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Abstract: Based on energy dissipation and structural control principle, a new structural configuration, called the mega-
sub controlled structure (MSCS) with friction damped braces (FDBs), is first presented. Meanwhile, to calculate the damping
coefficient in the slipping state a new analytical method is proposed. The damping characteristics of one-storey friction
damped braced frame (FDBF) are investigated, and the influence of the structural parameters on the energy dissipation and
the practical engineering design are discussed. The nonlinear dynamic equations and the analytical model of the MSCS with
FDBs are established. Three building structures with different structural configurations, which were designed with reference
to the conventional mega-sub structures such as used in Tokyo City Hall, are comparatively investigated. The results illustrate
that the structure presented in the paper has excellent dynamic properties and satisfactory control effectiveness.
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1 Introduction

As buildings in many large cities are taller, more
attention is focused on their structural safety against
extreme loads such as earthquakes and typhoons and
on the effect of daily random wind loads. However,
the safety and degree of comfort etc. are still a serious
challenge for the researchers and designers in design
and construction of super- and extremely super- tall
buildings. In recent years, some new methods to reduce
structural responses have been proposed and discussed,
among them the Friction Damped Braced Frame (FDBF)
and the Mega-Sub Controlled Structure (MSCS)
systems could be two of the most noticeable methods.
FDBEF is based on a novel Friction Damper (FD) device,
originally proposed by Pall and March (1982), when
they designed an FD and located it at the crossing of
two braces, where tension in one of the braces forces
the joint to slip thus activating four links, which in
turn force the joint in other brace to slip. Filiatrault
et al. (1988) made an improvement in which the FD
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slips at an optimum predetermined force, which allows
the structure to mechanically dissipate the input seismic
energy by its hysteretic effect rather than by inelastic
deformation of the structural elements. The improved
FD device had been successfully applied to some
practical structures. Another kind of FD device, which
was proposed by Grigorian and Popov (1993), utilizes
slotted bolt connection (SBC) as the braced connection,
which is basically composed of high strength bolts to
connect the two parts of the brace with slotted holes
and thin alloy plates inserted between the gusset and
splice plates, and is relatively easy to be constructed
and implemented by using only commercially available
materials. All these indicate that FD is greatly attractive
for its use in the seismic design of both new buildings
and the retrofit of existing structures.

The idea of a MSCS system was first advanced
by Chai and Feng (1997), and its design is based on
the control principle of tuned mass damper (TMD) to
form a self-controlling structural system. More recently,
an improved practical MSCS was proposed by Zhang
et al.(2004a and b). This research has shown that the
improved MSCS system can provide a large amount
of energy for control and is very effective in reducing
structural displacement and acceleration responses.

Basing on the improved MSCS system and energy
dissipation and structural control principles, this paper
presents a new structural configuration, in which Friction
Damped Braces (FDBs) are incorporated in a sub-frame
of a MSCS system. The new structural configuration
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is called a MSCS system with FDBs. A new method
is proposed to evaluate the damping coefficient of
the FDBF which differs from the equivalent damping
and equivalent linear method adopted by Dowdell and
Cherry (1994) and Fu and Cherry (1999). Though the
latter method is simple, it does not accurately describe
some important dynamic properties. To illustrate the
vibration control effectiveness of the proposed MSCS
system with FDBs, numerical comparisons are made
among the seismic responses of three different buildings
designed with different structural configurations.

2 Damping characteristic

FDBFs

of one-storey

2.1 Dynamic equations of structures with FDBs
and their solution

To investigate the FD performance, such as the
amount of slipping displacement, slipping time and the
energy dissipation in terms of different FD parameters, a
one-storey FDBF and a corresponding analysis model is
developed, as shown in Figs.1 (a) and (b), respectively,
where the FD’s damping ¢, varies over time, while
the FD’s friction force is approximately assumed to
be a constant as FD slipping. To simplify the response
analysis a mean damping value ¢, is taken. Then, the
corresponding dynamic equations are written as:

mi + cx + kx + F(x, X) = —m¥, )
F N kfd-xy _A1+AS SXSA1+AS
()= CumXy» X<—A+A o Xx>A+A
2)

where m,c and k are respectively the mass, damping and
stiffness of an unbraced frame ; x is the displacement of
the structure relative to its base; F is the FDB’s force

acting on this frame; &, is FDB’s stiffness; c¢;, and x,,

are the FD’s mean damping value and mean slipping
velocity, respectively, when FD device is in the slipping
state; and AI and 4 _are respectively the initial starting
slipping dlsplacement and slipping displacement of FD
device in FDBF(see Fig.2).

Introducing non-dimensional parameters defined as:
stiffness ratio a =k /k , damping ratio f=c,,/c
and the relative starting slipping displacement ratio
0 =A  /rms(D), where rms(D) is the root mean squared
(RMS) displacement response of the corresponding
frame with common steel brace with stiffness &, . Then,
the Egs. (1) and (2) can be rewritten as:

5c'+2§a))'c+a)2x+F* Z—X'g (3)
-6 -mms(D)+ A <x<0-mms(D)+ A
x<—0-rms(D)+ A @)
or x>0-ms(D)+ A

2
F* _ awm )C.,
2Cwﬂxm s

where, @ is the natural frequency of the unbraced
frame.

Combining Figs.1, 2 and 4, in which the slipping
joint structure of the FD device is incorporated, the
slipping force P_in the FDBF can be expressed as:

where N is the normal force of the FD device; u is the
material friction coefficient for the slipping face; y is the
degrading coefficient of friction force when FD device
is slipping; and ¢ is the slope angle from the horizontal
shown in Fig.1(a).

As the total slipping length A’ equals ZAS

dissipated energy of the FD during the entire shppmg
phase is expressed as:
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(a) One-storey FDBF
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(b) Analytical model

Fig. 1 One-storey FDBF and its analytical model
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Fig. 2 Hysteresis loop of FD device

where A’ is the i slipping displacement, and j _is the
integral in the A’ . 4

From Eq. (6), the damping ratio of the FD is
expressed as:

_ R DA

= & 5 57 7
B 2C'M'O‘§S @

where, ¢ and o}, are the total slipping time and the mean
square velocity response in ZAS' .

From Egs. (7) and (5), it isl found that as the friction
force increases, the damping ratio increases,since
the velocity items of (X (A/ ¢ )) and o} decrease
respectively and the item of (X (A / 1)) o} increases,
if m, k and { keep constant. This is an important
characteristic, which show us the ways to further improve
the FD performance. For example, the FD device can
be designed by using high strength bolts to promote

the normal force NV and using high friction coefficient
material, which could be embedded in the connecting
plates in the slipping faces as shown in Fig. 4 to increase
the u’s value, take some measure to decrease the friction
force degrading while FD device is in slipping state, and
install multi-FDs side by side in one storey to increase
B etc. Finally, from the Eq. (5), the stiffness &, has the
following expression as a certain A is given.

ky =y N-u-conp/A (8)

2.2 Analysis for equations characterizing FD braced
frame

As Egs. (3), (4) and (7) represent motions of a
complex nonlinear dynamic system with hysteresis
loops as illustrated in Fig. 2, it is difficult to directly
obtain analytical expressions of the RMS displacement
and acceleration responses by the random vibration
method (Zhang et al., 2004a and b). However, using
the statistical method, the mean square displacement
response o, and acceleration response o; can be
approximately calculated, respectively, by

ol = [ - X]= -3 &2 ©)
n1 i=1
) 1 n, 1 1y
with X, =—Y'x,, X ==Y1%, (10)
n, j=1 n, =1

I Assume a 0 value

¥

I Given different a

¥

9)-(1).

