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3.6 Conclusion

This chapter formulates an approach to calculate the equivalent static wind loads for a
tall building with a TLD system installed. Three TLD systems w1th varying water mass
are designed and evaluated using data from HFFB tests conducted at the BLWTL at the
University of Western Ontario. The results illustrate that as the water mass is .increas;ed,
the TLD systems are increasingly effective at controlling the resonant component of fhe
wind loading. TS-3 reduced the ESWL for the torsional direction by moré than 26% for

the building with a 2% damping ratio. The TLD system was less effective in the lateral

~ directions because of a more significant contribution from the quasi-steady component,

which the TLD system cannot control. Hdwever, the primary function of the TLD design
was to reduce the torsion; therefore, the TLD system performed effectively as intended.

Since using a TLD system to reduce the strength design requirements is a new
concept, a practical parametric study was performed on the water height and structural
frequehcies as a means to evaluate the robustness of TS-3. The results show that the TLD
system has a relatively minor sensitivity to changes in the water height. The influence is
due to changes in the sloshing frequency, thereby resulting in a mistuning of the TLDs.
However, the change in water height is not an issue because as the water height decreases
the effectiveness is increased; in addition, an increase in the water height is unlikely
because water is only readily lost through spillage, leakage, or ’evaporation. Therefore,
based on a realistic scenario perspective, changes in the water height will exclusively
benefit the structure-TLb system, over the fange tested. | | -

The study on the strucﬁlral frequencies pi'ovides ms:ght into the effect of under- and
‘overestimations of the first and seCoﬁd structural ﬁ‘equenciés on the base responses of the

building with a TLD system. The étudy"reveals that TS-3 is affected positively or
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negatively, depending on whether the structural frequency is ﬁnderestimated or
overestimated, respectively. Furthermore, the study .xg@ls that a tuning ratio of
approximately 9% and 7% less than unity for mode 1 and mode 2 tanks, respectively,
yields a more optimal TLD system design. This would provide a further reduction in the
base responses. The detrimental tuning ratio (greater than unity) is simély avoided by
evaluating the structural frequencies of the constructed building and ﬁﬁe-tuhing the TLD
system. Notably, the effects of the first and second structural frequencies on the base
responses are dependent on the relative resonant contribution from the wind load. |

Overall, the TLD systems analysed in this chapter are capable of reducing the ESWL
by an amount that is great enough to influence the design of the building. Therefore, this
research develops and demonstrates the concept of using a TLD system to control the

design of a building that is sensitive to dynamic loading.
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CHAPTER 4

A Cost Savings Concept for Structures with Tuned Liquid Dampers

4.1 Introduction

Tuned liquid dampers are established devices in the field of dynamic vibration
absorbers‘ (DVAs). The purpose of a DVA is to control the dynamic responses of a
structure. The dynamic effects contribute substantially to the total response of tall
buildings, thus providing an ideal structure for the use of tuned liquid dampérs (TLDs).
Currently, tuned liquid dampers are designed exclusively to reduce serviceability
responses, such as excessive accelerations or inter-storey drifts; however, by reducing the
accelerations, the resonant shears and moments are also effectively reduced.

The concept of reducing the loads on a structure by installing TLDs is attractive from
a design perspeétive_ — a reduced loading subsequently means smaller cross-sections and
less reinforcement. Using less concrete, reinforcement, and steel in the design of a
building ultimétely translates into a cost savings. For a building that is sensitive to
dynamic loading, a substantial savings is possible simply by installing a TLD system.
Rahman (2007) demonstrated the ability of a TLD to reduce the rotation experienced at
the beam-column connections in a reinforced concrete moment resisting frame (MRF),
thereby resulting in less stress in the concrete and reinforcing s"ceel.

Less stress corresponds to a possible reduction in the amount of reinforcing steel
required for an efficient design. This chapter demonstrates the cost savings associated
with a reduction in the reinforcing steel in shear walls of a high-rise building due to the

installation of a multi-modal TLD system. An equivalent static wind load (ESWL) is
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established for the dynamically sensitive building with and without TLDs. The ESWL is
calculated using data from the Boundary Layer Wind Tunnel Laboratory (BLWTL) at the
vUniversity of Western Ontario. The shear walls are designed for both ESWL cases and
‘the amount of steel reinforcement required for both cases is summarized. The shear wall
design is based on obtaining a factor of safety (FOS) of unity for both design ldadings. In
addition, suggestions and techniques are fecommended to ensure the TLD will perform

properly and effectively under all circumstances.

