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INFLUENCE OF THE SEISMIC EXCITATION FREQUENCIES CONTENT
ON THE BEHAVIOR OF A TUNED MASS DAMPER IN LOW-RISE
BUILDING CONSIDERING SOIL-STRUCTURE INTERACTION

Abstract

The influence of the frecuency content of seismic excitations on the be-
havior of an optimal tuned mass damper (TMD) is studied in the context
of a system with explicit consideration of soil-structure interaction. A sto-
chastic analysis is made in the time domain for two random processes,
one considering a broad bandwidth process (BBP) and other considering
a narrow bandwidth process (NBP). A structure built over three different
types of soil (soft, medium and hard) is considered. For the optimization
of the TMD, the minimization of the ratio between the standard deviation
of the displacement of the main structure with TMD with respect to a
structure without TMD, is used as the target function. It is found that for
seismic excitations with high frecuency content, the ratio of the TMD fre-
quencies compared to the fixed base frequency of the structure ap-
proaches to 1 as the soil becomes more rigid. It is also observed that the
TMD become tuned with the flexible base frequency for all soil types, pro-
ducing perfect tuning for small mass ratios and detuning gradually for
higher mass ratios. On the other hand, the TMD optimal damping ratio in-
creases as the TMD mass ratio is higher, independently of the soil type.
The TMD is more efficient for higher values of the TMD mass ratios, espe-
cially on soft soil. In structures built over flexible base, that are subjected
to low frequency content excitations, the optimal TMD is tuned with the
flexible base, independently of the type of soil and the fixed base period
of the main structure. The TMD optimal damping is not sensitive to the
flexible period for small mass ratios, and reaches its minimum value when
it matches with the predominant period of the seismic event. On the other
hand, the TMD reaches its maximum efficiency when it is tuned with the
flexible period of the soil-structure system, and coincides with the pre-
dominant period of the seismic exitation and is higher on soft soil. A de-
terministic analysis is made using two seismic records, an artificial earth-
quake compatible with the Chilean code NCh2745 characterized by high
frequencies content and other similar to the event in 1985 in Mexico,
characterized by low frequencies content. It is seen that the optimal TMD
is efficient controlling the response of the structure in all types of soil an-
alyzed.
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One of the main objectives of structural design is to provide safety and serviceability to the users. This is
done, fundamentally, by controlling the response of structures subjected to dynamic excitations. One of the
structural control systems used currently, are tuned mass dampers (TMD). The first studies on the behavior of
TMD were made by Den Hartog in 1947, who determined the TMD design parameters to control a one degree

of freedom system subjected to harmonic excitation (Den Hartog, 1947).

Later, research focused on the optimization of the design parameters and evaluation of the TMD perfor-
mance in reducing vibrations of structures subjected to different types of dynamic excitations.
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In most of the investigations considered, the use of TMD in fixed base structures ignored the effect of the
soil-structure interaction (SSI), however, there are studies where the influence of the soil type has been con-
sidered. Among these is that of Xu and Kwok (1992) who observed that the response of structures subjected to
wind excitations, built on soft soil, is greatly influenced by the SSI effect and the TMD cannot effectively reduce
the response of the system. On the other hand, when the soil is moderately rigid, the TMD are tuned with the
frequency of the soil-structure system and not the frequency of the fixed base structure. Gao et al. (1996) ana-
lyze the TMD behavior when facing seismic excitations and conclude that they are as efficient in the control of
a soil-structure system as in the fixed base structures, as long as the soil-structure fundamental frequency is
accurately estimated for the damper tuning. Wu et al (1999) studied how the SSI affects the TMD seismic be-
havior when they are installed in flexible base structures. In this study, a structure is subjected to a stationary
random excitation and the root mean square of the controlled response was compared to an uncontrolled sys-
tem to measure the TMD performance. They determined that the optimal TMD is tuned with the flexible base
frequency. In addition, a strong SSI can modify the damping characteristics of the structure, which at the same
time affect the TMD performance, which is why the damper efficiency reduces as the soil gets softer.

Ghosh and Basu (2004) investigated in the frequency domain, the effects of the SSI on the TMD-operation
to control seismic vibrations. They observed that in the tuning process, the influence of the soil must be consid-
ered, because if this effect is ignored, the TMD design can have a device which causes an increase in the struc-
ture response. A damping must also be provided in the TMD, greater than the critical damping, to guarantee the
reduction of the response. Khoshnoudian et al. (2015) worked in the optimal design of a TMD, considering SSI,
by using a multi-objective genetic algorithm optimizer, which considers the simultaneous minimization of the
displacements, velocities and accelerations of each storey; this algorithm provided an optimal design of the
TMD which considerably reduced the maximum displacement value of the soil-structure-damper system on
soft soil.

Khatibinia et al (2016) used an efficient optimization method, named multi-objective particle swarm op-
timization (MOPSO), which simultaneously minimizes the displacements and accelerations of each storey, to
obtain optimal parameters of a TMD, bearing in mind the SSI.

Recently, Bekdas and Nigdeli (2017), proposed a new optimization method of the design of a TMD consid-
ering SSI. They used two metaheuristic algorithms, harmony search algorithm (HS) and bat algorithm (BA).
The algorithms are made in the time domain and consider the responses under several seismic records. The
design variables were the TMD mass, period and damping ratio. Analyzed structures were single deree of free-
dom systems founded over different soil types, and the considered parameters were the period and damping
ratio. They studied a 40 storey structure, finding that optimally tuned TMD were effective and reduced the
critical displacement by up to 25%. They concluded that the methodologies proposed are both, effective and
feasible, but BA has advantages in the minimization of the maximum displacement of the structure and in find-
ing an accurate optimal value.