For an initial J estimated value, compute the RMS response ©,=0,(a,f),
o, =0.(a,B), and other response statistic Y (A’ / t ) and oL, using Egs. (3), (4) and

[

Xs 0

¥

Using Eq. (7) and 0, =0.(a,B) , anew S can be obtained from following —

Fig. 3 Flow chart for damping ratio calculation of FDBs
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where X, and X .are, respectively, the displacement and
acceleration statistical mean value of all samples as
1=t; x, and X, are, respectively, the j displacement
and acceleration response samples, as /=¢; n, is the total
number of the time steps and 7, is the total number of
samples.

The calculation of the damping ratio, f, can be
conducted by following the steps in the flow chart.

In the above analysis the selection of the seismic
excitation samples is an important step, as they should
include different frequency characteristics of ground
motions. Without losing generality, it is better to take
the white noise time histories with unit peak as the

ground acceleration samples. Their expressions can be
simulated as:

X,()=—— \/_ 2,/2 Aw, [cos(w, -t+¢,)]  (11)

max|x |

where s, is the spectrum density of the white noise; N
is a large integer number; ¢, is a uniformly distributed
random function in [0, 2n]; Aw=(w-w)/N and
o=0 +k-12)Ao, (k=1,2,3...... N), where o, and
o, denote the frequency lower and upper bounds,
respectively. One of these samples is represented in Fig. 5.
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Fig. 4 Slipping joint structure of FD device
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Fig. 5 A sample of ground excitation

2.3 FDBF vs common braced frame without FDs

Figure 6 further presents a comparison of the RMS
displacement and acceleration responses to white noise
defined in the above section for a one-storey FDBF
shown in Fig. 1(a) and a common steel braced frame,
when the relative starting slipping displacement ratio
0=50%. It clearly shows the satisfactory effectiveness
and the working property of the FD device. The damping

ratio variation with the stiffness ratio o is plotted in Fig. 7.

Table 1 further gives the effect of the stiffness ratio
o and the relative starting slipping displacement ratio
6 on the damping ratio  and the RMS displacement
/ acceleration response ratios between the FDBFs
and frames with common steel braces. Note that,
with increasing 6 the damping ratio f increases for all
values of a considered. However, the dependence of
the response ratio on a,6(f) is more complicated. With
increasing 6 the response ratio increases for a=0.5, but
decreases for 0=0.6, and it takes a minimum value for a
medium 6 (=0.5) It means that in this time the FDBF has
a longer slipping distance so that it still has good energy
dissipation ability though the damping ratio is larger
than other @ values.

3 The MSCS with FDBs and its dynamic
equations

Taking the advantage of the damping characteristics
of the FDBF discussed above, the MSCS system with
FDBs, a new structural configuration is developed in
this section.
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Fig. 6 The comparison of root mean squared responses between FDBF (solid lines) and the common brace frame (dashed lines)
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Fig. 7 Variety of damping ratio # with stiffness ratio a, while

3.1 Configuration of the MSCS system with FDBs

The MSCS configuration is constructed by rebuilding
a conventional mega-sub structure, which consists of
two major components—a mega-frame, which is the
main structural frame of the building, and several sub-
frames, each of which may contain several floors used
for residential and/or commercial purposes, as shown
in Fig. 8(a). In conventional mega-sub structure design,
sub-frames are rigidly connected with the mega-frame,
while the MSCS system exhibits relative isolated sub-
frames, which can effectively suppress the vibration of
the entire building since they benefit from the reciprocity

0=05 between the mega-frame and sub-frames. An improved
Table 1 Damping ratio f and the RMS displacement / acceleration response ratio
a
0.5 0.6 0.7
0
g Response ratio s Response ratio p Response ratio
0.35 5.8 0.8473/0.8432 6.3 0.8278/0.8153 8.2 0.7588/0.7644
0.5 7.1 0.8577/0.8525 8.3 0.8068/0.7902 11.0 0.7120/0.7460
0.6 8.5 0.8787/0.8549 11.0 0.7609/0.7721 13.0 0.7327/0.7602

Note: Numerals on the left and the right of the slant represent the displacement and acceleration response ratio, respectively.