4.2 Structure-TLD Assessment

The building is 50 stories tall and has a lateral load resisting system that consists of
reinforced concrete shear walls and MRFs. Figure 4.1a illustrates the irregular L-shaped
floor plan and shows the coordinate syStem Th'e‘ MRFs are located along the east and
south exterior faces of the building. The two mam shear walls (wallé 1 and 2) are located
| along the exterior walls where the Mx‘ and My sngn conventions are labelled in Figure
4.1a. There are 17 other smaller shear walls located in the core. The L-shaped floor plan
causes the building to have a torsional sensitivity, in addition to weaker MRF structural
system around the perimeter of the floor plan.  The large eccentricity between the center
of mass and center of rigidity exacerbates the sensitivity and causes strong lateral-
torsional coupled modes. The first two structural modes of vibrationvhave a significant
torsional contribution.

The dynamic sensitivity causes the building to respond excessiirely when subjected to
wind loading. High frequency force balance (HFFB) tests at the BLWTL confirmed thié
sensitivity. To resolve the problem, a TLD system is designed specifically to control the

torsional motion of the building. As shown in Figure 4.1b, many tanks are placed around
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the perimeter of the floor plan as a means to maximize the effectiveness of the TLD
system at reducing the torsional motion. Two sets of tanks are designed to dissipate
energy in the first mode and second mode of structural vibration because both modes

contribute significantly to the torsional motion.
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Figure 4.1 The building floor plan vl‘vitﬁ‘n)' the coordinate system and b) the TLD system
arrangement for tanks tuned to mede 1 (solid line) and mode 2 (dashed line).

The TLDs diésipate tﬁe energy from wind excitation throﬁgh the sloshing action
inside the tanks. The sloshing action causes the TLD to behave nonlinearly with respect
to the excitation amplitude. The nonlinear properties of the TLD are evaluated by using
the equivalent tuned mass damper (TMD) approach (Tait et al., 2004a). This approach
describes the TLD through an amplitude-dependent equivalent TMD mass, frequency,
and damping ratio. These properties are implemented into a numerical program that is
capab]e of solving a two degree-of-freedom (2DOF) problem (Tait et al.,, 2004b). The
building genéralized properties describe one DOF .and the nonlinear equivalent TMD‘
properties describe the second DOF. The 2DOF system is solved using the fourth order

Runge-Kutta-Gill numerical method to produce the structural displacements, velocities,
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and accelerations. The accelerations are required to calculate the resonant component of

the wind loading.

4.2.1 Wind Loading

The equivalent static wind loads (ESWLs) for the building are based on the
overturning moments and base quue The base moments are distributed along the height
of the building according to assumed load shapes There is a specific ESWL for the three
prmcxple directions (X, Y, and 9) 'l'heﬁSWLs are solved by applying the data from the

P
i

ribed 2D JF 3ystem. Figure 4.2 shows the ESWLs for

whou m”ﬁﬁ':sy"sfem installed. The TLD system is

rwind loads, especially the torsion. The torque is reduced

LS f there is a higher resonant contribution to the twist. The

more s1gmﬁcantly
ESWLs generate the base M and moments shown in Table 4. 1, which are resisted by
the shear walls and MRF% of the bulldmg These are the base responses before applying
the load combinations fmm Table 4, 2 or the Nat10na1 Building Code of Canada (NBCC)

load combinations for ultnmte limit states.

Table 4.1 The lnse shears and moments caused by the ESWLs.

Base Reaction - No TLD With TLD Reduction (%)
X Shear (kN) 9148 8625 5.7

Y Shear (kN) 6967 6412 8.0

X Moment (kN-m) 847068 791671 6.5

Y Moment (kN-m) 641947 585180 8.8

Torsion (kN-m) 80422 64398 19.9
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Figure 4.2 The three ESWLs for the building with (dashed line) and without (solid line) the

TLD system.
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The ESWLs will reproduce the peak hourly base moments. However, in order to
reflect the actual maximum load effects for structural design, the wind loading must be a
combination‘ of thé three principle ESWLs. The combinations are determined based on
the companion load conc'ept‘, which states that when the peak load occurs in any one
principle direction, there are additional loads in the remaining two principle directions.

