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ABSTRACT

Tuned mass dampers (TMDs) could be used to absorb the input energy of the applied load, and reduce
the response of the building frames. However, the effectiveness of TMD in reducing the response of
the building frames could be affected by inherited uncertainties in the structural characteristics of the
frames. In this study, in order to investigate the probabilistic response of steel moment-resisting frames
equipped with TMDs, variation in the failure probability of the structure has been studied through
cumulative damage representative for the stories of the structure. The damage representative of each
story has been calculated from the cumulative damage index of the structural elements, based on the
weighted average approach. Although the response of the deterministic model of the structure could be
reduced by installing TMD, the results of the numerical simulations on the probabilistic response of the
structures indicate that for the records that cause excessive damage in the stories of the structures, the

effect of the TMD on failure probability of the structure could be detrimental.

doi: 10.5829 /idosi.ije.2015.28.05b.03

1. INTRODUCTION

Seismic assessment of a structure requires accurate
modeling of the parameters that could have significant
effects on the performance of the structure. Since the
characteristic parameters of a structure and the effect of
the surrounding environment on structures are not
deterministic in nature, probabilistic evaluation is a
proper approach to find the wvariability of the
performance of the structure. The difference between
the assumptions that are made in deterministic modeling
of the structure and the its actual response could root
from inherited uncertainty in material properties and the
applied loads, faulty assumptions during the analysis
and design process, and construction errors.
Advancements in computational capabilities have
provided the opportunity of considering these
uncertainties in analysis of the engineering structures
and again more knowledge about their probabilistic
behavior [1].
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During the design phase of a structure, deterministic
model of the structure, with the characteristic
parameters set to their mean values; issued to evaluate
the effect of each interfering parameter in performance
of the structure. Designing and assessing the
effectiveness of the devices such as vibration-absorbing
equipment are mostly performed based on the response
of the structure from the deterministic model. However,
variations in the characteristics of the primary structure
in uncertain manner could alter the effectiveness of
these devices. Therefore, the inherited uncertainty in
characteristics of the structure or the uncertain
surrounding effects (loads and boundary conditions)
should be considered in assessing the seismic
performance of the structures equipped with vibration-
absorbing devices. In this study, tuned mass dampers
(TMDs) have been installed on the top story of 9 and
20-story steel moment-resisting steel frames. The main
objective of using TMDs was to reduce the seismic
response of these structures based on the cumulative and
non-cumulative response of the structure.

The focus of this study has been placed on studying
the effect of uncertainty in the structural characteristics
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of the building frames on effectiveness of the
implemented TMDs to improve the seismic response of
the structures. The uncertainty in the capacity and
stiffness of the structural elements, and also in the
seismic mass and the damping characteristics of the
structures are considered in the analyses. The
uncertainty in the characteristics of the seismic loading
is not considered in this study. Cumulative response of
the structure has been used to study the effect of the
TMD on seismic response of the structures. Regardless
of the amount of extreme values of time-varying
responses, the cumulative effect of the nonlinear
deformations in the structural elements could cause the
failure of the elements. In this regards, considering the
effect of the damage accumulation could account
properly for the induced damage in the structure. The
cumulative damage of the elements in one story is used
to calculate the damage representative of that story,
based on the weighted average approach. In this study,
the damage index of the structural elements is calculated
based on the model developed by Mehanny and
Deierlein [2].

Characteristic parameters of the TMDs are
calculated based on the deterministic dynamic
characteristics of the primary structures. For the
structures with deterministic characteristics, first the
effect of installing TMD on cumulative and non-
cumulative responses of the structure is evaluated.
Afterwards, in order to investigate the probabilistic
response of the structure, with and without TMD,
variation in the failure probability of the structure has
been studied based on the cumulative response.

In the following sections, first, calculating the
cumulative damage representative for the structural
elements and the stories of the structure is discussed.
Then, obtaining the failure probability of the structure
by implementing the numerical simulation approaches is
briefly explained. In addition, calculating the effective
parameters of the TMDsis mentioned. Finally, the
numerical analyses and the conclusion remarks are
presented.

