Study of a Tank-Pipe Damper System for Seismic
Vibration Control of Structures

A.D. Ghosh & P.C. Saha
Bengal Engineering and Science University, Shibpur, Howrah, India

B. Basu

Trinity College Dublin, Dublin 2, Ireland 1 5 WCEE
LISBOA 2012

SUMMARY:

This paper examines the theoretical model of a-fap& (T-P) damper, consisting of two tanks andm@necting
pipe with orifice(s), which can control three modasponses of the structure. A transfer functiomfdation of

a base-excited multi-degree-of-freedom (mdof) s$tmec with attached T-P damper is presented. Numieric
studies in the frequency domain are carried outemonstrate the effectiveness of the proposed dariipe
supplemental equivalent viscous damping and optorifite damping coefficient are studied. Compansare
made with the liquid column damper (LCD). Resultslicate that the T-P damper has lower performance
sensitivity and greater robustness. It providegieb option than the LCD for the reduction of @sges with
significant higher mode participation. Moreover, fmound motions with energy content that excitedemother
than the mode to which the LCD is tuned, the taiple glamper achieves considerable vibration supioress
while the LCD may be rendered practically ineffeeti
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1. INTRODUCTION

Liquid dampers are popular passive control devfoeivil engineering structures due to their low
capital and maintenance costs, easy installatibegteveness even in low vibration amplitudes aod f
the versatile use of the water in the damper ssdordfirefighting, etc. There are chiefly two typef
liquid dampers, namely sloshing dampers and coldampers. Kareem and Sun (1987) and Fujino et
al. (1992) were amongst those who carried out gong work on the liquid sloshing damper and
expounded the importance of having shallow liquétght and of tuning the sloshing frequency to the
structural fundamental frequency. Some researdherdoh et al. (1994, 1995) and Banerjee et al.
(2000) demonstrated the effectiveness of the dawi@@ntrolling the seismic response of structures.
Tait et al. (2008) investigated both unidirectionalwell as bidirectional tuned liquid dampers (JLD
and provided performance charts for the same.argtDeng (2010) studied different tank geometries
of the TLD and reported that a horizontal-cylindti€LD is the most robust.

The liquid column damper (LCD), which dissipategrgy by the movement of an oscillatory column
of liquid through orifice(s) provided in the crossction of a U-shaped container, scores over the
sloshing damper due to its higher volumetric effiidy, consistent performance over a wide range of
excitation levels and a very specific damping me@ra. Originally proposed by Saoka et al. (1988)
and experimentally verified by Sakai et al. (198@)has been extensively investigated for the
mitigation of wind-induced vibration such as by #ual. (1992), Balendra et al. (1999), Shum and Xu
(2004), Wu et al. (2005) and Min et al. (2009), agsi others. The applicability of this device as a
seismic vibration control device has been expldrgdSun (1994), Won et al. (1996), Reiterer and
Ziegler (2005), Ghosh and Basu (2008), etc. Stubase also been undertaken on several variations
of the conventional LCD, with either different gestmc configuration such as the V-shaped LCD by
Gao and Kwok (1997) or with non-uniform column &@®ction called the liquid column vibration
absorber (LCVA) by Hitchcock et al. (1997), Wu ¢t @009), Konar and Ghosh (2010), etc., with
encouraging results.



The present study proposes a simple, innovativedigamper, the tank-pipe (T-P) damper, which is
essentially a combination of the sloshing tank demgnd the LCD. It is effective for multi-modal
vibration control of structures as it has the begeif the effects of tuning of the liquid sloshiag
well as of the liquid oscillating modes to the stcwal modes of vibration, along with the orifice
damping and the damping due to sloshing. The tkiearenodel of the T-P damper is presented and a
formulation for the displacement transfer functiasfsa structure, modelled as a multi-degree-of-
freedom (MDOF) system equipped with this dampeteigeloped. Numerical studies demonstrate the
effectiveness of the proposed damper, especialgnvthe higher modes have a greater participation.
The equivalent viscous damping due to the inclusibthe damper is estimated. Comparative studies
on the performance of the T-P damper and thateof. @D are also carried out.

