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ABSTRACT
The building mass damper (BMD) design features the use of partial structural mass, instead of
additional tuned mass, as an energy absorber. It is more effective in dynamic response reduction
compared to the conventional tuned mass damper (TMD) design with very limited added tuned
mass. In this study, an optimum BMD (OBMD) design approach, namely optimum dynamic
response control approach, based on a simplified 3-lumped-mass structure model is proposed to
enhance the seismic performances of both the superstructure (or tuned mass) and substructure (or
primary structure) respectively above and below the control layer. A series of shaking table tests
on one bare and two OBMD specimens were conducted to experimentally verify the efficacy of
the proposed OBMD design approach. To further demonstrate the advantage of the OBMD
design over other passive control approaches, the seismic responses of the same structure model
but respectively designed with a mid-story isolation (MSI) system and additional energy
dissipation devices are also numerically analyzed and compared. It is found that the OBMD
design can reveal a better seismic performance than the energy dissipation design. More
importantly, it can have a comparable and even superior seismic performance to the MSI design
especially when the structure model has a medium or long period of vibration.
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ABSTRACT
The building mass damper (BMD) design features the use of partial structural mass, instead of
additional tuned mass, as an energy absorber. It is more effective in dynamic response reduction
compared to the conventional tuned mass damper (TMD) design with very limited added tuned
mass. In this study, an optimum BMD (OBMD) design approach, namely optimum dynamic
response control approach, based on a simplified 3-lumped-mass structure model is proposed to
enhance the seismic performances of both the superstructure (or tuned mass) and substructure (or
primary structure) respectively above and below the control layer. A series of shaking table tests
on one bare and two OBMD specimens were conducted to experimentally verify the efficacy of
the proposed OBMD design approach. To further demonstrate the advantage of the OBMD design
over other passive control approaches, the seismic responses of the same structure model but
respectively designed with a mid-story isolation (MSI) system and additional energy dissipation
devices are also numerically analyzed and compared. It is found that the OBMD design can reveal
a better seismic performance than the energy dissipation design. More importantly, it can have a
comparable and even superior seismic performance to the MSI design especially when the
structure model has a medium or long period of vibration.

Introduction
The use of tuned mass dampers (TMDs) as a means to control and reduce the dynamic response
of the attached vibrating system was first proposed by Frahm [1]. Through a series of numerical
and experimental studies, it has been recognized as an effective passive energy absorbing device
to mitigate the undesirable vibration response of the attached primary system [2, 3]. Based on the
concept of generating a phase lag attributed to resonance between the primary and TMD systems,
different objective functions for selecting the optimum design parameters by using a simplified
2-lumped-mass structure model have been proposed in many past studies [4-6].
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The TMD design has been practically applied not only to mitigate the wind-induced
vibration [7, 8] but these years to enhance the seismic capability of building structures [9, 10]. At
present, the efficacy of the TMD design in reducing structural seismic responses is still arguable,
particularly when the tuned mass is much lighter than the primary structure. Therefore, how to
weight the tuned mass but without increasing the cost and any instability problems has recently
become an important issue and deserve further study for the promotion of the TMD design in
engineering applications. The building mass damper (BMD) or self mass damper design, in
which a part of occupied building mass is intended to be an energy absorber, is one of the
outcomes for the issue aforementioned [11-13].
In this study, an optimum design method for a BMD system, namely optimum dynamic
response control approach, is investigated and proposed. A building structure designed with a
BMD system is assumed to be represented by a simplified 3-lumped-mass structure model,
composed of the superstructure (SUP), control layer (CL), and substructure (SUB). Referring to
Tsai’s research [6], the objective function is refined as that the sum of the dynamic responses of
the SUP, CL, and SUB is taken as a minimum value. Accordingly, the optimum BMD (OBMD)
design parameters can be rationally determined. A series of shaking table tests were conducted to
experimentally verify the efficacy of the proposed OBMD design approach. Moreover, three
building models respectively designed with an OBMD system, a mid-story isolation (MSI)
system, and additional energy dissipation devices are numerically studied to further demonstrate
the advantage of the OBMD design over the other two passive control strategies.
Objective Function for Building Mass Damper Design
Simplified 3-lumped-mass Structure Model
The BMD system, which is essentially composed of a multi-story SUP (or tuned mass), spring
elements, and dashpot elements, is designed to be installed upon a multi-story SUB (or primary
structure). The floor above the spring and dashpot elements is defined as the CL. Thus, a
simplified 3-lumped-mass structure model, in which the three lumped mass are respectively
assigned at the SUP, CL, and SUB, is rationally assumed to represent a building structure
designed with a BMD system, as shown in Fig. 1. By using this model, the dynamic
characteristics of both the SUB and SUP can be comprehensively considered. That is, the SUP
and CL are not assumed to vibrate as a rigid body. The equation of motion for the model in the
horizontal direction can be written as
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where M = the generalized seismic reactive mass matrix; m1, m2, and m3 = the generalized
seismic reactive masses for the fundamental mode of vibration computed for a unit modal
participation factor of the SUB, CL, and SUP, respectively ; K and C = the horizontal
generalized stiffness and damping coefficient matrices, respectively; k1 (c1), k2 (c2), and k3 (c3) =
the horizontal stiffness (viscous damping coefficients) for the fundamental mode of vibration of
the SUB, CL, and SUP, respectively; u = the horizontal displacement vector relative to ground;
u1, u2, and u3= the horizontal displacements of the SUB, CL, and SUP relative to ground,
respectively; ug = the horizontal ground acceleration; and R = the earthquake influence vector.