2. SEISMIC RESPONSE OF THE STRUCTURES

Determining the safety of an existing structure based on
the concept of engineering performance requires proper
representative for the measure of damage in the
structure. Knowing the amount of the damage in the
structural ~ elements  provides vital qualitative
information to estimate the economical loss in the
structure and helps making decision on repair or
reconstruction of the structure. In this regard, many
damage indices are developed and evaluated to consider
the cumulative effects of seismic loading on the
structural elements. Damage indices could be used to
check the performance of a designed structure and study

the reliability of an existing structure to estimate its
performance in the pre-earthquake seismic evaluation
[3]. As mentioned before, the damage index developed
by Mehanny and Deierlein is used in this study to
capture the cumulative response of the structural
elements. More details about this damage index could
be found in Mehanny [4].

DI,
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where D[ is the damage index in a monitoring section

(end sections of the structural elements), N is the total
number of the monitoring sections in each story, and
W, is the weight of the damage in the corresponding

monitoring section.
Then, the measure of damage in each story of the
structure ( Dlswry) is calculated by summation of the

damage in the monitoring sections with respect to their
weight (Equation 2).

N
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Using damage index to evaluate the performance of the
structure facilitates considering the effects of
cumulative nonlinear deformation of the structural
elements in probabilistic seismic evaluation of the
building..

3.COMPUTING THE FAILURE PROBABILITY OF
THE STRUCTURES

Predicting the performance of a structure requires
probabilistic approach, in order to take into account the
effect of the uncertainty in the structural parameters and
other interfering parameters. The availability of the
sophisticated computational tools provides the
engineering society with the opportunity of estimating
the performance of structures under uncertain
environment. In this regard, many procedures have been
developed in the context of reliability analysis to
evaluate the performance of structures by computing the
probability of occurrence for a specific state in the
structure [5]. Among the existing methods, simulation
techniques, such as Monte Carlo simulation, are highly
effective methods to compute the failure probability of
the complex engineering structures. The efficiency of
the simulation methods is not dependent upon the
number of the random variables in the simulation. In
addition, the statistical correlation between the RVs or
the type of the distribution of each RV has no influence
on the accuracy or the efficiency of the simulation
methods such as Monte Carlo simulation technique.
However, in order to maintain an acceptable accuracy,
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hundreds of samples for the desired responses of the
structure should be involved [5-7], One of the pitfalls of
the simulation techniques is that the number of the
simulations is dependent upon the failure probability
itself. The number of simulation required to maintain
the accuracy of the obtained failure probability could be
found by Equation (3), [6, 8]:

_ l1-p;
- COV’Ipl.(p)) 3)

where is the coefficient of variation of the failure
probability, which indicates the accuracy of the results.
Based on Equation (3), in order to calculate a small
failure probability, large numbers of samples are
required. Since the designed building structures are
supposed to enter the nonlinear phase and dissipate the
applied excitation of the earthquake by plastic
deformation, in order to calculate the failure probability
of a structure in near-to-collapse state, rational number
of samples could practically help the analyst to have a
prior idea about the failure probability.

In this study, Monte Carlo Simulation technique has
been used to investigate the variation in seismic
response and failure probability of the tall moment-
resisting steel frames, with and without TMD. In order
to create the probabilistic model of the structures, the
probabilistic capacity and stiffness of the structural
elements are modeled through probabilistic material
characteristics for the constructional steel, using the
fiber-discretized model. Therefore, flexural, axial, and
shear capacities and stiffness of all sections of an
element are affected by randomness in the material
characteristics. In this regard, by assigning a material
with random characteristics to the fiber sections of the
elements, probabilistic capacity and stiffness of the
structural elements have been incorporated into the
finite element model. A program has been prepared to
calculate the damage index of each structural element
based on the probabilistic capacity and demand of the
element in each run of the nonlinear time history
analysis.