2. MODELING OF T-P DAMPER

The T-P damper system (see Fig. 2.1) consists ofupright, circular cylindrical tanks connected at
the base by a pipe into which orifice(s) are ingthl The system contains liquid, of dengityup to a
heighth, measured from the centerline of the base pipe.liflid height from the tank base is given
by h[= (h + Ry)]. Let the cross-sectional areas of the left tgmike and right tank be represented
by A;[= nR}], Ay[= nR3] andA,[= nR?] respectively. HereR;, R, andR, denote the radii of the
left tank, pipe and right tank respectively. Thstaice between the centres of the two tanks isteeéno
by B and the clear length of the pipe between the tamkgven byB[= (B — R, — R,)]. The tank
walls are assumed to be rigid and the liquid isumesl to be incompressible. Further, liquid
displacements are assumed to be small and onlgrlinetion of the liquid inside the tanks is
considered.
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Figure 2.1. Model of T-P damper

It is a common approach in the analysis of latgrakcited tanks to separate the hydrodynamic effect
into two parts, (i) the “impulsive” component, dteethe portion of the liquid accelerating with the

tank wall like a rigidly attached mass, and (ii¢ tltonvective “ component, caused by the portion of
the liquid that experiences sloshing motion (Hougt857), Veletsos and Tang (1990)). Veletsos and
Tang (1990) showed that there is a large separatidhe natural frequencies of the impulsive and
convective masses and that the two effects carobsgidered to be uncoupled from each other. Also,
the impulsive frequencies are very high as compaecethe natural frequencies of the structural
systems commonly encountered in civil engineeripglieations. In the present model of liquid

damper proposed, the impulsive response is igndkedilso evinced from the work of Veletsos and
Tang (1990), the mass of liquid that participatethe impulsive component as compared to the liquid
mass in the sloshing component is greater forgkdhder tanks and less for short, broad tankscéien

short, broad tanks are preferred in the propospddidamper to achieve pronounced sloshing motion



of the liquid in the tanks.

Three components of response are considered whaleaing the hydrodynamic effects of the tank-
pipe system. Those are (i) the sloshing respongieedfquid in the left tank, (ii) the sloshing pemse

of the liquid in the right tank, and (iii) the respse of the liquid oscillating through the pipenfrone
tank to another, similar to the motion of the coluwf liquid in a LCD. A simplistic method is
employed to analyze the effects of the principaloas of the damper. For the purpose, the above
mentioned three components of response are asstmnéeé uncoupled from each other. Only
linearized response of the fundamental liquid stagimode of vibration in each tank is considered.
These fundamental sloshing modes of vibration fer two tanks are represented by two SDOF
systems (see Fig. 2.2), the masses, frequenciedagnyling ratios of which are given by Veletsos and
Tang (1990).
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Figure 2.2. Model of fundamental sloshing modes of vibratidnanks

3. FORMULATION OF TRANSFER FUNCTION

Consider a linean-DOF lumped mass stick model of a structural systeobjected to a base
excitation, Z,(t). A T-P damper system, is rigidly connected to tilyle mass of the structure. Let
{x(t)} denote the displacements along the DOFs of thetste relative to ground. The equation of
motion for these DOFs may be written as

[MI{x()} + [CI{x(O)} + [K1(x ()} = ~[MI{R}Z4(6) + {f (£)} (3.1)

where [M], [C] and [K] respectively represent the mass, damping ancheas$f matrices of the
structural system, andk} is the influence vector, denoting rigid-body demments along the DOFs
for unit translation of the base. The vector ofcés transmitted from the damper to the structure is
denoted by{f(t)} and is expressed b9 0 .. I(¢)}', whered(t) represents the total force
transmitted from the three vibration modes of thB @damper system to the structural system. The
expression fof)(t) is given below

9(t) = {c191(8) + kyy1 (£) + 292 (1) + kpy, ()} — p[Ap Bk, () + %, () + Z4 (1)}
+h(Al + Ar){jén(t) + Zg (t)}] (3-2)

In Eqg. (3.2),u,(t) denotes the displacement of the liquid in tigepAssuming the structure to be
classically damped, the displacement of kleDOF of the structure in frequency domain may be
expressed as

Xe(@) = ¥ 690 (w) (3.3)

wherecp,ij) is thek™ element of th¢™ structural mode. The terni§, (w) and Qj(w) are the Fourier
transforms ofx, (t) and q;(t) respectively, whergq(t)} is the vector of normal coordinates. On

Fourier transformation of the modal equations dmdugh appropriate substitutions, the followimg
linear, simultaneous equations are obtained, whickide the input-output relations of the structura



DOFs in the frequency domain.

