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Abstract

One of the effective vibration control systems used for structures is the semi active tuned mass damper (STMD),
which is popular since it is reliable and simple. STMD characteristics in the design for piled foundations were
usually obtained by modelling the foundation raft only to incorporate the soil structure interaction (SSI).
However, as it proposed in the recent studies the role of SSI and simulation of piled raft in the analyses proved
to be very important in the determination of the STMD parameters. Hence, in this study, efficiency of STMD
with respect to the control of seismic response of the structure, was studied by considering the soil-pile-structure
interaction (SPSI). Nonlinear time history analysis was applied for a three-layered soil profile including pile
foundations by using the well-known substructure (spring) model under two different ground motion records.
In order to increase the accuracy of the results, soil profile with piles and building structure with STMD were
considered all at once in a single model under the action of seismic loading, named as direct method. P-Y curves
which were suggested by American Petroleum Institute (API) were used in the spring method for simulating
soil-pile-structure interaction. The results showed that, adjusting the STMD characterizations on piled structures
without considering the soil-pile-structure interaction may result to ineffective control of the seismic vibration
and in the worst case may lead to amplification of the vibration of buildings.
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Orta Yiikseklikteki STMD’li Yapilar icin Dogrusal Olmayan Zemin-Kazikh Temel-Yap1 Etkilesimi

Oz

Yapilardaki sismik titresim kontrolii ile ilgili en etkin araglardan biri de yap1 igerisindeki enerji sontimlemesi
i¢in kullanilan soniimleme cihazlaridir. Bunlar igerisinde, yari-ayarlanabilir kiitle soniimleme cihazlari (STMD)
giivenilirlikleri ve basitlikleri agilarindan sikilikla kullanilir. Kazikli temelleri olan yapilarda STMD
cihazlarinin karakteristik 6zellikleri bir¢ok arastirmaci tarafindan zemin yapi etkilesimi degerlendirilmeden
tanimlanmigtir. Ancak son yillarda yapilan calismalarda da belirtildigi gibi, kazikli temellerin analiz
sonuglarindaki roliiniin ¢ok dnemli oldugu ispatlanmigtir. Dolayist ile bu ¢alismada, STMD etkinlgi zemin-
kazik temel-yap1 etkilesimi (SPSI) goziiniinde bulundurularak degerlendirilmistir. Tki degisik zemin hareket
kayidi kullanilarak yay modeli ile katmanli bir zeminde kazik temel davranisi dogrusal olmayan zaman analizi
yontemi ile uygulanmistir. Sonuglarin dogruluk derecesini artirmak i¢in zemin, kazikli temel ve yap1 tek bir
modelde birarada olmak kayd: ile sisimik yiikleme etkisi direk yontem adi verilen analiz yontemi ile
uygulanmistir. SPSI simule edilirken kullanilan yay modelinde Amerikan Petrol Enstitiisii (API) tarafindan
onerilen P-Y egrileri kullanilmistir. Sonuglar STMD karakteristiklerinin ayar1 yapilirken SPSI gézoniinde
bulundurulmadiginda sismik titresimin etken bir sekilde kontrol edilemedigini ve ayrica bu sebepten dolay1
titresimi artirabilecegini dahi gostermistir.
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Anahtar Kelimeler: Zemin-kazikli temel-yapi etkilesimi, titresim kontrolii, yar1 ayarlanabilir kiitle soniimleme
cihazi, yay yontemi, API egrileri.

1. Introduction

Tuned Mass Damper (TMD) is one of the passive dampers which is commonly employed for
mitigating the seismic vibration of structures. Many researches have proven capability and
advantages of the use of TMD to control vibration against lateral loading such as earthquake or
wind (Arfiadi and Hadi, 2011; Farghali, 2012; Mohebbi, 2013; Mohebbi and Alesh Nabidoust,
2018; Polat, 2019). However, due to detuning of TMD when the structures undergo severe
earthquakes, semi-active (STMD) or active tuned mass dampers (ATMD) were also developed
(Eason et al., 2013; Kaveh et al., 2015; Bakhshinezhad and Mohebbi, 2019; Talib et al., 2019;
Akyiirek et al., 2019; Khatibinia et al., 2020). Amongst these, semi active tuned mass damper
(STMD) provides flexibility due to lower power consumption and changeable parameters
during the earthquakes.

Some researchers have investigated the characteristics of STMD assuming fixed support at the
base of structures and ignored the soil-structure interaction (SSI) effect on lateral structural
behavior (Chen, D., and Wu, N. 2001; Elias, S., and Matsagar, V. 2017; Lu, Z. et al.2018; Yang,
Z.,and Li, X. 2017). They reported the damper parameters as a result of this assumption was
optimized. Also there are other studies such as the one carried out by Greco and Marano (2013),
in which the performance of TMD is investigated ignoring the SSI. The results in Greco and
Marano (2013) indicated that the energy criterion was significantly decreased with the use of
TMD.

Foundations can settle and rotate under the loads based on mobilisation of the ground reaction
and foundation & structural stiffness, which altogether form the SSI. Hence, it is necessary to
consider the SSI for the characterisation of the dampers.