4. DETERMINING THE PARAMETERS OF THE
TUNED MASS DAMPER

A tuned mass damper (TMD) is composed of a mass, a
spring, and a viscous damper, which are added to the
primary structure to absorb the energy of the applied
excitation and reduce the response of the structure [9-
11]. TMD was first suggested by Frahm in 1919 to
reduce the vibration of a ship. First time, Den Hartog
introduced the optimum parameters of the TMD to
reduce the response of a single degree of freedom
system [9]. Many works have been done on obtaining

the optimum parameters of the TMD to minimize the
response of the linear and nonlinear single and multi-
degree-of-freedom systems [12-18]; to name a few).In
this paper, the characteristic parameters of TMD (mass,
damping, and stiffness) have been calculated based on
the method proposed by Sadek et al. [16].This method is
based on attaining equal damping ratios for first two
modes of the TMD-structure system. Sadek et al. have
studied the effectiveness of this method in reducing the
maximum value of the time-varying seismic response
(displacement and acceleration) of the multi-story
buildings. In this study, as it is common in engineering
practice, the parameters of the implemented TMDs are
calculated based on the deterministic model of the
primary structure. Afterwards, by considering the
inherited uncertainty in the structural parameters of the
sample structure, failure probability of the structures in
presence of the TMDs has been investigated [16].

5. DESCRIPTION OF THE STRUCTURAL MODELS
AND SEISMIC LOADS

5. 1. Structural Models In this study, tuned mass
dampers have been installed on the top story of 9 and
20-story steel moment-resisting building frames (Figure
1). These buildings have been designed for phase II of
SAC project [19] according to the 1994 UBC seismic
design code specifications for Los Angeles, California
region. Detailed characteristics of them could be found
in [20]. The OpenSees finite element platform [21] has
been used to conduct the nonlinear time history analysis
of the structures. Displacement-based nonlinear element
with fiber-discretized sections has been used to model
the beams and columns of the structure. As explained
before, the uncertainty in the capacity and the stiffness
of the structural elements are modeled through
probabilistic fiber-discretized model. The uncertainty in
the seismic mass and the damping characteristics of the
structures are also considered in the analyses. The
probabilistic parameters considered in analysis of the
structures, along with their mean value, coefficient of
variation (COV), standard deviation (SD), and
distribution type are shown in Table 1.

5. 2. Characteristics of the Installed TMDs  Two
different TMDs, with different mass ratios and other
corresponding parameters, are installed on the top story
of the sample frames. The ratio of the TMD mass to the
story mass is 25% for TMD-1 and 60% for TMD-2.
Characteristics of the implemented TMDs, including
TMD mass, stiffness of the spring, and the damping
coefficient of the dashpot, are presented in Table 2. The
TMDs have been tuned to the fundamental mode of the
deterministic model of the structures and are installed
on the top story of the frames.
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Figure 1. Elevation of the 9-story and 20-story moment-resisting building frames
TABLE 1. Characteristics of the considered random variables
Parameter Mean COV (%) SD Distribution Type
Yield Stress in Beams 2606.1 kgf/cm”2 15 309.9 Lognormal
Modulus of Elasticity 21X 106kgf/cm”2 3 6.3 X104 Lognormal
Story Seismic mass for 9-Story frame 504.1 kegf-sec™2/m 20 100.82 Lognormal
Story Seismic mass for 20- Story frame 280.9kgf-sec"2/m 20 56.2 Lognormal
Damping Ratio 5% 25 1.25% Lognormal