Lately Elias and Matsagar (2017) have studied the effectiveness of TMD to control the seismic response in
isolated bridges considering SSI. They reported that the soil surrounding the pier has an important influence
on the bridge displacement and the use of TMS significantly reduces the bridge dynamic response.

Other authors have studied the TMD behavior taking into account the soil-structure interaction, but con-
sidering that the TMD optimal properties are obtained to minimize any characteristic of interest of the structure
response subjected to deterministic seismic excitations (seismic records). These studies have used stochastic
analysis, without considering the bandwidth of the random process exciting the base of the structure. The ob-
jective of this research is to obtain the optimal parameters of a TMD to control a structure explicitely consider-
ing SSI, when it is subjected to a random process in the time domain, and to analyze the influence of the fre-
quency content of the seismic excitation on the behavior of the TMD optimal parameters.

2 MODEL AND EQUATIONS OF MOTION

2.1 Model with TMD considering SSI

The model used in this study, shown in Figure 1, consists of a linear main structure which has a TMD attached
through a spring and a damper. The main structure has stiffness K, damping C;, mass M, and mass inertia /.

The degree of freedom vector of the model is X (¢) = {X1 ®),X,(),X,(2),0, (t)}T ,where X (¢) is the relative
displacement of the main system with regard to the foundation, X, (¢) is the relative displacement ot th TMD with

respect to the main structure and X (t) and 90 (t) are the relative displacment and rotation of the foundation,
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repectively. The model of the foundation is characterized by mass M, and mass inertia /, . In terms of the proper-
ties of the soil around the foundation, there is rocking damping C,, rocking stiffness K . , translational stiffness K|
and translational damping C, .

Moreover, M[ is the mass of the TMD, Kt is the TMD stiffness, C, is the damping coefficient of the TMD. The

height of lateral degree of freedom with respect to the foundation is Z,, and W (¢) is the white noise signal.

For the probabilitistic analysis, white noise is assumed in the rock and a double Clough-Penzien filter is
considered to characterize the seismic input on the base of the model. The considered fileter is composed by
two filters, the first one filters the white noise taking into account the soil layer dynamic properties, and the
second filters the low frequency content. In this study, two Clough-Penzien filters were considered, one of a
wide range of frequencies, named broad bandwidth (BBP) and one of a low frequencies content, called narrow
bandwidth (NBP).

X, (¢)

=

Figure 1: Model used in the study

2.2 Equations of motion of the system with TMD considering SSI

Using the Euler-Lagrange equations (Meirovitch, 2001), the equations of motion for the system under
study are obteined:

(M, +M )X, + M, X, +(M, + M, )X, +(M Z +M,Z, )0, +K X, +C,X,

ey
+(M1+MT)zk'g:0
M X, + M X+ M X, + M, Z,0,+ K, X, +Cp X, = (M) @)
(Ml +MT))'("1 +MT)'(;T +(M0 +M1 +MT)X0 +(MIZI +MTZI)éo +C’SX0 +KSX0 (3)
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=—(M,+M, +M,)i,

(M2, + M, Z)X, +(M, 2) X, + (M2, + M, Z)X, +(I, +1,+ M, 22 + M, Z} ),

+K,0,+C,0,=—(M,Z, +M,Z ), 4)
These equations may be expressed in matrix form (Farshidianfar & Soheili, 2013) as:

MX+CX+KX=-m'i

¢ 5)
Where M, Cand K are the mass matrix, damping matrix and stiffnes matrix of the system, respectively, m * is
the influence matrix of the input, and #, is the acceleration of the soil. These matrices are presented below.

(M1+MT) M (M1+MT) (M121+MTZI)
M: MT MT MT MTzl
(M, +M;) My (M, +M +M;)  (MZ,+M;Z)
Mz, +M,Z)) M.z, (MZ, +M;2,) (1,+1,+MZ}+M,Z}) ©
Xl
X
X= )
90
M, +M,
*_ M
(M, +M,+M,)
M\Z, +M,Z, ®
c, 0 0 0
o0 G 00 .
1o o0 ¢ o0 ®)
0o 0 0 C
K, 0 0 0
0 K, 0 0
=l 0 ko (19
0 0 0 K

3 SOIL-FOUNDATION SYSTEM

Three types of soils are considered in this study, namely soft, medium and hard. This classification is based on
the shear wave velocity, as shown in Table 1. I is the shear wave velocity; p is the mass density; v the Poisson

model; Gis the maximum shear modulus of the soil; and &, is the damping ratio.
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Table 1: Parameters of the soil analyzed

66 67. Soft soil 68. Medium soil 69. Hard soil
20 Vs(m/s) 71.150 72.300 73.500
- p(kg/m3) 75.1600 76.1800 77.2000
78.V 79.0.45 80.0.35 81.0.25

82 G(kPa) 83.36000 84.162000 85.500000
86. & il 87.0.05 88.0.02 89.0.01

The soil behavior is considered elastic with uniform stiffnes, while the foundation is represented by a rigid disc
located on the soil surface, ie. not confined. The movement of the soil-foundation system is represented by means
of two degrees of freedom, one for representing the rotation and rocking of the system, and one for the foundation
horizontal movement.