Recently, several researches investigated the soil-structure effect on TMD characteristics.
Farshidianfar and Soheili (2013) applied effective different optimization algorithm such as
artificial bee colony and ant colony optimization to find optimum tuned TMD by including the
SSI. Kamgar et al. (2019) revealed that considering the soil flexibility, can considerably
influence the TMD adjustment by addressing the design procedure of displacement and
acceleration criterion of structures.

Soheili et al. (2020) considered the effect of TMD on high-rise buildings particularly on drift
criteria of structure including three different soil types by using ant colony algorithm to obtain
proper parameters for TMD. Result demonstrated that using TMD leads to decrease the drift of
building intensively.

Hence, it seems that soil-structure interaction will be altered the STMD setting. Accordingly,
in this study, three layers soil profile including piles were considered to the midrise building
which was equipped with semi active tuned mass damper. For simulating the soil-pile-structure
interaction, well-known API recommendation (2007) curves (p-y) were applied through the
spring method.

For obtaining the accurate result, soil block and superstructure were modelled in one stage and
nonlinear time history analysis were done under two record motions. For explaining the SPSI
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effect on dynamic performance of structure, the acceleration and displacement criterion
response of structure were evaluated and discussed.

2. Substructure Model of the building

A two-dimensional substructure model formed of 4 bay, 5 storey STMD steel building founded
on a multi-layered soil profile was modelled. The pile foundations were embedded in soil block
and their interaction with the ground and the superstructure was considered in the analyses.

2.1. Ground model

A thick deposit of Sand with varying relative density, shear strength and stiffness was
considered as the soil profile. The SAND deposit is 18m depth and comprised of three layers;
5m depth of loose Sand underlain by 8m depth of medium dense Sand and 5m depth of medium
dense to dense Sand. The geotechnical parameters used for the soil profile is presened in Table
1.

Initially, site response analysis was conducted to determine displacements due to gravity
loading, and the stress state in the soil profile was initialized. In the proceeding stages of the
analyses, these initial displacements were disregarded to focus on the changes in due to seismic
loading.

Table 1 Soil properties

_ Depth Shear Bulk Friction Mas.s
Soil type m) modulus modulus angle density
G (MPa) B (MPa) ¢ p (t/md)
Loose
SAND 5 46.9 125.1 25.4 1.94
Medium
dense 8 73.7 196.8 30.3 1.99
SAND
Medium
denseto o 1199 2083 422 206
dense
SAND

2.2. Pile group

Five steel pipe piles with 1.2 m diameter and 15 m length installed at 6 m centre to centre
spacing were placed in soil block for modelling of the pile group. Following the American
Petroleum Institute (API) recommendation (2007) and Ghorbanzadeh et al. (2021) , the p-y, g-
z, and t-z nonlinear backbone curves were derived using Equation 1.

- kH
P = 1.287p, tanh(llzg;’pu ) (1)

where,

P is the mobilised lateral resistance of single pile, which is obtained as a function of the
horizontal pile displacement Hy, k is the modulus of subgrade reaction dependent on the internal

angle of friction, and the ultimate soil lateral resistance is p,, which can be obtained for wedge
failure or flow failure mechanism derived from API recommendation (2007), and 1.287 is a
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coefficient related to cyclic loading, which was defined by Ghorbanzadeh et al. (2021) for
midrise STMD structures.
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Figure 1 Schematiccal presentation of the entire model

The resulting are further utilized in the model file for simulation of the soil-pile-structure
interaction.

2.3. Superstructure with STMD

For superstructure, a 5 storey steel building with 5% structural damping ratio equipped with
additional STMD was simulated. The superstructure has 4 bays with storey height of 3.4 m and
span length of 6 m. For columns box sections of 400x30 and 350x25, and for beams IPE270,
IPE320 sections with St37 grades of steel were used. In addition, the properties of STMD
installed on top of the building are; mass ratio 2%, frequency ratio 9.03 rad/s with tuned
damping ratio. On-Off displacement base Groundhook Algorithm, which was recommended by
Koo and Setareh, (2004) was used to catch the optimum damping ratio of STMD on top of the
building during seismic loading. All structural parts, soil block, pile group and the STMD are
simulated in one region using the Open System for Earthquake Engineering Simulation
(OpenSees) computer program (McKenna and Fenves, 2001). Figure 1 shows the
schematiccally presentation of the entire model.

2.4. Ground acceleration

Two ground accelerations, near-field and far-field categories were chosen as record motions to
be applied at the base of structure. The summary of data characteristics from chosen
earthquakes Loma Prieta 1989 and Superstition 1987 were presented in Table 2.
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Table 2 Summary of data characteristics from chosen earthquakes Loma Prieta 1989 and
Superstition 1987

situation

Earthquake Station M Dur.[s] PGA[g]
. . Near- fault
Loma Prieta 1989 Gilory array 7.1 25 0.966
. . - . Far-fault
Superstition hills 1987 Niland-fire station 6.6 22 0.136

3. Results and Discussion

Nonlinear time history analysis for Superstition 1987 and Loma Prieta 1989 records were used
to perform seismic analysis for the model considered. The criteria chosen for comparison of the
analysis results were acceleration, displacement, and velocity responses at top of the structure.
These results were used to evaluate the STMD performance with and without soil-pile-
structure-interaction.