TABLE 2. Parameters of the installed TMDs

Spring Stiffness Damping Coefficient Mass TMD Mass to Story(%)
for 9-story frame
TMD-1 92617 21894 13625 20
TMD-2 194695 69679 32700 60
for 20-story frame
TMD-1 20609 5851 7022 20
TMD-2 46444 18726 16852 60
TABLE 3. Characteristics of the selected records
Earthquake Year Magnitude Station Closest distance to fault (km) PGA (g)
Landers 1992 7.3 24 Lucerne 1.1 1
Landers 1992 7.3 Barstow 36 1
Imperial Valley 1940 6.9 - 10 1
Imperial Valley 1979 6.5 - 1.2 1
Loma Prieta 1989 7 Gilroy 12 1
Kobe 1995 6.9 - 3.4 1
Northridge 1994 6.7 Newhall 7.5 1
Tabas 1974 74 - 1.2 1
5. 3. Ground Motion Records Among the response of the structures. The sample records in this

factors that could have significant effects on the seismic
response of structures, are the characteristics of the
applied seismic loads. Under different earthquakes, a
structure could experience different levels of nonlinear
behavior. Based on the presented results in next section
of this paper, occurrence of excessive nonlinear
behavior could influence the effect of TMDson seismic

study are selected based on the extension of the
nonlinear behavior in the sample structures. Under the
selected records, two different levels of the nonlinear
behavior and extension of the cumulative damage could
appear in the stories of the sample structures. For some
records, the structure could experience excessive
nonlinear deformation and cumulative damage in its
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stories. However, for other records, moderate nonlinear
behavior and damage is observed. The effect of the
TMD on the seismic response of the structure, when the
uncertainty in structural parameters is considered, is
dependent upon the level of the damage that is cause by
the applied ground motion. The seismic response of the
sample structures under the records with moderate
nonlinear effects, alongside the records with excessive
nonlinear effects, is discussed in next section. The
characteristics of the selected records are presented in
Table 3.

6. NUMERICAL ANALYSES AND DISCUSSION

In this section, the results of the numerical simulations
of the seismic response of the sample structures, using
the Monte Carlo simulation technique, have presented.
In addition, the responses of the deterministic model of
the structures, with and without TMDs, have been
presented to investigate the effect of the excessive
nonlinear response of the structure on effectiveness of
the installed TMDs.The effect of the installing TMD on
top story of the sample structures, in presence of the
aforementioned uncertain parameters is discussed. In
order to keep the brevity of the presented results, the
results of the numerical analyses of the 9 and 20-story
frames under Imperial Valley (1979) record are
presented as the representative responses of the sample
structures under the records with moderate nonlinear
effects. In addition, the response of the 9-story frame
under Loma Prieta record and the response of the 20-
story frame under Tabas record are presented as the
representative response, under the records with
excessive nonlinear effects.

In order to calculate the failure probability of a
structure under strong ground motions, rational number
of random samples for the desired response could
practically help the analyst to have a prior idea about the

9-Story Building
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S 04
3 0. 04
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Qg0 - 0.0 -
1 2 3 456 7 8 9 |
Story

failure probability of the structure. Based on Equation
(3), for failure probability of 28%, 1000 simulations
would result in 5% accuracy and for the failure
probability greater than 28% higher accuracy will be
secured. In this study, for each case, 1000 runs of
nonlinear time history analysis of the fiber-discretized
finite element model of the structures is performed. The
damage index of each structural element is calculated
based on the probabilistic value of the capacity and
demand of the element.

In order to investigate the effect of the nonlinear
response of the structure on effectiveness of the
installed TMDs, cumulative response (damage index) of
the 9 and 20-story frames are calculated for the
deterministic models of these structures. The response
of the structures under Loma Prieta record is presented
in Figure 3, for three cases: without TMD, with TMD-1,
and with TMD-2. As shown in this figure, distribution
of the cumulative damage in the structure is
approximately uniform. As it can be observed from this
figure, installing TMD could result in reduction of the
damage in most of the stories of the deterministic model
of the structures, when the structure experience
moderate level on nonlinear behavior under the applied
earthquake.

The failure probability of the sample structures
under Loma Prieta record are presented in Figures 3 and
4. Based on these records and previous studies on the
nonlinear response of the sample structures [22, 23],
occurrence of moderate cumulative damage in the
stories of a structure could result in positive effect of
TMD in reducing the damage in the structure, when the
characteristics of the structure are considered as
probabilistic parameters. As shown in Figures 3 and 4,
failure probability of the structure, due to the
uncertainty in its structural parameters, has been
decreased by installing the TMDs.This result is
consistent with the reduction of the response in the
deterministic model of the structure (see Figure 2).