practical MSCS configuration ever proposed by Zhang
et al. (2004a and b) is shown in Fig. 8(b), where the
sub-frames are combined with some viscous dampers
installed between the mega-frame and sub-frames. They
are designed to form a huge mass damper to control the
entire range of structural responses, instead of using the
base isolation for the sub-frame as proposed by Lan
etal.(2002), and some additional columns are introduced
to improve the over-large span of the mega beams and
mega-beam-floor structures. This improved MSCS
configuration, however, is more advantageous than the
common tuned mass damper (TMD) system. First, no

additional mass is needed and the hidden safety concerns
regarding with the TMD device for tall and super tall
buildings is eliminated. Second and more importantly,
the mass ratio between the sub-and mega-frames is
much higher (as high as 100%) than that in the common
TMD system (usually 1%-5%), so that the MSCS
system possesses a much larger vibration absorption
capability. To achieve a further enhancement of control
effectiveness in reducing structural responses, based on
the above MSCS system an improved configuration is
developed as shown in Fig. 8(c) where the FDBs are
incorporated in the sub-frames.
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Fig. 8 Different structural configurations

3.2 Analytical model and dynamic equations

The new MSCS system with FDBs is modeled as a
MDOF system, as shown in Fig.9, where it is assumed
that bending is the dominant vibration mode for the
mega-frame, while shear is the governing mode for the
sub-frames, since the sub-frames are usually not slender.
Suppose there are n mega-floors and », relatively isolated
sub-frames, each of which consists of n, floors, the total
DOF number of this structure is N =n +n, xn, . Hence,
the dynamic equation under the ground excitation is
expressed as:

MX +CX +KX +F,=-M"%, (12)

T T T TAT . :
where, X =[xp I R ,X, | 1is the deformation
vector of the building with N, variables, and
X =[x x ,,x ] d x'= T
p Y tp2 " M an x; =[x xi,zr""xi,nz]
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Fig. 9 Analytical model for proposed MSCF with FDBs

(i=1,2,..., n)) are the deformation vectors of the mega-
frame and the /" sub-frame, respectively; M'is the mass
vector; X, is the random seismic acceleration; and F, is
the force vector supplied by friction damping devices.

e The expression of the force vector F,

The force vector F, has the following form:

F, = {[fpl,...,fpl.,...,fpn]T,[fl,l,...,j‘l’j,...,j‘l,nz 1.,

(Siisees i joees fin, ]T,...,[fnhl,...,fnl’j,...,fnl’nZ IBE
(13)

where the element fp . can be expressed as:
Qi 'kf+1,1 (xpl' - xi+1,l)ﬂ

AL AL SX, =X SAL A

i+1,1 i+l — i+1,1 i+1,1

Joi =
. . 1 s
:Bi+1,1 “Cint ('xpi - xi+1,1)’ Xoi ~ XiL < _Ai+1,1 + Ai+1,1 ’
1 s
| or Xoi = Xis1g > Ay AL
s 0 (14)
pn

And the element
decomposed into:

in Eq. (13) can be further

fo=rS+ (15)
a; ;e ki,j (xi,j - xi,j—l):
. —A:.’j +A,5.’j SX X SAII,J +Af’j
e ﬁi,j 'Ci,j (xi,j _xi,i—l)’ xi,j _xi,j—l < _Ai,j +A?,j
or X, —x, > A}.,j +A;
i=1,23,..n; j=123,...,n (16)
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O i ij+1(xx] - z]+1)
fu _ A: ,Jj+ +Af/+] - 1/+1 < A: ,Jj+ +Af j+l
v ﬁi,ﬁ—l i (xi,j i,i+1) xi,j X, j+1 < Az L+l +Af/+1
or xi,j 1]+1 > Azl ,j+l + Alsj+l
i=1,2,3,..,m; j=123,.,n. (17)
where Q= kfdi,j /ki,j and B, J = Craij /C j are

respectively the stiffness ratio and damping ratio; kfdj
and ¢, = are the stiffness and damping of the FDB,
respectrvely, k, and ¢ are respectively the stiffness
and damping otj the i sub-frame on its /" floor; 47, and
4', ; are respectively the slipping drsplacement and the
starting slipping displacement of the FD device on the
j™ floor of the /™ sub-frame. Here, A1 =0, -mms(D, ),
where rms (D, ) are defined as the RMS drsplacernent
response on the ;™ floor of the i sub-frame with
common braces whose stiffness equals &, , and 0, is the
corresponding displacement ratio.