X (@) = 02X (@) Ty T (@) = (- Ty 9P HO (@) + T (@))Z, (W), k=1,2,3....n
(3.4)

with
i i i : 52
T (0) = P HO ()Y (Hl(w)(iwcl F k) + Hy(0)(iwc, + ky) + w02pAyHy(w) o +

pApB +my + mz) (3.5)

In Eq. (3.4),HP(w) denotes the modal transfer function relating tispldcement of the SDOF
system of natural frequenay; and damping rati@;, in the | structural mode, to the ground
acceleration. It is given by

HD(w) = 1/(wf — w? + 2i;w;w) (3.6)

Also in Eq. (3.4).a; is thej™ modal participation factor anfdg(w) is the Fourier transform of the

ground acceleration. In Eq. (3.5;(w) and H,(w) denote the transfer functions relating the
displacement respectively @i; andm, (see Fig. 2.2), to the acceleration at the bastefanks.
They are expressed as

Hp(w) =1/(03 — 0? + 2i{pnQpw), m=12 (3.7)

where,, {; andQ,, {, are respectively the frequencies and dampinggaifathe SDOF systems
corresponding ton; andm,. Further in Eq. (3.5)H,(w) may be defined as the transfer function
relating the displacement of the liquid oscillatithgough the pipe between the tanks, modelled as a
SDOF oscillator, to the base acceleration modifigdthe factor(B/L), with the expression fok

given by[B + h{(4,/4,) + (A,/A:)}]. Hy(w) is expressed as

Hy(w) = 1/(wf — w* + 2i(C,/L)w) (3.8)

where w, [= \/g{(Ap/Al) + (Ap/AT)}/L] is the natural frequency of liquid oscillationrdugh the

pipe between the tankép [= Gu,,c/m] represents the equivalent linear damping coeffidier the

nonlinear orifice damping as in the LCD, wheris defined as the coefficient of head loss colddl
by the opening ratio of the orifice(s) angp is the standard deviation of the liquid velocity(t).

This is obtained with the assumption thg(t) is a Gaussian process (Xu et al. (1992)).

Once the displacement transfer functions are obthiinom the solution of Eq. (3.5), the transfer
functions of other response quantities such asr fameeleration or base moment may be readily
determined. The response rms value can be numgraalluated by computing the square root of the
area under the curve of the corresponding powetispelensity function (PSDF) (Newland (1993)).

4. NUMERICAL STUDY

The performance of the T-P damper is investigateddmsidering an example structure, modeled as a
3-DOF system. The masses lumped at the bottom,lenafdl top levels are equal to 25 Xkg, 20
x10° kg and 15 x10 kg respectively. The connecting elements betweenntheses have identical
stiffness equal to 1.0 x1O/m each. The natural frequencies of this system aleulated aso,[=
1.05rad/s], wy[=2.74rad/s] and w;[= 4.01rad/s] respectively A damping ratio of 1% is
assumed in all the three modes of the structuré:FAdamper system containing water is attached to
the top mass of the structure. The dimensionsetiimper are fixed from the consideration of tuning



wp, w; andw, 10 w1, w, andw; respectively. The ratio of the mass of total watethe damper is
taken as 5% of the top mass of the structure. Geanfeasibility is also a consideration in fixitie
damper dimensions. In the present example stuayratii of the left tank, right tank and pipe are
obtained as 2.28@ 1.122n and 1.046 respectively, whileB is calculated as 8.26 As short and
broad tanks are preferred over tall and slendés, tunit value is assigned to the rdtjR, .

The seismic excitation at the base of the strudsioharacterized by a white noise PSDF of intgnsit
len?/s’.  The orifice damping coefficient;, is obtained by minimizing the rms value of the
displacement of the top mass of the structure. gjptemum value,g,,;, for the present example
system is 3.0. By employing the formulation in $mtt3, the transfer functions relating the
displacement of the top mass of the structuretiveldo ground, to the input base accelerationh wit
and without T-P damper, are presented in Fig. Phe.figure clearly indicates the effect of tuningla
damping in the three modes of the structure. Téesfer functions for the base moment (not shown
here) are also evaluated using the same valug Bbr this purpose, the bottom, middle and top mass
of the structure are assumed to be lumped at eéhtheig3m, 6m and 9m from the ground
respectively. The percent reductions in the rmparses of displacement and base moment due to the
T-P damper are indicated in Table 4.1 and show dpateciable response reduction is possible by
using this damper system.
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Figure 4.1. Displacement transfer function of top mass, \aitld without T-P damper (white noise input)

Next, the input is changed to a band limited whitése of spectral intensity ofct?/s’ ranging
between0.5s[= 12.57rad/s] and 25s[= 2.51rad/s]. This range of excitation is chosen as the
frequency analysis of recorded accelerograms itedaigh energy content in the short period range.
The transfer function curves for the top mass dispinent and the base moment are again evaluated
and the corresponding percent reductions in theresigonse values are given in Table 4.1. It may be
noted that the fundamental mode of the structumeoisexcited as the fundamental frequency lies
outside the frequency range of the base input artesreduction in response is possible only thinoug
control of the higher modes, which is achievedHh®y nulti-modal tuning capacity of the T-P damper
system.