However, the additional loadswill'only be fractions of the peak loads. This accounts for

LR

ESWLs will not occur simultaneously. Accounting for

the fact that the three prin

positive and negativesimféﬁa;ﬁQ"“’fsﬁ'fﬁZ# cases are possible, each with a different
coeﬁicieﬂt for the ‘three pmlc!ple 'Méns;* The coefficients for each case are
determined by analysmgﬁle cross-correlation between the base moments. The most
critical combinatiohé 'of“ﬂﬁ three directions are determined and summarized in Table 4.2.
The same set of | load combinations apply to the buildiﬁg with and without the TLD

system installed because the TLD system does not affect the relative occurrence of the

load eﬂ'ecfs in the three directions — it simply reduces the magnitude of the load effects.

Table 4.2 The load combinations applied to the ESWLs for the building.

Case X Y T Case X Y T
1 1.0 045 0.9 13  -05 045 05
2 065 1.0 0.4 14 05 10 04
3 09 045 1.0 15 05 045 1.0
4 1.0 045 -04 16 0.5 045 -04
5 05 10 -04 17 05 10 -04
6 08 045 -06 18 05 045 -0.6
7 1.0 -045 09 19 -05 -045 0.5
8 06 -0.6 065 20 -05 -0.6 0.55
9 09 -045 1.0 21 05 -045 1.0
10 10 -045 -04 22 05 -045 -04
11 06 -06 -04 23 05 -06 -04
12 08 -045 -06 24 05 -045 -06
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4.2.2 Shear Wall Design
Combining the ESWLs with the load combinations in Table 4.2 and the NBCC, a

force envelope is developed for each of the 19 shear walls. Walls 1 and 2 primarily resist
lateral loading because the strong axis of each wall almost coincide with the shear center
of the building. Furthermore, they resist the majority of the 1ateré1 loading because they
are significantly larger than the other shear walls. The other walls carry a combination of
the lateral and torsional loading.

The shear walls are designed to minimize the required materials for both with and
without the TLD systems. This is achieved by designing the walls such that the FOS for
the shear and moment capécity are unity. A few walls require an FOS of less than unity
due to other design considerations, such as the minimum steel requirement, maximum
spacing between steel requirement, and torsion capacity; however, the FOS is kept
consistent for each wall between the two design cases. The 50-storey building is divided
into five ,10¥storey sections, each of which has a unique design. The size and spacing of
the horizontal, vertical, and flexural steel reinforcement is designed to achieve an efficient
FOS while satisfying the NBCC design requirements. The wall thickness remains
identical for each section of wall between the two design cases, thereby strictly
comparing the difference in steel reinforcement. Table 4.3 summarizes the lengths of
reinforcement, total mass of reinforcement, and total cost in Canadian dollars for both
design cases. There is a 15.9 percent reduction in the mass of steel reinforcement
required to obtain the same FOS for the building with and without a TLD ’system_

This is an attractive reduction from a design perspective because there is a significant
cost savings of 16.9% associated with the decreased maferial requirement. This savings

is calculated using an industry price for 15M, 20M, 25M, 30M, and 35M of $1_8.50,
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$36.25, $55.25, $68.85, and $83.95" per 20 foot lengths, respectively. Based on these
prices the steel reinforcement reduction wﬂl cut the total cost by $450,099. Note that this
is the savings without considering the possible reduction in wasted material, the lowered
shipping costs associated with the reduced mass, and the reduced time spent on arranging
and tying additional reinforcement in the mesh. This cost savings analysis does not
include the extra costs incurred by designing and constructing a structural support system
to carry the gravity loads of the tanks. In addition, the cost of the tanks will be

substantial. However, the cost savings still adds an incentive for using TLDs.

Table 4.3 The lengths, total mass, and to_tal cost of steel reinforcement for both design cases.
NoTLD WithTLD Reduction (%)

15M (m) 120150 119180 0.8
20M (m) 41437 35023 15.5
25M (m) 31688 17007 46.3
30M (m) 39462 33978 13.9
35M(m) 6708 6261 6.7

Total Mass (kg) 680096 572200 159
Total Cost (§) 2,668,743 2,218,644 169

4.2.3 MRF Consideration

A similar reduction in reinforcement is expectedvfor the moment resisting ﬂamés. In
fact, there is a possibility that a greater reduction may occur because the primary purpose
of the MRFs is to resist the torsional loading, which has the greatest reduction (Figure
4.2c). However, the reduction in the MRF is not researched because the design is
governed by seismic loading.