e The expression of mass matrix

The mass matrix M in Eq.(12) can be expressed as:

M =diag[M,,M,,M,,---M,--- .M, ] (18)

where M_is the nxn diagonal mass matrix of the mega-
frame, and M, (i=1,2,...,n) is the n xn_diagonal mass
matrix of the 7 sub- frame.

e The expression of stiffness matrix

The stiffness matrix in Eq.(12) can be written as:

[K +st1ag Kc:|

K, =diag[K, K, K .. K] (19)

where K is the n xn stiffness matrix of the mega-frame,
Ksi(iZI,i...,nl) is the n xn_ stiffness matrix of the i
sub-frame, and K ting has the following form:

=diag [k, + kg ks +hyseonnnk;
k,, +kg,0+k,] (20)

s Ldiag

where k  (i=2,3,...,n)) denotes the first floor’s shear
stiffness of the i sub frame and k_, is the shear stiffness
of additional columns.

The matrix K_ in Eq. (19), the coupling item between
the mega-frame and the sub-frames, is a nxn n_matrix
and its nonzero elements can be expressed as:

j=ixn,+1, i=12,...,n-1

kl+1 1 >
K.(i,))=

—ky . J=ixn,, i=1,2,3,...n,

e The expression of damping matrix
The damping matrix C in Eq.(12) can be expressed
as:

C — Cp + CT's,diag Cc
C! C

C, =diag[C

8,12

Cs)za"'ac 'a”'aCS’n‘] (22)

s,i

where C is the nxn damping matrix of the mega-frame,
and C | fz 1,2,..., n) is the n xn_damping matrix of the
i sub-frame.

The nxnn matrix C, in Eq. (22) is the coupling
damping matrix between the mega-frame and the sub-
frames and its nonzero elements are expressed as:

—Ciips j=ixn,+1, i=1L2,...,n -1

C.i,))=3 =Cu—Cpp s J=iXn,, i=12,....,n
—Cy> j=ixn,—1, i=1273,.... N
(23)

where ¢, 0 is the first floor’s damping of the /™ sub-frame,
and c_, is the additional damping contributed by viscous
damper set between mega- and sub-frames. Finally, the

matrix C_ . in Eq. (22) can be expressed as:

Cuioe =diag e, +2Xc 4, 0,65 +2XC +05 0 s
¢ t2Xc, e L+l 2Co i +2Xcy, +cn‘_2’n/+1,0+
2><cad +cn —1,n/+1] (24)

3.3 Control effectiveness of MSCS with FDBs

In order to study the dynamic performances and
control effectiveness of the MSCS system with FDBs,
three types of buildings were designed and their seismic
responses were calculated. Fig. 10(a) describes the
building 1, which represents a conventional mega-
sub structural and has been used in some actual
buildings, such as Tokyo City Hall. Building 2 shown
in Fig. 10(b) is an MSCS system consisting of two
relatively isolated sub-frames, which was designed
based on building 1. Chai and Feng (1997) and Zhang
et al. (2004a and b) indicated that this MSCS
configuration has better control effectiveness than the
traditional mega-sub structure. Building 3 (see Fig.
10(c)) is a new MSCS configuration, which consists
of common steel braces as in the traditional MSs on
the ground sub-frame and differs from building 2 in
installing FDBs on the two relatively isolated sub-
frames. To ensure that these three buildings have the
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same structural members and the same amount of total
structural mass, some common steel braces, which have
the same stiffness as the non-slipped FDBs in building
3, were added into buildings 1 and 2, as shown in
Figs. 10(a) and (b). Detailed comparisons of
constructional characteristic of these three buildings are
presented in Table 2.