To further highlight the advantage of the multi-rabéuning that is possible in the T-P damper, a
comparison is made of its performance with thahefLCD. The LCD is taken to have the same ratio
of water mass to top mass of structure as thdteotP damper and is tuned (with a tuning raticaéqu
to unity) to the most dominant mode of the strugtwhich is the fundamental, while considering

white noise input of intensitycir?/s® to the structure. Also, a commonly used value f(Xu et. al.
(1992)) is considered for the ratio of the horizbiéngth to the total length of the liquid colurtube.

As in the case of the T-P damper, the coefficiehorifice damping for the LCD determined by
minimizing the rms value of the displacement resgoof the top mass of the structure is obtained as



13.0. Using the transfer function formulation foe LCD-MDOF structural system given by Paul and
Ghosh (2009), the transfer functions for the disptaent of the top mass of the structure (see F2y. 4
and for the base moment, without damper and witlDL&re evaluated. In Fig. 4.2, the transfer
function curve for LCD exhibits the effect of tugiand damping only in the fundamental mode of the
structure. The rms response reductions (see Tabjeade found to be greater in the case of LCD as
compared to that for the T-P damper. This may béated to the greater mass of liquid tuned to the
fundamental mode, in case of the former controladevihe reductions in the rms values of the same
response quantities of the structure-LCD systencase of the band-limited white noise are also
evaluated and given in Table 4.1. It is seen thahis case the LCD is practically ineffective as a
control device. It may thus be inferred that thefgrenances of the LCD and the T-P damper are
comparable in case of white noise excitations wtiike T-P damper performs significantly better in
case of band limited excitations affecting only tiigher modes.

Table4.1. Response reductions with T-P damper and with LCD

Structure Percent response
Response | Structure . Structure : - Percent response
. with T-P . reduction with T-P ) A
guantity alone with LCD reduction with LCD

damper damper

Input

rms value o
top mass
displacement
(cm)
rms value o
base moment 3113.6 1836.6 1552.3 41.0 50.1

(KNm)

10.4 6.4 5.3 38.5 48.5
White
noise

rms value of
top mass
Band- displacement
limited (cm)
white noise| rms value o
base moment 191.0 128.6 189.5 32.7 0.8
(KNm)

0.64 0.48 0.638 25.6 0.3
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Figure 4.2. Displacement transfer function of top mass, witld without LCD (white noise input)

A further study is done on the control of the bakear of the structure. It is known that the higher
modes of a structure affect the force responseg fi@an the displacement response of the structure.
In order to simulate the behavior of a structuré¢hvgignificant higher mode patrticipation in the
structural response, the same example structwenisidered, but with different values of the modal
damping ratios. It is assumed that the damping ratithe first mode is equal to 0.05 while the



damping ratio in the second and third modes is el 0.002. Again a white noise input of
intensity /s’ is considered. The orifice damping coefficient &tedmined corresponding to the
minimum value of the base shear and is obtainetiafor the T-P damper and as 67.0 for the LCD.
The transfer function curves, relating the baseshe the input acceleration, are plotted in F§g8.
and 4.4. The rms value of the base shear for tiietate without damper is evaluated as 2«8
while that with the T-P damper and with the LCD abtained as 214kN and 227.5%N respectively.
This means that the T-P damper achieves a respedsetion 0f21% while the LCD reduces the
response by 6%.
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Figure 4.3. Transfer Function of base shear, with and witfie& damper (white noise input)

Next, an estimate is made of the amount of suppiéehdamping obtained due to the inclusion of the
T-P damper, in terms of the increase in the egentaliscous damping ratio of the structure. A
comparison is also made with the LCD. The methaglokdopted for the evaluation of the equivalent
viscous damping ratio is as follows:

Step 1: The rms value of a chosen response panaofetee example MDOF structure is determined
for a base input characterized by a given PSDF.

Step 2: An equivalent SDOF system is considereti @@mping ratio equal to the modal damping
ratio of the MDOF structure and the same base iapuih Step 1. The natural frequency of the SDOF
system is determined such that it has the samevatog of the response parameter as calculated in
Step 1.