The coupling of the soil and the foundation is represented by the stiffness and damping of each degree of free-
dom. According to the classic formulation of the circular foundation on the surface of a viscoelastic semi-space
(Veletsos and Wei, 1971; Veletsos and Verbic, 1973) the main equations are shown in (11) - (14).

x 86,
2-v (11)

3

K =k, = 8Gr
Cr :pr Ir (14)

Where: K; and K, are the horizontal and rocking stiffness of the foundation, respectively; C; and C, are the
horizontal and balancing damping of the foundation; r, A and Ir are the foundation radius, area and moment of
inertia of the rocking movement.

The foundation radius r; is considered as a proportion of the height 4 of the structural system through the
aspect ratio r/h. Typically, low values represent slender systems. Likewise, the foundation mass is estimated as
10% of the mass of the structure, M.

On the other hand, the response of the ground-foundation-structure system is characterized by its flexible base
period (Veletsos and Meek, 1974), calculated as follows (15).

Ty, =

(15)

4 TIME DOMAIN PROBABILISTIC ANALYSIS

4.1 Methodology

A stochastic analysis in the time domain is made with the goal of obtaining the optimal parameters for the TMD
when the studied system is excited by a random process. In the case of this investigation, a random BBP process,
which represents high frequency content excitations and a random NBP process to consider low frequency content
excitations, are considered.

4.2 Equations of motion in state-space formulation

The equations, in state-space formultation, for the filter are shown below, for the structure without filter and
for the expanded system with the filters included. Equations (16) and (17) are the state-space equations for the

structure-soil-TMD system with basal excitation ¢ - Equation (18) shows the state vector for this system without
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including the filter. Equations (19), (20) and (21) are the state-space equations for the Clough-Penzien double filter.
Equation (22) shows the state vector of the filter where the first two elements represent the filter due to the soil
stratum, and the next two terms are the filter that remove the low frequencies.

Equations (23) and (24) are the state equations of the structure with SSI and TMD, and equations (25), (26)
and (27) are the state equations of the Clough-Penzien filter.

X, =AX, +Bii, 16)
z=C;X, 17)
X,={x, x, x, 0 X, X, X, o/ (18)
X, =A.X, +B¥(t) (19)
ii, =C, X, 20)
sz{xg Xy Xy xf}T 22)
A{—l(\);xtK —1{;‘4‘4 @

L -

0 1 0 0
—w 28w 0 0
Ap=| e e 25
f 0 0 0 1 (25)
w, 20, -0, -20,
[0
-1
B, = 0 (26)
1 0
.2 2 ]
Ci=lo, 26,0, -0, -2 0,

(27)

Expanding the state-space equations:
X A BC, (X 0
X, 0 A, ||X B, (28)
X,=A.X,; +B, () (29)

X, :{Xz X, }T (30)

Finally, the state-space equation which governs the dynamic of the structure including the TMD, and consid-
ering SSI with the inclusion of a double filter, is given in equations (28) and (29), while equation (30) shows the
state vector including the filter.
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The BBP filter parameters @,, ‘fg,a)f,ff were obtained through the adjustment by least square fitting of the

Power Spectral Density Function (PSD) of an artificial seismic event derived from the Design Spectrum of the NCh
2745 Chilean Design Code, considerning soil type B. The second filter, or the low frequency content process (NBP)
was defined through the paramenter adjustment to achieve a narrow bandwidth. This last filter has a predominant
period of 1.23 seconds.

The expression of the Clough-Penzien filter (Clough and Penzien, 1975) is shown in eq. (31)

4 2 2 2 4
a)g+4§ga)gw )

0 2 2
2 2 2 .2 2 2 2 2 2 2
(a)g - ) +4c, 0,0 (a’f - ) +4c, 0,0

S, (0)=$
(31)

Table 2 provides the parameters of the Clough-Penzien filter for both cases.

Table 2. Clough-Penzien filter parameters for the two random process used in this study

131. Parameters

130. Entry Type S 133. £ 135. £
132. 70 o, (rad /s) 134.°¢ @, (rad/s)  136.°7
138. 140. 142.
137.BBP 13356 139.3.05 0041 141.8.48 0.90
144. 146.
143.NBP 207.23 145.5 02 147.6 148.0.8

Where wis the signal frecuency, and S|, is the white noise intensity, @y, §g are the frecuency and damping factor

associated to the soil layer, respectively; and a)f,c_ff are the frecuency and damping factor of the high-pass filter.

4.3 Obtaining the covariance matrix

The covariance matrix was obtained by solving the Lyapunov equation (33), assuming a stationary state and
also considering white noise as input. To solve the Lyapunov equation, equations (28) and (29) were employed.
For the white noise intensity, it was considered that the variance of the soil's acceleration at the entrance of the
system with SSI is equal to:

, PG4
Gii =
©3 (32)

Where PGA is the Peak Ground Acceleration considered. In this study, a PGA of 0.3g was considered, so that the
system is kept within the linear range. After applying Lyapunov equation:

ATR,+R,A,+BT S, B,=0 (33)

Where R, is the covariance matrix of the complete structure-soil-TMD-filter system.
4.4 Optimization

In order to obtain the optimal TMD parameters ( @,, rft) an objective function is defined as the ratio of the

standard deviations of the displacement of the system with TMD and the system without TMD. Thus the optimiza-
tion problem to solve is given by:

O\ cams

C e O,
Minimize ~ 's4MS
. ()

Find: 7, 9&’

Subject to: 03w, <w, <1.50,
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10<% <05 (34)

The ranges considered for the restrictions of @,, &, were selected such the optimal solution never reaches the

edge of the solution space.