Figure 1. Simplified 3-lumped-mass structure model for BMD design.
The equation of motion given in Eq. 1 can also be rewritten in terms of the nominal
frequency 1, frequency (or tuning) ratio fi (i = 2, 3), mass ratio i (i = 2, 3), and component
damping ratio i (i = 1 to 3), as defined below
ωi
, i  2, 3
ω1
m
μi  i , i  2, 3
m1
c
ξi  3 i
, i  1 to 3
2 m j ωi
fi 

(2)
(3)
(4)

j i

where i and j = 1, 2, and 3 denote the SUB, CL, and SUP, respectively; and the nominal
frequencies 1, 2, and 3 are defined as k1 / m1 , k2 / (m2  m3 ) , and k3 / m3 , respectively.
Optimum Design Method Based on Dynamic Response Control Concept
The proposed objective function to determine the OBMD design parameters in this study is
modified from Tsai’s research [6]. Assuming that the support excitation is harmonic and its
acceleration amplitude is fixed and independent of input frequency, i.e. ug  Geit , the steadystate response of Eq. 1 can be solved from
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For simplicity, substituting the non-dimensional input frequency g=/1 into Eq. 5 and
rewriting it in the form of Au   G B 12 , the ratios of the vibration amplitude of the SUB, CL,
and SUP to the input amplitude can be solved by 12 u1 G , 12 u2 G , and 12 u3 G ,
respectively. It is an iterative numerical procedure to determine the optimum design parameters
for f2, f3, and 2, i.e. f 2 opt , f3opt , and 2opt , respectively, with given 1, 2, 3, 1, and 3.
Substituting a reasonable set of f2, f3, and 2 into 12 u1 G , 12 u2 G , and 12 u3 G , the
response curves of the SUB, CL, and SUP as a function of input frequency can be calculated.
The proposed objective function for the OBMD design is to minimize the total dynamic
responses of the SUB, CL, and SUP, that is
 12 u1 12 u2 12 u3 
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Shaking Table Tests and Numerical Verification
Test Structure Models and Programs
The bare specimen was designed to be a 1/4 scaled 8-story steel structure model with single-bay
widths of 1.5m and 1.1m respectively in X and Y directions, as shown in Fig. 2(a). Each floor
was 1.1m high and each slab was 20mm thick. The columns were wide flange with a sectional
dimension of 100×100×6×8 (mm), and the beams were channel with a sectional dimension of
100×50×5×5 (mm). Additional live load of 0.5kN-sec2/m simulated by mass blocks with a
regular plane arrangement was assigned at each floor.

(a) Bare specimen

(b) OBMD-B3C2 specimen
(c) OBMD-B4C2 specimen
Figure 2. Test structure models.

Four ground motions recorded at I-ELC270, KJM000, TCU047, and THU stations
respectively during the 1940 El Centro earthquake, the 1995 Kobe earthquake, the 1999 Taiwan
Chi-Chi earthquake, and the 2011 Tohoku earthquake with various peak ground acceleration
(PGA) levels were selected for the earthquake inputs of the uniaxial shaking table tests
(respectively denoted as El Centro, Kobe, TCU047, and THU thereafter). El Centro and TCU047
are typical far-field ground motions, while Kobe and THU have more long period contents.
Besides, THU is a long-duration ground motion. Since the specimens were assumed as a 1/4
scaled structure model, a time scale of 1 / 4 was considered for the earthquake inputs.
According to the preliminary numerical analysis results (1 = 3 = 2%), it was found that
when the CL is placed at the 4th or 5th floor, the OBMD design will have a better control
performance in average. Therefore, two OBMD specimens with the CL respectively placed at the
4th and 5th floors were chosen as the study targets herein, as shown in Fig. 2(b) and 2(c),
respectively. The first OBMD specimen is denoted as OBMD-B3C2 thereafter since its SUB (or
primary structure) is a 3-story structure model (1 = 2%). To achieve f3opt , as observed in Fig.
2(b), the 4-story SUP (or tuned mass) was stiffened by using angle-section steel braces. The
second OBMD specimen is denoted as OBMD-B4C2 thereafter since its SUB (or primary
structure) is a 4-story structure model (1 = 2%). Similarly, to achieve f3opt , as observed in Fig.
2(c), the 3-story SUP (or tuned mass) was stiffened by using angle-section steel braces. In this
study, elastomeric bearings (NRBs) with a diameter of 180mm and linear fluid viscous dampers
(FVDs) played the roles of spring and dashpot elements at the CL, respectively. The optimum
design parameters for the two OBMD specimens are detailed in Table 1.
Table 1.
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Test Results