Step 3: The MDOF structure with T-P damper is sttejg to the same base input and the rms value of
the response parameter is evaluated from the @afsiction formulation given in Section 3.

Step 4: For the equivalent SDOF system with nativegjluency calculated in Step 2, the equivalent
viscous damping ratio is numerically evaluated stiet the rms value of the response parameter
matches that of Step 3. The difference in the dagpatio thus evaluated from the damping ratio of
the SDOF system in Step 2 denotes the increadeeimiscous damping ratio due to the inclusion of
the T-P damper.

Steps 3-4 are repeated with the LCD instead oTtRedamper.

It may be noted that for white noise input and ldisepment as the chosen response parameter, the
natural frequency of the equivalent SDOF system tmaydetermined by using the standard closed
form equation given by Newland (1993), else it tetalse computed numerically.

Here, a 3-DOF example structure with natural fregies as considered earlier is taken for a
numerical illustration. The modal damping ratidaken as 2%. The specifications of the T-P damper
and LCD are as before. Different intensity levdismbite noise seismic input are considered and for
each case the values of the orifice damping caeffis chosen are those which minimize the rms
values of the displacement of the top mass of thectsire. Fig. 4.4 compares the optimal orifice
damping coefficient of the T-P damper and of theDL&jainst the intensity of the white noise PSDF.
It is observed that the variation in the optimafice damping coefficient is far less in case of h-P



damper as compared to the LCD. This indicatesttigaperformance of the T-P damper is more robust
since for a passive damper it is not possible tange the orifice diameter and hence the orifice
damping coefficient once the damper has been ledtal
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Figure 4.4. Variation in the orifice damping coefficient five T-P damper and the LCD for different levels of
seismic input

Considering the displacement of the top mass ofthecture as the response parameter, the percent
increase in the equivalent viscous damping ratie ttuthe T-P damper and the LCD for different
levels of seismic input are evaluated and preseantédy. 4.5.
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Figure 4.5. Increase in the equivalent viscous damping rftio-P damper and LCD for different intensities of
white noise input, considering displacement asaesp parameter

The LCD is seen to provide higher supplemental daghthan the T-P damper. The study is repeated
by considering the base shear of the structurbeasesponse parameter. Both white noise as well as
band-limited white noise ranging between0a&hd 2.5, of varying intensities, are considered to
characterize the seismic base input. The resuétprasented in Figs. 4.6 and 4.7. It is seen trahe
white noise input, the T-P damper provides an &uftht viscous damping ratio of 1.1% to 1.7% while
the LCD supplements the structural viscous dampiyn@.8%. However, in case of the band-limited
white noise, the T-P damper provides an increage @b to 6.5% in the equivalent viscous damping
ratio across a wide range of different intensitidsle the LCD is rendered almost non-functional. So



in this case the T-P damper is more effective aantexercise control over the higher modes as well
as over the fundamental.
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Figure 4.6. Increase in the equivalent viscous damping rftio-P damper and LCD for different intensities of
white noise input, considering base shear as respparameter
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Figure 4.7. Increase in the equivalent viscous damping @fti-P damper and LCD for different intensities of
band-limited white noise input, considering baseastas response parameter

5. CONCLUSIONS

A simple yet effective liquid damper, the T-P damme@mbining the effects of the tank damper and
the LCD, is proposed for controlling the seismidorations of structures. With appropriate
mathematical modelling of the damper, a frequermyain formulation is developed for the transfer
functions describing the input-output relation dbase-excitec-DOF structure with an attached T-P
damper. Numerical studies indicate that for thetrmbrof responses which are dominated by a single
mode, the performance of the T-P damper is compgrdiough on the lower side, to that of the LCD.
But in case of responses for which contributiomsrfrthe second and third modes are not negligibly
small, as may be in the case of force responsesT#h damper, by dint of its multi-modal tuning
capability, provides a better option. Especiallyhia case of ground motions with predominant energy
content outside the frequency to which the LCDused, the T-P damper achieves considerable
vibration suppression, while the LCD is renderedctically ineffective. These observations are also
reflected in the supplemental damping provideceims of the equivalent viscous damping of the T-P
damper and of the LCD. The optimal orifice dampaogfficient of the T-P damper also shows little



variation for a wide range of intensities of whiteise PSDF. Thus, overall the proposed T-P damper
presents a more robust damping performance as cethpathe LCD.
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