner. Many different
combinations of values for these parameters lead to a fit with (almost) equal error. From this
research it can be concluded that only the total damping of the first mode which has been
identified from the measured response at the top only, is insufficient to determine the relative
contribution of the four damping contributions as modeled.

6 FUTURE DEVELOPMENTS

Ongoing research focuses on the development of a physically more correct damping model
together with an improvement/extension of the current measurement methods. This should
result in a better identification of the effect of different damping mechanisms on the response
spectrum and more data to be available for calibration. Eventually this should allow one to
identify the damping contribution of the different building parts.
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Current investigation explores the possibilities of a building model in which the main lat-
eral stabilizing structural system (the core) and the non-stabilizing part (floors, beams etc.) are
represented by an Euler-Bernoulli beam and a shear beam, coupled together. This model
should allow us to better implement the damping mechanisms in, and the interaction between,
these parts. Furthermore the usability and accuracy of implementation of theoretical formulae
for the different damping mechanism is investigated. Another research topic is the implemen-
tation of other damping models than the viscous behavior. Literature indicates internal materi-
al damping is better described by a mathematical description based on frequency independent
hysteresis damping. In addition, it is more realistic to implement friction elements to model
the energy loss at the interfaces between elements [6; 14]. The characteristic effects of these
different damping models on the simulated response should be investigated and compared to
the actual response.

By measurement of the building response at different levels, it should be possible to identi-
fy the total damping of the second mode [15], this makes it possible to use two instead of one
resonance peak to calibrate the model. It is investigated if this allows us to uniquely determine
the values of the different damping parameters.

It is also planned to monitor the rotation at the building’s base simultaneously with the lat-
eral displacement to possible identify the contribution of the energy loss at the interface with
the ground.
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