To statistically and overall verify that the two OBMD specimens designed based on the proposed
objective function as given in Eq. 6, i.e. OBMD-B3C2 and OBMD-B4C2, can have a superior
seismic performance to the bare specimen, the maximum-acceleration ratio (AR1) and maximuminter-story-displacement ratio (IDR1) of OBMD-B3C2 and OBMD-B4C2 to the bare specimen at
different floors under all the earthquake inputs are calculated as per Eq. (7) and (8), respectively.
The average AR1 and IDR1 values of OBMD-B3C2 and OBMD-B4C2 to the bare specimen at
the SUB and SUP under all the earthquake inputs are shown in Fig. 3.

AR1  Max AccOBMD, j Max Acc Bare, j

(7)

IDR1  Max IDOBMD, j Max IDBare, j

(8)

where the subscript j represents the jth floor (j = 1 to 8); Max AccOBMD, j and Max IDOBMD, j
correspondingly represent the maximum X-directional acceleration and inter-story displacement
responses at the jth floor of the two OBMD specimens, i.e. OBMD-B3C2 and OBMD-B4C2;
Max AccBare, j and Max IDBare, j represent the maximum X-directional acceleration and inter-story
displacement responses at the jth floor of the bare specimen, respectively. Note that when the
ratio is smaller than unity and becomes lower, a better control performance can be achieved for
the OBMD design. As observed from Fig. 3, both OBMD-B3C2 and OBMD-B4C2 have a
superior potential in reducing seismic responses of the SUB and SUP to the bare specimen,
indicating that the proposed OBMD design approach is feasible and effective. In general,
OBMD-B3C2 reveals a better control performance over OBMD-B4C2, and the SUP exhibits a
much better inter-story displacement control performance than the SUB. Note that under all the
earthquake inputs, the maximum shear strains for NRBs at the CLs of OBMD-B3C2 and
OBMD-B4C2 are much less than the design values commonly used for seismic isolation.

Figure 3. Average AR1 and IDR1 at SUB and SUP.
Numerical Verification
The X-directional modal characteristics and seismic responses of OBMD-B3C2 and OBMDB4C2 are numerically analyzed and verified. The first three analytical modal periods of OBMDB3C2 and OBMD-B4C2 have a very good agreement with the experimental identified results
[14]. In addition, the experimental responses of OBMD-B3C2 and OBMD-B4C2 under all the
earthquake inputs can be satisfactorily captured by the numerical predictions.
Further Numerical Discussion
Numerical Structure Models
It was experimentally and numerically demonstrated that the SUP of the OBMD design reveals a
better inter-story displacement control performance over the SUB. To have a better overall

performance for the OBMD design, additional damping designed for the SUB may be one of the
most feasible and effective strategies. Assuming that the inherent damping ratio is 2%, another
OBMD structure model in which 1 is designed to be 8% (i.e. 6% is contributed by uniformly
installing additional linear FVDs at the 3-story SUB), denoted as OBMD-B3C8 thereafter, is
numerically built and analyzed, as shown in Fig. 4(a). The design parameters for OBMD-B3C8
are detailed in Table 1.

(a) OBMD-B3C8 model

(b) MSI-B3C8 model
Figure 4. Test structure models.