For convenience, stiffness ratio y,, damping ratio
7. and mass ratio y, are introduced and defined,
respectively, as follows:

Y. = s*ub Yo = Cad Yy = Msub (25)
: ;ega ’ ‘ C:ub ’ . M mega

where, K:ub , assumed as a variable in the following text,
is shear stiffness of the sub-frame; K;ega, assumed as
a constant, is the bending stiffness of the mega-frame;
c,, is damping of the viscous damper set between the
mega-frame and sub-frame; ¢, is sub-frame’s story-
damping; M e is the mega-frame’s total mass including
the mass of the ground sub-frame; and M is the sum
mass of the two relatively isolated sub-frames.

In the following investigation, y,, =1.187 and y. =
1.3, corresponding to the original design of this steel
passive mega-sub-controlled frame, are adopted, while
7, is a variable with K changing values.

The parameters of the FD device are taken as
o,;=a, B, =B and 6 =6. In the following
ansysis, since buildings 1 and 2 are linear dynamic
systems, Zhang et al.(2005a and b) used the complex
mode analysis method of random vibration to analyze of
the RMS displacement and acceleration responses under
white noise and the modulated white noise excitations.
However, since building 3 is a MDOF nonlinear
dynamic system with hysteresis loops, both the time
historic analysis and statistic analysis under the white
noise sample excitations with unit peak were performed,
using the Runge-Kutta method and Eq. (11) to obtain
white noise time history samples.

To verify the control effectiveness of the MSCS
with common braces Fig.11 presents the results of
displacement and acceleration response ratios between
buildings 2 and 1 with different relative stiffness ratios
7> While the mega-frame’s fundamental period is T =
0.7196s. Note that the structural displacement and
acceleration response ratios will correspondingly alter as

the y, varies, and that satisfactory control effectiveness
could be achieved when y,=0.1-0.25.

Further, to verify the control effectiveness of
the MSCS with FBDs the calculated RMS response
ratios between building 3 and building 2 for different
o and @ are listed in Table 3. It shows that the control
effectiveness of the MSCS system with FDBs can be
further improved as y =0.11. In fact, incorporating FDBs
leads to a decrease in responses of both the sub-frames
and the mega-frame. Moreover, building 3 exhibits
excellent control effectiveness whether for =0.65 or

—144m

1280

(a) Conventional steel MS structure with common braces

144m 33m 5 144m
...... S.ﬁnIO,Sm A ANl
~
£ &
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. g
e £ ~ &
48m - > T FDBs
:v = N E: g
g v s <
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brace

(b) Mega-sub controlled
structure

(c) Steel MS controlled structure
with FD braces

Fig. 10 Structural configurations of three buildings

Table 2 The characteristic comparison of three buildings

Building Total mass Main structural members Brace stiffness Isolated sub-frames Friction damper
1 No No
Same Same Same Yes No

Yes Yes




No.2

Lian Yeda ef al.: Friction damped braced frame incorporated in the mega-sub controlled structure system 179

6=0.35, which is the same as the one-storey system.
It is worth noting that the control effectiveness of the
MSCS system with FDBs changes with the relative
stiffness ratio changes, as can be seen from Table 3,
where the results for y,=0.17 are also listed. Calculated
results, which are not provided here due to limited
space, show that the variation of the response ratios vs.
stiffness ratio is similar with that presented in Fig. 11,

T u 2 £ £ ’ j ’ I

09 | || At the top submass -

L —At the top megamass - -

Displacement response ratio

0 0.051 0.150.2 0.250.30.350.40.450.5

T
(a) Displacement response ratio

and that the optimum p, values for buildings 2 and 3 are
approximately equal.

Demonstration of a much better vibration control
efficiency of the MSCS with FDBs is seen in Table 4,
where results of comparison of RMS response ratios
between the buildings 3 and 1 are shown.