Rahman (2007) demonstrated the ability of a well-designed TLD system to reduce the

rotation in the beam-column connections of a medium-rise MRF by over 50 percent when

! Prices are in Canadian dollars as quoted by Misteelco (St. Thomas, Ontario, Canada) on October 26, 2009.
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subjected to various earthquake loading scenarios. The TLD system prevented the beam-
column connection stresses ﬁ'c;m reaching the concrete crushing point and sequentially
/the steel yielding point. The reduced rotation directly correlates with a decreased moment
experienced by the columﬁ, thus resulting in the possibility of reducing the reinforcement
in the column. This is further evidence confirming the ability of a prbperly designed TLD

system to reduce the strength requirements of a building.

4.3 TLD System Upgndes
Desxgnmg a structure for reduced loadmg simply because TLDs are installed

introduces potenual concems in regards to the safety and structural integrity of the
building. Mamtamlng a hlgh level of system reliability is imperative to ensure the owner
and tenants of the bmldmg are satisfied that the structure-TLD system will behave
properly under all circumstances. To ensure. the TLDs behave properly, many
precautions can and should be 1mp1emented.

Maintaining an optimal tuning ratio between the sloshing frequency of the TLD and
the structural frequency for the desired mode is imperative to the proper functionality of
the structure-TLD system. To ensure an optimal tuning ratio, in-situ dynamic tests shoﬁld
be performed on the building to acquire the true structural frequencies. This is possible
by recording the motions of the‘ building over a specified time and utilising the random
decrement technique to determine the structural frequencies and damping ratios
(AsmusSen, '1997). Using the newly established structural frequencies, the TLDs can be
fine-tuned by varying the water height (Tait et al., 2004b).

Secondly, maintéim'ng an optimal water height inside the tanks is critical to the proper

functionality of the structure-TLD system. The water height may vary due to spillage,
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leakage, évaporation, or poor maintenance. This will result in a shift of the water mass
and sloshing frequency, thereby potentially reducing: the effectiveness of the TLD. A
monitoring system should be installed to measure the water height' continuously and alert
rr'laintenance crews when the water height deviates by a pradetermined critical amount.
Furthermore, an automated system could be installed to add or remove water as needed.

Rahman (2007) and Fujino and Sun (1993) verified methods to mitigate the
detrimental effects of mistuning by means of setting many TLDs to slightly different
tuning ratios. In other words, each tank will have a different sloshing frequency such that
the TLD system will capture a range of tuning ratios around the optimal value (i.e. +5%).
In fact, this multiple tuned liquid damper (MTLD) system offers a considerably greater
reduction in the resonant responses than offered by a single TLD system (Rahman, 2007).
This is possible by capturing a larger range of frequencies in the wind or earthquake
loading. This technique should always be implemented when the TLD system consists of
more than one tank.

These three techniques will promote a robust and effective TLD system, thus adding
considerable reassurance that the TLD system will perform as designed. More
specifically, the TLD system will effectively reduce the ESWLs under all circumstances,

thus providing a safe opportunity for a more optimal strength design.

4.4 Conclusion

This chapter demonstrates that a properly designed TLD system can significantly
affect the strength design of a dynamically sensitive building. The building uses a
combination of reinforced concrete shear walls and moment resisting frames to resist

strongly coupled lateral-torsional motion. To reduce the dynamic sensitivity, a multi-



103

modal tuned liquid damper system is designed for the first and second modes of structural
vibration. This considerably reduces the torsional response, which is reflected in the
ESWLs for the building with the TLD system installed. Using the ESWLs with the
properly calibrated load combination factors, the shéar walls are designed for a reduced
wind loading. The results confirm that the mmre—TLD system reQuires less steel
reinforcement to achieve the same FOS as the building Wi;chout a TLD system installed.
The reduced reinforcement amounts to a substantial cost savings of $450,099. This cost
savings will likely ou—tWeigh the cost of manufacturing and installing the TLDs.

As a means to ensure that the TLD systém performs properly, three precautions
should ber taken into consideration. First, in~§itu testing should be conducted to determine
the true dynamic characteristics of the‘bnilding, thereby allowing proper tuning of the
TLDs. Secondly, a water height monitoring system should be installed to ensure that the
watef height remains within an acceptable range. 'Finally, for a TLD system with more
than one tank, each tank should be tuned such that the system captures a range of tuning
ratios around the optimal value. These techniques will safely allow strength design using

reduced wind loading without affecting the structural integrity of the building.
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CHAPTERS -

Conclusion

5.1 Summary

The focus of the research in this thesis is to investigate the effeétiveness of tuned
liquid dampers (TLDs) in reducing wind-induced torsional responses of a tall building.
Previous studies have only investigated the effectiveness of TLDs in reducing lateral
motions. The building chosen for this study exhibits highly coupled lateral-torsional
motion, which is confirmed through modal analysis and wind tunnel testing. The tests
were conducted at the Boundary Layer Wind Tumnnel Laboratory (BLWTL) at the
University of Western Ontario using the high fréquency force balance (HFFB) technique.
The wind» tunnel test resu1t§ demonstrate that the building exceeds recommended
serviceability limits for accelerations and torsional velocity.