Figure 2 presents the acceleration time history plots for the superstructire with and without
STMD ignoring the soil-pile-structure-interaction (SPSI). As it was indicated by the results, by
considering the fixed base and ignoring the SPSI, the STMD use led to a reduction in the
maximum acceleration by 28% in Superstition and 36% in Loma earthquakes respectively.
Therefore, by ignoring the SPSI, STMD worked very efficiently to reduce the peak acceleration,
in which case the transfer of vibration from the fixed base was lower. In comparison, as
presented in Figure 3, simulation of SPSI without STMD provided an acceleration increase of
57% and 33% for Superstition and Loma earthquakes, respectively. With the inclusion of the
ground model and the piled foundations, the ground acceleration applied at the bedrock level
were amplified.

In addition, Figure 3 demonstrates that the STMD use has led to a reduction of 18% and 9% in
the maximum acceleration response for Superstition and Loma earthquakes, respectively.
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Figure 2 Acceleration time history of fixed base structure responses with and without STMD
under Superstition and Loma record motions (continued on the next page)
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Figure 2 continu’ed

Further to these, by comparing Figure 2 and Figure 3, it can also be concluded that; (i) the max
acceleration criteria at top of the structure significantly increased by incorporating the SPSI
interaction, (ii) by considering the SPSI effect, the STMD efficiency was reduced by 40% and
75% for Superstition and Loma earthquakes, respectively. In summary, the use of STMD is still
useful to reduce peak acceleration with and without SPSI.
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Figure 3 Acceleration time history of structure responses including SPSI with and without
STMD under Superstition and Loma record motions
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Figure 4 Top displacement time history of fixed base structure responses with and without
STMD under Superstition and Loma record motions.

Top displacement criteria is also investigated to evaluate accurately the STMD performance
with respect to considering SPSI. Displacement time history of structure ignoring the SPSI and
fixed base assumption under two record motions (Superstition and Loma) are displayed in
Figure 4. The displacement response of the structure with STMD was reduced by 28% for
Superstition and 36% for Loma excitations, which were deemed to be acceptable for reduction
of the top displacement criteria. The STMD helped dampening the top displacement by negating
some of the vibrational effects.

Figure 5 shows the top displacement response of controlled and uncontrolled structure by
considering the soil-pile-structure-interaction. The results show that although STMD reduces
acceleration when SPSI was ignored, when SPSI was taken into account STMD failed to reduce
displacement but increased it by 4.5% and 3% under Superstition and Loma excitation records,
respectively. It means, STMD negatively affected displacement response of structure under
earthquakes. In addition, the displacement response of the model was greatly increased under
Superstition and Loma excitation records (260% and 111%, respectively).
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Figure 5 Top displacement time history of structure responses including SPSI with and
without STMD under Superstition and Loma record motions

Velocity response at top of the structure presented in Figure 6 (without considering the SPSI)
and Figure 7 (including SPSI) for Superstition and Loma earthquakes separately. As Figure 6
shows, STMD could reduce the response by 45% for Loma and 49% for Superstition when
fixed base assumption was considered. Hence, it seems that STMD performed better and
reduced the velocity response more rather than acceleration or displacement responses.
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Figure 6 Velocity time history of fixed base structure responses with and without STMD
under Superstition and Loma record motions. (continued on the next page)
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Figure 6 continu’ed

The velocity response shown in Figure 7, which includes SPSI and soil flexibility added to the
structure was used to evaluate STMD performance. In this case, altough the STMD efficiency
was decreased by including SPSI, the result showed that it is still useful for control of velocity
respone of structure. As Figure 7 presents, the reduction levels are 68% for Loma and 45% for
Superstition earthquakes. Therefore, using STMD in structure shows acceptable attitude for
reducing the velocity response with and without consideration of SPSI.
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Figure 7 Velocity time history of structure responses including SPSI with and without STMD
under Superstition and Loma record motions.
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4. Conclusions and Recommendations

This paper aimed to evaluate the semi active tuned mass damper considered for a midrise
structure. In order to achieve this, acceleration response and displacement response with and
without soil-pile-structure-interaction were analyzed. Nonlinear time history analysis were
performed to investigate the dynamic response of the 5 story building with and without STMD,
and also by considering fixed base and piled raft foundation, using the well-known substructure
(spring) methodology under two earthquakes.

The comparison of the results revealed that;

» Although, using STMD on fixed base structure seems to act desirably and reasonably to reduce
acceleration and displacement response of the structure for structures supported by group of
piles, it can also have a reverse effect on the maximum acceleration response.

« For improvement of the STMD efficiency regarding the vibration control of structure, SPSI
should be considered for structures with piled foundations.

» The STMD characterization should be strictly performed considering SPSI analyses to ensure
optimal parameters were assigned.
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