5 RESULTS

5.1 Analysis of the influence of the system characteristics

5.1.1 Influence of the mass ratio £,

TMD massratio £, is defined as the ratio between the TMD mass and the mass of the structure. Figure 2 shows
the behavior of the TMD optimal parameters with regard to the mass ratio £, . The first row shows the ratio between

TMD optimal frequency ((0[ t) and the system's fixed base frequency (@, ) . The second row shows the ratio be-

op

tween TMD optimal frequency (a)mpt) and the system's flexible base frequency ( C()f) . Finally, the third row shows

the TMD optimal damping factor (fopﬂ. The behavior of these optimal parameters is analyzed for a range of mass
ratios between 0.01 and 0.1, for all three soil types: soft soil, medium soil and hard soil (whose properties were
defined in Table 1), and for three fixed base periods of the structure (ﬂ ) ,i.e. 0.5, 1 and 1.5 seconds. Additionally,

these results correspond to the case where the excitation is a random broad bandwidth process (BBP).
The values for the fixed base period were chosen due to the fact that the soil-structure interaction phenomenon
is greater in short period structures.

T ,=05(s) T=1() T.=15(s)
1.5 g : : g : Soft soil
Medium soil
125

S

Hard soil

t/03

top

80.75‘%\———"*\:\___“—:\————__

05

1.5

1.25

mt opt/mf

0.75

O H H H
001 0035 006 008 001 0035 006 0085 001 0035 006 0085
H H H

Figure 2: TMD optimal parameters vs. TMD mass ratio (BBP excitation)
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From Figure 2, it can be observed that for all the fixed base periods, as the mass ratio increases, the TMD is
gradually detuned decreasingly with regard to the fixed base frequency. It is also observed that as the soil stiffness
increases, the optimal solution tends to match the fixed base optimal.

Figure 3, shows the same results that Figure 2, but for the case where the excitation is a random narrow band-
width process (NBP). From this figure, it is seen that as the structure has a higher fixed base period, the optimal
tuning ratio with regard to the fixed base frequency becomes less sensitive to the variation of the mass ratio. It is
also seen that the optimal frequency ratio tends to one and for more rigid soils and more flexible structures. In the
second row of the same figure, it can be observed that a perfect tuning regarding the soil flexible period is achieved,
for all soil types.

On the other hand, on structures with 7, =0.5sand 7, =1.5 s, the optimal tuning ratio in regard to the flex-

ible base frequency is not sensitive to the soil type; however, for 7, =1s, the TMD tuning ratio in regards of the

flexible frequency is higher as the soil becomes softer.
In turn, for the TMD optimal damping ratio, it is seen that for broad bandwidth processes, this parameter in-
creases for higher TMD mass ratios and is independent of the soil type. For narrow bandwidth processes, the same

behavior as seen for broad bandwidth processes is observed. However, for intermediate period (7, =15), there is

a sensitivity of the optimal damping with regard to the soil type being optimal damping higher, for soft soils.

T,=05(s) T=1() T.=15()
15 g ‘ : g ‘ Soft soil
Medium soil
o 125 Hard soil
8
g 1

= 0.75j\\-\ —:\—:—\‘\\_‘—
0.5\ |

15

1.25

(Dt opt/(Df

0.75

0 1 i i 1 i i 1 i i
0.01 0.035 0.06 0.085 0.01 0.035 0.06 0.085 0.01 0.035 0.06 0.085
”’t ”’t ”’t

Figure 3: TMD optimal parameters vs. TMD mass ratio (NBP excitation)

5.1.2 Influence of the aspect ratio of the structure

The influence of the structure-foundation aspect ratio (7,/4) on the TMD optimal parameter is is depict in Fig-
ure 4. The distribution of the TMD optimal parameters is identical to that of Figures 2 and 3. The influence of this
variable was analyzed for a range of 0.1 to 0.3 for the three soil types, as defined in Table 1 and for three fixed base
periods of the structure, as considered in Figures 2 and 3. Additionally, these results correspond to the case where
the excitation is a random broad bandwidth process (BBP). Similarly, Figure 5 shows the results corresponding to
the broad bandwidth process (BBP) case. In both Figures, the TMD mass ratio was set to 0.02.
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From Figure 4 it is observed, that for broad bandwidth processes, the higher the aspect ratio, the TMD tends
to tune with the fixed base frequency of the structure and this tuning ratio is closer to one as the soil stiffness
increases. On the other hand, there is no relationship between the behavior of the tuning ratio with regards to the
fixed base period. It is seen that there is an almost perfect tuning for all soil types regarding the flexible base fre-
quency, being this tuning not sensitive to the aspect ratio. Regarding the TMD damping ratio, it adopts a constant
value, near to 0.07, for all aspect ratios and soil types.