To mitigate this problem, the building requires an auxiliary damping device to reduce
the excessive responses to a 1ev¢1 below the perception threshold of the occupants. The
ideal device for this building is TLDs because the peak hourly acceleration responses
correspond to the fange in which_ TLDs are most effective (Tait et al., 2008b). Therefore,
three unique multi-modal TLD systems‘ are designed specifically to damp torsion. The
systems are labelled TS-1, TS-2, and TS-3 in order of increasing water mé,ss. The TLD
system designs consist of two sets of tanks — a set tuned to each of the dominant torsion
modes of the building (mode 1 and mode 2). In addition, the designs utilise an innovative
technique to maximize the effectiveness of each tank in the system by placing the tanks

around the perimeter of the floor plan. This introduces a large eccentricity between the
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tank and the center of mass of the building, which allows the TLD to experience a greater
displacement from the combined lateral-torsional nm*‘tiﬂﬁ. ﬁSin‘ce the behaviour of TLDs is
nonlineaf, é TLD performs more effectively when subjectedtogreater displacements
(Reed et al.‘, 1998). Furthermore, each tank in the TLD system has a pair of slat screens
to increase their effectiveness by providing more control of &e sloshing motion,
mitigating the potential of wave breaking, and incfeasing the inherent damping. |
For analysis purposes, the complex nonlinear behaviour of a TLD requires a
simplified representation without compromising accuracy. Tait et al. (20042) developed a
numerical model that is capable of representing a TLD by an equivalent amplitude-
dependent tuned mass damper (TMD). The numerical model is used to solve an
equivalent amplitude-dependent TMD mass, frequency, and damping ratio for each mode
of the three TLD systems. Since there are mulitple tanks in the system, a technique is
developed to represent the similar tanks tuned to each mode by a single lumped TLD for
each mode. This is required because the eccentric placement of the tanks results in each
tank experiencing a different displacement; therefore, leading to slightly different
equivalent TMD properties. This study developes the amplitude modification factor
(AMF), which is a normalized weighted-average of the generalized wéter mass of each
tank multiplied by the mode shape at the location of the tank. The AMF is applied to the
generalized displacement of the primary structure to calculate the average amplitude
experienced by the TLD system, there_by resulting in average equivalent TMD properties.
. A parametric study on the AMF demonstrates that this technique is acceptable for the
structure-TLD conﬁguration in this research. Therefore, the equivalent TMD properties
define the mass, stiffness, and damping ratio of the auxiliary system attached to the

primary structure.
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The primary structure is defined by a single degree-of-freedom (SDOF) system with
the generalized mass, stiffness, and damping ratio of the building. This defines the
building without a TLD system installed. The SDOF system with the auxiliary equivalent
TMD system attached defines the étructure-TLD system, which is a two dégree-of-
freedom (2DOF) system. The SDOF and ZDOF systems a.fe mode-specific. This study
accounts for the first three modes of vibration. In addition, the generalized wind force
(GWF) is mode-specific and is applied to the primary structure DOF for both systems.
Using the HFFB test data, the GWF is formulated to accommodate the nonlinear 3D
mode shapes exhibited by the building.

The analysis of the SDOF and 2DOF systems uses the fourth order Runge-Kutta-Gill
iterative numerical method, which accounts for the equivalent nonlinear TMD. The
systems are solved for the first three modes and combined through addition to form a time
series for each structural response. To predict the peak hourly response from the time
series accurately, the Lieblein BLUE technique is implemented. This technique fits
extreme-value data to a Type I extreme-value probability distribution. The distribution
framework provides for an accurate and controlled ‘prediction of the peak hourly
responses of the building. Furthermore, a site-specific wind climate model is applied to

the peak hourly responses to account for the directionality of the wind loading.