20-Story Building

B without TMD
B with TMD-1
Owith TMD-2

2345678 91011121314151617 1819 20

Story

Figure 2. Moderate damage occurrence in stories of the 9 and 20-story frames under Loma Prieta record
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Figure 3. Failure probability of the 9-story frame under Loma
Prieta record
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Figure 4. Failure probability of the 20-story frame under
Loma Prieta record

Figure 5 shows the damage index of the
deterministic models of the 9 and 20-story frames,
respectively under Imperial Valley and Tabas records.
The results suggest that by installing TMD, damage
could be reduced in most of the stories of the
deterministic model of the structures. However, for the
records that cause excessive nonlinear deformation in
the stories of the structures (mostly in lower stories), for
example Imperial Valley for 9-story frame and Tabas
record for 20-story frame, the effect of the TMD on
damage of the structure, in presence of the uncertain
parameters, could be different. As shown in Figures 6
and 7, by installing TMDs, failure probability of some
stories of the 9 and 20-story frames could increase.

The increase in the failure probability in some
stories of the sample structure, under the records with
excessive nonlinear effect, could be related to the effect
of detuning of the TMD-structure system. Since the
TMDs are tuned based on the dynamic characteristics of
the deterministic model of the structures, random
realization of the uncertain variables could cause
detuning of the TMD-structure system. The effect of
detuning is not detrimental in case of the records with
moderate nonlinear effects, as seen in Figures 3 and 4.
In this regard, for these records, the failure probability
of the structures with TMDs is less than that for the
structure without TMDs.In case of records with severe
nonlinear effects, the response of the deterministic
model of the structure with TMD is mostly smaller than
that for the structure without TMD (see Figure 5).
However, detuning of the TMD-structure system
because of the randomness of the structural parameters
could have negative effect on the failure probability of
the structure (see Figures 6 and 7).Also, comparing the
response of the structures with TMD with those without
TMD could be carried out by studying the distribution
of the damage index of the stories of the
structures.Investigating the variation in the damage
index with highest density could be a proper approach
to study the effect of implementing TMD on the
building frames, when the structural characteristics are
considered as uncertain parameters.
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Figure 5. Excessive damage occurrence in lower stories of the 9 and 20-story frames, respectively under Imperial Valley and Tabas
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Figure 8 shows the variation in the distribution of the
damage index of the of the 20-story frame, in 8-th story,
under Loma Prieta and Tabas records. As presented in
this figure, by installing TMD, the damage value with
highest density has been shifted towards larger values
under the Tabas record. This causes the higher failure
probability for the structures with TMDs, under this
record (see Figure 7). However, for the Loma Prieta
record, the damage value with highest density is shifted
towards lower values, which results in lower failure
probability for the structures equipped with TMDs (see
Figure 4).

6. CONCLUSION

The inherited uncertainties in the structural
characteristics of the building frames could influence
the performance of the structures that are equipped with
tuned mass dampers (TMDs). In this study, the
uncertainty in the structural characteristics of the
building frames, such as the capacity and stiffness of the
structural elements, seismic mass, and the damping
characteristics of the structures are considered in
simulation of the probabilistic response of 9 and 20-
story steel moment-resisting frames. The response of the
sample structures, in presence of the considered
uncertain parameters under the records that cause
excessive damage in the structure, indicate that failure
probability of some stories of the structure could
increase by installing TMDs.This increase could be
related to the severe effect of detuning of the TMD-
structure system under random realization of the
uncertain structural parameters. The results also indicate
that the even though the response of the deterministic
model of the structure could be reduced by installing
TMDs, the probabilistic variation in the response of the
structure maybe cause higher failure probability for the
structure with TMDs.
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