T,=05() T=1(s) T.=15()
157 ~ ' ~ : -~ Soft soil
Medium soil
" 1.25¢ Hard soit
3
\4—4
g
o 0.75// // //
08 » . r : r :
15+¢
- 125 ¢
8
B 1
5
0.Z8 provss
08
g2
0.15
B
2 @1
aft
0.05+
0 L i i i L i i i L i i i
0.1 0.15 0.2 025 0301 0.15 0.2 025 0301 0.15 0.2 025 03

Aspect ratio Aspect ratio Aspect ratio

Figure 4: TMD optimal parameters vs. Aspect ratio (BBP excitation)

In Figure 4 and Figure 5, it is seen that the behavior of the optimal TMD parameters regarding the aspect ratio
is similar in both random processes, where the tunning with the flexible base frequency is observed; however, for
narrow bandwidth processes, the tunning is higher when the structure is more flexible
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T, =05() T=1() T.=15()
157 - Soft soil
Medium soil
® 1.25¢ Hard soif
8
5 1) :
& 0.75 // ///———— //
05f r : 3 :
1.5}
L 1251
3
\d—t
2. 1
&
0.75+
05f
02
0.15
a
o 01
st
0.05+
0

Aspect ratio

Aspect ratio

0.1 0.15 0.2 0.25 0.3 0.1 0.15 0.2 0.25 0.3 0.1 0.15 0.2 0.25 0.3

Aspect ratio

Figure 5: TMD optimal parameters vs. Aspect ratio (NBP excitation)

5.1.3 Influence of the fixed base period of the structure

Figure 6 and Figure 7 show the behavior of the TMD optimal frequency (first row) and the optimal damping
ratio (second row) against the fixed-base period of the structure. In this case, the range of the fixed base period is
between 0.2 to 2.5 seconds. The results are presented for three mass ratios, (i.e. 0.01, 0.03 and 0.05) and for the
case of BBP excitation (Figure 6) and NBP excitation (Figure 7).

From Figure 6, it is seen that for broad bandwidth processes, the TMD optimal frequency with regard to the
fixed base frequency becomes less sensitive to the fixed base period, and is closer to one for the more rigid soil,
independently of the TMD mass ratio. It is also seen that the optimal tuning ratio with regard to the main system's
fixed base frequency is lower as TMD mass ratio increases. On the other hand, the TMD optimal damping does not
depend on the flexibility of the main structure, and is higher as the mass ratio increases.
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u = 0.01 u =003 u =005
157 : : : : — Soft soil
Medium soil
o 1257 Hard soil
RS
s
€ ors)
0.5+
02r
0.15¢
)3
° 0.1
af
0.05
0 1 i i i 1 i i i 1 i i i
02 07 12 17 22 02 07 12 17 22 02 07 12 17 22
T T T
Figure 6: TMD optimal parameters vs. fixed-base period (BBP excitation)
u = 0.01 u =003 u =005
157 : : : : — Soft soil
Medium soil
® 1.25F Hard soit
RS
2l e f——
+— ——— e - _\_f&—-—
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02r
0.15
E
© 01t — ‘ &Z ‘
v Ny
0.05
0 1 i i i 1 i i i 1 i i i
02 07 12 17 22 02 07 12 17 22 02 07 12 17 22

T T () T

S s

Figure 7: TMD optimal parameters vs. fixed-base period (NBP excitation)

From Figure 7, it is seen that for narrow bandwidth processes, there is first a decreasing and later increasing
of the frequency ratio with regard to the fixed base period. This happens for both cases, the optimal frequency ratio
and the optimal damping ratio. It is also worth noticing that this behavior occurs around the predominant frequency
of the exitation. This variation is accentuated for higher mass ratios. Regarding the TMD optimal damping ratio, it
is seen that, for small TMD mass ratios, this is not sensitive to variations of the fixed base periods of the main struc-
ture.

Finally, it is also seen from Figure 7, that the average optimal damping ratio for the TMD increases as the mass
ratio rises

5.1.4 Influence of the flexible base period of the structure

The influence of the flexible base period can be observed in Figures 8 and 9. Both figures show on the first row,
the ratio between the TMD optimal frequency and the flexible base period and on the second row, the TMD optimal
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damping ratio, for a broad bandwidth process (Figure 8) and narrow bandwidth process (Figure 9). These optimal
parameters are plotted for the three soil types considered and for three different TMD mass ratios, namely 0.01,
0.03 and 0.05.

[t is seen from Figure 8 that in the case broad bandwidth process and for small mass ratios of the TMD, there
is a perfect tuning between the TMD and the flexible period, for the entire range of the flexible periods and soil
types. On the other hand, it is observed that for higher mass ratios, the tuning ratio is not sensitive to the flexible
period and is slightly less than one. Finally, the TMD optimal damping is seen to be constant and independent of the
soil type, for the entire range of flexible periods analyzed, being higher for the highest TMD mass ratios.
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Figure 8: TMD optimal parameters vs. flexible-base period (BBP excitation)
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Figure 9: TMD optimal parameters vs. flexible-base period (NBP excitation)

In Figure 9, it can be observed that the ratio between the TMD optimal frequency and flexible frequency is
practically one for small mass ratios, for the entire range of flexible periods studied. Aditionally, a positive variation
of the frequency ratio for flexible periods near to the dominant period of the input (T,=1.23 sec) is observed. This
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variation accentuates for higher mass ratios. It is also seen that the TMD optimal damping is not sensitive to the
flexible period for small mass ratios. For higher mass ratios it has a minimum which coincides with the predominant
period of the excitation. Finally, the average value of the TMD optimal damping is higher for higher values of the
TMD mass ratio. In both cases, the optimal frequency ratio and optimal damping ratio, is shown not to be sensitive
to the soil type.