In addition, comparisons of time history responses
between buildings 3 and 1 subjected to the LANDERS

0.8 r / 1

At the top submass /
—At the top megamass

075 pL— = / .

0.7
0.65 1
0.6
0.55 1

Acceleration response ratio

0.5 |

! Jr-““‘v/ 1
:

0.45

0 0051 0.150.2 0.250.30.350.40450.5

Tk
(b) Acceleration response ratio

Fig. 11 Response ratios between buildings 1 and 2 with different y, (for T_= 0.7196 s)

Table 3 Comparison of RMS response ratios between the buildings 3 and 2

7011 7,=0.17
Response
6=0.35 6=0.5 6=0.65 =035 6=0.5 0=0.65
Displacement response 0.8258 0.8003  0.7908 0.8897  0.8231 0.8139
at the top mega-frame
Displacement response 0.8023 07511  0.7256 0.8809  0.7717 0.7523
at the top sub-frame
Acceleration response 0.8636 0.8539  0.8326 0.8841  0.8782 0.8675
at the top mega-frame
Acceleration response 0.7837 07912 0.7901 0.8093  0.8192 0.8217
at the top sub-frame
Table 4 Comparison of RMS response ratios between buildings 3 and 1
7,011 7.=0.17
Response
6=0.35 6=0.5 6=0.65 6=0.35 6=0.5 6=0.65
Displacement response 0.1638 0.1383 0.1289 03213 0.2547 0.2455
at the top mega-frame
Displacement response 0.4725 0.4213 0.3559 0.6119 0.5027 0.4833
at the top sub-frame
Acceleration response 0.3683 0.3586 0.3374 0.3818 0.3759 0.3652
at the top mega-frame
Acceleration response 0.2533 0.2608 0.2597 0.3397 0.3496 0.3521

at the top sub-frame
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waves as shown in Fig. 12 are plotted in Fig. 13. The
FD’s hysteresis loop of the 7™ floor in the second sub-
frame is presented in Fig. 14, which directly reflects the
FD’s working state.

Finally, note that in the analysis, the stiffness of
the additional columns was taken as one fourth of the
floor shear stiffness of the sub-frame, which is large
enough to overcome the large span difficulty of the
mega-beam floor, as has been discussed by Zhang et al.
(2004a and b). Therefore, the MSCS system with FDBs
is an excellent structural system with rational structural
configuration and obvious control effectiveness.
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Fig.12 Acceleration time histries of Landers waves
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Fig. 13 Comparisons of acceleration response at the top mega mass between building 3 and building 1
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Fig.14 Hysteresis loop of the 7" floor in the second sub-frame

4 Conclusions

Friction damping braced frame (FDBF) and mega-
sub controlled structure (MSCS) system respectively
represent new developments in structural design, which
offer some new concepts and new opportunities in the
earthquake resistant design of buildings. The MSCS
system with FDBs proposed first in this paper represents
a new structural configuration, which combines the
advantages of both FDBF and MSCS system and
employs the ideas of energy dissipation and structural
control to ensure structural safety against earthquakes
and other dynamic loadings. These results of the
present study show that the optimum response ratios
of this new structural system could reach 12.89% for

the RMS displacement response and 25.97 % for the
RMS acceleration response, compared to a traditional
MS structure, under the white noise excitation. All these
explain the effectiveness and the advantages of this new
structural system in earthquake design. It is concluded
that incorporating FDs could effectively improve the
aseismic capability of the MSCS.

In addition, the new method to calculate the FD’s
damping coefficient presented in this paper offers a
helpful tool to simulate and analyze different FDBF by
computer, such as, to investigate its practical dynamic
properties, hysteresis loops, and the vibration control
effectiveness. Hence, it is necessary and helpful in the
practical design of FDBFs.

It should be pointed out all of the dynamic
characteristics of the MSCS and FDBs and the type
of seismic excitation greatly affect on the control
effectiveness of MSCS with FDBs. Results of an
extended study due to space limitation will be reported
in another paper.
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