5.1.1 Serviceability Limits

To check the serviceability limits, the peak hourly displacement, velocity, and
acceleration responses from the structure-TLD system are analysed at the top floor. A
10-year wind speed is used in the analysis — the feturn period for serviceability limit

responses. The results illustrate that the three TLD systems are capable of significantly
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reducing the deﬂeétions, torsional velocity, and accelerations. Furthermore, these
responses are reduced to levels below the acceptable limits for the occupants when TS-3
is installed. By comparing TS-1, TS-2, and TS-3, the effectiveness of a TLD system
evidently increases as the water fnass increases. However, there is an apparent upper
limit to the amount of water mass, which is spemﬁc to a particular response. For
instance, the reduced translational respbnses are-appreximately equal for TS-2 and TS-3
but TS-3 displays a greater tdréional reduction than TS-2. The parametric study on the
AMF also confirms this limitation. Overall, the torsional respohses ére reduced most
significantly — achieving a 47% reduction for the. building ‘;vith a 1% damping ratio.
Moreover, if the optimal water height from the -pirametric study is implemented, the
structure-TLD system experiences a 56% reduction in torsional responses. This study
proves that the innovative multi-modal TLD system design is capable of effectively

reducing the serviceability limit responses of the lateral-torsional coupled building.

5.1.2 Equivalent Static Wind Loads

The wind acting on a building can be described 'by three response-specific equivalent
static ‘wind loads (ESWLs). There is an ESWL corresponding to the X direction, Y
direction, and torsional directioﬁ. Furthermore, each ESWL has a mean, background, and
resonant component. Each ESWL is formulated to reproduce a specific response such
that when the response-specific ESWL is applied statically to the building, the obtained
response exactly matches the predicted response induced by the fluctuating wind. All |
other obtained responses from the statically applied ESWL are simply good estimates.
The widely accepted response for the ESWL is the base moment (BM) (Zhou and

Kareem, 2001). In addition, using the BM as the respbnse is ideally suited for HFFB test
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The uncertainty associated with modal analysis estimates of the structural frequencies
provides the impetus for the study on over- and underestimations of these structural
frequencies. The study demonstrates that overestimating the structural frequency for first
and second modes severely decreases the effectiveness of TS-3.  Conversely,
underestimating the structural frequencies has é minimal effect on thé performance of
TS-3. In addition, TS-3 is capable of regulating the structural reSponses despite the
varying effect of the frequency content in the wind. This exemplifies the robustness of a
properly designed TLD system. Notably, TS-3 will perform optimally at atuning ratio of

0.93 and 0.95 for serviceability limit responses and strength design, respectively.

5.1.4 Strength Design

The potential for a TLD system to reduce the structural design requirements is
investigated by designing the shear walls of the lateral-torsional coupled building, with
and without TS-3 installed. The objective is to compare efficient designs; therefore, both
designs aim to achieve factors of safety (FOS) of unity for each shear wall. The wall
sizes are kept constant while the steel reinforcement changes between the two design
caées. The case with TS-3 installed produced a 15.9 percent reduction in the mass of steel
reinforcement réquired to produce the same FOS as the building witﬁout a TLD system
installed. Based on industry prices for steel reinforcement, implementing TS-3 provided
a material cost savings of $450,099 — a 16.9% reduction. This is an example of the cost
savings potential inherent to a well-designed TLD system.

As a means to ensure the structural integrity and safety of the building, three
techniques should be implemented. First, in-situ testing should be conducted on the

constructed building as a means to provide an accurate assessment of the structural
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frequencies, thereby allowing for optimal tuning of the TLD system. Secondly, a water
 height monitoring sYstem .sho'uld be installed as a means to ensure that the water height
remains within an acceptable range. Finally, if the TLD system cbnsists of more than one
tank, each tank should be tuned to a slightly different sloshing frequency around the
optimal tuning ratio. This captures a larger frequency bandwidth and increases the

effectiveness and robustness of the TLD system (Fujino and Sun, 1993).

5.2 Future Studies

The next logical step is to perform measurements on a full-scale structure-TLD
system to validate the TLD design approach and the structure-TLD numerical model used
in the analysis. This research would also provide valuable insight into the reliability of
the TLD system for stréngth design considerations. Furthefmore, the development of a
three-dimensional structure-TLD analysis program would be beneficial for predicting the
responses of a building simply and accurately for TLD systems with complex tank
conﬁgﬁrations. This would eliminate the need for the AMF, which is introduced in this
research. Finally, the reduced ESWL and cost savings concepts should be researched for
other structurai applications, including steel buildings, composite steel and céncrete

buildings, and long-span bridges.
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