5.2 Analysis of the TMD efficiency in systems with SSI

5.2.1 Influence of the mass ratio 4,

The influence of the mass ratio can be seen in Figure 10, wich shows the reduction of the displacement, meas-
ured as the quotient between the standard deviation of the main system displacement with an optimal TMD added,
as compared to the standard deviation of the displacement of the main system without TMD. In this analysis TMD
mass ratios of 0.01 to 0.1, three soil types, and three fixed base periods of the main structure are considered. On the
first row the reduction for a broad bandwidth process is shown, while the second row shows the displacement
reduction for a narrow bandwidth process.
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Figure 10: Reduction of the optimal TMD on the system with ISE. Upper row, BBP, [ower row, NBP

From these Figure 10, it is seen that in both random processes, the TMD is more efficient for higher values of
the TMD mass ratios, also seeing that in narrow broad band processes, the reduction is less sensitive to the soil type
in the case of flexible structures. This result coincides with the well known fact in geothecnical engineering that the
soil-structure interaction tends to be more important in short-period structures.

5.2.2 Influence of the fixed base period

The influence of the fixed base period is shown in Figure 11. There, the reduction of the displacement, meas-
ured as the quotient between the standard deviation of the main system displacement with an optimal TMD, and
the standard deviation of the displacement of the main system without TMD, is used. This figure depicts the TMD
efficiency in a range of the TMD mass ratios from 0.01 to 0.1, for three soil types and three fixed base periods of the
main structure. The displacement reduction for a broad bandwidth process is found on the first row, while the
displacement reduction for a narrow bandwidth process is on the second row.
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Figure 11: Reduction of the optimal TMD on the system with ISE. Upper row, BBP, [ower row, NBP

From this figure, it can be observed that the main system displacement reduction for a broad bandwidth pro-
cess is practically not sensitive to the main structure fixed base period and is higher for higher mass ratios and soft
soils. In the case of structures with small periods (7, <1.2sec.) the reduction is sensitive to the soil type and this

reduction is higher for soft soils. However, for structures with periods over 1.2 seconds, the reduction becomes not
sensitive to the soil type. Aditionally a minimum is observed between 0.7 and 1.2 seconds depending of the soil

type.

5.2.3 Influence of the flexible base period

The influence of the flexible base period is shown in Figure 12. In this figure the main system displacement
reduction is shown as a function of the main structure flexible base period, for the three soil types. Justlike in Figure
11, this analysis is performed for the three TMD mass ratios and two random procecess; a broad bandwidth (first
row) and narrow bandwidth (second row).

[t is seen that in the case of the broad bandwidth process, the reduction is independent of the flexible period,
with the optimal TMD being more efficient in the control of the main structure for soft soils, and higher mass ratios.
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Figure 12: Reduction of the optimal TMD on the system with SSI. Upper row, BBP, lower row, NBP

For a narrow bandwidth excitation, it can be seen that the TMD efficiency is function of the soil type and the
mass ratio. In particular, it can be observed that the softer the soil, the higher the efficiency, and the higher the mass
ratio, the higher the efficiency.

In a more relevant note, it is observed that the maximum TMD efficiency considering explicitely the soil-struc-
ture interaction, for all soil types, and all mass ratios is achieved when the soil flexible period coincides the pre-
dominant period of the seismic excitation.

5.2.4 Influence of the aspect ratio

The influence of the aspect ratio is presented in Figure 13. In this figure it is shown the main system displace-
ment reductions respect to the aspect ratio for the three soil types considered in this study. This analysis is per-
formed for three fixed base periods of the main structure, for a broad bandwidth process (first row) and for a nar-
row bandwidth process (second row).

For the broad bandwidth processes, there is an aspect ratio value where the TMD efficiency changes in terms
of the soil type. This value does not depend on the fixed base period of the structure and is produced at approxi-
mately 0.15. For lower values of aspect ratio (0.15), the TMD is more efficient on softer soils and for higher aspect
ratio values, the TMD is more efficient on more rigid soils.
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Figure 13: Reduction of the optimal TMD on the system with SSI. Upper row, BBP, lower row, NBP

In the case of narrow bandwidth processes, the invertion point is a function of the structure flexibility. For
structures with low period, this point is located in the middle of the explored range (0.2). For structures with me-
dium periods the point is located in the upper bound of the explored range and finally, for more flexible structures
the same point is located in the lower bound of the explored range.

5.3 Analysis of the response in time with an optimal TMD

The TMD behavior is analyzed from the point of view of the reduction of the displacement of a structure sub-
jected to deterministic seismic excitation.

The displacement for the main system in the time domaine is obtained from the model shown in Figure 1,
considering two seismic registries, one with high frequencies content and with the TMD optimal parameters ob-
tained for a random broad bandwidth process; and one of low frequencies with the TMD optimal properties ob-
tained for a random narrow bandwidth process.

5.3.1 High frequency content excitation
The seismic registry used was an artificial seismic event compatible with the Chilean Code NCh 2745 for soil

type B.