(c) FVD-C8 model

To compare the seismic performance of the OBMD design with that of a MSI design [15,
16], the same steel structure and additional damping at the 3-story SUB as OBMD-B3C8 but
designed with a MSI system composed of different NRBs and linear FVDs, denoted as MSIB3C8 thereafter, is numerically built and analyzed, as shown in Fig. 4(b). Considering the same
time scale as the test study, i.e. 1 / 4 , the isolation period of the SUP as a single degree-offreedom system is designed to be 1 second. Without considering the time scale, in reality, it can
represent a seismically isolated medium-rise building designed with an isolation period of 2
seconds. For a convincing comparison, the damping ratio provided by linear FVDs of the MSI
system is designed to be larger than the optimum damping ratio of OBMD-B3C8. The design
parameters for MSI-B3C8 are detailed in Table 1. Based on the same definition as given in Eq. 2,
and then comparing the design values of f2 and f2/f3 for MSI-B3C8 with those for OBMD-B3C8,
it is obvious that the two design concepts, the OBMD and seismic isolation designs, are entirely
different. For OBMD-B3C8 designed based on the proposed objective function as given in Eq. 6,
the two design values are not very small, implying that the OBMD design is a new concept in
between the MSI and TMD concepts. In addition, to compare the seismic performance of the
OBMD design with that of a typical energy dissipation design, the same 8-story structure model
designed with a uniform distribution of linear FVDs (the total damping ratio including 2%
inherent damping ratio is 8%), denoted as FVD-C8 thereafter, is numerically built and analyzed,
as shown in Fig. 4(c). The design parameters for FVD-C8 are detailed in Table 1.
With the same architectural design, in addition to the original 8-story structure model
with a fundamental modal period of 0.4 seconds, another two periods, 0.8 and 2 seconds, are
intended by rationally changing the column properties of the original 8-story structure model.
Considering a time scale of 1 / 4 , three fundamental modal periods, 0.4, 0.8, and 2 seconds, can
represent short, medium, and long periods of vibration for a realistic building model, respectively.
The suitability and advantage of the OBMD design for a building structure with different

fundamental modal periods of vibration can then be numerically and quantitatively discussed.
Numerical Results
When the bare structure model is designed with a fundamental modal period of 0.4, 0.8, and 2
seconds, vertical distributions of maximum X-directional acceleration and inter-story
displacement responses of OBMD-B3C8, MSI-B3C8, and FVD-C8 under the four 100% timescaled ground motions are presented in Fig. 5. As observed from Fig. 5(a), with a short period of
vibration for a building structure, the OBMD design only has a similar and slightly superior
acceleration control performance to the energy dissipation design, while it reveals a preferable
inter-story displacement control performance in particular of the SUP. Basically, the MSI design,
as expected, exhibits the best seismic performance among the three design approaches except the
noticeably enlarged acceleration response at the SUB, which coincides with the numerical and
experimental results in the past studies [15, 16]. As observed from Fig. 5(b), with a medium
period of vibration for a building structure, the acceleration control performance of the OBMD
design becomes better than that of the energy dissipation design and even as excellent as that at
the SUP of the MSI design. The enlarged acceleration response at the SUB of the MSI design is
still noticeable. The inter-story displacement control performance of the OBMD design is still
superior to that of the energy dissipation design and becomes comparable to that of the MSI
design. As observed from Fig. 5(c), with a long period of vibration for a building structure, the
OBMD design in general reveals the best seismic performance among the three design
approaches, except that the MSI design still has the best inter-story displacement control
performance at the SUB. Vertical distributions of relative displacement responses of OBMDB3C8 and MSI-B3C8 when the maximum inter-story displacement responses respectively occur
at the CL and MSI layer are shown in Fig. 6. It is worth of noting that most inter-story
displacement of the OBMD design is not concentrated at the CL while that of the MSI design is
at the MSI layer. It is demonstrated again that the OBMD design is a new concept in between the
MSI and TMD concepts. In a word, the OBMD design based on the proposed optimum dynamic
response control approach can have a satisfactory seismic performance. It is particularly evident
when the building structure has a medium or long period of vibration.

(a) Short-period structure model

(b) Medium-period structure model

(c) Long-period structure model
Figure 5. Vertical distributions of X-directional maximum responses of OBMD-B3C8, MSIB3C8, and FVD-C8 (short-, medium-, and long-period structure models).

Figure 6. Vertical distributions of X-directional relative displacement responses of OBMDB3C8 and MSI-B3C8.

Conclusions
One bare and two OBMD specimens were designed and tested in this study. By experimentally
comparing with the bare specimen, the two OBMD specimens designed based on the proposed
optimum dynamic response control approach can have a superior potential in reducing seismic
responses of both the SUB and SUP. By numerically comparing with the seismic responses of
the same structure model but respectively designed with a MSI system and additional energy
dissipation devices, as well as assuming that the structure model has different fundamental modal
periods of vibration, it is demonstrated that the OBMD design can reveal a comparable and even
superior seismic performance to the MSI design when the structure model has a medium or long
period of vibration. It is also implied that the proposed OBMD design approach can be
considered as one of the feasible and effective strategies to retrofit an existing medium- or longperiod building or to design a new medium- or high-rise building, thus providing one of the
future research topics. The frequency ratios designed for the OBMD and MSI structure models
are diverse. The numerical results also indicate that most inter-story displacement of the OBMD
design is not concentrated at the CL. Therefore, it is guaranteed that the OBMD design is a new
concept in between the MSI and TMD concepts.
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