Figure 14 shows the displacement of the structure main system ( X ), subjected to the artificial seismic regis-
try for a fixed base period of 0.5 seconds. The TMD mass ratio with regard to the main system was 0.02. The first
row shows the displacement over time of the structure controlled by an optimal TMD for fixed base conditions, i.e.,
without including the soil interaction effect. The second, third and fourth rows correspond to the response (in this
case displacement) of the main system considering the soil-structure interaction effect. Each one of these rows
represent the response for soft soil, medium soil and hard soil, respectively. The red line shows the displacement
response of the structure with an optimized TMD for each soil type. On the other hand, the blue line shows structure
displacement response without TMD.

Table 3 gives the flexible periods of the soil-structure system used in Figures 14, 15 and 16. Table 4 gives the
optimal TMD parameters employed for the estimation of the displacement response in time, of the main system in
Figures 14, 15 and 16. Finally, Table 5 gives the reduction of the maximum displacement and the displacement
estandar deviation of the main system for a system controlled by a TMD optimum and a system with and without
TMD.
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Table 3: Flexible period of soil-structure system

Flexible period Fixed base period Soft soil Medium soil Hard soil
(sec) (sec)
T 0.5 0.779 0.596 0.542
flex 1.243 2.059 1.530 1.369
2.060
3.539 2.586 2.293

Table 4: TMD optimal parameters

Excitation Fixed base

Type period Fixed base Soft soil Medium soil Hard soil
(sec)
w, | o, 0.9839 0.6243 0.8158 0.8963
s 0.5 @,/ @, 0.9727 0.9724 0.9716
o 0.0702 0.0702 0.0700 0.0699
w, | 0.9569 0.5971 0.8066 0.8958
1243 @,/ @ g, 0.9890 0.9928 0.9869
o 0.0638 0.0711 0.0701 0.0665
NBP o,/ o, 0.9839 0.5737 0.7863 0.8878
2060 @, | @ g, 0.9857 0.9872 0.9883
o 0.0702 0.0704 0.0707 0.0710

From Table 3 it can be inferred that as the soil becomes softer the flexible period of the soil-structure system
period becomes larger.

On the other hand, Table 4 confirms the results shown in Figures 3 and 4, i.e. as the soil becomes more rigid,
the TMD optimal tuned ratio gets closer to that observed in the case of fixed base systems controlled by TMD. It is
also observed that in all cases considered and for all soil types, the optimal TMD tends to tune to the flexible period
of the soil-structure system.

The previous discussion can be complemented by the fact that the optimal TMD tuned ratio is approximately
constant and close to the value of 0.07 for all soil types.
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Figure 14: Displacement of the main structure subjected to an artificial seismic event compatible with the Chilean Norm
NCh 2745 for ground type B

Figure 14 confirms the results shown in Table 3 for all soil types. In particular, it is observed that there is an
elongation in the flexible period for softer soils. Likewise, it is observed that for more rigid soils, the time response
of the main system gets closer to the time response of the fixed base system.

Table 5: TMD Efficiency for high frequency content exitation.

Seismic Reduction Fixed base pe- Fixed base Soft soil Medium soil Hard soil
Excitation riod (sec)
Ry 0.5 0.4952
0.5445 0.6529 0.8206
Artificial seis-
mic event
(BBP)
0.4469
RO 1 ma 0.4537 0.6173 0.7199
Mexican seis- ) 2.0601 0.3787 0.7212 0.5979 0.7819
mic event e 04119 0.5895 0.3787 0.7664
(NBP) RO-leax ) ) )

X 1'max withTMD

Rlecix -

o .
ImaxwithoutTMD  p ~ _ X 1'max with TMD
X 1max

O X, max without TMD
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Regarding the results shown in Table 5, it can be said that there is a main system response reduction, when an
optimal TMD is used for control purposes. The later is true for all soil types and the fixed base system. It is also
observed that the response reduction is higher for softer soils. However, the fixed base system response reduction
is even bigger than the later one mentioned. From this fact, it can be inferred that ignoring the soil-structure inter-
action causes an over estimation of the TMD efficiency, especially for those structures with short periods excited
by high frequency content events.

5.3.2 Low frequency content excitation

Considering now the case of events with low frequencies content, Figure 15 shows the displacement response
of the main system subjected to the Mexico 1985 earthquake. In this seismic event the predominant period was
2.0601 seconds. The main structure considered has a fixed base period of 2.0601 seconds, therefore coinciding with
the predominant period of the earthquake. The distribution of the graphs is analog to Figure 14 and the TMD and
structure properties are the same.
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Figure 15: Displacement of the main structure subjected to the Mexico 1985 earthquake

From Figure 15 it is posibble to identify several conclusions. First, in the case of fixed base structures (first
row) it is observed the resonance phenomenon, due to the tuning of the structure fixed base frequency with the
predominant frequency of the earthquake This phenomenon causes excessive displacements, up to 1.1 meters. On
the other hand, in the case of soft soils, there is a full uncoupling between the system flexible frequency and the
predominant frequency of the seismic event. This frecuency uncoupling has associated a lower response (maximum
amplitude of the response to 18 cm), discarding the resonance occurrence. From the point of view of the soil type,
it can be said that for more rigid soils, the response tends to be similar to that observed in the fixed base case.

In terms of the efficiency, from Table 6 it is observed that there are response reductions for all soil types con-
sidered. It is also confirm what it was observed in the case low frecuency content event, i.e. ignoring the soil-struc-
ture interaction causes over estimation of the TMD efficiency, especially for those structures excited by low fre-
quency content events.
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Figure 16 shows the structure response subjected to the Mexico 1985 earthquake with the inclusion of a flex-
ible base period tuned TMD. The structure fixed period is 1.243 secs.

In Table 6 response reductions are shown for the main system when the TMD is tuned with the flexible period
of the soil-structure system, for all soil types. It is observed that when the TMD is tuned with the soil-structure
system flexible period, and at the same time the soil flexible period matches the predominant frequency of the input,

then the optimal TMD maximizes its efficiency (7, =2.0593sec, T, =2.0601sec)
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Figure 16: Displacement of the main structure subjected to the Mexico 1985 earthquake.
Table 6: TMD Efficiency for low frequency content exitation.
Reduction Fixed base period Fixed base Soft soil Medium soil Hard soil
(sec)
R 1.243 0.8667 0.3262 0.6490 0.7498
X1max
RO 1 max 0.9420 03593 0.8066 0.8543

X 1'max withTMD

Xlmax —

o .
ImaxwithoutTMD P _ X Lmax with TMD
Xlmax —

X, max without TMD

6 CONCLUSIONS

In this study, a low-rise building model taking into account the soil-structure interactions is analyzed in order
to study the influence of the frequency content of the excitation on optimal TMD parameters behahiour. Main con-
clusions can be summarazied as follows:
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1. Regarding broad bandwidth processes:

a) As the TMD mass ratio increases, there is a reduction of the TMD tuning ratio regarding the main system fixed base frequency.

b) The ratio between the TMD optimal frequency and the structure fixed base period gets closer to one, for more rigid soils.

¢) The TMD is tuned with the flexible base frequency for all the soil types, this is a known result (Ghosh and Basu, 2004), however,
there is a functional relation with the mass ratio, producing perfect tuning for small mass ratios and detuning decreasingly for
higher mass ratios.

d) The TMD optimal damping ratio increases as the TMD mass ratio grows and it is independent of the soil type.

e) The optimal TMD is tuned with the flexible base frequency for the whole range of aspect ratios studied, independently of the soil
type and the fixed base period of the main structure.

f) The TMD optimal damping is not sensitive to the aspect ratio and takes a constant value of approximately 7%.

g) The TMD optimal frequency ratio is independent of the main structure fixed base period.

h) The TMD optimal damping is not sensitive to the main structure fixed base period and it gets higher as the mass ratio does.

i) The TMD is perfectly tuned with the flexible period of the soil-struture system for the entire range of flexible periods and soil types,
for small mass ratios.

j) The TMD optimal damping is constant and independent of the soil type for the entire range of soil-structure flexible periods
analyzed, being the higher for the higher TMD mass ratios.

k) The TMD is more efficient for higher values of the TMD mass ratios, and for flexible structures. The reduction becomes less
sensitive to the soil type.

1) The TMD produces a greater reduction in soft soil for the entire range of fixed base periods analyzed.

m) There is an aspect ratio value where the TMD efficiency changes with regard to the soil type, independent of the soil type and the
fixed base period of the structure. This is produced for an aspect ratio close to 0.15. For lower aspect ratio values, the TMD is
more efficient on softer soil and for higher the opposite

n) From the deterministic analysis, it is confirmed that for a structure with 0.5 seconds fixed base period founded over every soil type,
the displacement response is reduced if the structures is controlled by an optimally designed TMD considering the SSI
effects. Ignoring the soil-structure interaction produces an over estimation of the TMD efficiency, especially in those
structures with short periods excited by high frequency content events.

2. Regarding narrow bandwidth processes

a) The TMD is tuned with the flexible base frequency for all the soil types, this is a known result (Ghosh and Basu, 2004). However,
this tuning shows a functional relationship with the TMD mass ratio, tuning perfectly for small mass ratios, and detuning as
the mass ratio increases. This detuning is higher in short period structures where the ISS effect is more important.

b) The optimal TMD is tuned with the flexible base frequency for the range of aspect ratios studied, independent of the soil type and
the main structure fixed base period.

¢) The TMD optimal damping is not sensitive to the aspect ratio and takes a constant value of approximately 7%.

d) As the soil becomes more rigid, the TMD optimal frequency ratio gets closer to the one of rigid base structures.

¢) The optimal damping of the TMD is not sensitive to the flexible period for small mass ratios, and for higher mass ratios the TMD
optimal damping has a minimum value when the flexible period of the soil-structure system match the dominant period of the
narrow band process.

f) The displacement reduction in flexible base structures is higher for softer soils than for hard soils. Also, for every soil stiffness the
displacement reduction reaches a maximum when the flexible base structure is tuned with the dominant period of the narrow
bandwidth process.

g) The optimal damping of the TMD is not sensitive to the flexible period and has a minimum value when the flexible period of the
soil-structure system matches the predominant period of the seismic event.

h) The displacement reduction, considering the same mass ratio in flexible structures is not sensitive to the soil type.

i) The TMD reaches its maximum efficiency when it is tuned with the flexible period of the soil-structure system and matches the
seismic event predominant period. This effect is higher on soft soils.

j) In the deterministic analysis made with the Mexico 1985 earthquake, it was confirmed that the TMD is more efficient when it tunes
with the soil-structure system flexible period and the later also matches the seismic event predominant period.
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